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Prostate cancer (PCa) is the second most common cancer
in men and an estimated 1.1 million men worldwide were
diagnosed with prostate cancer in 2012 with almost 70%
of the cases occurring in more developed regions [1]. With
an estimated 307.00 deaths in 2012, prostate cancer is the
fifth leading cause of death from cancer in men [1]. In
patients with elevated or rising prostate-specific antigen
(PSA) and/or abnormal digital rectal examination (DRE),
random systematic transrectal ultrasound (TRUS) guided
prostate biopsy is the most commonly used technique to
establish PCa diagnosis. However, PSA alone has a low
specificity for PCa detection [2] and several modifications
that may improve the specificity of PSA in PCa diagnosis have
been described such as age-specific reference ranges, freeto-total PSA ratio, PSA velocity, PSA density, PSA transition
zone density, PSA molecular forms (PHI (prostate health
index) score (total PSA, free PSA, and p2PSA) and the
4Kscore, which measures blood plasma levels of four different
prostate-derived kallikrein proteins: total PSA, free PSA,
intact PSA, and human kallikrein 2 (hK2)), and numerous
other novel biomarkers (PCA3, TMPRSS2-ERG Gene fusion,
etc.).
Random systematic prostate sampling with TRUS guided
biopsy also has its inherent limitations. First of all, clinically
insignificant cancers are often identified by chance and
affect survival data due to lead and length time bias from
overdetection and overtreatment of indolent disease [3]. Secondly, systematic biopsies through random sampling error
may lead to incorrect risk stratification and may perform
poorly at documenting the exact extent and heterogeneity

of the disease [4]. Lastly, undersampling, particularly, when
prostate volume is taken into account, occurs in up to 30% of
cases with clinically significant tumors being missed (falsenegativity) on initial random systematic biopsy [5]. Efforts to
overcome these sampling errors include performing multiple
repeat random biopsies or increasing the core number during
random or systematic template-guided transperineal saturation biopsies. However, this approach results in a marginal
increase in the overall detection rate without increasing the
rate of significant cancer detection [6], while increasing cost
and morbidity significantly.
Imaging has always been problematic in respect to
PCa diagnosis and has been essentially limited to biplanar
transrectal ultrasound and its modifications. Technological
ultrasound developments with contrast enhancement and
3D reconfiguration have been underutilized by the urological community as a whole. Isotopic efforts with FDG
and 11-choline PET scans have also disappointed in terms
of diagnostic yield of prostatic disease. Recently, with the
advent of better technology and different sequences, magnetic resonance imaging (MRI) has shown to be able to
play a significant role in this respect. Numerous studies
have now indicated that multiparametric (Mp) prostate MRI
at 3 Tesla, including anatomical and functional sequences,
enables accurate PCa detection and local staging with reasonable sensitivity and specificity [7]. Given that, Mp-MRI might
be useful in image-guided therapy such as focal therapy, as
well as in whole gland therapy such as radical prostatectomy
or modern techniques of external beam and interstitial
radiotherapy.
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Sensitivity for detecting larger (>5 mm) and more aggressive (Gleason score > 7) tumors is better for Mp-MRI,
indicating that it may preferentially detect clinically relevant
tumors [8]. However, in most studies histological correlations
were done using targeted or systematic ultrasound guided
biopsy samples and this does not represent a perfect coregistration. Blinded multicenter studies that validate Mp-MRI
findings with biopsy and then whole-mount prostatectomy
histopathology are lacking. Only until these are done can
we determine Mp-MRI’s performance for detecting clinically
significant cancers in different prostate gland locations (central zone, apical region, anterior peripheral zone, etc.).
In an effort to standardize the reporting of Mp-MRI
findings and to reduce subjectivity of image interpretation,
the PI-RADS (prostate imaging and reporting archiving data
system) classification has been developed. In this scoring
system every parameter (T2WI, DWI, DCE-MRI, and MRSI)
is scored on a five-point scale. Additionally, each lesion
is given an overall score, to predict its chance of being a
clinically significant cancer [9]. Nevertheless, given the fact
that the minimum and optimum requirements regarding
general MRI components and MRI sequence parameters and
techniques are not universally agreed upon, there remains
the “Achilles Heel” of considerable interobserver variation.
As a result, more prospective studies have to be executed in
order to validate the accuracy and interobserver variability of
multiparametric prostate imaging.
Mp-MRI represents a potential tool to address the limitations of contemporary random systematic biopsy related
to undersampling and false-negativity. Among biopsy-naive
men, it increases the frequency of significant cancer detection
to 50% in low-risk (PSA < 10 ng/mL, normal DRE) and
71% in high-risk (PSA > 10 ng/mL, abnormal DRE) patients
[10]. In low-risk men, the negative predictive value of a
combination of low level of suspicion based on MRI with
prostate volume parameters was nearly 98% and this might be
useful to avoid biopsy for those who will not need immediate
active treatment if diagnosed with prostate cancer [10] but
must compete on cost terms with novel blood-urine tests.
Among men with a previous negative TRUS guided random
biopsy but persistent clinical suspicion, 72% to 87% of cancers
detected by MRI guidance were clinically significant [11].
Among active surveillance candidates, repeat biopsy
using MRI targeting demonstrates high sensitivity in confirming low-risk disease in low suspicion score lesions and
risk upgrading in highly suspicious lesions [12].
Techniques of MRI targeted biopsy include visual cognitive transrectal ultrasound guided biopsy, software coregistered magnetic resonance imaging-ultrasound, transrectal
ultrasound guided biopsy, and in-bore magnetic resonance
imaging guided biopsy. While many studies have compared
targeted biopsy to systematic biopsy, few have evaluated the
cancer detection rates across different targeted techniques.
Fusion targeting seems to improve accuracy for smaller MRI
detected lesions as well as high-grade cancer (Gleason score >
7) [13]. However, the optimal method for MR targeted biopsy
remains in evolutionary flux and has yet to be established.
Mp-MRI is also a feasible and very useful tool in detecting
local recurrence in patients who have undergone radical
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prostatectomy (RP) or radiotherapy. Concerning post-RP
local recurrences, DCE-MRI seems to be the most reliable
technique for detection, though DWI can be proposed as a
reliable alternative [14]. For predicting locally recurrent PCa
after radiation therapy, the use of combined T2WI and DWI
showed a better diagnostic performance compared to T2WI
alone [15].
Is Mp-MRI ready for prime time? Well, this question
remains open. Currently, the use of Mp-MRI as a “screening”
tool for men referred with abnormal PSA for biopsy decisionmaking cannot be a general recommendation. However, it
will undoubtedly have a place alongside novel biomarkers
in diagnostic and surveillance strategies, in repeat biopsy
settings, and perhaps in surgical planning for nonmetastatic
bulky local disease as part of a planned multimodality
treatment regimen.
We hope that the readers of this special issue with 11
manuscripts which explores different aspects of Mp-MRI for
diagnosing and treating PCa in its different forms will find
some answers for different clinical settings. We are confident
that this very timely compilation will be a major reference for
many of us interested in prostate cancer.
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Prostate cancer (PCa) is the most commonly diagnosed cancer among men in the United States. In this paper, we survey computer
aided-diagnosis (CADx) systems that use multiparametric magnetic resonance imaging (MP-MRI) for detection and diagnosis of
prostate cancer. We review and list mainstream techniques that are commonly utilized in image segmentation, registration, feature
extraction, and classification. The performances of 15 state-of-the-art prostate CADx systems are compared through the area under
their receiver operating characteristic curves (AUC). Challenges and potential directions to further the research of prostate CADx
are discussed in this paper. Further improvements should be investigated to make prostate CADx systems useful in clinical practice.

1. Introduction
Twenty-eight percent of cancers in men occur in the prostate,
making prostate cancer (PCa) and its detection a priority
in cancer research [1]. Approximately 16% of men will be
diagnosed with PCa within their lifetime [1]. Despite a steady
and consistent increase in five-year survival rates from 66.0%
(1975) to 99.6% (2005), PCa remains a major healthcare
problem in the United States [2].
The reduction in mortality is widely attributed to early
cancer detection and improvements in treatment. Because
digital rectal examination (DRE) is only effective for identifying posterior peripheral zone tumors, it failed to detect
many tumors that originated in the anterior peripheral zone,
central zone, and transitional zones [3] as well as tumors that
were too small to be palpated.
Prostate-specific antigen (PSA) testing became a common method of screening in the early 1990s and has since
proven to be very controversial. Several large PSA screening
trials have shown reduction in the risk of death due to PCa
[4–6]. However, other large studies found conflicting results,
reporting that PSA screening had no significant effect on PCa

death rate [7, 8]. The United States Preventive Services Task
Force (USPSTF) awarded PSA screening the letter grade of
“D.” This has resulted in a trend away from its use in the USA.
Random systematic (sextant) biopsies under transrectal
ultrasound (TRUS) guidance of the prostate are prone to
discovering small, low grade cancers that may ultimately
lead to treatment even though they are unlikely to result in
death. Moreover, the random biopsy method is prone to low
sensitivity in detecting clinically significant tumors [9–12].
Although TRUS is more convenient than MP-MRI and has a
lower cost, its low sensitivity makes it unsuitable for screening
a large patient population [13].
As a result of these limits, endorectal magnetic resonance
(MR) imaging contributes significant value to PSA, DRE,
and biopsy findings by localizing cancer and by assessing its
size and extension [14, 15]. The ROC curve for localization
of cancer is higher for endorectal imaging than for DRE
in the apex, midgland, and base. Likewise, endorectal MR
imaging is more accurate than TRUS-guided biopsy in tumor
localization in the midgland and base of the prostate [16].
However, MRI is insensitive to whether the cancer has metastasized to the lymph nodes and is only somewhat accurate in
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predicting if the cancer has penetrated the prostate capsule
[17]. A number of structures and conditions—including
BPH nodules, prostatitis, and hemorrhage—show similar
enhancement patterns to PCa on dynamic contrast-enhanced
(DCE) MR images and therefore compromise the specificity
of image analysis [18].

BioMed Research International

Multiparametric
MRI

Diagnosis results

Preprocessing

Classification

Feature extraction

2. Clinical Advances in Multiparametric MRI
for Prostate Cancer Diagnosis
Multiparametric (MP) magnetic resonance imaging (MRI)
may improve the diagnosis and the care of PCa patients
by providing morphological and functional information
about the prostate. MRI sequences shown to correlate
with properties associated with PCa include T2-weighted
imaging (T2WI), diffusion-weighted imaging (DWI), MR
spectroscopy, and dynamic contrast-enhanced (DCE) MRI
[19–25]. MP-MRI is especially effective in revealing anterior
prostate cancer in men with negative random transrectal 12core biopsy [26]. In such cases, MP-MRI is beneficial for
selecting men who should undergo anterior biopsy. Such
an approach increases the positive predictive power of PCa
diagnosis [27]. It is therefore highly recommended that
MP-MRI is used rather than a single MRI modality when
assessing a patient for prostate lesions.
By fusing endorectal coil MR images to a preprocedure
TRUS using electromagnetic needle tracking, biopsies may
be directed to suspicious lesions and the location of biopsies
may be documented [28]. Targeted prostate biopsy with MPMRI guidance has been shown to improve the sensitivity
of prostate cancer detection when compared with random
biopsy [29, 30]. MP-MRI/ultrasound image fusion reduces
the number of required biopsies while also reducing the
diagnosis of clinically insignificant cancer [31]. Initially,
endorectal coils were used during MP-MRI to increase
the signal-to-noise ratio (SNR). However, as MP-MRI has
become more widespread and technology has improved,
endorectal coils are no longer consistently used and the costs
associated with them are avoided [32]. Futterer et al. found
AUC to be significantly higher when endorectal coils were
used when compared with pelvic coils [33]. Similarly, Turkbey
et al. found that more cancer foci were detected using dualcoil prostate MRI than when nonendorectal coil MRI was
used at 3T [34]. However, Bratan et al. contends this claim
with findings that the field strength and the type of imaging
coils used have no significant influence on the detection rate
of tumors [35]. As technology evolves it is likely that there will
be a decreasing need for endorectal coils.

3. Computer Aided-Diagnosis for
Prostate Cancer
Interpreting MRI requires a high level of expertise and is time
consuming. Significant interobserver variation and a lack of
sensitivity, specificity, and accuracy exist for radiologists in
interpreting the volume and stage of lesions in prostate MRI
[36–38].

T2WI

ADC · · · Ktrans
Candidate generation

Registration
(T2WI, ADC, Ktrans, etc.)

Segmentation
(prostate, central gland)

Prostate CADx workﬂow

Figure 1: Workflow of a typical prostate CADx system. Green rectangles indicate data (original scans and images after preprocessing);
yellow rectangles indicate processes applied to the data or images.

There is demand for an accurate computer aideddiagnosis (CADx) system that decreases reading time,
reduces required expertise in radiology reading, and offers
a consistent risk assessment of cancer presence in prostate
MRI. Such a CADx system could automatically detect suspicious lesions in prostate MR images to help screen for prostate
cancer in large patient populations. A typical CADx system
for prostate cancer detection takes multiparametric MR
images (MP-MRI), processes them, and generates a specific
diagnostic result (e.g., a prediction map of the prostate
showing regions with high probability to be cancer). There
are some common components which are shared by prostate
CADx systems such as feature extraction and classification.
The workflow of a typical CADx system is shown in Figure 1.
3.1. Image Preprocessing. In the preprocessing step, raw data
are processed to normalize the image or to transform the
image to a domain where cancer can be easily detected.
Challenges include variation between patients of intensity
values on T2WI and the presence of a nonuniform multiplicative bias field within scans. Acquisition setup may also
differ between patients. To reduce interpatient variance and
to make the signal intensity consistent across the whole
population, images are typically normalized. A standard
method for normalizing T2WI images involves dividing the
original intensity by median + 2 × (interquartile range) [39].
In the work of Shah et al., the authors normalized T2WI
images using the average fat signal near the prostate [40].
DWI images are commonly converted to ADC maps [40, 41],
which show better representation of lesions than DWI. The
ADC map depicts a quantitative measure of the degree of
molecular mobility. It is computed at the voxel level using
the following function [40]: 𝑆 = 𝑆0 × exp(−𝑏 × ADC), where
𝑆0 is the pixel value at 𝑏 = 0 and 𝑏 is the diffusion gradient
factor. Cancers restrict water motion (lower ADC value) due
to the low permeability of their cell membranes compared to
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normal tissue where water motion is relatively higher (high
ADC value).
3.2. Segmentation. The prostate must be segmented from
the image prior to further analysis. An accurate prostate
segmentation may assist in guiding radiotherapy, biopsy,
and focal therapy in addition to its application in diagnosis.
Because T2WI shows more detailed anatomical structures of
the prostate than other MR sequences, it is widely used for
segmentation of the prostate. After registration, the prostate
segmentation can be applied to other image sequences.
Segmenting the prostate from T2WI is a challenging
problem. The boundary between the prostate and the surrounding tissues can be difficult to locate. Even for experienced radiologists, the interobserver variability of manual
prostate segmentation is large. MR scans from different medical centers or institutes may have considerable differences
based on the imaging protocols employed. For instance,
endorectal coils induce deformations that cause scans to
appear different than those using no such coil.
Atlas-based registration is a mainstream method for
segmenting the prostate on MRI. Klein et al. proposed
a segmentation method based on nonrigid registration of
a set of 3D labeled atlas images using localized mutual
information [42]. Martin et al. proposed a two-step approach
for automated prostate segmentation [43]. In the first stage,
a probabilistic prostate atlas was employed to estimate a
rough localization of the prostate; in the second stage, a
spatially constrained deformable model was refined toward
the prostate boundary. To evaluate atlas-based automatic
and semiautomatic segmentation strategies for prostate MRI,
Martin et al. conducted a multiphase validation study which
assessed both segmentation time and accuracy [44]. A Dice
similarity coefficient, comparing the spatial overlap of voxels
in two volumes, was reported as 0.94 for the autosegmented
contours with pre- and postmanual edits. Using the N points
strategy reduced segmentation time by 49% when compared
with manual segmentation.
Deformable models segment the prostate through the
influence of internal forces which smooth the boundary and
external forces which move the model toward the object
boundary. Chandra et al. proposed a fast segmentation
method based on a case specific deformable model for MR
prostate scans without an endorectal coil [45]. Yin et al.
employed a two-step approach for fully automated and robust
prostate segmentation: first, the prostate region is detected
based on the cross correlation of normalized gradient fields;
second, a prostate mean shape model is refined by means of a
graph-search framework [46]. Deformable models are useful
when noise and sampling artifacts result in invalid object
boundaries.
The graph-cut algorithm may be used to find a globally
optimal solution to a segmentation problem. Mahapatra and
Buhmann proposed a prostate MRI segmentation algorithm
using learned semantic knowledge and graph cuts [47]. To
identify volume of interest (VOI), they employed supervoxel
segmentation and used random forest to estimate the location
of the prostate. A second set of random forest classifiers was
trained and applied based on image and context features to
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refine VOI probability at the voxel level. A Markov random
field was built and optimized using graph cuts to get the final
segmentation of the prostate. A Dice metric of 81.2 ± 4.5%
indicates that using the graph-cut algorithm with semantic
knowledge is an effective segmentation technique, although
this value was lower than for equivalent segmentation systems that were cited.
To compare state-of-the-art prostate segmentation methods, a prostate segmentation challenge workshop was set
up and hosted by the MICCAI 2012 conference [48]. This
challenge provided a dataset of 100 prostate MR cases from
4 different centers, with differences in scanner manufacturer, field strength, and protocol. 11 teams with academic
research or industry backgrounds participated in the challenge. The Imorphics and ScrAutoProstate teams achieved
the highest overall scores of 85.72 and 84.29, respectively.
The overall score is a mapping function which incorporates
completely different but equally important metrics like Dice
coefficient and average boundary distance, defined as the
mean minimum distance between the manually segmented
ground truth and automatically segmented boundary. Imorphics’ algorithm is based on the active appearance model;
ScrAutoProstate’s algorithm is a region-specific hierarchical
segmentation method using discriminative learning. Algorithms of both teams showed significantly better results when
compared with other teams’ algorithms. The final results,
although promising, showed that the prostate segmentation
problem is still unresolved.
3.3. Registration. Image registration methods have become
an essential part of radiological imaging in the last decade.
Because prostate cancer shows different characteristics on
multiparametric MRI, ultrasound and whole mount histology, analyzing a fusion of all modalities, lead to a better
diagnosis of prostate cancer. Patient movement during MRI
results in translation and distortion of the prostate, which
must be corrected for by registering MRI sequences to
each other before feature extraction and classification. 3D
images must be registered before information from different
modalities/sequences is fused.
Currently, pathological analysis of prostatectomy specimens is the reference standard for determining the ground
truth of prostate cancer. In order to transfer the labels
from pathology to MP-MRI, MR images must be registered
with pathological sections of the prostate. The nature of the
pathological sections is quite different from that of the MRI
sections. For instance, the MRI section is typically 3 mm
thick whereas the pathologic section represents a 5 𝜇m thick
subsample of the larger 3–5 mm thick slice. This contributes
to the difficulty of designing accurate registration algorithms.
Mazaheri et al. proposed a free-form deformation algorithm
based on B-splines for registration of prostate MR images to
pathological slices [49]. As a result of registration, Dice values
increased from 0.86, 0.65, and 0.89 to 0.99, 0.89, and 0.97
for the WP, PZ, and TZ, respectively. While this method was
successful for in-slice registration of the T2WI image with the
pathological slice, slices had to be matched manually.
To register T2WI, ADC, DCE, and whole mount
histology (WMH) images, Chappelow et al. proposed an
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automated elastic registration method utilizing a multivariate
formulation of mutual information of data from all modalities [50]. Their technique improved the accuracy of registering in vivo MP-MRI and ex vivo WMH of the prostate when
compared to prior approaches based on mutual information.
In the work of Liu et al., T2WI, ADC images, and
Ktrans maps were registered using coordinate information
stored in the DICOM image headers [39]. Each image slice
was considered as a plane with an origin and orientation
given in the header information. To match corresponding
voxels, voxels in the most highly resolved series (T2WI)
were projected onto the closest slice of the other imaging
modalities. This is a simple registration method which is
effective when deformation of the prostate is minor enough
to not warrant a registration algorithm.
The optimal registration method for MR images depends
largely on the imaging protocol. A simple registration
method, such as that used in Liu et al. [39], is often adequate
when patient motion is minimal. However, uncomfortable
protocols (i.e., endorectal coil use) or protocols with a long
time frame (i.e., DCE imaging) increase the likelihood that
considerable patient movement will occur and result in the
translation of the prostate. This necessitates the use of more
advanced registration techniques.
3.4. Feature Extraction. Extracting distinctive features from
targets of interest is a key characteristic of a successful
CADx system. Typical features for medical images include
volume, shape, texture, intensity, and various statistics. Many
advanced classification techniques have been developed
for machine learning. In theory, support vector machines
(SVMs) could achieve the highest performance (global optimal) based on the maximization of the margin between
positive and negative training samples. In practice, however,
choosing which features are fed into the classifier is more
important than choosing the classifier itself.
Designing an effective image feature set plays an important role in a CADx system. Because ADC maps detect
prostate cancer better than other multiparametric MR
images, research in the use of these maps is on the rise. Peng
et al. studied ADC maps and used the 10th percentile and
average ADC values as features [51]. Experimental results
showed that when these features were combined with the
T2WI signal intensity histogram skewness and the Tofts
𝐾trans map, the CAD system achieved an AUC of 0.95±0.02 in
the differentiation of prostate cancer from normal foci. This
outcome is currently the highest performance reported in the
literature.
Diffusion tensor MR imaging (DTI) is a useful tool
for prostate cancer detection. DWI and DTI characterize
the dephasing of the MR signal as it relates to molecular
diffusion. Pathological changes such as increases in cellular
density caused by the prostate cancer can decrease the signal
intensity in ADC and the average diffusivity ⟨𝐷⟩ values
in DTI. In DTI, structural changes caused by the prostate
cancer can be shown by fractional anisotropy (FA). Moradi
et al. conducted research on the detection and grading of
dominant prostate tumors using DCE and DTI scans [52].
They employed 5 features: 𝐾trans , V𝑒 and V𝑝 extracted from
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DCE, and ⟨𝐷⟩ and FA extracted from DTI. An AUC of
0.96 for this work indicates that DTI may offer information
with high diagnostic quality for feature selection. However,
in their experiment, ROIs were selected manually which may
bias the performance. Systems relying on manual ROIs or
biopsy locations for candidate generation are semiautomatic
CADx systems. Candidate generation, or the process of
identifying potentially suspicious regions for analysis, must
be accomplished algorithmically for the CADx system to
be considered fully automated. Developing a fully automatic
CADx system with minimal radiologist intervention is a
key factor in the successful deployment of a prostate CADx
system.
When feature selection and dimensionality reduction is
utilized, classification performance improves as more features
are extracted from lesion candidates. In the work of Niaf
et al., the authors extensively studied feature extraction for
PZ cancer diagnosis on T2WI, DWI, and DCE images [53].
140 features were extracted from lesion candidates on MPMR images. These features were split into two groups: image
features and functional features. Image features included
grey-level, texture, and gradient features. Intensity values of
three MP-MR images were directly used as grey-level features. First-order texture features—mean, median, standard
deviation, and average deviation—were computed from a
local 9 × 9 window. 19 second-order texture features were
derived from the grey-level cooccurrence matrix (GLCM).
These texture features characterized homogeneity, grey-level
transitions, and anatomical structures. Gradient features were
computed by using three gradient operators: Sobel filter,
Kirsch filter, and a numerical gradient. Function features
were solely extracted from DCE sequences and included
semiquantitative and quantitative features. Semiquantitative
features including wash-in (WI) and wash-out (WO) rate,
SI peak (absolute maximum enhancement), SI max (95%
of maximum enhancement), onset time, time-to-peak, time
to max (Tmax), and the area under the gadolinium curve
(AUGC) were derived from the enhancement curves. Quantitative features were computed based on a kinetic model of
the enhancement curve. These features included the forward
volume transfer constant (𝐾trans ), the fractional volume of
extracellular space per unit volume of tissue (V𝑒 ), and the
reverse reflux rate constant between extracellular space and
plasma (𝑘ep ). The arterial input function (AIF) was measured
by using regions of interest (ROI) drawn in the common
femoral artery.
Vos et al. extracted first-order statistics such as the 25%
and 75% percentiles from ROIs on Ktrans maps and T1
images [54]. Accuracy of 0.83 (c.i. [0.75–0.92]) was reported
for discriminating malignant lesions from nonmalignant
suspicious enhancing areas located in the normal PZ of the
prostate. Similarly, Artan et al. utilized only intensities of
T2, ADC, and 𝑘ep images for prostate cancer localization
[55]. The proposed system achieved 79% AUC, which was a
decent percentage considering that only basic features were
utilized.
Chan et al. employed two types of second-order features: texture features and anatomical features [56]. In
their research, texture features were extracted from lesion
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candidates by using a cooccurrence matrix (CM) and a
discrete cosine transform (DCT). The anatomical location
of voxels was described by a cylindrical coordinate system. Litjens et al. used intensity, texture, shape (blobness),
anatomy, and pharmacokinetic features on T2, protondensity weighted, diffusion weighted, and DCE images [57].
The peripheral zone probability feature determined whether
a voxel belonged to the peripheral zone or the central
gland using a pattern recognition framework that utilized
texture, intensity, and anatomical features. DCE images were
analyzed by fitting a biexponential curve to the time data;
the parameters tau and LateWash, corresponding to time-topeak and the slope of the last portion of the enhancement
curve, respectively, were incorporated as features. These
features were selected based on PI-RADS guidelines for
reading prostate MR images. Using second-order features
contributed to the ability of this system to achieve an
equivalent performance to radiologists.
Another approach to feature extraction utilizes fractal
geometry, which is capable of characterizing heterogeneities
within an image. To detect prostate cancer on T2WI, Lopes
et al. employed fractal and multifractal features to analyze
textural properties of images [58]. These two types of features
were computed using the variance method and the multifractional Brownian motion model, respectively. The use of fractal and multifractal features improved classification accuracy
and reduced the influence of signal intensity variations when
compared to textural features.
Wavelet transformations are widely used in signal processing for noise reduction, compression, digital encryption
(e.g. digital watermark), and reconstruction [59–62]. Because
they have applications in extracting representative signatures
from multifrequency channels at various resolutions, wavelet
transformations are also used in image analysis for feature
extraction. Tiwari et al. proposed a multimodal wavelet
embedding representation for feature extraction from MPMRI [63]. The authors extracted 171 Haar wavelet features
from magnetic resonance spectroscopy (MRS) and 54 Gabor
features from T2WI. They then applied dimensionality reduction to each of the two groups of wavelet features and
projected them to a common reduced eigenvector space.
Tiwari et al. showed that the wavelet embedding system
produced the most accurate prediction and highest AUC
when compared with the T2WI or MRS feature vectors alone
and other state-of-the-art combination-of-data systems.
The central gland (CG) and the peripheral zone (PZ)
are used as anatomical coordinates in prostate biopsies
to report the location of a cancer. Because cancer shows
different characteristics in different regions of the prostate,
incorporating anatomical structural information in a CADx
system may improve the performance. Manual segmentation
of the PZ and CG is time consuming; so it would be ideal if
anatomical features could be extracted from ROIs. Liu and
Yetik proposed a new feature called the location map, which
is constructed by applying a nonlinear transformation to the
spatial position coordinates of each pixel [64]. The location
map could differentiate the transition zone (TZ) and PZ.
Experimental results show that the detection sensitivity was
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improved when the new anatomical feature was combined
with other nonanatomical features.
The work described above shows that while statistical
features (i.e., Intensity features, histogram of gradients, etc.)
have been commonly included in classification systems,
features which capture geometric information have been
less widely used. This trend would indicate that while work
on statistical features is comprehensive and sufficient, the
inclusion of features describing shape and symmetry within
the prostate would greatly contribute to advancing the field
of feature selection and extraction as it applies to machine
learning.
3.5. Classification. The final step of a CADx system involves
training and testing with features extracted from images and
labels. A classifier is usually trained based on the labeled
training set and applied to test cases without knowledge of
true labels.
In the past two decades, SVMs have shown their effectiveness on many real-life classification problems [65]. The strong
generalization ability of SVMs comes from the marginmaximization criterion. Vos et al. employed SVM for analyzing prostate lesions in the PZ using DCE MRI [54]. Later,
Vos et al. applied SVM to the same problem using T2WI
and DCE MRI [66]. Traditional SVMs treat errors with
uniform cost. For prostate cancer diagnosis, detecting false
negatives is vital as their cost to patient health is much higher
than the cost of false positives. In the work of Artan et
al., the authors applied the cost-sensitive SVM to prostate
cancer localization and compared it with classical SVM [55].
Moreover, they combined conditional random fields (CRF)
with a cost-sensitive framework for segmenting the lesion
and found that this method improved cost-sensitive SVM
results by incorporating spatial information. Liu and Yetik
fed SVM with a location map and with multiparametric MR
images to segment prostate cancer [64]. They found that it is
feasible to detect tumors without PZ extraction by fusing the
spatial map. Shah et al. employed SVM to localize prostate
cancer based on multiparametric MRI [40]. To find optimal
hyperparameters for SVM, they used a genetic algorithm in
which each SVM hyperparameter was treated as a “gene”
in a “chromosome” encoding. In this evolutionary strategy
approach, the 𝐹-measure was used as the metric for the
evaluation of individual fitness. Chan et al. compared a singlechannel maximum likelihood classifier based solely on image
intensities to a support vector machine (SVM) and Fisher
linear discriminant (FLD) which utilized five different sets of
derived features [56]. FLD showed the highest performance
when compared with the other two classifiers. In a later study
[53], Niaf et al. compared the performance of SVM, linear
discriminant analysis (LDA), a Naı̈ve Bayes classifier, and the
k-nearest neighbors algorithm on the diagnosis of prostate
cancer in the peripheral zone using T2WI, DWI, and DCE
images. SVM achieved the highest performance in this study.
LDA was also employed by Peng et al. in the development of
texture features on T2WI and ADC features on DWI [51, 67].
Other works utilizing SVM for classifying prostate cancer
on multiparametric MRI include Liu et al. and Moradi et al.
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T2WI

Ktrans (DCE)

ADC (DWI)

CAD prediction map

Figure 2: Illustration of a prostate CAD prediction map showing true positive cancer classified correctly by SVM. The red rectangle indicates
an image patch within the cancer in which local image features are extracted from T2WI, ADC, and Ktrans map. The green contour denotes
the boundary of the prostate. Bright regions in the CAD prediction map correspond to a high probability of cancer and coincide with the
correct location of the cancer.

[39, 52]. In Figure 2, we show an exemplar prediction map
generated by a prostate CAD system developed by Liu et al.
[39].
In recent years, random forests were introduced to the
area of medical image analysis and achieved very promising
results in some medical applications [68]. Random forests
are an ensemble learning classification method [69, 70]. They
build decision trees with random perturbations of training
samples and features to ensure high generalization ability.
Random forest is one type of random subspace learning
method which builds an ensemble of classifiers by exploring
partial feature spaces (also called subspaces) of the input data
[69]. Tiwari et al. employed random forests in the task of
prostate cancer classification based on the combined eigenvector representation of T2WI, MRI, and MRS channels [63].
Experimental results showed that random forest has a strong
capability for integrating any combination of heterogeneous
data modalities with various scales and dimensions.
Since kernel-based learning methods (e.g., SVMs) are
commonly used to classify prostate cancer on multiparametric MRI, developing more specific kernel-based classifiers
and adapting them to the prostate MRI domain may lead
to further improvement of prostate CADx systems. In the
CADx system developed by Tiwari et al., there are three main

modules: multikernel learning, semisupervised learning, and
dimensionality reduction [71]. Experimental results showed
that this elaborately developed kernel-based learning system
is a powerful diagnostic and prognostic tool for prostate
cancer diagnosis on MRI/MRS.
In the work discussed in this section, classification was
achieved automatically by employing different forms of
statistical classifiers. To simulate the diagnostic process of
radiologists, Puech et al. proposed a semiquantitative rulebased classification method for prostate cancer diagnosis on
DCE MRI [72]. In this method, a scoring algorithm was
designed based on the wash-out slope (Wo), maximum washout rate (Max Wo PCa), minimum wash-in rate (Min Wi
PCa), median wash-out rate (Med Wo PCa), and median
wash-in rate (Med Wi PCa) in the area of the lesion as
measured on DCE MR images. This method is unique in
that it directly encodes reading experience of radiologists
without resorting to a statistical classifier to implicitly extract
classification rules from labeled data.
With well-registered images and informative feature
extraction, prior work indicates that SVM and random forest
work well on the problem of classifying prostate tumors on
MP-MRI.
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Table 1: Performance comparison of major prostate CADx systems published.
Publication

Data size

Modality

Field strength

Ground truth

Candidate
generation

Region

Classifier

Performance

Chan et al.
2003 [56]

15

T2WI, ADC,
PD, and T2
map

1.5T

MSTR +
biopsy

RS + cancer

PZ

FLD

AUC = 0.839
(±0.064)

Puech et al.
2009 [72]
Vos et al.
2008 [54]
Vos et al.
2010 [66]
Shah et al.
2012 [40]
Liu and Yetik
2011 [64]
Liu et al. 2013
[39]
Niaf et al.
2012 [53]
Moradi et al.
2012 [52]
Niaf et al.
2014 [73]
Peng et al.
2013 [51]
Artan et al.
2010 [55]

100

DCE

1.5T

Biopsy + RS

Manual ROI

WP

Rule-based

AUC = 0.77

34

DCE

1.5T

Biopsy

Manual ROI

PZ

SVM

34

T2WI, DCE

1.5T

Biopsy

Manual ROI

PZ

SVM

31

T2WI, ADC,
and DCE
T2WI, ADC,
and DCE
T2WI, ADC,
and DCE
T2WI, ADC,
and DCE

3T

Biopsy

Manual ROI

PZ

SVM

1.5T

Biopsy

Voxel

WP

SVM

3T

Biopsy

Biopsy spots

WP

SVM

1.5T

MSTR +
biopsy

Manual ROI

PZ

SVM

Biopsy spots

WP

SVM

AUC = 0.96

Manual ROI

WP

P-SVM

AUC = 0.889

Manual ROI

WP

LDA
CRF

Tiwari et al.
2013 [71]

20
54
30
29

DT, DCE

3T

Biopsy

49

T2WI, ADC,
and DCE
T2WI, ADC,
and DCE
T2WI, ADC,
and DCE

Not specified

MSTR +
biopsy
MSTR +
biopsy

1.5T

Biopsy

Voxel

PZ

29

T2WI, MRS

1.5T

MSTR +
biopsy

Voxel

WP

Tiwari et al.
2012 [63]

36

T2WI, MRS

1.5T

MSTR +
biopsy

Voxel

WP

Litjens et al.
2014 [57]

347

T2WI,
PDWI, DCE,
and DWI

3T

Biopsy

Voxel

WP

48
21

3T

SeSMiK-GE
+ random
forest
Random
forest
Random
forest

AUC = 0.83,
CI [0.75, 0.92]
AUC = 0.89,
CI [0.81, 0.95]
𝐹-measure =
0.89
AUC = 0.89
AUC = 0.82, CI
[0.71, 0.93]
AUC = 0.89, CI
[0.81, 0.94]

AUC = 0.95
(±0.02)
AUC = 0.79
(±0.12)
AUC = 0.89
(±0.09)
AUC = 0.89
(±0.02)
AUC = 0.889

PD: proton density; MSTR: manual segmented tumor by radiologist; RS: random sampling; AUC: area under the ROC curve; HMM: hidden Markov models;
WP: whole prostate; CI: confidence interval; ROI: region of interest; RG: region growing; FSE: fast spin-echo; DT: diffusion tensor; P-SVM: probabilistic SVM;
SeSMiK-GE: semisupervised multikernel graph-embedded, PDWI: proton density-weighted imaging.

4. Performance Comparison
Table 1 compares the performance of the major published
prostate CADx systems. Some papers investigated several
techniques for prostate cancer diagnosis. For such papers,
only the highest performance and the corresponding classifier are listed. For candidate generation, “voxel” indicates that
each voxel from the image was treated as one lesion candidate.
Due to various factors involved such as patient population,
data size, modality, and region of interest, the comparisons
shown below may not be fair in regard to performance.
However, Table 1 still gives a sense of how well a CADx system
is capable of analyzing prostate cancer on MRI.

5. Discussion and Perspectives
Table 1 shows several consensuses in the field of prostate MRI
CADx research. A combination of T2WI, DWI (ADC), and
DCE MRI is the most commonly used set of parameters for

prostate cancer imaging. Additionally, histological interpretations from in vivo or ex vivo biopsy specimens were widely
used to determine ground truth on MP-MRI. In vivo biopsy
can only label the pathology of points inside the prostate.
Radiologists must manually define lesion boundaries on MPMRI retrospectively based on the biopsy results. Ex vivo
whole mount prostate histological analysis provides more
accurate label information for training a CADx system.
However, whole mount histology is expensive and registering whole mount histological slices with 3D MP-MRI is a
challenging problem. Moreover, research focus has shifted
from PZ prostate cancer to whole prostate cancer diagnosis
in recent years, despite this approach being more challenging
than PZ lesion analysis. Kernel-based learning methods such
as SVMs showed high sensitivity and specificity and were
employed by a majority of research groups for classifying
prostate cancer from normal tissue. While CADx systems
tested on images from machines using both 1.5T and 3T
field strengths showed similar performances, the two systems
with the best performance both used images obtained at 3T.
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This may be in part because of an improved signal-to-noise
ratio resulting in greater resolution of the images. Regarding
data size, the majority of prostate CADx systems employed
a relatively small data set with no more than 50 patients.
Validation on a large-scale data set with several hundred
patients is required to make the systems usable in clinical
settings.
There are challenges facing the field of prostate CADx
research. The majority of the prostate CADx systems listed
in Table 1 reported AUC in the range from 0.80 to 0.89.
Moradi et al. and Peng et al. reported AUCs of 0.96 and
0.95, respectively, which represent the highest performance
in the group [51, 52]. However, their systems generated lesion
candidates based on biopsy locations or manually selected
ROIs which may be data set dependent. The generalization
of this system to other unseen test sets needs to be validated.
Reducing the false positive rate is vital to improving the
performance of a prostate CADx system. In Liu et al. [39],
many false positives were from benign prostatic hyperplasia
(BPH) nodules. BPH nodules show similar enhancement
patterns to prostate cancer on MP-MRI. Like PCa, BPH
nodules also show early enhancement at wash-in phase and
their intensity drops more quickly at wash-out phase than
normal prostate tissue on a DCE sequence. Detecting BPH
nodules on MP-MRI is a key factor in reducing false positives
for a prostate CADx system.
While the MP-MRI combination of T2WI, DWI, and
DCE images is becoming mainstream for prostate CADx
systems, the exploration of image modalities such as MRS and
DT has also been observed. The introduction of new imaging
modalities or new modality combinations for MP-MRI may
lead to better CADx systems. Because images or signals are
the information source of all CADx systems, the development
and adoption of more accurate scanning methods will alleviate the burden imposed on the postprocessing CADx systems.
To compare state-of-the-art CADx systems for prostate
cancer diagnosis on MP-MRI, a publicly available dataset
is necessary to provide a fair comparison for different
techniques. The public dataset should include major MRI
modalities such as T2WI, DWI, and DCE from various MRI
vendors. The patient population in the data set should be
large enough to include anatomical and pathological patient
variations. To develop supervised learning techniques for
prostate cancer diagnosis, it is necessary that accurate labels
of the cancer exist for MP-MRI images. Such labels should
be confirmed by histological analysis. Ideally, these labels or
cancer contours should be registered to the whole mount
prostate histology images.
In the field of prostate segmentation for MRI, we are
pleased to see the PROMISE12 challenge has been successfully organized [48]. Challenges and publicly available data
sets such as PROMISE12 support the advancement of prostate
segmentation for MRI though motivation and consistency.

6. Conclusion
In this paper, we surveyed computer aided-diagnosis systems
for detection and diagnosis of prostate cancer on MP-MRI.
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From the survey it was determined that current major CADx
systems recorded AUC performance below 0.90. This finding
indicates that there is still room for improvement through
future research in this field. Prostate cancer CADx systems are
a complicated composition of image normalization, preprocessing, segmentation, registration, feature extraction, and
classification modules. It is therefore expected that development and progress in one or more of these modules should
lead to a better diagnostic system with higher sensitivity and
lower false positive rate, as has been observed from previous
research efforts. It is likely that more improvements will be
made in the next decade and wide deployment of prostate
CADx systems in the clinical environment will eventually
occur.
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Introduction and Objective. Disadvantages associated with direct high b-value measurements may be avoided with use of computed
diffusion-weighted imaging (cDWI). The purpose of this study is to assess the diagnostic performance of cDWI image sets calculated
for high b-values of 1500, 2000, and 3000 s/mm2 . Materials and Methods. Twenty-eight patients who underwent multiparametric
MRI of the prostate and radical prostatectomy consecutively were enrolled in this retrospective study. Using a software developed at
our institute, cDWI1500 , cDWI2000 , and cDWI3000 image sets were generated by fitting a monoexponential model. Index lesions on
cDWI image sets were scored by two radiologists in consensus considering lesion conspicuity, suppression of background prostate
tissue, distortion, image set preferability, and contrast ratio measurements were performed. Results. Lesion detection rates are the
same for computed b-values of 2000 and 3000 s/mm2 and are better than b-values of 1500 s/mm2 . Best lesion conspicuity and best
background prostate tissue suppression are provided by cDWI3000 image set. cDWI2000 image set provides the best zonal anatomical
delineation and less distortion and was chosen as the most preferred image set. Average contrast ratio measured on these image
sets shows almost a linear relation with the b-values. Conclusion. cDWI2000 image set with similar conspicuity and the same lesion
detection rate, but better zonal anatomical delineation, and less distortion, was chosen as the preferable image set.

1. Introduction
Prostate cancer, the most frequently diagnosed cancer in
men, aside from skin cancer, is a major public health issue in
the world today [1]. The development of minimally invasive
procedures such as imaging-guided brachytherapy, intensitymodulated radiation therapy, high-intensity focused ultrasound, and cryotherapy in prostate cancer treatment has
increased interest in improving the detection and localization
of prostate cancer [2].

Multiparametric prostate magnetic resonance imaging
(mp-MRI) has revealed an increased level of spatial, anatomic, and functional information and has shown promise for
improved detection and characterization of prostate cancer
[3]. Diffusion-weighted MRI (DW-MRI) is a useful imaging
technique and a powerful component of mp-MRI of the
prostate. DW-MRI of the abdomen has been significantly
improved in the past few years as well. Technical innovations
such as the use of fast gradients, multichannel coils, and
parallel imaging have resulted in reduced acquisition times
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for DW-MRI, thus minimizing some of its limitations of
motion, susceptibility, and chemical-shift artifacts [4].
In DW-MRI, b-value identifies the sensitivity to diffusion
and adjusts the strength and duration of the diffusion gradients as well as the time interval between the paired gradients.
There is a considerable debate regarding appropriate b-values
for DW-MRI of the prostate. Normal prostate tissue, especially in the TZ, may reveal high signal intensity on diffusionweighted MR images and low ADC, thus mimicking a tumor
[3]. Recent studies have reported positive results using a
b-value of >1000 s/mm2 [5–7] to overcome this problem.
However, even though higher b-value images are clinically
desirable, obtaining images with a high b-value by direct
measurement is challenging. Such images have an inherently
low signal-to-noise ratio (SNR) and are prone to increased
susceptibility artefact and severe eddy current distortions
from the large diffusion-sensitizing gradients used. Kitajima
et al. [8] showed that as the b-value increased from 1000 to
2000 s/mm2 , the mean SNR of prostate cancer decreased by
21.6%.
Computed DW imaging (cDWI) is a mathematical technique which calculates a high b-value image from DW-MR
images acquired with at least two different lower b-values. In
this way, disadvantages associated with direct high b-value
measurements such as poor SNR and image distortion may
be avoided. It has been recently reported that computed high
b-value diffusion-weighted images of the prostate improves
tumor separability and image quality [9, 10].
In this study, we have carried out retrospective work to
directly compare different generated DW images (cDWI1500 ,
cDWI2000 , and cDWI3000 s/mm2 ) on lesion conspicuity and
image quality using whole mount-section histopathological
examination as the reference standard.

2. Materials and Methods
2.1. Patient Population and Imaging Protocol. Thirty-eight
patients who underwent multiparametric MRI of the prostate
and radical prostatectomy consecutively between December
2012 and April 2014 were enrolled in the study group. The
median interval between MRI examinations and radical
prostatectomy was 66 days (between 6 days to 6.5 months).
The patients ranged in age from 46 to 71 years (mean,
60 years) and had serum PSA levels ranging from 3.7 to
40 ng/mL (mean, 9.7 ng/mL). The institutional and research
committee waived informed consent and approved this retrospective study.
During histopathological analysis, prostatectomy specimens were fixed in 10% buffered neutral formalin for a
minimum of 24 hours. Surgical margins were painted with
different colors of ink to allow for unequivocal identification
of left and right sides. Prostate tissue was serially sectioned
at 3-4 mm thickness by knife perpendicular to the long axis
of the prostate (from apex to base). Each of the slices was
sequentially submitted in total for routine tissue processing
and as whole mount sectioning. Routine sections were
stained with hematoxylene and eosin. Whole mount mega
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and standard slides were reviewed by a pathologist (Y.S.) with
10 years of experience in uropathology.
Index lesions, considered to be the largest lesion with
a high Gleason score for each patient, were recorded on
a standardized diagram of the prostate divided into 16
sectors (ten peripheral zones and six transition zones) and
by anatomical landmarks (namely, the prostatic capsule, the
pseudocapsule, the urethra, and the ejaculatory ducts) by
the pathologist and study coordinator radiologist (S.A.). The
mean maximal size of tumor in histopathological specimens
was 1.3 cm (ranging from 0.4 to 2.4 cm).
Diffusion-weighted MR images were acquired using a 3T
MR scanner (Magnetom Skyra, Siemens Medical Solutions,
Erlangen, Germany) with spine and sixteen-channel phased
array coils as a part of the multiparametric prostate MRI protocol. No endorectal coil was used. Peristalsis was suppressed
with intramuscular administration of 20 mg of butylscopolamine (Buscopan; Boehringer, Germany). No bowel preparation was performed. A free-breathing single-shot echoplanar imaging sequence was used with the following parameters: Repetition/Echo Time (TR/TE) = 4000/101 ms; matrix
size = 192 × 154; field of view = 260 × 260 mm; slice
thickness/gap = 3.6 mm/0.3 mm; 22 axial slices; b-values = 0,
50, 100, 200, 400, 600, and 800 s/mm2 with nine excitations;
and an overall acquisition time of 5 mins. The maximum
gradient amplitude per axis was 45 mT/m and the maximum
slew rate was 200 T/m/s. All images were anonymized and
transferred to a workstation in DICOM format with 16-bit
greyscale intensity for subsequent analysis.
2.2. Calculation of High b-Value Diffusion-Weighted Images.
For a volume imaged using DW-MRI, apparent diffusion
coefficient (ADC) can be calculated on voxel basis using
a monoexponential model. Let 𝑆𝑛 (𝑥, 𝑦, 𝑧) be the signal
intensity value of the voxel with coordinates (𝑥, 𝑦, 𝑧) in the
volume imaged using diffusion-weighted imaging with 𝑁
different b-values (𝑛 = 1, 2, . . . , 𝑁). The relation between
apparent diffusion coefficients for a voxel located at (𝑥, 𝑦, 𝑧)
can be given by
𝑆𝑛 (𝑥, 𝑦, 𝑧) = 𝑆1 (𝑥, 𝑦, 𝑧) exp−(𝑏𝑛 −𝑏1 )ADC .

(1)

An ADC estimate can be computed from diffusionweighted image sets acquired with at least two different bvalues using
ADC = arg max 𝑃 (𝑆 | ADC) ,
ADC

(2)

where 𝑃 (𝑆𝑛 | ADC) ∼ 𝑁(𝑆1 exp−(𝑏𝑛 −𝑏1 )ADC , 𝜎2 ).
The ADC estimate can next be used to calculate the signal
intensity of the voxel 𝑆𝑐 (𝑥, 𝑦, 𝑧) for an ultrahigh b-value 𝑏𝑐
using
𝑆𝑐 (𝑥, 𝑦, 𝑧) = 𝑆1 (𝑥, 𝑦, 𝑧) exp−(𝑏𝑐 −𝑏1 )ADC .

(3)

In this study, ADC estimations and calculations were
performed numerically using “DWMRI Mapper” software
developed at our institute written in MATLAB 8.1 (The Mathworks Inc., Natick, MA). This software reads the diffusionweighted MR image sets in DICOM format and performs
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2.3. Qualitative Evaluation and Scoring. All MR images of the
patients enrolled in this study were evaluated in consensus
by two radiologists (M.V., A.O., 14 and 5 years of experience
in abdominal MRI and 4 and 2 years in prostate MRI, resp.)
using a MRI CAD system (DynaCad; Invivo Birmingham,
MI). The radiologists knew that all patients had undergone
radical prostatectomy; however, they were blinded to all
patient’s identifiers, clinical presentation, and histopathologic
and imaging parameters. While reviewing each diffusionweighted image set (cDWI1500 , cDWI2000 , and cDWI3000 )
in random order, radiologists identified the location of the
index lesion based on its increased signal intensity relative
to the background prostate parenchyma. These findings were
then compared to lesions previously diagrammed by the
uropathologist and the study coordinator. Surgical specimens
often shrink after formaldehyde fixation so alignment of
MR and whole mount-section histopathology findings was
quite difficult. Therefore, a tumor detected on a computed
diffusion-weighted image was considered as the matched
lesion if any part of the tumor was present within the same
area on the histopathologic diagram. Only lesions recorded
at the correct location determined by the study coordinators
were accepted as true-positive. The two radiologists also
subjectively scored the three randomized image sets on fivepoint Likert-like scale (where a score of 5 denotes highest
image quality whilst a score of 1 denotes very poor image
quality) considering criteria adopted from Rosenkrantz et al.
[11]: lesion conspicuity, image distortion, background suppression, and image set preferability. At least two weeks
interval was given between each image set assessment.
After scoring, using DynaCad Software (DynaCad;
Invivo Birmingham, MI), the study coordinator (S.A.) manually placed a pair of circular regions of interest (ROIs) on
generated DW images (one for the index lesion and one for
the healthy counterpart with reference to the whole mountsection histopathology slides). The average area of the ROIs
defined was 10 ± 2 mm2 . While delineating the ROIs, in order
to reduce any error in contrast to noise ratio, great care
was taken to exclude the urethra using high precision, T2weighted images as a reference. The ROIs defined were then
copied onto the cDWI images. For each ROI pair, the average
signal intensity for the index lesion, SIlesion , and the average
signal intensity for the healthy counterpart, SIhealthy , were
noted and then used to measure the contrast ratio given by
CR =

SIlesion − SIhealthy
SIlesion + SIhealthy

.

(4)

Table 1: Number of index lesions identified and identification rates.
Radiologist 1
Radiologist 2
Overall

cDWI1500
20 (80%)
18 (72%)
19 (76%)

cDWI2000
24 (96%)
23 (92%)
23.5 (94%)

cDWI3000
24 (96%)
23 (92%)
23.5 (94%)

100

Identification rate (%)

a nonlinear least square fitting based on Trust-Region fitting algorithm voxel-by-voxel basis to determine the ADC
estimates. The estimates are next used to automatically
calculate the signal intensity values of the voxels for bvalues of 1500, 2000, and 3000 s/mm2 . The software stores
the signal intensity values calculated in DICOM image files in
unique sets according to the b-value used, namely, cDWI1500 ,
cDWI2000 , and cDWI3000 . These image sets can be transferred
to workstations at the clinic for use in evaluations.

90

80

70
cDWI1500

cDWI2000

cDWI3000

Radiologist 1
Radiologist 2
Overall

Figure 1: Lesion identification rates.

2.4. Statistical Analysis. All statistical analyses were performed using SPSS 15 (SPSS Inc., USA). Contrast ratio
measurements and scorings from cDWI1500 , cDWI2000 , and
cDWI3000 were compared using the Tukey-Kremer test. A
two-tailed 𝑃 value < 0.05 was considered significant.

3. Results
Number of index lesions identified by the two radiologists
(radiologist 1: M.V and radiologist 2: A.O) on the cDWI
image sets of the twenty-five patients and the corresponding
lesion identification rates are as given in Table 1. Just for
a single patient, the lesion is unnoticeable on any cDWI
image set. In the rest of the patients, index lesions are at
least identified on one image set. Overall lesion identification
rates are 76%, 94%, and 94% for cDWI1500 , cDWI2000 , and
cDWI3000 image sets, respectively. This finding shows that
lesion identification performance improves as the b-value for
the computed diffusion-weighted image set increases but it
does not improve more for b-values higher than 2000 s/mm2
as illustrated in Figure 1.
Figure 2 shows the results of contrast ratio measurements.
Average contrast ratios measured on cDWI1500 , cDWI2000 ,
and cDWI3000 image sets are 0.29 ± 0.13, 0.43 ± 0.18, and
0.60 ± 0.20, respectively, showing almost a linear relation
between computed image sets. On average, contrast ratio
is at its maximum when cDWI3000 image set is considered;
however, it decreases on cDWI2000 and cDWI1500 image sets.

4
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Figure 2: Contrast ratios measured.
2.0
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Table 2: Average of scores given in consensus.

Lesion
conspicuity
Background
prostate tissue
suppression
Zonal
anatomical
delineation
Distortion
Image set
preferability

cDWI1500

cDWI2000

cDWI3000

2.66 ± 1.52

3.72 ± 1.02

3.91 ± 1.00

2.31 ± 1.27

3.11 ± 0.87

3.89 ± 0.79

2.83 ± 1.45

3.04 ± 0.86

2.15 ± 0.72

3.26 ± 1.65

3.55 ± 0.93

2.72 ± 0.71

2.70 ± 1.41

3.89 ± 0.91

3.55 ± 0.83

Significant differences in contrast ratio are obtained between
cDWI1500 and cDWI2000 image sets (𝑃 = 0.015) and and
cDWI3000 image sets (𝑃 = 0.002). However, difference in
contrast ratio is most significant between DWI1500 and
cDWI3000 image sets (𝑃 < 0.001).
Average of Likert-like scores given in consensus by the
two radiologists is seen in Table 2. Between cDWI2000 and
cDWI3000 image sets, significant difference in scores exists
for background prostate tissue suppression, zonal anatomical
delineation, and distortion (for all 𝑃 < 0.001); however,
difference is insignificant in scores for lesion conspicuity
(𝑃 = 0.72) and image set preferability (𝑃 = 0.28). Between
cDWI1500 and cDWI2000 image sets, significant difference
in scores exists for lesion conspicuity, background prostate
tissue suppression, and image set preferability (for all 𝑃 <
0.001); however, difference is insignificant in scores for
distortion (𝑃 = 0.43) and zonal anatomical delineation
(𝑃 = 0.59). Plots of average scores determined for the
image sets are presented in Figure 3. Lesion conspicuity and
background prostate tissue suppression get highest scores
for cDWI3000 image set (Figure 4). These scores increase
as the b-value of the computed diffusion-weighted image
set increases. A linear correlation is noticeable between
the background prostate tissue suppression scores and the
computed image sets. In addition to these, highest scores

cDWI2000

Lesion conspicuity
Tissue suppression
Anatomical delineation

cDWI3000

Distortion
Image set preferability

Figure 3: Average score plots.

for zonal anatomical delineation and distortion are given for
cDWI2000 image set. These scores are at their lowest value for
cDWI3000 image set. With respect to the preferability of image
set for use in prostate cancer evaluations, cDWI2000 image
set takes the highest score from radiologists. These results
show that among cDWI1500 , cDWI2000 , and cDWI3000 image
sets, cDWI2000 image set provides the best performance
facilitating the conspicuity of prostate cancer on computed
diffusion-weighted imaging.

4. Discussion
DWI is an essential component of mp-MRI, enabling qualitative and quantitative assessments of prostate cancer aggressiveness. The signal in DWI decays as a function of the
amount of incoherent motion present in the tissue and a
diffusion weighting parameter known as b-value. A greater
b-value indicates a more severe phase dispersion of water
molecules and a more reduced signal under the effect of gradient pulse on DW imaging [4]. Most DW-MRI examinations
in the body utilize b-values between 0 and 10000 s/mm2 .
Considerations for image quality and signal-to-noise ratio
restrict the use of ultrahigh b-values for imaging (e.g., bvalue of 2000 s/mm2 ) [8]. In a 2012 guideline, the European
Society of Urogenital Radiology recommended b-values of
0, 100, 500, and 800–1000 s/mm2 , for optimal DW images
[3]. Within this range of b-values, the peripheral zone of the
prostate gland frequently still appears hyperintense on the
DW images which is due to relatively long T2-relaxation time
of the glandular tissue. This can be referred to as a “T2 shine
through effect,” which can confound disease detection. For
this reason, reviewing the ADC maps of the prostate is more
useful for disease detection in the peripheral prostate gland.
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Figure 4: Prostate cancer in a 65-year-old man with a PSA level of 10.5 ng/mL and a Gleason score of 5 + 4. (a) Transverse T2-weighted turbospin echo MR image shows the index lesion on midgland, right transitional zone. (b) On cDWI1500 image set anteriorly located lesion was
barely seen because of inadequate background suppression. (c, d) On cDWI2000 and cDWI3000 image sets index lesion was more conspicuous.
Also a tiny biopsy proven tumoral focus was identified in the right peripheral zone on cDWI2000 and cDWI3000 image sets.

Since benign and normal tissues tend to show greater signal
attenuation at high b-values compared to cellular tumors,
the use of high b-value DW-MRI has been recognized as a
method to increase the radiological conspicuity.
The potential of sufficiently high b-value DW images
has been reported to improve the detection rate of different
malignant tissue types [10, 12, 13]. Recent studies have
compared DW images obtained using high b-values for
prostate cancer detection and reached conflicting results;
Katahira et al. [6], Rosenkrantz et al. [9], Ueno et al. [7],
and Ohgiya et al. [14] reported the advantage of a b-value of
2000 s/mm2 compared to a b-value of 1000 s/mm2 , whereas
Kim et al. [15] reported no benefit from the greater b-values.
According to Metens et al. [5], native DW images with a bvalue of 2000 s/mm2 have better contrast-to-noise ratio in
comparison with a b-value of 1000 s/mm2 but lower than
those with a b-value of 1500 s/mm2 .
Maas et al. demonstrated that cDWI is a method capable
of obtaining high b-value images, which avoids the technical challenges of actually measuring them [16]. Rosenkratz
et al. [11] compared acquired and generated b-1500 s/mm2
images and stated that DW images at b-values greater than
1000 s/mm2 might be routinely incorporated into mp-MRI
protocols. Glaister et al. [10] reported a quantitative investigative analysis of the improvement in tumor differentiation in
the prostate gland and emphasized diagnostic performance
of computed DWI with a b-value around 3000 s/mm2 .

There are several limitations of this study. First, it is
vulnerable to the inherent disadvantages of its retrospective
design. Second, a degree of selection bias has been introduced
by including patients with prostate cancer who underwent
radical prostatectomy. Third, by the preparation of the whole
mount specimen, tissue may shrink; therefore, MR images
of the prostate are not necessarily perpendicular to the prostatic urethra, making a comparison of pathologic and MR
imaging findings potentially problematic. Fourth, computed
diffusion-weighted images have been generated by using a
monoexponential model. Kimura and Machii [17] demonstrate that the monoexponential model may fit for computed
DWI theory, but some other studies have demonstrated
the potential of biexponential models for depicting prostate
cancer [18, 19]. Finally, in this study rather than all tumor
foci, the index lesions have been evaluated. Liu et al. [20]
report that all metastatic sites in a single patient derives from
a single monoclonal precursor cell, indicating that despite
the multifocality of prostate cancer, a single tumor focus
(i.e., index lesion) is responsible for tumor progression and
death. This suggests that emerging focal therapy techniques
based on index lesion may achieve adequate control of this
multifocal disease.
In conclusion, computed DWI is a promising technique
in prostate cancer detection that has the potential to eliminate
hardware limitations of MR scanners such as lower SNR
and image quality. Although the number of patients enrolled
in this study is less than ideal, the results indicate that
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cDWI3000 image set is superior to cDWI2000 and cDWI1500
image sets in terms of conspicuity of index lesions. However,
cDWI2000 image set provides similar conspicuity but better
zonal anatomical delineation and distortion suppression and
is the preferable image set for use in localizing cancer in
prostate gland. Further studies with larger groups and with
more sophisticated computation methods that employ biexponential models or stretched exponential models should
determine the optimal computed b-value.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
The authors thank Suzan Bilgesü, Muhittin Erol, and Ismail
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Prebiopsy multiparametric prostate MRI (mp-MRI), followed by transrectal ultrasound-guided (TRUS-G) target biopsies (TB) of
the prostate is a key combination for the diagnosis of clinically significant prostate cancers (CSPCa), to avoid prostate cancer (PCa)
overtreatment. Several techniques are available for guiding TB to the suspicious mp-MRI targets, but the simplest, cheapest, and
easiest to learn is “cognitive,” with visual registration of MRI and TRUS data. This review details the successive steps of the method
(target detection, mp-MRI reporting, intermodality fusion, TRUS guidance to target, sampling simulation, sampling, TRUS session
reporting, and quality insurance), how to optimize each, and the global indications of mp-MRI-targeted biopsies. We discuss the
diagnostic yield of visually-registered TB in comparison with conventional biopsy, and TB performed using other registration
methods.

1. Introduction
The positive diagnosis of prostate cancer (PCa) requires a
direct sampling of the gland. This is an invasive procedure,
with rare, but not negligible, potential complications [1].
However, it is a mandatory step for accurately proving,
localizing, and characterizing cancer aggressiveness (Gleason
score, tumour burden and extent, . . .) in men having a clinical
of biological suspicion of PCa. Nevertheless, extended TRUS
systematic posterior biopsies (SB) protocols fail identifying
significant versus insignificant cancers and suffer high rate
of false negatives, between 20 and 30% [2, 3]. This can
easily be explained by two facts: first, by TRUS physical
limitations (distance from the probe, calcifications, operator
dependence), making this examination perform best in the
posterior part of the peripheral zone (PZ) and poor elsewhere; despite significant technical advances [4, 5]; second, to
the limitation of SB sampling to the posterior part of the PZ.
The addition of target biopsies (TB) on suspicious ultrasound
images [6], and the numerous attempts to optimize the biopsy

protocol [7–10] have been moderately efficient but did not
change the story.
Prostate MRI has long time been used to assess PCa stage
only, after positive biopsies, in selected patients. The advents
of new imaging techniques (dynamic contrast-enhanced
(DCE) imaging; diffusion-weighted imaging (DWI)), and
new imaging protocols (high-resolution external phased
array coils) have radically modified the way this examination
is used [11–13]. In a few years, “multiparametric” MRI (mpMRI), including morphological, DCE, and DWI imaging has
proven its accuracy and reproducibility to detect, localize, and
assess the extent and aggressiveness of cancer foci within the
whole gland. Several teams have highlighted its usefulness
before TRUS prostate biopsies in order to detect lesions
that cannot be diagnosed otherwise; either due to their
location (in the “gray zone”) or to their size (small lesions
underevaluated by SB) [14–22].
Various techniques have been described to guide biopsies
on mp-MRI targets. The simplest is to mentally perform a
“visual registration” of MRI and TRUS data together and,
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Table 1: Seven-step protocol for prostate biopsies performed under TRUS guidance with mp-MRI targeting.
Actors

Steps
1

MRI room

Radiologist
2

3
4

TRUS biopsy
room

Urologist/radiologist/both

5
6
7

Summary

Description
Detection of mp-MRI lesions having a cancer
suspicion score ≥3 and a significant size. A mean
Target detection
of two targets is a good compromise, with a
primary target clearly identified.
Transmission of intelligible and accurate
Target reporting
information to the physician that will perform the
biopsy procedure.
Registration (or “fusion”) of static, asynchronous,
Intermodality fusion
and multiparametric MRI data with that of a
real-time and dynamic TRUS data.
Guidance of the biopsy needle gun to the correct
TRUS guidance to
location of the mp-MRI target within the TRUS
target(s)
image volume.
Simulation the sampling helps the physician
Sampling simulation
assess the quality of the sampled core, as well as
the safety of the sampling.
Tissue sampling is usually performed using a
Tissue sampling
semiautomatic needle biopsy gun triggered by the
physician.
Reporting of the biopsy procedure, including the
TRUS biopsy report and
location of this additional cores and the
quality insurance
correspondence with suspicious mp-MRI image.

thus, aim biopsies on mp-MRI targets that would never have
been noticed at TRUS otherwise. This technique is the most
widely used today, because it is simple, costless, and requires
no additional equipment.
In this paper, we will describe how and when visually
registered mp-MRI targeted biopsies can be performed and the
way to optimize them. We will discuss their diagnostic yield
in comparison with other biopsy protocols available to date.

2. Technique
Comparatively to MRI “in-bore” biopsies, MRI-targeted
prostate biopsies performed under TRUS guidance have three
constraints: (a) they are based on mp-MRI data acquired
under different circumstances (without or with an endorectal
balloon), implying a different geometry and a different
environment (bladder or rectal repletion); (b) they are usually
performed by different physicians; (c) they are manually
guided. Thus, TRUS-G mp-MRI targeted biopsies (TB) will
require a good TRUS operator experience, a clear communication between physicians, and a reliable registration of mpMRI and TRUS data.
TRUS-G mp-MRI targeted biopsies can be performed
using different techniques which slightly vary, depending
on the biopsy route (transrectal or transperineal), on the
registration method (visual or software-assisted), and on
the guidance method (manual, robot-assisted), but can be
summarized into 7 common successive steps (Table 1).
2.1. Prebiopsy Mp-MRI Detection and Reporting of
Suspicious Images
2.1.1. Finding Significant Cancer. This first step is common
to all MRI-targeted biopsies. Radiologists usually describe
MRI targets with minimal threshold sizes (6-7 mm in

the peripheral zone (PZ) and 10 mm in the transition zone
(TZ)), in a standardized manner described in the 2012 ESUR
guidelines, to avoid describing a myriad of suspicious images.
Because of this threshold size, suspicious mp-MRI lesions
(having a score ranging from 3 to 5 out of 5 on the PiRADS scale) are de-facto considered as suspicious of clinically significant prostate cancer (CSPCa), and several studies
have emphasized the fact that prebiopsy mp-MRI targeting
increases diagnosis yield of PCa and CSPCa on biopsies [22–
28]. Radiologists may identify up to four different suspicious
targets at prebiopsy mp-MRI (usually one or two), which may
lead up to eight additional biopsy cores, depending on the
number of cores sampled per target (usually 2). The number
of additional biopsy cores has to be limited, because they
slightly increase the morbidity and acceptability of the biopsy
series and require additional histopathologic processing [29].
In our experience, a maximum of two targets per patient
and of two targeted cores per target is a good compromise.
When more than two lesions are described on the prebiopsy
mp-MRI, we advise to guide targeted biopsies on the two
lesions having the most important impact for the patient
(e.g., image with a suspicion of extraprostatic or seminal
spread), or the most suspicious appearance (highest Pi-RADS
score) which may reflect a higher aggressivity and potentially
modify patient management at the outcome of biopsies.
2.1.2. Mp-MRI Reporting. As mp-MRI and TRUS-G biopsies
will be performed in different rooms, at different times,
and usually by two different operators having two different
specialties, the quality and accuracy of mp-MRI reporting is
fundamental. The decision of performing (or not) a TB on an
image, the selection of the best targets, and the matching of
MRI and ultrasound data will highly depend on it.
The simpler reporting is a plain-text prose description
of the lesion(s), detailing its (their) location (based on
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the recommended 27 regions standard diagram), size (in
mm) in at least 2 dimensions, MRI appearance on T2,
DWI and DCE sequences, Pi-RADS suspicion score (5-point
scale), and likelihood of extraprostatic spread.
It is recommended to enhance the report with a graphic
diagram of the prostate, on which mp-MRI targets are drawn
(manually or electronically), optionally using a color scale for
the Pi-RADS score (Figure 1). This schematic view of targets
location, size, extent, and suspicion score allows fast selection
of the most significant targets, highly appreciable during the
biopsy session.
Another enhancement of the reporting is the addition of
key images on the diagram for each lesion. These key images
may include orthogonal projection for accurate craniocaudal
localization (Figure 1).
In any event, we recommend physicians performing the
TRUS-G biopsies to review the MRI examination a few
minutes before the TRUS sessions on the PACS (if possible in
presence of the radiologist who interpreted the case) to select
targets in the best conditions.
2.2. Sampling of Mp-MRI Targets under TRUS Guidance
2.2.1. MRI-TRUS Visual Registration. Performing TB under
TRUS guidance, with the visual help of the MRI images
alone is called “Visual registration,” but is also described as
“cognitive registration” or “cognitive fusion” in the literature:
the TRUS operator mentally relocates the target detected
on the prebiopsy mp-MRI, based on its zonal topography
and on anatomical landmarks that may exist beside the
lesion (cyst, BPH nodule, calcification, . . .) (Figures 2 and 3).
This is quick and easy for physicians trained at both MRI
and TRUS imaging, but may be tricky for others, which
is the reason why several ultrasound manufacturers have
developed specific software registration techniques to help
fusion between modalities (software registration). Measuring
the target’s location from the prostate apex, lateral and
posterior sides, or urethra can also help spatial registration of
the target (Figure 3). Visual registration is easier if MRI data
is available in a separate workstation beside the ultrasound
device, allowing the operator to review the MRI anatomy
in T2-w sequences, relocate the target more precisely, check
anatomical landmarks, and perform distance measurements
described above. If the physician performing the biopsies did
not interpret the MRI, he will also take benefit of a schematic
interpretation report (as described in step 2). Usually, visual
registration of a mp-MRI target leads to the detection of a
corresponding TRUS target. Usually, this “registered” TRUS
target is a hypoechoic nodule or area, of mild or high contrast
with the surrounding tissue. Less frequently, it can simply not
be distinguished from the rest of the gland.
2.2.2. Guidance to the Target(s), Simulation, and Core Sampling. When the physician has located the visually registered
TRUS target, he has to guide the biopsy needle gun to the
target. This guidance is usually helped by the overlay of a
dotted line symbolizing the needle direction on the real-time
image.

3
Targets located in the PZ will be easy to aim at, because
they are immediately located at the tip of the biopsy needle
guide. Inversely, those located in the TZ will require a small
learning curve: in a couple of seconds, the operator has
to detect the TRUS target (step 3) with freehand motion,
manually lock the probe position on the target, insert the
needle into the gland, advance beyond the peripheral zone,
stop the needle at the contact of the target, check that
the needle will not transfix the gland, then trigger the
semiautomatic needle gun. Depending on the target’s depth
and on the gland elasticity, the prostate or the probe may
slightly move during this process, and this explains why TB
may not sample the target as accurately as desired and have
to be repeated at least twice in order to maximize the chance
of sampling a target correctly.
A rapid simulation of the biopsy path should be done,
to avoid transfixion through the bladder or urethra. The
operator has to check that there is no risk of bladder wall or
urethra wound in the 20 mm beyond the tip of the needle.
This may happen for TB located at base or for lesion located
at the anterior apex (e.g., in the anterior fibromuscular stroma
(AFMS)). In this case, freehand guidance of the needle to the
target can be performed by brushing the urethral sphincter
(thick hypeoechoic rim), then angulating the probe medially
to aim the lesion. Some targets located on the midline may
also be difficult to aim due to the lateralization of the needle
guide on the ultrasound probe. Applying a high angulation
on the probe and performing a TB almost in parallel to the
posterior prostate surface can solve this issue (Figure 4).
Guidance is the key step to the quality of TRUS-G TB
(with visual or software registration). It can be improved
by dedicating a physician to the probe manipulation and
another one to cores sampling. An alternative option is to
use a mechanical arm to lock the probe on the TRUS target,
in order to handle the biopsy gun comfortably [30, 31] and
perform multiple cores exactly in the same location.
2.3. TRUS Biopsy Report. A standardized report of the biopsy
session should be provided, including detailed notification of
SBs and TBs that were performed. It can be done in the same
manner as for MRI, using a standardized 27-sectors diagram
of the gland, including drawings (freehand or computerized)
of the sampled lesions, which may be different than those
described at mp-MRI. It is also important to report how good
the TRUS TB matched the mp-MRI one (e.g., visibility of
the lesion). All this information will be useful for analysing
final histopathology results. In case of positive TB, physicians
will be able to compare core cancer length with the TRUS
ballistic and determine the likelihood of having sampled
a significant cancer. In case of negative sampling, biopsy
ballistic report will help decide whether the lesion was a false
mp-MRI positive or a significant image that may have not
been correctly sampled.

3. Indications of Mp-MRI
Targeted TRUS Biopsies
Prebiopsy MRI was first proposed in patients after a negative
first round of biopsies. This attitude was quickly suggested
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Figure 1: Standardized mp-MRI target reporting. 69-year-old man enrolled into active surveillance without MRI, one year ago. First AS
control with prebiopsy MRI shows a suspicious (4/5) image in the anterior horn of the right PZ. Transmission of this information to the
urologist performing the TB is made using the recommended standardized 27-sector diagram, common to radiologists, urologists, and
pathologists in the institution. It is simply pasted at the end of the traditional text report. A screenshot of the workstation, centred on the
image, is also copy/pasted in the report and saved into the PACS system. This information is available at time of TRUS biopsies. TB confirmed
the diagnosis with 1 out of 2 cores positive (5 mm; Gleason 3 + 4 = 7). No SB was positive.
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(a)
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Figure 2: Mp-MRI targeted TRUS-G biopsy of clinically significant prostate cancer. 66-year-old patient with a PSA of 8 ng/mL. Prebiopsy
mp-MRI (a) shows a 9 mm low T2 nodule (image (a); upper row), with high retriction of water diffusion and hypervascularization (image
(a); lower row) in the anterior horn of the right apical PZ, ahead of the posterior 18 mm of gland sampled by SB cores. A TB was performed
with knowledge of this information. It diagnosed a CSPCa (4 out of 4 positive TB; no SB was positive). Image (b) shows the trace of the needle
biopsy gun inside the nodule. This lesion was aimed with visual registration, thanks to its zonal anatomy (ahead of the anterior TZ, at the
edge of the anterior prostate surface), its size, and the presence of a small cyst in the right TZ (not visible on image (b), but used to locate the
craniocaudal location of the lesion at time of biopsy).

[32, 33], because of a high rate of second-round TB positivity,
similar to that patients under active surveillance reclassified
by mp-MRI (up to 37%) [34–37]. Indeed, cancers underdiagnosed by SB, and well detected by mp-MRI guided TB are
located in a “gray zone” composed of the anterior part of
the transition zone (TZ), the AFMS, the lateral and anterior
horns and extreme parts of the peripheral zone (PZ) [12,
38, 39]. This attitude may quickly be recommended [19, 40]
especially since a study by de Rooij et al. showed that the
cost-effectiveness of a biopsy strategy including MR imaging
was comparable to the TRUS biopsy strategy [41], but with
a better overall quality of life and significantly less invasive
procedures.
New treatment options (including focal therapy) and
active surveillance (AS) highly depend on imaging results. In
a series of 388 consecutive men eligible for AS, Vargas et al.
have shown that a negative MRI (Pi-RADS scores 1-2) had
an excellent (0.96–1) negative predictive value of CSPCa at
confirmation biopsies, whereas a positive MRI (scores 3–5)
was highly sensitive for upgrading on confirmation biopsies
[42]. Sonn et al. recently proved that TB was 3 times more
likely to identify cancer than SB (21% versus 7%), and found
CSPCa in 38% of men initially enrolled for AS or with prior
negative biopsies [43]. Same figure for Marliere et al. who
found 39% of patients reclassified thanks to mp-MRI guided
TRUS biopsies alone in a series of 41 patients [44].
Consequently, main clinical indications of prebiopsy mpMRI combined with TRUS-G TBs (visually or electronically
registered) are (a) diagnosis of CSPCa in patients with a
clinical or biological suspicion of PCa (first or 𝑛th round); (b)
diagnosis of recurrences after prostatectomy. In the future, TB
may also be used to follow up selected patients having a low
risk cancer and a potentially low benefit of radical treatment
or willing to postpone invasive procedures due to functional
risks.

4. Discussion
The evolution of prostate MR imaging has enabled its use
before biopsies to detect cancers located in areas usually
undersampled (anterior TZ, AFMS, anterior horns of the PZ,
extreme apex, and base) by SB protocols and poorly detected
at TRUS imaging. Consequently, in many centres, the practice
of prostate biopsy has slightly evolved to prebiopsy mp-MRI,
followed by SB and optional TB in case of suspicious mp-MRI
target.
There are three broad categories of mp-MRI TB guidance
under TRUS imaging: (a) cognitive fusion using “visual”
registration (TB-VI); (b) software-assisted fusion using rigid
registration (TB-FUr) (not changing MRI or TRUS data
geometry) [45–47]; (c) software-assisted fusion using elastic
registration (TB-FUe) (usually requiring prostate contour
drawing or segmentation in both modalities, and a software
fusion of the two virtual gland objects) [48]. Aside of these 3
techniques, TB guidance within the MR scanner (also called
“in-bore targeting”), first described in 2000 [49], remains
marginal to-date, because of cost, efficiency, and availability
in comparison with TRUS imaging.
4.1. Assets. Cognitive fusion with visual registration (TBVI) is the oldest, simplest, fastest, and cheapest technique.
It was described in the mid 2000 [16, 50–53], in centres
practicing MRI before biopsies, having also a good experience
in TRUS imaging. It is now widely used worldwide [54],
because it requires no additional software, adds no extratime to the biopsy procedure, and can be performed by any
physician already trained at TRUS biopsies, in an office-based
procedure. Visual registration requires a good knowledge
of prostate zonal anatomy, and either the ability to review
MRI data just before the biopsy session, or a detailed
transmission of mp-MRI targets location, or best, of both.
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Figure 3: Use of anatomical and stereotactic landmarks for visual registration of 3 sample mp-MRI targets located in the “gray zone.” This
figure shows three schematic representations of prostate base, midgland and apex ((a); top to bottom) sections, represented by gray dashed
lines on the sagittal and coronal views ((b); top and bottom, resp.). The standard 12 systematic biopsy (SB) cores are represented by dotted
arrows. The red lesion is a typical anterior apex cancer; the blue lesion is right TZ cancer, and the purple lesion a PZ cancer located on
the midline. All have a clinically significant volume. Visual registration of a mp-MRI target on the TRUS image can be helped by multiple
anatomical landmarks or simple three-dimensional distances, both on the craniocaudal plane (ejaculatory ducts (𝑎), verumontanum (𝑏),
distance from the apex (𝑧)), and on the axial plane (distance from the midline (𝑥); distance from the posterior surface of the gland (𝑦);
presence of cystic (𝑐) or benign nodular lesions (𝑑) next to the target lesion).

Visual registration is also applicable for the guidance of TB on
suspicious images of recurrence after prostatectomy, which
is not the case for techniques requiring the fusion of two
prostate volumes.
4.2. What Is the Added-Value of TB with Visual Registration?
In an extensive review written in 2011, Moore et al. [54]
found out that a mean of 66% of men with a mp-MRI target
have positive TB and that combining TB with SB leads to

detection of 43% of CSPCa. They identified 18 studies in
the literature, having added TB to SB between 1999 and
2011. None assessed the diagnostic yield of PCa from TBs
alone, and few compare the detection of CSPCa in SB versus
TB cores in the same cohort of men, as recommended by
the Standards of Reporting for MRI-Targeted biopsy studies
(START) consensus panel [55]. Our team [25] investigated
both situations, showing, in a prospective series of 95 patients
who had a suspicious image at mp-MRI, that individual
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Figure 4: TRUS-G biopsy of two lesions requiring special needle orientation and experience for aiming TB. This 62-year-old man with a PSA
of 8.25 ng/mL referred to our centre because persisting elevated PSA after 2 biopsy sessions. Last biopsy showed 2 positive cores at the right
apex (2 mm each, 3 + 3 = 6). Prebiopsy MRI (a) shows a 13 mm highly suspicious (5/5) image at the extreme apex (AFMS). MRI report (b), as
well as the zonal location of this lesion (extreme apex, large urethral contact, size) helped its detection at TRUS (c). This lesion (red-dotted;
image (b)-left) could not be detected at TRUS imaging. Core sampling (labeled C2-VI) was performed by brushing the urethral sphincter
(yellow-dotted) to avoid its perforation. A hypoechoic image ((d); left image white arrowhead) was visible at TRUS, but not described at
prebiopsy MRI. It was sampled (label C1-VI) with high probe angulation (prostate contour is blue-dotted), and simulation of the needle
trajectory, in order to avoid urethral or ejaculatory duct damage ((d); right image showing the needle trace). Each lesion was sampled by 2
TB. AFMS targets were both positive with 14 and 13 mm of adenocarcinoma Gleason 3 + 4 = 7; midline lesion (C2vi) TB were both negative.

SB and TB positivity rates for PCa were 59% and 69%,
respectively (𝑃 = 0.033), and that sampling quality was
better (maximum cancer length per core; Gleason grade) for
TBs, regardless of using visual (TB-VI) or software assisted
registration (TB-FUr). Unpublished results from this study,
as well as a work of Labanaris et al., show that combination
of SB and TB-VI yield 73–75% [53]. This has to be compared
with the traditional 50% of positivity of SB published in the
literature. Aside of the single study in the literature that found
no statistically significant difference between TB-VI and SB
[22], our work [25] and several others since [23, 24, 56], have
shown that TB-VI increase diagnostic yield of CSPCa. This
suggests that TBs alone, performed with the help of prebiopsy

mp-MRI, may perform better than “blind” SBs alone to
detect significant cancer and to assess cancer aggressiveness.
Nevertheless, no study to date has proved that TBs alone
perform better than the combination of SB and TB.
4.3. How Good Is Visual Registration in Comparison with
Software-Assisted Registration? It is not possible to compare geometric accuracies of cognitive and software fusion
techniques together, but some studies have compared the
diagnostic yield of PCa from TBs performed using both visual
(TB-VI) and software-assisted (TB-FU) fusion techniques,
in terms of positivity for cancer, cancer length per core,
or Gleason score: Mouraviev et al. published a series of 32
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(a)

(b)

Figure 5: Comparison of MR and TRUS imaging acquisition planes of the prostate. MRI (a) and TRUS (b) imaging are performed with
different acquisition planes. MR imaging is usually acquired perpendicularly to the prostate wall (or strictly transverse), with a slice thickness
varying from 2.5 to 5 mm, homogeneously distributed (red lines overlaid on image (a)). TRUS imaging is acquired using an endorectal probe
inserted in rectum, through the anal canal which is a fixed point that limitates probe translation and angulation. Hence, TRUS images acquired
at the apex will often match MRI, whereas those acquired at the base will require a registration step (visual or computer-assisted) to match
MRI.

patients and found significantly different detection rates of
33.3% versus 46.2%, and sensitivities of 45.5% versus 61.9%
for TB-VI and TB-FUr, respectively [57]. Later, Wysock et
al. published another study comparing TB-VI and TB-FUr
techniques [24]. In this monocentric prospective series of
172 targets in 125 men, they found that TB-FUr performed
better than TB-VI for detecting high grade cancer (Gleason
≥ 7; 𝑃 = 0.0523), and an increase in diagnostic rate for TBFUr, significant by target analysis (32% versus 26.7%, resp.;
𝑃 = 0.1374), but not by patient analysis (36% versus 32%,
resp.; 𝑃 = 0.3588). Same figure for Delongchamps et al. who
did 3 groups and found statistically significant differences
between TB-VI and TB-FUr, and between TB-VI and TB-FUe
[22]. Recently, [25] our team prospectively compared TBs
performed manually using visual registration (TB-VI), TBs
performed manually using software-assisted fusion by rigid
registration (TB-FUr), with 2 cores per technique, and SB
performed by another physician without knowledge of MRI
data. In this group of 79 patients having a suspicious image
at prebiopsy mp-MRI, 47% and 53% of TBs were positive
for cancer, respectively, with no difference in subgroups of
posterior, anterior, or smallest (<10 mm) mp-MRI targets,
contrarily to our initial impression that TB-FUr could be
better for smaller or very anterior lesions, hardly visible at
TRUS imaging (Figure 4). Mean longest cancer core lengths
were 7.27 mm and 7.30 mm for TB-VI and TB-FUr, again with
no statistically significant difference. For Gleason analysis,
TB-VI and TB-FUr performed equally in 79% of cases, and
TB-FUr showed higher GS in 4 patients, but lower on 3
targets. Overall, we did not prove a statistically significant
difference between visual and software-assisted registration
techniques. Limitations discussed in the literature are that

numerous variables influence the diagnostic yield of TBs,
and may modify the outcome of the biopsies: the scoring
technique of mp-MRI targets; their size, the number of cores
per TB, and even the mean core length. We believe that
the quality of communication between the physician who
interpreted the MRI and the one performing the TRUSG biopsies (standardized report, interdisciplinary meeting,
discussion of the case, presence of the radiologist during the
biopsy session, . . .), as well as their mutual experience are of
major importance.
4.4. Limitations. Some disadvantages of TB-VI should be
highlighted: (a) they are operator dependent. TB-VI require
more experience and precision than SB, with good knowledge
of both MRI and ultrasound semiology to be able to match
MRI and TRUS images; (b) diagnostic accuracy might vary
depending on lesion visibility on TRUS imaging, and lesion
location, as TRUS and MRI do not have the same exploration
planes: lesions located at the inferior part of the gland, MRI
and TRUS axial sections will be visible on slices acquired
on nearly identical planes, whereas images located at the
upper part of the gland, or anteriorly, will not (Figure 5). Both
limitations might be reduced by training and simulation.
New promising simulation tools have recently been described
for that purpose [58, 59]. (c) Last, there is no per- or
postprocedure quality control. In case of negative TB, the
interpretation of this result is hazardous, because there is
no way to be sure that the target was hit and that a second
TB session (in case of high clinical or MRI suspicion) can
sample the same image a second time. A good approach is
to save a screenshot of the needle trace for each core of TBs
(Figures 2 and 4). In the future, it may be possible to track
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the position of the needle on the image and locate TB cores
in a reconstructed 3D TRUS series of images.

5. Conclusion
Prebiopsy mpMRI combined with TRUS-guided target biopsies of the prostate is a major step forward over systematic
biopsies alone. It is becoming a key for the diagnosis of
prostate cancer, because it detects significant cancers in
areas usually undersampled by systematic biopsies. Those
biopsies can be performed using visual or software-assisted
registration of MRI and US data. In comparison with other
MRI-US fusion techniques, visual registration is easier to
learn, cheapest and simpler, making it compatible with daily
office practice and a potential inclusion in the standard
diagnostic pathway of PCa.
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Prostate cancer is the most common cancer diagnosis in American men, excluding skin cancer. The clinical behavior of prostate
cancer varies from low-grade, slow growing tumors to high-grade aggressive tumors that may ultimately progress to metastases
and cause death. Given the high incidence of men diagnosed with prostate cancer, conservative treatment strategies such as active
surveillance are critical in the management of prostate cancer to reduce therapeutic complications of radiation therapy or radical
prostatectomy. In this review, we will review the role of multiparametric MRI in the selection and follow-up of patients on active
surveillance.

1. Introduction
Prostate cancer is the most commonly diagnosed noncutaneous cancer and is the second leading cause of cancer death
in American men [1]. In the United States alone, approximately 233,000 men will receive a diagnosis of prostate
cancer and 30,000 will die of this disease in 2014 [1]. The
clinical behavior of prostate tumors varies from low-grade
indolent tumors to aggressive tumors that may progress to
metastases and death. While the number of men diagnosed
with prostate cancer is increasing, only one in thirty-three
men diagnosed with prostate cancer will die of castration
resistant metastatic disease [2]. Patients with low-risk disease
(characterized by Gleason ≤ 6, PSA < 10, and clinical stage
≤ T2a) have an even more favorable prognosis. Considering
these facts, conservative treatment strategies such as active
surveillance are critical in the management of prostate cancer
to reduce therapeutic complications of radiation therapy or
radical prostatectomy. Herein, we will review the role of
multiparametric MRI (MP-MRI) in the selection and followup of active surveillance patients.

2. Selection of Active Surveillance Patients
Active surveillance is a viable option for patients who are candidates for curative treatment but do not require immediate

intervention at the time of their diagnosis. Because most lowrisk prostate tumors have an indolent course and the slow
growth rate allows ample time during follow-up to detect
tumors that begin more aggressive while still remaining in
a window of definitive curability [3]. The goal of placing
patients on active surveillance is to avoid the side effects
of radical treatment and offer definitive therapy only if the
disease progresses. By offering active surveillance to patients
with low risk of local disease progression, patients are able
to avoid or postpone adverse side effects of radical prostatectomy or radiation therapy until a later point in time when disease progression warrants radical local treatment. The risk
of this approach is that treatment may not be initiated
sufficiently early to offer curative treatment in the case of
tumor progression.
Published active surveillance protocols vary by institution
and rely on PSA levels, digital rectal exam, and TRUS-guided
biopsy results. The majority of protocols will include only
patients with Gleason 3 + 3 disease; however, a subset of
patients with intermediate risk Gleason 3 + 4 disease may
also be candidates for active surveillance [4, 5]. The presence
of a Gleason 4 pattern indicates more aggressive disease,
and the percentage of Gleason 4 in the biopsy specimen
is the best predictor of lymph node metastasis [6]. A large
volume of Gleason 4 disease warrants definitive treatment in
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most patients. However, patients with a very small volume
of Gleason 4 and PSA < 10 may have been shown to have a
disease comparable to Gleason 3 + 3 [7–9].
A negative prostate MP-MRI has been shown to have
greater than a 95% negative predictive value for clinically significant cancer [10, 11]. Thus a patient with a negative MRI and
low-risk disease may be advised to pursue active surveillance.
There have been several studies showing that patients with
visible lesions on MP-MRI have an increased overall risk of
cancer progression. Fradet et al. found that a lesion on MPMRI tripled the risk of overall cancer progression [12]. Park
et al. showed that patients without a discrete tumor on MPMRI are more suitable for active surveillance than those with
a visible tumor on MP-MRI [13]. Another study of 60 patients
with PSA < 10 ng/mL and no more than 3 cores of Gleason
3 + 3 examined patients at the outset of active surveillance
and found that men with a negative MRI had only a 3.5%
chance of reclassification to intermediate or high risk disease
on confirmatory biopsy of cores targeted to the MRI visible
lesion [14]. Turkbey et al. examined 133 patients and found
that the sensitivity and overall accuracy for predicting active
surveillance candidates were 93% and 92%, respectively,
suggesting that MP-MRI image evaluation improves the
identification of patients eligible for active surveillance when
used in conjunction with clinical-pathologic criteria [15].
MRI-guided biopsies give a more accurate picture of the
disease burden, with little upgrading between MRI-TRUSguided biopsy and radical prostatectomy [16].

3. MP-MRI for Prostate Cancer Detection
MP-MRI is the combination of multiple MRI sequences to
give both anatomical and functional information about suspicious lesions, usually consisting of T1-weighted MRI (T1W
MRI), T2-weighted MRI (T2W MRI), diffusion-weighted
MRI (DW MRI), dynamic contrast-enhanced MRI (DCE
MRI), and MR spectroscopy (MRSI). The combination of
imaging findings from all of these parameters improves the
accuracy of MP-MRI and allows a tumor suspicion level
to be assigned. Considering the unreliability of relying on
PSA testing for prostate cancer diagnosis, the ability to visualize the tumor and assess tumor volume is becoming critical.
Accurate imaging of prostate lesions and the ability to
use these images for imaged guided biopsies are a major
advancement in assessment of patients eligible for active
surveillance and for continued follow-up in the surveillance
period.
Either pelvic or endorectal coils (ERC) may be used
when performing a MP-MRI scan of the prostate to obtain
higher signals. ERC improves resolution of the images but
increases patient discomfort and requires a trained team of
a technician and radiologist to perform the procedure. For
these reasons MP-MRI with ERC is not routinely used for
diagnostic scans. Either a 3 Tesla or 1.5 Tesla magnet can be
used for MP-MRI of the prostate; however, 3 Tesla magnets
are advantageous because they improve signal-to-noise ratios
and require shorter image acquisition times than 1.5 Tesla
magnets.
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T1W MRI provides anatomical identification of areas of
hemorrhage within the prostate since blood displays a high
signal intensity against a homogenous low signal background
on T1W images [17]. This is useful in the identification
of postbiopsy hemorrhage, which can interfere with tumor
detection since areas of inflammation appear similar to tumor
on T2W MRI. Biopsy procedures can also cause capsular
irregularity which may mimic extracapsular extension. For
these reasons, many radiologists recommend waiting at least
6–8 weeks after biopsy procedures before performing a
prostate MRI, and some clinics recommend waiting even
longer, up to 10–12 weeks.
T2W MRI is the foundation of MP-MRI and allows
visualization of the prostate anatomy. Due to its high water
content, the peripheral zone normally displays high signal
intensity. By contrast, tumors display low signal intensity
in the peripheral zone, allowing identification of suspicious
lesions [17]. However, low signal areas on T2W MRI in the
peripheral zone may also be due to many benign conditions
such as inflammation and postbiopsy scarring or hemorrhage [17]. Guidelines published by the ESUR state that T2
sequences should include the prostate, seminal vesicles, and
external sphincter with ≤3 mm section thickness and inplane resolution of 0.7 mm or better [18].
DW MRI measures the diffusion of water within the
extracellular space, specifically looking at the water proton
diffusion using the apparent diffusion coefficient (ADC) [19,
20]. Because cancer cells are more tightly packed than benign
cells, diffusion of water is restricted in cancerous lesions,
resulting in a decreased signal on the ADC map, which is
constructed over multiple 𝑏 values [21, 22].
DCE MRI uses a series of T1-weighted images rapidly
obtained after injection of an intravenous contrast agent to
measure the vascularity of the tissue. The ESUR suggests a
bolus injection at 3 mL/sec with a standard dose of contrast
medium and recommends a minimum slice thickness of
4 mm [18]. Tumors have increased vascularity due to neoangiogenesis related to tumor aggressiveness and therefore they
take up the contrast agent more rapidly than normal tissue
[23]. This contrast washes out of tumor regions quickly,
leading to a steep wash in-wash out enhancement curve.
DCE MRI has a high sensitivity, which is useful in the initial
diagnostic evaluation of suspicious lesions, and is routinely
used to detect lesions and monitor therapeutic responses to
treatment [24, 25].
MRSI utilizes the different metabolites in tumor tissue
versus benign tissue; cancerous cells contain more choline
due to increased cell turnover, leading to an increased
choline : citrate ratio [26–28]. This technique requires the use
of endorectal coil and has not been shown to consistently
improve diagnostic performance to identify suspicion lesions
and guide biopsies. Furthermore MRSI sequences require a
long image acquisition time and require trained radiologists
for proper shimming and data interpretation, adding costs
to the MP-MRI studies. For these reasons, MRSI is less
commonly performed than other MP-MRI sequences in
prostate MRI studies.
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4. The Use of MP-MRI in Prostate Biopsy
Prostate biopsy is considered a safe procedure, with <0.1%
risk of sepsis and other mild side effects such as hematospermia, hematuria > 1 day, rectal bleeding, and prostatitis in
37.4%, 14.5%, 2%, and 1% of patients, respectively [29].
Although hematospermia is usually not clinically significant,
patients should be advised that it may last several weeks
to avoid unnecessary anxiety. Because fecal matter may be
introduced into the prostate and cause infection during a
transrectal biopsy procedure, the use of prophylactic antibiotics such as fluoroquinolones is recommended [30].
Indications for prostate biopsy include a palpable nodule
on digital rectal examination, clinical symptoms, suspicion
for prostate cancer, high PSA value, or high PSA velocity
(rate of change in PSA levels). Prostate cancer remains
the only solid malignancy in which biopsy procedures are
not directed at particular lesions. The current standard of
care for prostate biopsy procedures is to perform a 12–14core random transrectal ultrasound- (TRUS-) guided biopsy,
during which the urologist attempts to systematically sample
tissue from the apex, mid, and base regions of the prostate.
Traditional methods of prostate cancer detection, including
TRUS-guided biopsy in conjunction with serum PSA testing
and digital rectal exams, have low sensitivity with only a
24–44% success rate of cancer detection, which may lead to
underdiagnosis of large volume clinically significant tumors
and overdetection of low-grade tumors, particularly in the
anterior prostate gland which is a difficult area to biopsy
using the TRUS-guided technique [31–33]. While MRI can
be used directly to guide biopsy procedures, MRI is time
consuming and costly and requires the patient to remain
in the MR gantry for the entire procedure [34]. A more
rational solution is to use MRI-TRUS fusion guidance in
which image registration between the MRI and ultrasound
is achieved by automated segmentation with the opportunity
for manual adjustment during the procedure to compensate
for movement of the prostate gland.
The addition of MP-MRI to this biopsy strategy or, in
select patients, using MP-MRI as a substitute for a repeat
biopsy improves prostate cancer detection [10, 35–37]. By
performing MP-MRI before TRUS-guided biopsy, lesions
identified on MP-MRI can be targeted for biopsy rather than
relying solely on the systematic random sampling of the
posterior prostate. Targeting biopsies to abnormal regions of
the prostate as identified on MP-MRI detects clinically significant prostate cancer in an equivalent or higher percentage
of patients and results in lower diagnosis rates of clinically
insignificant tumors [38]. One study of 1448 patients with
suspicion of prostate cancer underwent either targeted or
systematic biopsies; the cancer detection rate was higher in
the targeted biopsy group with a positive predictive value
(PPV) of MR findings of 70.1%–90.1% [39]. Siddiqui et al.
showed in a study of 582 patients that targeted biopsy detected
67% more Gleason ≥ 4 + 3 tumors than 12-core biopsy alone
and missed 36% of Gleason ≤ 3 + 4 tumors, thus minimizing
the detection of clinically insignificant disease [40].
MR-TRUS fusion allows the MRI to direct biopsy needles
under TRUS guidance, thus combining MRI’s high sensitivity
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for identifying suspicious lesions with the practicality of
TRUS biopsy procedures. MRI-US fusion targeted prostate
biopsies help to avoid detection of clinically insignificant
tumors while allowing diagnosis of serious tumors difficult to
detect by conventional biopsy techniques, such as tumors in
the anterior, midline, and apex of the prostate, which are often
undersampled by systematic biopsy procedures that only
sample the lateral peripheral zone [41]. Therefore MRI-TRUS
fusion guided biopsies allow the urologist to take advantage
of the sensitivity of MRI to improve prostate cancer diagnosis
in an outpatient office-based procedure.
MR-TRUS fusion biopsy procedures can be performed in
the urologist office setting and allow targeting of suspicious
lesions seen on MP-MRI for biopsy under real-time US.
Biopsy cores obtained from MR-TRUS fusion have twice the
detection rate of random TRUS biopsy and detect higher
risk cancers, with the targeted biopsies detecting 67% more
Gleason ≥ 3 + 4 tumors but missing 36% of the Gleason
≤ 3 + 4 tumors [42]. Targeted biopsies therefore selectively
sample suspicious lesions and preferentially biopsy higher
grade tumors which are more likely to require therapeutic
intervention. MR-TRUS fusion biopsy also improves cancer detection rates in patients with enlarged prostates and
patients with a history of multiple prior negative biopsies,
in whom detection rates are lower via conventional random
biopsy techniques.

5. Serial MP-MRI Scans
When following patients on active surveillance, serial MPMRI scans are critical during follow-up to detect progression
of visible lesions over time. By assessing tumor characteristics
over time in a noninvasive manor, repeat MP-MRI scans
build up a radiological phenotype including tumor size
and functional tumor characteristics such as vascularity
and cell density. MP-MRI offers the opportunity to assess
tumor volume, aggressiveness, and containment within the
prostate and can be repeated over time in patients on
active surveillance [43]. Furthermore, the accuracy of MPMRI improves with increasing tumor grade and volume
[44]. Because MP-MRI shows only more significant tumors,
repeat imaging in patients on active surveillance helps to
identify low-risk lesions which may have progressed to
intermediate or high-grade lesions according to functional
MP-MRI characteristics. Patients with a visible lesion on
MP-MRI are more likely to show radiological progression
than patients with no visible lesions [45]. Rais-Bahrami
et al. examined 153 patients who underwent MP-MRI and
subsequent MR-TRUS fusion guided biopsy and found no
significant change in lesion size in patients with ≤7 mm index
lesions after a minimum two-year interval between their
initial and most recent MP-MRI [46]. Stevens show that,
in a series of 108 men, 45% of those with a visible lesion
showed radiological progression compared with 17% of those
with no visible lesion at baseline [45]. The natural history
of MP-MRI lesions in patients on active surveillance is not
fully explored, and standardized criteria are needed to define
radiological progression for patients on active surveillance
that incorporates tumor volume and functional parameters
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such as diffusion-weighted and contrast-enhanced images
[47].

6. MP-MRI as Replacement for Repeat Biopsy
In patients with a prior negative biopsy result, the effect
of a positive biopsy result on clinical management must be
considered. The presence of lesions visible on MP-MRI,
a family history of prostate cancer, increasing PSA levels,
palpable lesions, or clinical symptoms should warrant further
work-up, particularly in younger and healthier patients, in
whom there is a greater survival benefit by pursuing prostate
cancer treatment. In patients who have undergone at least one
negative standardized TRUS biopsy, cancer detection rates
are 38%–59% [48]. If the MP-MRI finding is stable over time
since the prior MP-MRI and the previous biopsy showed lowrisk disease, it is reasonable to forgo the biopsy and allow the
MRI findings to substitute for the biopsy procedure.

7. MP-MRI in Prostate Cancer Staging
MP-MRI can help assess the risk of prostate tumors based on
the MP-MRI appearance of the lesions. MP-MRI is recommended when a patient is considered for active surveillance
because it allows detection of poor prognostic features such
as large volume or high-grade tumors, particularly in the
anterior prostate. A study of 800 patients by Yerram et al.
who underwent 3T MP-MRI of the prostate demonstrated
that patients with low suspicion lesions on MP-MRI were
more likely to have negative biopsies or low-grade tumors,
suggesting that patients with low suspicion lesions on MPMRI have a sufficiently small risk of clinically significant
disease to justify pursuing active surveillance [49].

8. Conclusion
Active surveillance is gaining popularity as a cancer management option for patients with low-risk localized prostate
cancer since it reduces the risk of overtreatment of patients
with clinically insignificant disease [50, 51]. In addition, with
other clinical variables such as age, PSAD, and family history,
MP-MRI can help identify patients with prostate cancer who
are eligible for active surveillance as an initial therapeutic
management strategy. MP-MRI before biopsy is useful for
lesion detection and permits MP-MRI-targeted TRUS fusion
biopsy procedures, which preferentially samples suspicious
lesions and allows detection of areas of the prostate such as
the anterior prostate which are hard to be biopsied using
traditional random biopsy techniques. The risk of clinically
significant disease in patients with a negative MP-MRI may
be sufficiently low to consider deferring definitive treatment
for active surveillance and further studies are warranted.
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Multiparametric MRI of the prostate combines high-resolution anatomic imaging with functional imaging of alterations in normal
tissue caused by neoplastic transformation for the identification and characterization of in situ prostate cancer. Lesion detection
relies on a systematic approach to the analysis of both anatomic and functional imaging using established criteria for the delineation
of suspicious areas. Staging includes visual and functional analysis of the prostate “capsule” to determine if in situ disease is, in fact,
organ-confined, as well as the evaluation of pelvic structures including lymph nodes and bones for the detection of metastasis.
Although intertwined, the protocol can be optimized depending on whether lesion detection or staging is of the highest priority.

1. Introduction
The principles behind prostate imaging, specifically anatomic
and functional imaging, have been described in earlier articles in this special issue, and subsequent articles will address
the use of multiparametric prostate magnetic resonance
imaging (mpMRI) for, among other things, image-guided
biopsy, active surveillance, and focal therapy planning, as
well as the principles of standardized reporting. This paper
will focus on the detection and staging of prostate cancer as
identified on mpMRI.
In order to understand the relevance of mpMRI for
prostate cancer detection, it is important to review the treatment choice for treating prostate cancer, as mpMRI is increasingly being used to choose between these options [1–6].
Treatment for prostate cancer has traditionally been based
largely on clinical factors: the serum prostate specific antigen
(PSA) level and PSA density; the grade, length, and number of
positive prostate biopsies; and the digital rectal exam (DRE)
[7]. Treatment options include active surveillance (deferring
definitive management for low-grade, small-volume disease),
surgery, radiation therapy, and hormone modulation. Focal
therapy is emerging as yet another treatment strategy, with
its own guidelines. Even within these broad categories, subtle
differences exist. The open radical retropubic prostatectomy

has been largely replaced by robotic prostatectomy, for which
improved outcomes have recently been shown [8]. Within
radiation therapy, patients and physicians can now make the
choice between conformal external beam radiation therapy,
brachytherapy permanent seed implantation, and high dose
rate brachytherapy temporary seed implantation.
Currently, prostate cancer detection is largely qualitative,
based on the appearance on T2-weighted imaging (T2WI),
diffusion-weighted imaging (DWI), and dynamic contrastenhanced (DCE) perfusion imaging, as well as, when available, magnetic resonance spectroscopic imaging (MRSI). The
cues to identify cancer and how to avoid pitfalls are compiled
here but have been described elsewhere [9–12]. Once a region
is identified as suspicious for cancer, it must be determined
whether or not it is organ-confined. Whether the tumor is
organ-confined (stage T2) or has extended outside of the
prostate capsule (stage T3a) or into seminal vesicles (stage
T3b) is of utmost importance for surgical planning and may
determine which of the myriad of treatment choices are
appropriate for the patient.

2. Lesion Detection and Staging Core Concepts
Because of its small size and deep location, optimizing signal
to noise (SNR) of magnetic resonance images at the level of
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Table 1: Summary of technical recommendations from the 2012 ESUR guidelines.

Pulse sequence
T2WI
DWI
DCE
MRSI

Slice thickness
1.5 T

3.0 T

4 mm
5 mm

3 mm
4 mm

In-plane resolution
1.5 T
3.0 T
0.5 × 0.5 mm to 0.7 × 0.7 mm

Parameters

2- or 3-plane
≤2.0 × 2.0 mm
≤1.5 × 1.5 mm
≥3 𝑏-values, max 𝑏-value 1000 s/mm2
4 mm
1.0 × 1.0 mm
0.7 × 0.7 mm
≤15 s resolution over 5 min, 3 mL/s injection
Optional, requires endorectal coil at 1.5 T, 0.5 cm3 voxel size, 8 × 8 × 8 phase encoding steps,
field-of-view ≥1.5 voxels larger than volume of interest

the prostate is challenging. The development of the endorectal
coil, much to the rue of our patients, resulted in the 10fold improvement in SNR over transabdominal phased-array
acquisition. With current gradient performance at 3.0 T,
however, it is controversial how much value the endorectal
coil still adds. Its main value may be in resolution of the
prostate capsule and the ability to acquire MRSI and high bvalue DWI, although artifacts such as geometric distortion
and susceptibility are worse at high field strength [13–15].
High matrix, reduced field-of-view imaging is also important for resolution of prostate tumors. A volume of 0.5 cm3 ,
which is considered significant, corresponds to a diameter of
1 cm, so tumors of this size must be evaluable [16]. The parameters recommended by the European Society of Urogenital Radiology (ESUR) are due to be updated this year jointly
with the American College of Radiology and outline optimal
technical specifications [17]. A summary of recommendations of the 2012 guidelines is given in Table 1.
Other recommendations are for an antiperistaltic agent
such as hyoscine butylbromine (Buscopan) or glucagon and
an at least 8-channel external phased array regardless of the
use of an endorectal coil. The antiperistaltic agent reduces
motion artifacts. An optimized external phased-array coil
matrix ensures optimal SNR. Optimizing image quality is
essential for accurate detection and staging.

3. Lesion Detection

omitted. If the acquisition is 3-dimensional and isovolumetric, the additional planes can be reconstructed with nearly
no loss of image quality. However, 3-dimensional acquisitions
often take twice as long as the corresponding 2-dimensional
imaging such that they may be more time-efficient. Full pelvis
large field-of-view imaging is also unnecessary for detection
of intraprostatic disease. Limited field-of-view DWI may also
improve geometric distortion [18]. Although focusing on the
prostate only may not save much time in terms of DCE, it
does mean that the decreased coverage of the rest of the pelvis
can be spent on either temporal or spatial resolution. If the
endorectal coil is not used, MRSI is normally also deferred,
resulting in additional time savings.
The review of images is also an important consideration.
Being able to view all of the parameters spatially coregistered
is integral to multiparametric analysis. Although most PACS
software programs allow for spatial coregistration and linking
it is equally important to consider that slight motion between
acquisitions can result in misregistration so visual inspection
for such should be undertaken before attempting to detect
focal abnormalities.
The use of mpMRI for the detection of prostate cancer has
shown consistently high specificity and variably high negative
predictive values [19]. Although there has been interest in
eschewing DCE because of its added cost, many studies have
shown added value of DCE [20]. Its main use may lie in lesion
detection rather than characterization as it tends to show
stronger sensitivity than specificity.

3.1. Protocol Considerations. Although the general recommendations for pulse sequences from the ESUR are outlined
in Table 1, the important considerations for lesion detection
are optimal image quality of both T2WI and functional
imaging—DWI, DCE, and (if acquired) MRSI. As mentioned
above, an endorectal coil is not absolutely necessary, but
the utility will depend on the performance of the scanner
in question. Signal efficiency characteristics will determine
factors such as the number of excitations (signal averages) for
low-SNR pulse sequences such as DWI and MRSI. Patient size
may also be a factor; the distance from the external phased
array to the prostate increases with increasing abdominal
girth, such that SNR losses in larger patients may necessitate
consideration for an endorectal coil.
For detection alone, however, the protocol can be tailored
to limit the amount of time the patient is in the scanner.
Axial small field-of-view imaging is nearly imperative, but
other than a sagittal localizer additional planes (e.g., true fast
or turbo spin-echo coronal and sagittal) for T2WI may be

3.2. Multiparametric Approach. Much like any other multisequence diagnostic process, each of the parameters of mpMRI
must be evaluated for optimum sensitivity and specificity
of detecting prostate cancer. The relative correlation of each
parameter with histology has been well investigated [21–23].
The approach, however, varies by reader. Although tumors
show many of the same characteristics in the peripheral zone
(PZ) and transitional/central zone (TZ), the zones themselves
show differing degrees of homogeneity depending on the
parameter. Because the PZ normally shows uniformly unrestricted diffusion, tumors in the PZ are most conspicuous on
this parameter. The wide variability of diffusion restriction
in the TZ from benign changes decreases the conspicuity of
tumors there. Characteristics on T2WI are more useful for
discrimination of neoplasia from benign changes in the TZ
[22, 24].
Although prostate cancer can be infiltrative, resulting in
an underestimation of tumor volume [25], the presence of
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a focal, mass-like abnormality is common among all of the
parameters (except MRSI, the resolution of which is too low
for morphology characterization). Uniform low signal on
T2WI is a hallmark of tumor. The appearance of the shape and
borders of the lesion can also give a sense of the level of suspicion. Geographic or wedge-shaped abnormalities, often with
indistinct margins, are often indicative of changes related
to inflammation or hemorrhage. A round, oval, or irregular
shape is more suspicious, especially when the borders are
themselves blurred rather than sharp. The appearance of an
“encapsulated” nodule with a thin, discrete low signal border
outlining a focal abnormality on T2WI is characteristic of
prostatic hyperplasia and is often pivotal for distinguishing
benign from suspicious findings in the TZ.
The degree to which each of the parameters is abnormal
is also a determinant in the level of suspicion. Diffusionweighted imaging is especially accurate in identifying aggressive disease in the peripheral gland (Figure 1). Because of
the inherent heterogeneity of the TZ, functional parameters
(especially DCE and DWI) can be variably abnormal in prostatic hyperplasia, such that the T2WI characteristics become
much more important in discrimination of truly suspicious
areas from likely benign changes. The degree to which DCE
and even DWI improve TZ detection remains controversial,
possibly related to acquisition parameters [26, 27].
Although extracapsular extension and seminal vesicle
involvement are more of an issue for staging than detection,
these considerations should not be overlooked even when
the indication is detection for biopsy planning. Detecting
abnormalities using DCE in the periprostatic space can be
challenging given the variability in the density of the venous
plexus. The use of T2WI to detect an abnormality arising
in the prostate and extending into this space then allows
for characterization by functional characteristics. Functional
evaluation of the seminal vesicles is also important. Normally,
they should be distended with simple fluid, devoid of perfusion or restricted diffusion. When atrophic, the seminal
vesicles can appear abnormally dark. However, perfusion
is usually overall low and the appearance on the high bvalue DWI is normally not high signal. The presence of even
moderately increased perfusion of restricted diffusion in the
seminal vesicles associated with a low signal mass arising
in the prostate itself should be considered suspicious for
involvement.
3.3. Pitfalls and Caveats. Discrimination of abnormalities
on mpMRI that result from benign processes as opposed
to neoplasia is essential for optimal specificity [12]. Other
than prostatic hyperplasia, as mentioned above, hemorrhage,
inflammation and resultant fibrosis, and atrophy can all
result in T2-shortening and variable changes on functional
imaging. Hemorrhage is usually conspicuous by associated
T1-shortening on the precontrast T1-weighted images; higher
flip-angles may improve conspicuity. Sequela of prostatitis is
often characterized by a linear or wedge-shaped morphology.
Hormonal therapy and atrophy can also result in uniform T2shortening and, occasionally, diffusion restriction, making
focal abnormalities less conspicuous. In these cases, a focal
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perfusion abnormality can alert the reader to the potential
presence of neoplasia.
Assessment of the overall quality is also important
in determining reader confidence. In addition to benign
changes which may compromise image quality, rectal distention with the associated susceptibility can markedly degrade
DWI (and potentially MRSI, although the endorectal coil
often precludes significant gas). Rectal peristalsis may also
result in misregistration and image blurring and compromise
perfusion mapping. Bulk patient motion should also be
considered. The presence of metallic structures in the pelvis
can also result in severe artifacts, indicating the need to open
up bandwidth and, if possible, scan at a lower field strength
(e.g., 1.5 T as opposed to 3.0 T).

4. Staging
4.1. Protocol Considerations. As mentioned above, the use of
an endorectal coil may be essential for adequate resolution of
the prostate capsule. It should be noted that the term “capsule”
as it applies to the prostate is controversial, as the prostate
is lined by only a thin rim of cells which is not normally
felt to constitute a true capsule, but this term persists both
in the literature and among surgeons. In a relatively thin
patient, with no rectal distention, high field strength and
gradient performance, and absence of motion, image quality
without the endorectal coil may actually surpass that with
one and its inherent signal variation. However, the endorectal
coil does provide the highest signal possible in the vicinity
of the prostate and can also steady the prostate, precluding
or limiting rectal motion and distention. Although there
is some evidence that local “T” staging can be accurate at
3.0 T without the endorectal coil, most experts and literature
support its use [13, 14, 28, 29].
Because spatial resolution, specifically, of the prostate
“capsule,” is of the utmost importance, small field-of-view,
high matrix T2WI is the most valuable pulse sequence for
local “T” staging. Functional parameters improve diagnostic
confidence, and the degree to which they are abnormal
correlates with the likelihood of T3 disease, but the degree
to which it is present is best characterized on T2WI. A 3dimensional acquisition may also improve resolution of small
or subtle irregularity of the prostate margins.
Full field-of-view images should also be included, especially if locoregional treatment, such as external beam radiation therapy, is considered. Generally, standard T1 and
T2WI imaging use for characterization of the pelvic bones
is sufficient and can usually detect abnormal lymph nodes
as well, although a 3-dimensional postcontrast fat-saturated
gradient T1-weighted acquisition can be very useful for lymph
node evaluation.
4.2. Value of Individual Pulse Sequences. Here again we come
back to the overwhelming importance of T2WI. Its ability to
resolve the margin of the prostate is essential for local “T”
staging and detection of extraprostatic extension (EPE) of
tumor, especially in terms of informing the surgeon where a
patient’s EPE lies and whether nerve-sparing surgery can still
be considered (Figure 2).
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Figure 1: Multiparametric magnetic resonance imaging (mpMRI) detects significant prostate cancer. This 58-year-old man had a doubling
of serum PSA in less than 2 years. For image-fusion targeted biopsy planning, mpMRI was performed. An oval, uniformly low signal mass
(thick arrow) on T2-weighted imaging (T2WI) with circumscribed margins (a) is associated with focal high signal on diffusion-weighted
imaging (DWI) (b) and low signal on the apparent diffusion coefficient (ADC) map (c) signifying restricted diffusion and focal asymmetric
enhancement with washout (d) on dynamic contrast-enhanced (DCE) perfusion imaging. Targeted biopsies of this area revealed high volume
Gleason 4 + 3 = 7 cancer. Standard systematic or “blind” sextant biopsies, which normally preferentially target the posterior gland, were all
negative for any cancer.

However, functional imaging is also important. Not only
does it inform the likelihood that a perceived abnormality
on T2WI is aggressive disease, but also greater degrees of
functional abnormality have been shown to correlate with
increased likelihood of EPE [30–32]. Interestingly, some of
these investigations have shown added value of functional
imaging not from anatomic localization but simply from the
degree to which the parameters are abnormal.
Although metastatic disease detection will be discussed
fully in another paper in this special issue, it deserves
some mention here. Diffusion-weighted imaging can also
be added to whole-pelvis imaging for characterization of
lymph nodes and bone lesions [33]. However, a potentially
greater improvement in regional spread detection is the use of

ultrasmall superparamagnetic iron oxide (USPIO) particles,
which are taken up by benign lymph nodes and null their
signal. A combination of DWI and USPIO imaging has been
shown to be able to detect involvement of normal-sized
lymph nodes [34].
4.3. Application to Surgical Planning. Pretreatment staging of
prostate cancer offers two advantages: improved determination of which patients are not surgical candidates and tailoring the degree to which the neurovascular bundles (NVB)
can be spared. Although prostatectomy has shown value
even with regional lymph node metastasis and biochemical
failure, surgery may be deferred because of the presence of
extraprostatic disease. However, the value of extended pelvic
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Figure 2: Staging of prostate cancer on T2-weighted imaging. Gross invasion of an irregular, low signal mass (thick arrow) from the prostate
to the rectoprostatic angle (thin arrows), the location of the neurovascular bundles (a), which, in the absence of associated hemorrhage,
signifies near-certain extraprostatic extension. A low signal mass bulges the capsule (thick arrow) with blurring of the dark line denoting
the prostate “capsule” (b), which is high suspicious for at least capsular involvement if not microscopic extraprostatic extension. A low signal
mass (thick arrow) with bulging but preservation of this dark line signifying the “capsule” (c) is suspicious for capsular involvement but not
frank extraprostatic extension. Focal low signal (thick arrow) which abuts the capsule without a broad base of contact or bulging (d) is low
suspicious for capsular involvement. A subtle oval area of low signal (thick arrow) on T2-weighted imaging (e) is confirmed by associated
restricted diffusion (f) on the apparent diffusion coefficient map and is not suspicious for capsular involvement or extraprostatic extension.
These 5 cases could also be ranked on a 5-point scale, with (a) considered level 5/5 (certain) suspicious for extraprostatic extension and (e)
level 1/5 or no suspicious for extraprostatic extension.
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lymph node dissection means that regional staging may have
more significant implications in presurgical management
[35, 36]. Further, mpMRI has shown incremental value in
predicting biochemical failure over clinical parameters [37].
In terms of surgical planning, the decision to resect or
preserve the neurovascular bundles can have tremendous
consequences in the long-term morbidity of the procedure,
to the extent that some surgeons will preferentially consider
nerve-sparing procedures combined with adjuvant radiation
therapy in the presence of positive surgical margins. Surgeons
can generally now choose between “interfascial” resection
between the prostate “capsule” and NVB and “extrafascial”
resection outside of (and therefore sacrificing) the NVB.
Robotic technique allows the surgeon an approximated 10fold improvement in visualization of the surgical field, thus
refining these two options. The decision for NVB preservation or resection has traditionally been made based on clinical
nomograms.
However, mpMRI has proven value in presurgical planning, which has been established for over a decade [1, 2, 4].
The advantage is that EPE can be determined on a per-bundle
basis, whereas the nomograms that rank the risk for EPE do
not localize on which side EPE may arise [38]. Preservation of
even just one NVB holds the possibility of reduced likelihood
for incontinence and impotence over bilateral resection. Even
when EPE is detected, if it does not lie near the NVB (e.g.,
anteriorly) it may be spared entirely.

5. Lesion Detection versus Staging
5.1. Protocol Differences. Since lesion detection relies heavily
on functional imaging of the prostate only, and lesion staging
relies on high spatial resolution of the prostate as well as
characterization of the remainder of the pelvis, there are
opportunities to refine and tailor the protocol to the question
at hand. A multiparametric acquisition of two-plane reduced
field-of-view T2WI, DWI, and DCE can all be accomplished
in well under half an hour with use of an external phasedarray coil only, improving patient throughput at the potential
cost of sensitivity [39]. Locoregional staging using both small
and large field-of-view images and an endorectal coil for
improved prostatic resolution will often take longer, although
the indications for this protocol may be more limited. For
radiation therapy planning, whole-pelvis imaging would be
indicated, but the degree to which the prostate capsule is
involved is less important; a hybrid protocol, similar to the
surgical staging protocol but omitting the endorectal coil,
could be considered.
Some experts nearly demand the use of an endorectal coil
for all of their patients, the main reason being the improved
resolution and SNR, and therefore diagnostic confidence
(Figure 3). This also has the advantage that there is no
risk of confusion as to which protocol to choose, and if a
patient initially planned for a detection scan subsequently
gets scheduled for surgery, the same scan can be used for
both indications. It can be frustrating if a scan optimized for
detection in fact detects significant cancer, but cannot stage
it because of technical limitations, making surgical treatment
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decisions less clear. One consideration for cases like this is
to repeat only the T2WI with the endorectal coil, as the
functional parameters are unlikely to be improved to a degree
that they would affect the degree of suspicion for EPE. The
drawback to this paradigm is that the patient must not only
return for a second MRI, but that this additional scan might
not be reimbursed. A consideration would be to bill for the
endorectal coil only in this case.
5.2. Sensitivity and Specificity Differences. Looking at the
literature for the use of mpMRI, it can be confusing given the
myriad of listed sensitivity, specificity, and negative predictive
values (NPV). Part of the reason is that the performance for
cancer detection uses different criteria than for cancer staging.
Another important factor is that the pretest probability
will differ depending on how the group for evaluation is
chosen, which is described in greater detail in Population
Considerations Section.
A meta-analysis of 7 studies from 2007 through 2011 of
a total of 526 men found a range of NPV ranging from
0.65 to 0.94 with specificity of 0.88 (95% CI, 0.82–0.92) and
sensitivity of 0.74 (95% CI, 0.66–0.81) for prostate cancer
detection [19]. A study from 1999 looking at T2WI and
MRSI found specificity and sensitivity of 63–91% and 46–
95%, respectively, in 53 men for both techniques combined,
and since then mpMRI investigations with T2WI and some
combination of DWI, DCE, and MRSI, looking at receiveroperating characteristic (ROC) curves, have found an area
under the ROC curve (𝐴 𝑧 ) ranging from 0.71 to 0.95 for
prostate cancer detection [22, 23, 26, 27, 40–43]. At least one
investigation has shown significant added value for each of
the components of mpMRI, although some have shown less
improvement for DCE, especially in the TZ [20, 26].
The performance for staging rather than detection of
prostate cancer has focused more on sensitivity and specificity for EPE in the context of surgical planning. A metaanalysis in 2013 looking at 7 studies with a total of 603
subjects found a median sensitivity of 0.49 and specificity
0.82 for EPE with marked heterogeneity [44]. Although it
is straightforward to determine the presence or absence of
EPE, it is difficult to compare performance. Detection of EPE
was at most a secondary endpoint of a number of studies,
and many investigations analyzed low- and high-risk groups
separately. In general, the sensitivity and specificity for EPE
have ranged from 33–93% to 82–98%, respectively, with most
articles reporting specificity in excess of 90% [2, 30, 32, 37, 45–
47]. Those articles looking specifically at performance with
or without an endorectal coil largely find improvement with
the endorectal coil although not all authors found this to be
significant [13, 14, 28, 48, 49].
5.3. Population Considerations. The difference in the relative performance of mpMRI for detection and staging,
as described in the immediately preceding section, can be
confusing initially but is likely in part explained by the
difference in populations. A number of men referred for
mpMRI optimized for detection will be “low risk,” with
relatively low PSA and either no prior biopsy or prior biopsies
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Figure 3: The value of the endorectal coil. A very subtle area of low signal on T2-weighted imaging (a) is associated with blurring of
the “capsule” (thick arrow), suggesting capsular involvement. This patient underwent imaging without the coil immediately afterwards (b)
where the low signal mass (thick arrow) is indistinct, as is the dark signal line that should signify the “capsule.” As the rectum is distended
(arrowhead), this may result from susceptibility artifact. Restricted diffusion on the apparent diffusion coefficient (ADC) map (c) and focal
increased perfusion on the dynamic contrast-enhanced (DCE) perfusion map confirm the location of cancer in this case.

showing no or only small volume, low-grade cancer. Compare
this to the population of men referred for staging, who nearly
all have significant cancer by biopsy. It is therefore expected
that more diseases will be detected in the men referred for
staging, in terms of both volume and aggressiveness. This
informs not only the protocol, a more limited protocol is
justified for detection as the pretest probability is much lower,
but also the expectations of finding cancer at image review. It
is quite rare that a scan done for staging will show no highsuspicion lesions, and were this the case, the scan should
be carefully evaluated for technical limitations. However,
depending on the series, half or more of scans done for
detection will show no high-suspicion lesions [50].
Another important consideration is the presence of postbiopsy hemorrhage. Men referred for detection will normally
have either prior negative biopsies or small-volume, lowgrade disease and will not have had a biopsy for many months.
The likelihood of hemorrhage is therefore low. However,

when biopsy detects significant disease, staging is often
the next course of action. The MRI scan may be ordered
within a week or two of the biopsy when there may still
be significant hemorrhagic artifact that could compromise
diagnostic confidence (Figure 4). Although there is some
indication that the degree to which hemorrhage compromises
staging is negligible, it should still be more highly considered
in this set of patients [51, 52].

6. Future Directions
The ESUR guidelines provide a framework for most clinical
MRI centers to perform mpMRI at a level which can add
value in terms of prostate cancer detection and staging.
However, as described above, the performance even in expert
hands can be quite variable. Improvements in T2WI focus
primarily on spatial resolution or acceleration of acquisition
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Figure 4: Hemorrhage can limit diagnostic confidence. The location of tumor (thick arrow) on T2-weighted imaging (a) is indistinct, with
additional low signal areas in the peripheral gland bilaterally that appear mass-like (thin arrows). The location of tumor is confirmed on
the apparent diffusion coefficient (ADC) map (b) but dynamic contrast-enhanced (DCE) perfusion (c) is heterogeneous (thin arrows). The
precontrast T1-weighted image (d) reveals short T1 corresponding to the areas of low signal on T2-weighted imaging (thin arrows) confirming
that this signifies artifact from hemorrhage.

[53]. However, there are countless ongoing investigations in
all aspects of that which is currently considered mpMRI,
including diffusion-tensor applications to DWI, more robust
models for DCE, and faster or multidimensional MRSI
[18, 54–56]. However, new techniques promise to add yet
additional parameters to mpMRI, including elastography
and hyperpolarized [1-13 C]pyruvate [57, 58]. Combined with
automated registration and presentation, and potentially
automated detection, of prostate lesions, mpMRI is poised
to go through a second revolution in patient management,
leapfrogging our current understanding of prostate cancer
biology [59]. Improvements in detection and characterization
of prostate cancer hold the promise of nearly completely
avoiding prostate biopsy, thereby avoiding the associated
inflammation and scarring that can complicate surgery. It will
also open the door to focal, less invasive therapies discussed
in another paper in this special issue. The increase in patient
throughput may bring the overall cost of mpMRI down,

expanding its availability and potentially opening the door to
a component of prostate cancer screening, or at least refining
the suspicion for prostate cancer in men with elevated serum
PSA.

7. Conclusions
The current implementation of mpMRI for the detection
and staging of prostate cancer is now well established
with a strong body of evidence proving its value and
clear recommendations for its implementation. It has the
potential of markedly improving the choice of treatment—
if needed at all—in men with prostate cancer, allowing men
with significant disease to get the right kind of treatment
sooner while sparing unnecessarily aggressive treatment of
potentially indolent disease. The adoption of mpMRI in
everyday practice is, however, lagging, as expertise is not yet
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widespread. The groundswell of interest in mpMRI promises
to change this in the near future.
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cancer at 1.5 and 3.0 T: comparison of image quality in tumor
detection and staging,” American Journal of Roentgenology, vol.
185, no. 5, pp. 1214–1220, 2005.
[15] M. A. Haider, A. Krieger, C. Elliott, M. R. Da Rosa, and L.
Milot, “Prostate imaging: evaluation of a reusable two-channel
endorectal receiver coil for MR imaging at 1.5 T,” Radiology, vol.
270, no. 2, pp. 556–565, 2014.
[16] T. A. Stamey, F. S. Freiha, J. E. McNeal, E. A. Redwine, A.
S. Whittemore, and H.-P. Schmid, “Localized prostate cancer:
relationship of tumor volume to clinical significance for treatment of prostate cancer,” Cancer, vol. 71, no. 3, pp. 933–938, 1993.
[17] J. O. Barentsz, J. Richenberg, R. Clements et al., “ESUR prostate
MR guidelines 2012,” European Radiology, vol. 22, no. 4, pp. 746–
757, 2012.
[18] C. Reischauer, B. J. Wilm, J. M. Froehlich et al., “High-resolution
diffusion tensor imaging of prostate cancer using a reduced
FOV technique,” European Journal of Radiology, vol. 80, no. 2,
pp. e34–e41, 2011.
[19] M. De Rooij, E. H. J. Hamoen, J. J. Fütterer, J. O. Barentsz,
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[32] F. Lista, H. Gimbernat, F. Cáceres, J. M. Rodrı́guez-Barbero,
E. Castillo, and J. C. Angulo, “Multiparametric magnetic resonance imaging for the assessment of extracapsular invasion and
other staging parameters in patients with prostate cancer candidates for radical prostatectomy,” Actas Urologicas Espanolas,
vol. 38, no. 5, pp. 290–297, 2014.
[33] F. E. Lecouvet, J. El Mouedden, L. Collette et al., “Can wholebody magnetic resonance imaging with diffusion-weighted
imaging replace tc 99m bone scanning and computed tomography for single-step detection of metastases in patients with
high-risk prostate cancer?” European Urology, vol. 62, no. 1, pp.
68–75, 2012.
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Prostate cancer remains significant public health concern amid growing controversies regarding prostate specific antigen (PSA)
based screening. The utility of PSA has been brought into question, and alternative measures are investigated to remedy the
overdetection of indolent disease and safeguard patients from the potential harms resulting from an elevated PSA. Multiparametric
MRI of the prostate has shown promise in identifying patients at risk for clinically significant disease but its role within the current
diagnostic and treatment paradigm remains in question. The current review focuses on recent applications of MRI in this pathway.

1. Introduction
An estimated 233,000 newly diagnosed cases of prostate
cancer (CaP) are estimated for 2014, with a projected 29,480
CaP deaths in the same year [1]. The 2008 US Preventive Services Task Force (USPSTF) recommendation against prostate
cancer screening in patients >75 years has begun to reveal
a reversal in stage migration with a decreased incidence of
localized disease and an increase of distant disease in this
age group [2]. The most recent USPSTF reevaluation for
prostate specific antigen (PSA) screening put forth in 2012
resulted in a grade D recommendation [3]. The ultimate
impact has yet to be determined but may yield a similar
fate if widely adopted. The debate surrounding populationbased PSA screening follows conflicting level 1 evidence
with the determination based ultimately on an unfavorable
harms/benefits ratio for screening. Despite overdetection (of
clinically insignificant CaP), the fact remains that underdiagnosis (of clinically significant prostate cancer) persists with a
third of patients pathologically upgraded from initial biopsy
to radical prostatectomy [4]. Though PSA is an imperfect
tool, once a patient has elected to undergo screening, the
decision for biopsy is made based on this value with no
absolute threshold to move forward to biopsy. No PSA
value exists that completely excludes high grade disease, and
the trend to lowering PSA cutoffs coupled with increased
sampling has resulted in a growing number of biopsies, driven

overdetection, and exposed patients to risks associated with
diagnosis and treatment of potentially indolent disease.
The shortcomings of PSA and prostate biopsy have propelled the search for alternative measures to improve its diagnostic yield and efficiency. Transrectal ultrasound (TRUS)
guided biopsy of the prostate currently remains the gold
standard for tissue diagnosis but itself has limitations. The
systematic yet random and blinded sampling of TRUS biopsy
served a useful purpose from its introduction in the 1980s,
when biopsy of palpable, large-volume disease was representative of whole gland pathology. The introduction of PSA
and subsequent identification of organ-confined, low volume
disease have made TRUS biopsy gradually more antiquated
and now CaP remains the only solid organ tumor diagnosed
without tumor imaging and a directed sampling method.
Multiparametric MRI (mp-MRI) of the Prostate. The role of
prostate biopsy has evolved from a purely diagnostic tool to
include one that informs clinical decision-making. As such, it
is essential to ensure that the appropriate individuals receive
a biopsy thus averting unnecessary harm and that biopsy
information represents what it truly intends to measure. In
an effort to improve on the current standard, PSA-derived
markers, PSA kinetics, and patient characteristics including
genomic profiling and imaging have all been investigated to
refine patient selection with variable results. The application
of mp-MRI of the prostate has emerged as a powerful tool
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Figure 1: (a) Axial T2-weighted imaging, (b) ADC map from DW MRI, (c) DCE MRI demonstrating early and avid gadolinium enhancement,
and (d) spectroscopic imaging depict a right mid-base peripheral zone lesion (arrow).

that provides detailed anatomical and functional information
where it is currently lacking. In addition to high resolution
T2 weighted (T2W) (anatomical) imaging, the integration
of diffusion weighted imaging (DWI), dynamic contrast
enhanced (DCE) imaging, and spectroscopic (functional)
imaging in combination has allowed radiologists to better
identify areas of benign and potentially malignant disease
(Figure 1) [5]. The large amount of information obtained by
imaging enables its use as a complimentary tool to PSA at the
time of biopsy to direct sampling, before treatment for staging
and after therapy for monitoring disease and recurrence. A
growing body of literature supports the advantages of mpMRI but a fundamental challenge has been understanding the
most appropriate role in the current diagnostic and treatment
paradigm. The goal of this review is to summarize the current
indications and applications of mp-MRI of the prostate in the
era of PSA screening.

2. Integration of MP-MRI
2.1. Ab Ovo. The use of mp-MRI as a screening tool has
recently been compared to PSA and digital rectal exam [6]. A

mp-MRI consisting of T2W and DWI series was proposed as
a limited diagnostic study that can be completed in 15 minutes
and avoid additional time and cost associated with DCE and
spectroscopy. It was found in a biopsy-naı̈ve cohort that the
area under the curve (AUC) for prostate cancer detection
was 0.66 for PSA alone and 0.80 for MRI when >1 lesion
was identified. The effect was cumulative when PSA density
(PSAD) and MRI were taken together with an AUC of 0.87.
A positive MRI had a sensitivity of 90% but did suffer from
low specificity (54%). By combining PSA, PSAD, and MRI,
these improved with corresponding increases in the negative
and positive predictive values, specifically for Gleason ≥7 disease. Though encouraging, these results preliminary require
further investigation for MRI as a “screening” modality or
rather an additional filter prior to biopsy and in its current
state serve as useful adjunct to PSA testing.
2.2. Before Biopsy. An elevated PSA will prompt a TRUS
biopsy modelled towards sampling areas where cancer is most
“likely” to be found—the peripheral zone. The resolution of
TRUS is generally insufficient to identify areas suspicious for
tumor and biopsy proceeds in a random fashion with the goal
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of obtaining results that will reflect whole gland pathology.
Indiscriminate biopsy systematically undersamples areas not
within the standard biopsy zone including the anterior
peripheral zone and transition zone where up to 25% of
prostate cancers may lie [7, 8]. Prebiopsy imaging can be
effectively utilized as a triage tool to identify patients at risk
and provide targets for biopsy [9]. Villers et al. demonstrated
that, on whole mount histology at radical prostatectomy,
there is no evidence of clinically significant prostate cancer
in 95% of the areas where mp-MRI failed to identify a focus
of concern [10]. Additionally, the utility of mp-MRI has been
evaluated across established PSA cutoffs where the greatest
benefit was seen in patients with a PSA ≥ 4. Specifically the
use of mp-MRI and fusion biopsy in patients with a PSA ≥ 5.2
captured 90% of upgrading from standard 12-core to targeted
biopsy [11].
An extended sextant 12-core TRUS biopsy will detect cancer in about a quarter of patients [12]. Sampling error in large
areas of the peripheral zone, in addition to undersampling of
alternate locations, gives rise to the high false negative rate
and corresponding poor negative predictive value (NPV) of
random biopsy. Lesions suspicious for cancer on MRI provide
targets for image-directed biopsy that can be missed with a
conventional systematic biopsy. Lesions within the anterior
prostate and lower apical region can be readily identified and
sampled of which 55% reveal cancer with targeted biopsy,
having specific implications to treatment where positive
margins are more prevalent [13]. MRI has provided additional
value where PSA has fallen short. Though sensitive, PSA has
limited ability to discriminate between causes for elevation.
Though significant overlap has restricted its use, median
apparent diffusion coefficient (ADC) values of prostatitis
were found to be significantly higher when compared to
cancer foci [14]. Additionally, MRI and fusion biopsy are able
to control for relative undersampling related to larger prostate
volumes while maintaining cancer detection rates of 48% in
prostates >40 cc and without overlooking high risk disease
[15].
The strongest support for the use of mp-MRI has been
in those patients with negative TRUS biopsy and persistently
elevated PSA. When MP-MRI targets were used to guide
biopsy, cancer was found in 37–59% of cases [16–18]. The NPV
of MP-MRI for clinically significant cancer ranged from 79 to
95% when a transperineal mapping biopsy was used as the
reference standard in patients with prior negative biopsies,
suggesting that MP-MRI may be an important adjunct in ruling out disease in this challenging patient demographic [19].
2.3. During Biopsy. Targeted biopsy via an in-bore, cognitive
fusion, or software-based fusion platform has allowed for
directed biopsy of a specific lesion identified on prebiopsy
imaging. Siddiqui et al. demonstrated cancer detection rates
of up to 54% with a third of patients being upgraded from
random cores to targets [20]. Targeted biopsy detected up
to two thirds more patients with clinically significant disease
than random biopsy and detected one-third of less clinically
insignificant disease. The upgrading and detection of clinically significant CaP have been validated with independent
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series [21]. A recent systematic review confirmed that, on a
per core or a per patient basis, targeted biopsy is able to detect
clinically significant CaP with fewer biopsies with a reduction
in detection of insignificant disease [22].
2.4. Before Definitive Therapy. The incorporation of PSA into
various prognostic models has provided valuable information for pretreatment prediction of risk for organ confined
disease. MP-MRI is able to identify areas of seminal vesicle
invasion (SVI) (that can potentially undergo subsequent targeted biopsy for tissue confirmation), extracapsular extension
(ECE), and even pelvic lymph node involvement. Recent
series have reported sensitivity of >80% and specificity of
>90 [23–25]. Soylu et al. reviewed 131 patients who underwent radical prostatectomy with preoperative MRI finding
a 17.6% rate of seminal vesicle invasion on final pathology.
The authors found that T2-weighted images yielded a high
specificity and negative predictive value (93.1% and 94%,
resp.), and addition of DWI was able to significantly improve
specificity and positive predictive value, which remained
limited (70%). Incorporation of DCE images did not identify significant improvement [26]. At the National Cancer
Institute, all patients who underwent fusion-guided targeted
biopsy of the seminal vesicle preoperatively were found to
have concordant pathology with final histology at radical
prostatectomy despite a small sample size of four patients.
Preoperative tissue diagnosis can allow for accurate risk
stratification and potentially modify treatment selection.
Similarly, the predictive value of mp-MRI for ECE was
evaluated in 183 patients undergoing prostatectomy and
stratified by risk groups according to the D’Amico criteria. On
multivariate analysis, only PSA and stage on mp-MRI were
associated with ECE on final pathology with mp-MRI being
the strongest predictor (OR 1.1 versus 10.3) [27]. Detailed
anatomic imaging which provides information regarding
tumor location or possible ECE can also determine surgical
approach including the ability to provide a nerve sparing
operation and was noted to influence surgical management
in 26% of cases [28].
High-quality imaging is a fundamental component for
patient selection for focal therapy of prostate cancer [29].
Until recently, the limited ability of MRI to delineate intraprostatic anatomy restricted its use for this purpose. MP-MRI
provides excellent discrimination of suspicious lesions and
upon tissue confirmation at targeted biopsy can provide
information regarding lesion location, volume, and relation to vital structures including the urethra, neurovascular
bundle, and rectum, in addition to confirmation or low or
intermediate risk pathology. The use of mp-MRI is now being
integrated into consensus statements defining best practice
guidelines for the identification and treatment of prostate
cancer with focal therapy [30].
2.5. After Definitive Therapy. The most valuable utilization of
PSA remains after whole-gland treatment, where increases
in PSA correlate well with disease recurrence. MP-MRI
can be used to identify local recurrence after both radical
prostatectomy and external beam radiation with functional
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imaging sequences driving detection in these patients [31].
The addition of targeted biopsies in cases of recurrence
after radiation therapy allows for a significantly improved
cancer detection rate (83% versus 20%) over that of random sampling [32]. When there is suggestion of recurrence
postradical prostatectomy, PSA alone is insufficient in offering information regarding the presence of local or distant
metastasis. In this setting, mp-MRI is a useful adjunct and
has been shown superior to PET-CT for local recurrence
and equally excellent in the detection of bony lesions [33].
In the case of focally treated lesions, PSA for posttreatment
surveillance is inadequate as imaging directs therapy and
should be employed in followup to ensure the absence of
de novo lesions and to direct targeted biopsy. Additionally,
PSA is not reflective of disease persistence or recurrence
and no current stand exists in the setting of residual normal
prostate or satellite nondominant cancer foci that have not
been treated or identified.
2.6. During Treatment. The detailed anatomic information
afforded from mp-MRI enables its versatile use intraoperatively where PSA falls short. Higher PSA values may
provide generalized information, from which inferred risk is
calculated based on large datasets but fails to provide patientspecific information that can guide surgery. Improved risk
stratification, imaging, and novel therapeutic approaches
have enhanced efforts for focal therapy in prostate cancer.
Focal therapy techniques including high intensity focused
ultrasound and laser induced thermal therapy are largely
guided by real-time MRI. MRI can assist in tumor localization and probe placement in addition to treatment monitoring intraoperatively. Novel MR-TRUS fusion platforms
for guidance of focal therapy are also beginning to emerge
[34]. MR Thermometry can provide critical information on
margins, ensuring a tight ablation zone and lethal dose of
energy to the target area [35].
2.7. Active Surveillance. Overdetection of clinically insignificant, low-grade, low-volume CaP has spurred the adoption of
active surveillance (AS) as an accepted management strategy.
AS allows patients with low risk disease to defer definitive
therapy, potentially indefinitely, until objective evidence of
disease progression is noted. PSA is utilized as both an entry
criterion and a mainstay of surveillance in conjunction with
random prostate biopsy for AS. MP-MRI and targeted biopsy
are able to better differentiate those patients with indolent
disease, selecting patients who better represent low-risk disease [36]. Of patients entering an active surveillance protocol
based on Johns Hopkins criteria, 29% of patients are no longer
candidates for AS after targeted biopsy. A nomogram derived
from MRI parameters has been developed to determine
eligibility for AS but requires independent validation [37].
Additionally, the stability or progression of MRI findings
is currently being investigated to establish its correlation
with pathologic changes. Patients with small lesions on
surveillance demonstrate relative stability on imaging findings and pathology within 2 years suggesting the indolent
nature of low volume findings, and support a longer interval
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follow-up [38]. It should be noted however that progression
of MR spectroscopic findings have recently provided with
objective evidence for progression from low-risk to high-risk
disease on targeted biopsy [39]. MRI with targeted biopsy
allow for accurate re-sampling of prior areas of concern. The
location of prior positive cores can be revisited directly by
assigning these areas as targets based on localization from
the prior biopsy allowing for direct evaluation of potential
progression by volume or grade [40]. In the future, MP-MRI
may augment the use of PSA and DRE and allow for targeted
biopsies to resample areas of known disease.
2.8. Future Directions. Investigation of novel technologies
harnessing the properties of mp-MRI is showing promise in
the staging of prostate cancer. Current models including the
UCSF-CAPRA scoring system and the Partin tables integrate
PSA to provide valuable insight into presence of metastasis and predictions of organ confined disease. Ultrasmall
superparamagnetic particles of iron oxide (USPIO) have
shown promise in the preoperative staging of bladder and
prostate cancer patients, allowing for detection of metastasis.
DWI combined with USPIO has demonstrated potential in
discrimination of malignant versus benign pathology in even
normal size lymph nodes, though wide adoption has been
hindered due to variability in interpretation [41]. In addition,
DWI MRI in conjunction with newer contrast agents such
as gadofosveset trisodium is being used to evaluate lymph
node staging in clinical trials for rectal cancer and its role in
prostate cancer is currently being studied [42].
Finally, Positron emission tomography (PET) by itself
demonstrates high sensitivity for prostate cancer detection
but nonspecific uptake in benign lesions limits its diagnostic
utility. However, PET/MRI has recently shown promise with a
sensitivity and specificity for CaP detection in lesions >5 mm
being 84% and 80%, respectively, when correlated with whole
mount pathology at radical prostatectomy [43]. Furthermore,
semiquantitative [18F]fluoroethylcholine uptake in identified
lesions is able to discriminate between Gleason >6 CaP with
a specificity of 90% and a positive predictive value of 83%,
which is an improvement over that of prostate biopsy results
when compared to whole mount specimens.

3. Limitations
The novel applications of MP-MRI are encouraging and but
are not a panacea to our PSA woes. MRI interpretation is
challenging, requiring considerable experience before proficiency. As mp-MRI has gained acceptance, the need for
standardized protocols and reporting and high quality studies
has been realized [44]. Determining cost efficacy will be
essential before its use becomes ubiquitous, but undoubtedly
as use increases costs will decline.

4. Conclusion
PSA remains the cornerstone to screening, staging, and
surveillance after treatment despite its numerous shortcomings. Currently, mp-MRI is proving an essential adjunct to
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supplement PSA in proper patient selection for biopsy, treatment, and surveillance. High-quality studies are required to
validate the initial encouraging body of literature supporting
the use of MRI in this arena.
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The important role of magnetic resonance imaging (MRI) in the anatomic evaluation, detection, and staging of prostate cancer is
well established. This paper focuses on the pertinent embryologic, anatomic, and imaging facts regarding both the normal prostate
and the several examples of prostate cancers as well as staging implications. The discussion primarily includes findings related
to T2-weighted imaging as opposed to the other functional sequences, including diffusion weighted imaging (DWI) or dynamic
contrast enhanced MRI and MR spectroscopic imaging, respectively.

1. Introduction
The incidence and mortality of prostate cancer vary substantially worldwide; however, it is the most common
noncutaneous malignancy in the western world, affecting
approximately 1 out of every 6 men [1]. Although it is the
second leading cause of cancer-related death in men (after
lung cancer) in the United States, cancer-specific survival
is excellent for most patients. In fact, the death rates from
prostate cancer have been in significant decline since the
mid-1990s. This is likely as a result of earlier diagnosis and
treatment. Currently, over 90 percent of patients present
with local or locoregional disease due to the widespread
use of prostate cancer screening (i.e., use of prostate specific antigen [PSA] or digital rectal examination [DRE]).
For most men suspected of having prostate cancer, tissue
is obtained through transrectal ultrasound-guided (TRUS)
biopsy during which 12 biopsy cores are randomly taken
(where the target is generally invisible). However, the role of
magnetic resonance imaging (MRI) in the localization and
staging of prostate cancer has evolved in the past decade.
Advances in MRI show promise for improved detection and
characterization of prostate cancer, using a multiparametric
approach, which combines anatomical and functional data.
For the purposes of this paper, we will discuss prostate
MRI techniques, discuss the development/embryology of
the prostate gland, and discuss the normal appearance of

the prostate gland on T2-weighted imaging (T2WI). Afterwards, a brief discussion regarding prostate cancer and the
utility of MRI in staging will ensue.

2. MRI Sequences in Prostate Gland Imaging
Multiparametric MRI evaluation of the prostate includes
three general components: high-resolution T2WI and at least
two functional MRI techniques including diffusion weighted
imaging and either MR spectroscopic imaging (MRSI) or
dynamic contrast enhanced MRI (DCE-MRI). T2WI provides the best depiction of the prostate’s zonal anatomy and
capsule. T2WI is used for prostate cancer detection, localization, and staging; however, it alone is not recommended
because additional functional techniques improve both sensitivity and specificity [2]. The T2WI sequence should be
obtained in 2-3 planes. The axial T2WI sequence should be
orthogonal to the rectum and include the entire prostate and
seminal vesicles. The phase encoding direction should be
oriented left-to-right so that motion artifact (i.e., from bowel)
does not overlap the prostate. If desired, an antiperistaltic
agent can be given to reduce bowel motion artifacts. Although
an endorectal coil is not an absolute requirement, a pelvic
phased array coil with a minimum of 16 channels is required
[2]. In addition, it is considered good practice to utilize an
endorectal coil whenever possible so that the best possible
images may be obtained during the examination.
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Figure 1: Zonal anatomy of the prostate gland. ED: ejaculatory ducts; SV: seminal vesicles; AFS: anterior fibromuscular stroma.

Hemorrhage from prior biopsies can cause artifacts that
mimic cancer and thus limit lesion localization and staging.
To counter this phenomenon, the time interval between the
biopsy procedure and MRI should be at least 4–6 weeks
[3]. Also, an initial T1-weighted imaging sequence can be
obtained to evaluate biopsy-related hemorrhage. Significant
hemorrhage should preclude the remainder of the study, and
the individual can be rescheduled 4–6 weeks later to allow for
resolution of the hemorrhage [2].
As previously mentioned, T1-weighted imaging
sequences should be obtained to evaluate prior biopsy-related
hemorrhages. However, additional utilities for this sequence
include evaluating regional lymphadenopathy and osseous
metastases within the pelvis.

3. Prostate Embryology and Development of
the Prostate Gland
During the third month of gestation, the prostate gland
develops from epithelial invaginations from the posterior
urogenital sinus. In order for this process to occur normally,
the presence of 5𝛼-dihydrotestosterone is required [4]. This
molecule is synthesized from fetal testosterone by the action
of 5𝛼-reductase and is localized in the urogenital sinus and
external genitalia of humans [5]. Deficiencies of 5𝛼-reductase
will cause a rudimentary or undetectable prostate in addition
to severe abnormalities of the external genitalia, although the
epididymides, vasa deferentia, and seminal vesicles remain
normal [6]. During the prepubertal period, the constitution
of the human prostate remains relatively identical; however,
it undergoes morphologic changes into the adult phenotype
with the beginning of puberty. Ultimately, the gland enlarges
to reach the average adult weight of approximately 20 g by 25–
30 years of age [4].

4. Anatomy of the Prostate Gland
The prostate gland is the largest accessory gland of the male
reproductive system. It secretes a thin, slightly alkaline fluid
that forms a portion of the seminal fluid. It is composed
of glandular and stromal elements which are tightly fused

within a pseudocapsule. The inner layer of the prostate capsule is composed of smooth muscle with an outer layer covering of collagen [7]. Nerve supply to the prostate is derived
from the prostatic plexus and arterial supply by the branches
of the internal iliac artery. Lymphatic drainage from the
prostate gland occurs predominantly via the internal iliac
nodes.
The prostate gland is located posterior to the lower
portion of the symphysis pubis, anterior to the rectum, and
inferior to the urinary bladder in the subperitoneal compartment between the pelvic diaphragm and the peritoneal cavity.
Classically described as “walnut-shaped,” the prostate gland
is conical in shape and surrounds the proximal urethra as it
exits from the bladder.
The prostate is divided into four regions, the central
zone (CZ), transition zone (TZ), peripheral zone (PZ), and
anterior fibromuscular stroma (Figure 1), and is composed of
an apex, a base, and anterior, posterior, and inferior-lateral
surfaces. Ultimately, the apex is the lower 1/3rd of the prostate
gland, the midprostate is the middle 1/3rd of the prostate
gland which includes the verumontanum in the midprostatic
urethra, and the base is the upper 1/3rd of the prostate just
below the urinary bladder (Figures 2 and 3).
The peripheral zone is the larger of the zones, comprising
approximately 70% of the glandular tissue. It extends from
the base to the apex along the posterior surface and surrounds
the distal urethra. In this zone, carcinoma, chronic prostatitis,
and postinflammatory atrophy are relatively more common
than in the other zones. The peripheral zone contains numerous ductal and acinar elements with sparsely interwoven
smooth muscle; thus it is normally of high signal intensity on
T2-weighted MRI sequences (Figures 2 and 3).
The central zone is located at the base of the prostate
between the peripheral and transition zones and accounts for
approximately 25% of the glandular tissue. It is a cone-shaped
structure which surrounds the ejaculatory ducts and narrows
to an apex at the verumontanum. The verumontanum is a
longitudinal mucosal fold that forms an elliptical segment of
the prostatic urethra, marking the point where the ejaculatory
ducts enter the urethra (Figure 3).
The transition zone forms only 5% of the glandular tissue
and consists of two small lobules of glandular tissue that
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Figure 2: Normal prostate from apex to base in a 54-year-old male (axial plane). (a) Axial T2WI at the level of the apex. The apex consists of
the distal part of the prostatic urethra (white arrow) surrounded by high signal intensity, loosely packed peripheral zone tissue (∗ ). The rectum
is located posteriorly (R) and is distended by an endorectal coil. The levator ani muscles are located laterally (L). Normal prostate from apex to
base in a 54-year-old male (axial plane). (b) At the midgland level, the densely packed central/transition zones are surrounded by high signalintensity peripheral zone tissue (∗ ), subdivided by several stromal septa which are designated by thin dark T2 signal linear bands. The anterior
fibromuscular stroma is a dark T2 band of tissue located anteriorly (arrow). The rectoprostatic angle is depicted posteriorly (arrowheads).
Normal prostate from apex to base in a 54-year-old male (axial plane). (c) Base level. The prostatic base is generally composed of almost
entirely central zone/transition zone (CZ/TZ); however, a large amount of peripheral zone (∗ ) is noted in this individual. Neurovascular
bundles are located posterolaterally (arrows). In addition, the ejaculatory ducts are noted at this level (arrowheads). B: bladder; R: rectum
(with endorectal coil).

surround the proximal prostatic urethra just superior to the
verumontanum. This is the portion of the glandular tissue
that enlarges due to benign prostatic hyperplasia. This hyperplasia does not involve the peripheral zone when it occurs
(Figure 4). On MRI, the transition zone usually consists of
nodular areas of varying signal intensity, depending on the
relative amount of glandular and stromal hyperplasia [8, 9].
Glandular hyperplasia contains relatively more ductal and
acinar elements and secretions, resulting in higher signal
intensity on T2-weighted MRI sequences (Figure 4). Stromal
hyperplasia contains more muscular and fibrous elements,
resulting in lower signal intensity (Figure 4). According to
the origin of hyperplasia, the term “median lobe hyperplasia”
may be used to denote hyperplasia of the periurethral glands
[10]. The subsequent compression of the transition zone (also

called “surgical pseudocapsule”) may be imperceptible or visible as a faint dark rim, separating the transition gland from
the peripheral zone.
The anterior fibromuscular stroma forms the convexity of
the anterior external surface and is devoid of glandular tissue
and is instead composed of fibrous and smooth muscular
elements. Thus, this area is relatively low in signal intensity on
T2WI (Figures 2, 3, and 4). The apical half of this area is rich in
striated muscle which blends into the gland and the muscle of
the pelvic diaphragm. As it extends laterally and posteriorly, it
thins to form the fibrous capsule that surrounds the prostate
gland. Although the term “capsule” is embedded in the
current literature, there is no consensus about the presence of
a true capsule [11]. It is usually visible as a sharply demarcated
rim at the posterolateral aspects of the prostate on T2WI. In
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Figure 3: Coronal image through the prostate. At the apex, the distal urethral becomes surrounded by the low signal-intensity external
urethral sphincter (white arrowheads) that extends downward to the urethral bulb (UB) and is embraced by the inferomedial aspect of the
levator ani muscle (L). In addition, at the midgland, the ejaculatory ducts join the prostatic urethra at the verumontanum, designated by a
high signal-intensity structure (arrow). The prostatic-seminal vesicle angle is also seen best in the coronal plane (black arrowheads).
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Figure 4: Benign prostatic hyperplasia. (a) Axial T2WI of the prostate at the midgland level. Hyperplasia comprises of both glandular (white
asterisk) and stromal (black asterisk) elements. White arrowheads: anterior fibromuscular stroma; black arrowheads: rectoprostatic angle;
PZ: peripheral zone; C: incidental Müllerian duct cyst. Benign prostatic hyperplasia. (b) Axial T2WI of the prostate at the midgland level.
Hyperplasia comprises of both glandular (white asterisk) and stromal (black asterisk) elements. AFS: anterior fibromuscular stroma; white
arrows: neurovascular bundles which are surrounded by fat; R: rectum with endorectal coil.

addition, the anterior fibromuscular stroma is separated from
the pubic symphysis by Santorini’s venous plexus (draining the dorsal veins of the penis) and some ligamentous/
fibroadipose tissue in the space of Retzius [12].
These zones have different embryologic origins and can
be distinguished by their appearance, anatomic landmarks,
biological functions, and susceptibility to pathology (Table 1).
Approximately 70% of all prostate cancers arise from the
PZ, which is primarily derived from the urogenital sinus. By
contrast, a very low incidence of prostate cancer is found
in the CZ which is derived from the Wolffian duct. The TZ
shares a similar embryologic origin as the PZ; however, the
percentage of prostate cancer arising from the TZ is lower, on

the order of 25%. This may be explained by the differences
in the stromal component of these two zones. The stroma of
the TZ is more fibromuscular, and it has been postulated that
benign prostatic hyperplasia (BPH), which predominantly
arises in the TZ, is a disease of the fibromuscular stroma. This
information, including the composition of the various zones,
is summarized in Table 1.
As previously mentioned, prostate gland is composed
of an apex, a base, and anterior, posterior, and inferiorlateral surfaces. The apex rests on the superior surface of the
urogenital diaphragm and contacts the medial surface of the
levator ani muscles. At the level of the apex, the prostate
gland consists of high T2 signal-intensity peripheral zone
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Figure 5: Seminal vesicles. (a) Coronal T2WI showing the prostate and seminal vesicles. Seminal vesicles are high signal-intensity fluid-filled
pouches with a low signal-intensity wall, arranged in a grapelike pattern. White arrowheads: prostate-seminal vesicle angle; PB: penile bulb;
L: levator ani; black arrowheads: external urethral sphincter; PZ: peripheral zone. Seminal vesicles. (b) Axial T2WI showing the seminal
vesicles. Seminal vesicles are high signal-intensity fluid-filled pouches with a low signal-intensity wall, arranged in a grapelike pattern. BL:
bladder; R: rectum with endorectal coil.
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Figure 6: 50-year-old male with prostate cancer. (a) Axial T2WI showing low signal within the rightward aspect of the peripheral zone (∗ ).
Note the normal-appearing contralateral peripheral zone (PZ) comprised of glandular elements. Also, the right rectoprostatic angle appears
slightly ill-defined, although no definite bulge is seen. 50-year-old male with prostate cancer. (b) Axial T1WI showing an enlarged right
external iliac chain lymph node, a regional lymph node according to the TNM staging system. This would comprise N1 disease, which would
fall under Stage IV category.

Table 1: Table summarizing the histologic composition and embryologic origins of the various zones of the prostate gland.
Central zone (CZ)
Volume of normal prostate (%)
25
Embryologic origin
Wolffian duct
Epithelium
Complex, large polygonal glands
Stroma
Compact
Origin of prostatic adenocarcinoma (%)
5
Benign prostatic hyperplasia (%)
—

Transition zone (TZ)
5
Urogenital sinus
Simple, small rounded glands
Compact
25
100

Peripheral zone (PZ)
70
Urogenital sinus
Simple, small rounded glands
Loose
70
—

6

BioMed Research International

TZ

Figure 7: Prostate cancer. Axial T2WI showing a right anterior transitional zone tumor within the midgland, likely also involving a portion of
the anterior fibromuscular stroma. Notice that the tumor creates a slight anterior bulge (arrowheads). According to the TNM staging system,
this tumor involves less than 50% of a single lobe of the prostate, thus indicating a T2 tumor.
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Figure 8: Prostate cancer. (a) Axial T2WI showing multifocal peripheral zone tumors (∗ ). Notice the subtle asymmetric posterolateral bulging
along the left rectoprostatic angle which would be concerning for possible extracapsular extension (arrowheads). TZ: transition zone with
BPH changes; R: rectum with endorectal coil; PZ: normal-appearing peripheral zone. Prostate cancer. (b) Coronal T2WI through the central
portion of the left posterolateral peripheral zone tumor (∗ ). Again notice the subtle asymmetric posterolateral bulging which would be
concerning for possible extracapsular extension (arrowheads).

tissue (wrapping around the distal prostatic urethra). The
ratio of peripheral zone to transition/central zone tissue then
gradually decreases upwards to the level of the prostatic base,
at which level the prostate gland is almost entirely consisted
of mixed signal-intensity central/transition zone tissue. The
base is attached to the neck of the bladder and the prostatic
urethra enters the middle of it near the anterior surface, which
is narrow and convex. The posterior surface is triangular
and flat and rests on the anterior wall of the rectum (thus
allowing digital palpation for examination). Denonvillier’s
fascia, a thin, filmy layer of connective tissue, separates the
prostate and seminal vesicles from the rectum posteriorly.
The inferior-lateral surface joins the anterior surface and rests
on the levator ani fascia above the urogenital diaphragm.
Loose connective and adipose tissue containing the
periprostatic venous plexus intermixed with arteries, nerves,

and lymphatics are located at the posterolateral aspects
of the prostate. As a result, these structures are denoted
as neurovascular bundles, containing nerve fibers that are
important to normal erectile function (Figures 2(c) and 4(b)).
Overall, the prostate is an extraordinarily well-innervated
organ. The prostate receives both parasympathetic (via the
hypogastric and pelvic nerves) and sympathetic innervation
(via the peripheral hypogastric ganglion) [13]. Ultimately,
these nerves are crucial in regulating the physiology, morphology, and growth maturation of the gland [14–17].

5. Seminal Vesicles and Ejaculatory Ducts
The seminal vesicles are paired grapelike pouches filled with
high signal-intensity fluid on T2WI (Figures 3 and 5). They
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Figure 9: Prostate cancer with seminal vesicle invasion. (a) Axial T2WI showing a right posterolateral peripheral zone tumor (∗ ) which is
contiguous with the adjacent seminal vesicle tubules (arrowheads). According to the TNM staging system, this would be consistent with at
least a T3 tumor (Stage III). Prostate cancer with seminal vesicle invasion. (b) Sagittal T2WI showing a right posterolateral peripheral zone
tumor (∗ ) which is contiguous with the adjacent seminal vesicle tubules (arrowheads). According to the TNM staging system, this would be
consistent with at least a T3 tumor (Stage III). B: bladder; SV: normal-appearing seminal vesicle tubules. Prostate cancer with seminal vesicle
invasion. (c) Coronal T2WI showing a right posterolateral peripheral zone tumor (∗ ) which is contiguous with the adjacent seminal vesicle
tubules (arrowheads). An additional tumor is noted within the contralateral peripheral zone (also ∗ ). According to the TNM staging system,
this would be consistent with at least a T3 tumor (Stage III). B: bladder; SV: normal-appearing seminal vesicle tubules. B: bladder.

lay between the bladder and rectum, just caudolateral to the
corresponding deferent duct. Their size may vary depending
on age and postejaculatory condition [18]. The caudal tip of
each seminal vesicle joins the corresponding deferent duct to
form the ejaculatory duct, which is enveloped in a thick low
T2 signal-intensity muscular coat and traverses the central
zone of the prostate to terminate at the verumontanum
(Figures 2(c), 3, and 5).

6. Prostate Cancer
Prostate cancer typically presents as a round or ill-defined
low signal-intensity focus in the peripheral zone on T2WI.
Since the majority of all prostate carcinomas arise in the
peripheral zone, many of them can be readily detected
within the high signal-intensity background of the loosely
packed normal peripheral zone glandular tissue (Figure 6).

Unfortunately, this sign is by no means specific. Other entities
such as chronic prostatitis, hemorrhage, scar tissue, atrophy,
prostate intraepithelial neoplasia, and posttreatment changes
can mimic cancer on T2WI. Tumors located in the TZ are
even more challenging to detect given that the low T2 signal
intensity densely packed stromal elements and BPH nodules
in the TZ overlap with prostate cancers (Figure 7) [19]. TZ
tumors are often shown as a homogenous signal mass with
indistinct margins (“erased charcoal sign”).
Evaluation of the prostate capsule, seminal vesicles, and
posterior bladder wall is also important when interpreting
T2WI. Criteria for extracapsular extension are abutment:
asymmetry, irregularity, and thickening of the neurovascular
bundle; bulge, loss of capsule, and capsular enhancement;
measurable extracapsular disease; and obliteration of the
rectoprostatic angle (Figure 8) [2]. Abnormally low signal
intensity expanding the vesicular lumen, focal thickening of
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Table 2: Prostate cancer TNM staging with histopathologic grade
per AJCC 7th edition.
Prostate cancer

T (tumor)

N (node)

M (metastasis)

Histopathologic
grade

TNM staging
TX: tumor cannot be assessed
T0: no evidence of primary tumor
T1: clinically nonapparent tumor not palpable
nor visible by imaging
T1a: tumor incidental histologic finding in 5%
or less of tissue resected
T1b: tumor incidental histologic finding in
more than 5% of tissue resected
T1c: tumor identified by needle biopsy (e.g.,
because of elevated PSA)
T2: tumor confined within the prostate∗
T2a: tumor involves 50% or less of one lobe
T2b: tumor involves more than 50% of one lobe
but not both lobes
T2c: tumor involves both lobes
T3: tumor extends through the prostate
capsule∗∗
T3a: extracapsular extension (unilateral or
bilateral)
T3b: tumor invades seminal vesicle(s)
T4: tumor is fixed or invades adjacent
structures other than seminal vesicles: bladder
neck, external sphincter, rectum, levator
muscles, and/or pelvic wall
NX: regional lymph nodes were not assessed
N0: no regional lymph node metastasis
N1: metastasis in regional lymph node(s)
MX: distant metastasis (M)∗∗∗ cannot be
assessed (not evaluated by any modality)
M0: no distant metastasis
M1: distant metastasis
M1a: nonregional lymph node(s)
M1b: bone(s)
M1c: other site(s) with or without bone disease
GX: grade (G) cannot be assessed
G1: well-differentiated (slight anaplasia,
Gleason score of 2–4)
G2: moderately differentiated (moderate
anaplasia, Gleason score of 5-6)
G3-4: poorly differentiated or undifferentiated
(marked anaplasia, Gleason score of 7–10)

∗
Tumor that is found in one or both lobes by needle biopsy but is not palpable
or reliably visible by imaging is classified as T1c.
∗∗
Invasion into the prostatic apex or into (but not beyond) the prostatic
capsule is classified as T2 not T3.
∗∗∗
When more than one metastasis site is present, the most advanced
category pM1c is used.

the seminal vesicle wall, filling in of the prostate-seminal
vesicle angle, and enhancement/restricted diffusion are suggestive of seminal vesicle invasion (Figure 9).

7. Prostate Cancer Staging
The classification systems used for the staging of prostate cancer are the TNM and Jewett systems. The Jewett system was

Table 3: AJCC 7th edition stage groupings.
Stage
Stage 1

Stage II

Stage III
Stage IV

TNM categories
T1a, N0, M0, and G1
T1a, N0, M0, and G2–4
T1b, N0, M0, and any G
T1c, N0, M0, and any G
T1, N0, M0, and any G
T2, N0, M0, and any G
T3, N0, M0, and any G
T4, N0, M0, and any G
Any T, N1, M0, and any G
Any T, any N, M1, and any G

initially introduced in 1975 and has since been modified [20].
In 1997, the American Joint Committee on Cancer (AJCC)
and the Union for International Cancer Control (UICC)
introduced a revised tumor, nodes, metastasis (TNM) system
that employed the same broad T stage categories as the Jewett
system but includes subcategories of T stage, such as a stage
to describe patients diagnosed through PSA screening.
As per AJCC guidelines, regional nodes (N) are in the
true pelvis, below the iliac artery bifurcations. They include
hypogastric, obturator, iliac (internal, external), and sacral
(lateral, presacral, and promontory). Distant lymph nodes are
outside the confines of the true pelvis. Involvement of distant
lymph nodes is classified as M1a.
The AJCC TNM system (7th edition) is shown in
Tables 2 and 3.
One of the more important assessments is whether the
tumor is confined to the gland (≤T2, organ-confined) or
extends beyond the gland (≥T3, tumor extends beyond
prostate). Generally, the ≥T3 tumors will show either
extraglandular/extracapsular extension alone or combined
with neurovascular bundle invasion and/or seminal vesicle
invasion. The high spatial resolution and sharp demarcation
of the prostate capsule in MR allow for assessments of such
critical diagnostic staging criteria. Unfortunately, some cancers may show no evidence of extracapsular extension
yet still represent an unconfined tumor. The detection of
abnormal lymph nodes on MRI is currently limited to size
assessment and enhancement. In general, lymph nodes over
5 mm in short axis dimension are regarded as suspicious.
Bone metastases, which are sclerotic in prostate cancer, are
identified as high signal foci on T2WI and low signal on fatsuppressed T1-weighted images. Such lesions should enhance
upon administration of a gadolinium-based MR contrast
agent.

8. Conclusion
MRI is the prime imaging modality in the evaluation of the
prostate gland. The advent of improved field strength and
introduction of multiparametric functional MR imaging has
improved the detection of cancer and accuracy in the local
staging of prostate cancer. Currently, MRI is the only modality that can be used to assess unilobar or bilobar disease,
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extracapsular extension and seminal vesicle invasion, and/
or invasion of other adjacent structures such as the bladder,
rectum, external sphincter, levator muscles, or the pelvic wall.
Thus, understanding the normal MR anatomy of the prostate
gland and the adjacent pelvic structures is paramount in
subsequent imaging interpretation.
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Multiparametric magnetic resonance imaging (MP-MRI) has emerged as a promising method for the detection of prostate cancer.
The functional MRI components of the MP-MRI consist of the diffusion weighted MRI, dynamic contrast enhanced MRI, and
magnetic resonance spectroscopic imaging. The purpose of this paper is to review the existing literature about the use of functional
MRI in prostate cancer detection.

1. Introduction
In 2014, it is estimated that 233,000 men in the United States
will be diagnosed with prostate cancer, and 29,480 men will
ultimately die as a result [1]. To date, most men are diagnosed
based on a rising serum prostate specific antigen (PSA) or
positive digital rectal examination (DRE) followed by a 12core template biopsy. This strategy often overdiagnoses low
grade posterior lesions and underdiagnoses higher grade
anterior lesions of the prostate [2, 3]. Multiparametric MRI
(MP-MRI) has recently emerged as a valuable tool for
determining risk of prostate cancer. Directed biopsy of the
prostate based on the MRI decreases both overdiagnosis and
underdiagnosis of anterior cancer lesions [4]. In this review
we discuss the key components of a state-of-the-art MP-MRI
in the diagnosis and management of prostate cancer.
MP-MRI can be performed at 1.5 T or 3.0 T with or
without an endorectal coil (ERC). The highest signal to
noise ratio is achieved at 3 T with an ERC but acceptable
results can be achieved at 3 T without an ERC. Scans at
1.5 T with an ERC are generally acceptable and good results
can still be achieved at 1.5 T without an ERC provided
that specific equipment features (newer hardware/coils are
generally required) are critical to success. The literature is
currently limited regarding the use of ERC versus non-ERC.
However, recently a comparison study was done by Turkbey
et al. to investigate ERC versus non-ERC at 3 T. This study
was done in 20 patients with whole-mount histopathology

confirmation. It was determined that the sensitivity of MPMRI increased by 31%, and the positive predictive value
was 16% higher. The ERC MP-MRI was also able to lower
the mean lesion size at detection by 21% [5]. Larger, multiinstitutional studies will need to be completed to ultimately
conclude on ERC versus non-ERC at 1.5 T and 3 T.
T1 and T2 weighted (T1W and T2W) images of the
prostate are the main tools for the primary visualization of
zonal and anatomical features [6]. T1W images are obtained
primarily to rule out biopsy related residual hemorrhage,
which can diminish accuracy of prostate MRI as hemorrhage
can easily mimic prostate cancer. Patients who have undergone prostate biopsy should wait 8–12 weeks to clear any
hemorrhage prior to an MRI. If substantial hemorrhage is still
present, then the patient should be rescheduled for a later date
(Figures 1(a)–1(d)). T2W images provide excellent soft tissue
contrast and spatial resolution and, therefore, full evaluation
of prostate and its relation to other anatomical features such
as the urethra, bladder wall, capsule, seminal vesicles, and
neurovascular bundles. In the clinical setting, these structures
should be routinely visualized for a proper evaluation. The
determination of extracapsular extension (ECE) depends
on clear visualization of the external prostate capsule and
the identification of any tumor transgressing the capsule.
Additionally, the seminal vesicles should be well evaluated
to exclude a possible invasion. For an ideal seminal vesicle
evaluation, they need to be sufficiently distended; therefore,
patients should refrain from ejaculation for three days prior
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Figure 1: A 57-year-old patient, with PSA of 5.80, Gleason 4 + 5 on multiple cores, undergoing postbiopsy staging MP-MRI. Axial T1
weighted MRI shows biopsy related residual hemorrhage in right midperipheral zone (arrow) (a). Axial T2 weighted MRI shows a large
left midperipheral zone lesion (b). Axial diffusion weighted MRI showing a large lesion extending throughout the left midperipheral zone
(arrow) (c). High “𝑏” value DWI (𝑏 = 2000) showing strong enhancement of the left midperipheral zone lesion (arrow) (d). Axial dynamic
contrast enhanced imaging showing early enhancement in the left midperipheral zone (arrow) (e).

to the MRI, which is helpful in this regard. Thus, T1W MRI is
critical for hemorrhage and T2W MRI is critical in providing
anatomic detail as well as suggesting the location and extent
of cancer which is generally seen as low signal foci on the
T2W MRI (Figure 2(a)).

2. Diffusion Weighted Imaging
Diffusion weighted magnetic resonance imaging (DW MRI)
reflects the diffusion of water protons within tissue. Signal
decreases on DW MRI in proportion to the restriction of

motion of water. This reflects cellular density, and other
obstructions to the free flow of water such as extracellular
matrix [7]. DW-MRI is acquired by sequentially applying
multiple magnetic field gradients, known as “𝑏” values, to
calculate apparent diffusion coefficient (ADC) values and
construct ADC maps [8]. Lower diffusion coefficients (e.g.,
cancer) are seen as low signal intensity focus on ADC
maps but as high signal intensity focus on high 𝑏 value
images (Figures 1(e) and 2(b)). Normal glandular prostate
tissue allows unrestricted free water movement and displays isointense regions on ADC maps [9]. Since cancers
express increased cellular density, water diffusion within the
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Figure 2: A 58-year-old patient with a PSA of 4.84, previously diagnosed with Gleason 3 + 4 cancer on 12-core template biopsy. Axial T2
weighted image showing hypointense signal in right midperipheral zone with signs of capsular irregularity and suspicion of extracapsular
extension (ECE) (arrow) (a). Axial diffusion weighted image showing hypointense area in the right midperipheral zone (arrow) (b). Axial
high “𝑏” value DWI (𝑏 = 2000) hyperintense in the right midperipheral zone (arrow) (c). Axial dynamic contrast enhanced image showing
strong early enhancement in right midperipheral zone (arrow) (d). Patient underwent an MP-MRI followed by a MRI/transrectal ultrasound
(TRUS) fusion guided biopsy upgrading to a Gleason 4 + 3 in all three MP-MRI determined targets of the right midperipheral zone.

extracellular space of cancerous tissue is often restricted [10].
Therefore, on raw DW MRI, tumors appear hyperintense
compared to background due to the restricted water diffusion, whereas, on ADC maps, cancers are generally characterized by their lower signal and thus appear hypointense on
ADC maps more than that of normal tissue [11] (Figure 2(c)).
The lower the ADC value is, the more likely the prostate lesion
is malignant and of higher grade. Thus, DW MRI provides
important insights into the microscopic nature of prostate
tissue and is commonly used as a fast and effective clinical
tool for the detection of prostate tumors [12].
ADC values in malignant tumors are also lower than
normal tissues in the transitional zone (TZ) and correspond to increased signal on DW MRI when compared to
the background signal [12–14]. BPH causes the TZ of the
prostate to become heterogeneous in signal intensity pattern
depending on the degree in which the stromal or glandular
tissues change [15]. This heterogeneity makes evaluation of
prostate lesions more difficult in the TZ as tumors and
BPH nodules can have overlapping signal pattern on ADC
maps [16]. For this reason, ADC maps are mostly used

in conjunction with T2W MR images to delineate, wellcircumscribed benign prostatic hyperplasia (BPH) nodules
from more poorly defined tumor lesions in the TZ.
Combined anatomic T2W MRI and functional DW MRI
have been reported to improve cancer detection in several
studies. In a study by Sato et al., tumor foci with a diameter
> 4 mm and Gleason scores > 6 were evaluated with T2W
MRI and DW MRI (high 𝑏 value = 600 s/mm2 ) at 1.5 T.
The area under the receiver operating characteristic curve
(AUC) using the combined approach (T2W and DW MRI)
was 0.89 in comparison to T2W imaging alone, which had
an AUC of 0.81 [17]. Similarly, in another study by Morgan
et al., sensitivity and specificity for T2W versus T2W/DW
MRI were evaluated. It was shown that with the addition of
the DW MRI sequence, sensitivity increased from 50% to
79.6% and specificity increased from 73.2% to 80.8% (𝑃 <
0.001) [18]. ADC values derived from DW MRI have also
been reported to inversely predict Gleason scores; low ADC
values are associated with higher grade tumor foci [19, 20].
For instance, in a study of 48 patients with visible tumors,
Turkbey et al. reported a negative correlation between tumor
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ADC values and their corresponding Gleason scores [19]. In
another study by Hambrock et al., prostate lesions with the
highest restriction determined on ADC maps were associated
with higher grade tumors [21].
The addition of DW MRI to standard imaging protocols
has improved diagnostic accuracy of MRI and is relatively
quick to obtain. Recently, higher 𝑏 values (>1000 s/mm2 ) have
been suggested to offer higher tumor visibility and detection.
Rosenkrantz et al. compared 𝑏 values of 1000 s/mm2 and
2000 s/mm2 in 29 patients and compared tumor to peripheral
zone (PZ) contrast with both b values. They found that a 𝑏
value of 2000 s/mm2 resulted in improved tumor sensitivity
(𝑃 < 0.001) and contrast (𝑃 = 0.067) since normal
or benign PZ tissue showed very low signal on high 𝑏
value images whereas neoplastic tissue remained bright [22].
However, high 𝑏 value DW MRI produced noisier images
with lower SNR values [23]. Lower “high 𝑏” value imaging
produces higher signal and so intermediate 𝑏 values of 1400–
1500 s/mm2 have been suggested as reasonable alternatives.
The high signal requirements are particularly problematic for
nonendorectal coil imaging, although good high 𝑏 value can
be achieved without the ERC. Rectal bowel gas can cause
distortions on DW MRI that can interfere with the diagnostic
value of this sequence [24].
In addition to standard ADC values, other measures
of ADC distribution have been evaluated such as diffusion
kurtosis (DK). Kurtosis is useful as an indicator of the
“peakedness” of a distribution. Metens et al. evaluated ADC
values using diffusion kurtosis and found that ADC values of
cancer foci were significantly lower than that of benign PZ.
Specifically, ADC values were significantly (𝑃 < 0.001) lower
in prostate cancer lesions (0.79 ± 0.14 𝜇m2 /ms) compared to
benign PZ (1.23 ± 0.19 𝜇m2 /ms) [25]. Unlike standard DW
imaging models which assume water displacement is similar
to that of free diffusion, the DK model quantifies the degree
to which water diffusion is non-Gaussian and thus has the
ability to better reflect the complex structure of the tissue.
With regard to prostate cancer staging, DW MRI is
limited in depicting extracapsular extension due to its lower
spatial resolution. However, DW MRI has been reported to be
effective for the detection of seminal vesicle invasion (SVI)
[26]. A study by Kim et al. showed that the area under the
receiver operation characteristic curve (AUC) was greater
(0.897) for a dual T2W and DW MRI approach as opposed to
T2W images (0.779) alone for detection of SVI [27]. Further
studies are being done to evaluate the role of DW MRI for
structures surrounding the prostate gland such as urinary
bladder carcinomas [28]. DW MRI has potential to support
other clinical and laboratory biomarkers and has important
clinical implications in predicting tumor aggressiveness,
selecting appropriate therapies, and improving the accuracy
of biopsies for detected tumors.

3. Dynamic Contrast Enhanced MRI
Dynamic contrast enhanced (DCE) MRI has the ability to
track the enhancement of tissue and therefore provide a
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measure of angiogenesis, on which tumor growth is dependent [29]. DCE is performed by acquiring fast T1W images,
prior to, during, and after contrast injection. DCE-MRI
detects the arrival and uptake of gadolinium based contrast
agents before they wash out and is related to tumor vascularity and permeability. The MR contrast agent (i.e., gadolinium
chelate) must be given as a bolus by an intravenous route
often with an automated injector, making it relatively more
“invasive” and requiring more resources than other MP-MRI
sequences (T2W and DWI).
In DCE MRI, tumors are highlighted by their strong
enhancement compared to the normal background tissue (Figure 2(d)). Tumor enhancement appears earlier and
washes out more quickly in comparison to normal tissue. This
reflects the process of angiogenesis—whereby new vessels are
formed with higher vascular permeability to deliver more
nutrients to the growing tumor, thus aiding in its growth [30–
33]. DCE has high sensitivity, reported to be in the range
of 74–96%, which is useful for the preliminary detection of
tumors [33]. It is widely used for staging and in monitoring
therapeutic response of prostate cancer. A study by Hara et
al. found the sensitivity and specificity of DCE to be 73% and
88%, respectively, among a group of 50 patients [34]. Another
study by Ocak et al. determined that a combination of T2W
MRI with DCE MRI increased cancer detection sensitivity
in the PZ by 16% over T2W MRI alone. However, this high
sensitivity can also lead to an increased false positive rate, and
in this study the specificity of detection in the PZ dropped
from 98% to 92% [35]. In the transitional zone, BPH nodules
strongly enhance but do not wash out as quickly as prostate
tumors [36, 37]. Therefore, outside of well-defined BPH
nodules, DCE MRI can be helpful in defining TZ cancers as
well.
There are several methods of analyzing DCE data which
increase in complexity and the need for specific software.
Generally speaking there are three methods for interpreting
these images: qualitative, semiquantitative, and quantitative.
Qualitative evaluation, the easiest and the most popular
approach, involves the visual detection of focal early, strong
enhancement with early washout—compared with that of
normal tissue [38]. Naturally, while this method is simple, it is
also subject to observer bias and often requires considerable
experience. Semiquantitative analysis is an assessment of the
time-signal curve and includes measurement of AUC, time
to peak enhancement, and initial slope. Dynamic curves are
classified as persistent (Type 1), plateau (Type 2), and decline
after initial slope (Type 3). The latter, Type 3, is frequently
associated with prostate cancer—although a combination of
curve types is actually the most common. In quantitative
evaluation, pharmacokinetic modeling is performed using
two compartment models that determine 𝐾trans (forward volume transfer constant) and 𝑘ep (reverse reflux rate constant
between extracellular space and plasma) rate constants [34].
As a result of the variability in evaluation methods the value
of DCE is still in debate. DCE MRI has limited value in local
staging; however it was reported by Turkbey et al. that the
accuracy of DCE for the detection of capsular extension, SVI,
and neurovascular bundle involvement was 84%, 97%, and
97%, respectively [39].
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Figure 3: A 53-year-old patient with a PSA of 13.59, previously diagnosed with Gleason 3 + 3 cancer on 12-core template biopsy. Axial T2
weighted image shows a large hypointense signal in left midperipheral zone with capsular bulge (arrow) (a). Axial diffusion weighted imaging
showing left hypointense signal in left midperipheral zone (arrow) (b). Axial high “𝑏” value DW MRI (𝑏 = 2000) with hyperintense signal in
left midperipheral zone (arrow) (c). Axial dynamic contrast enhanced imaging showing strong early enhancement in the left midperipheral
zone (arrow) (d). Magnetic resonance spectroscopic imaging showing an increased choline : citrate ratio in the left mid peripheral zone
(outlined in red). Normal choline : citrate ratio is seen in the contralateral peripheral zone (outlined in blue) (e). Patient underwent a MPMRI followed by MRI/TRUS fusion guided biopsy, at which time the patient was upgraded to a Gleason 4 + 4. Prostatectomy was then
performed and whole-mount pathology confirms Gleason 4 + 4 in 30% of the left lobe (f).
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4. Magnetic Resonance Spectroscopic Imaging
Among the sequences which comprise the MP-MRI, proton
magnetic resonance spectroscopic imaging (MRSI) is the
least frequently used and is mostly limited to the research setting. MRSI provides information about specific metabolites
within prostatic tissue. The analysis is performed by measuring the resonance peaks of various biochemical metabolite
levels—such as citrate, creatine, and choline. Normal prostate
tissue contains an abundant supply of zinc which inhibits
aconitase and produces high levels of citrate. Citrate exhibits
a unique peak on MR spectroscopy. On the other hand, in
prostate cancer downregulation of the ZIP zinc transporters
causes a decrease in zinc levels [40]. This reduction in zinc
decreases citrate levels by inducing oxidation [41]. Choline
levels correlate with cell turnover, as seen in prostate cancer.
Thus, as cancers arise, citrate is expected to decline while
choline is expected to rise. This ratio of choline to citrate is
therefore an indicator of malignancy [42–46] (Figure 3(a)–
3(f)).
While MRSI is, in theory, a promising imaging sequence,
it requires additional software expertise, training, and support and increases the overall MP-MRI scan time. In a multiinstitutional study, organized by the American College of
Radiology Imaging Network (ACRIN), it was determined
that MR imaging alone was just as effective as MR imaging
with MRSI and did not improve tumor localization in the
PZ, where most cancers occur. Also, out of the 110 patients
in the final study group, only 50% were considered to have
achieved good or excellent spectral quality notwithstanding
the fact that the study was largely performed in excellent
academic centers [47]. For these reasons, MRSI has yet to
become widely accepted in standard clinical practice; as a
result, research has also slowed down with regard to MRSI.
In a recent study of active surveillance in low-risk prostate
cancer by Weinreb et al., it was determined that only T2W
and DWI were independent predictors of biopsy upgrade
[48]. Spectroscopy was therefore not contributory. This study
supports the argument against the routine use of MRSI in
clinical practice and raises question about the future of MRSI
as a component of MP-MRI.

5. Further Applications of Functional MRI in
Prostate Cancer
In addition to its diagnostic use, functional MP-MRI holds
a multipurpose role in the staging, surveillance, and therapy
monitoring of prostate cancer.
It is generally accepted that the MP-MRI has a strong
negative predictive value for what is considered clinically
significant prostate cancer, Gleason 4 + 3 and above [49].
In case of rising PSA and negative 12-core template biopsy,
a MP-MRI may be acquired to confirm the benign state of
the prostate. For a patient with elevated risk (i.e., familial
predisposition), with elevated and/or rising PSA and a previous positive 12-core template biopsy of clinically insignificant
cancer (Gleason 3 + 4 and below), a MP-MRI may be done to
confirm the absence of any missed large anterior lesions.
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In case of biopsy confirmed, low-risk, organ-confined
disease, a patient may decide to take the path of active
surveillance. In this case, it may be considered acceptable
to schedule a yearly MP-MRI of the prostate—this is in
addition to the routine PSA and digital rectal exam screening
[50]. Any changes noticed in T2W or functional MP-MRI
sequences would be evaluated at that time. The patient
could then either continue with active surveillance, avoiding
unnecessary subsequent biopsies, as long as the MP-MRI
remains stable in the interval, or proceed with follow-up
targeted biopsy and treatment.
An important feature of the MP-MRI is its ability to assist
in staging of prostate cancer [51]. Since the five-year survival
rate is nearly 100% for patients with localized and regional
prostate cancer, yet dropping to around 28% in case of distant
metastases [52], it is important to have a means of accurate
staging so that appropriate adequate treatment can be offered.
Once therapy is started, regardless of the method chosen,
effective monitoring will be required to determine disease
status. Postfocal therapy PSA may be an unreliable biomarker,
and functional MRI may be useful to assist in early recurrence
detection, which may signal the need for further investigation.

6. Conclusion
When used along with the PSA screening and digital rectal exam, multiparametric MRI is gaining acceptance as a
standard of care for the diagnosis and characterization of
prostate cancer. The European Society of Urogenital Radiology (ESUR) guidelines for MR prostate are expected to
be updated later this year [53]; however, the MP-MRI of
prostate should be standardized and follow the minimum
MP-MRI protocol as discussed in the ESUR guidelines of 2012
[54]. This includes acquiring a T2W MRI and at least two
functional MRI techniques.
Widespread implementation of this diagnostic imaging
has raised the need to optimize the various sequences and
to further develop novel sequences. Functional MRI, with
DW MRI, DCE MRI, and MRSI, is powerful addition to
T2W MRI, yet there is still a need for large multi-institutional
studies to standardize the evaluation of the MP-MRI
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Prostate cancer (PCa) is the most common solid-organ malignancy among American men and the second most deadly. Current
guidelines recommend a 12-core systematic biopsy following the finding of an elevated serum prostate-specific antigen (PSA).
However, this strategy fails to detect an unacceptably high percentage of clinically significant cancers, leading researchers to develop
new, innovative methods to improve the effectiveness of prostate biopsies. Multiparametric-MRI (MP-MRI) has emerged as a
promising instrument in identifying suspicious regions within the prostate that require special attention on subsequent biopsy.
Fusion platforms, which incorporate the MP-MRI into the biopsy itself and provide active targets within real-time imaging, have
shown encouraging results in improving the detection rate of significant cancer. Broader applications of this technology, including
MRI-guided focal therapy for prostate cancer, are in early phase trials.

1. Introduction
This year, prostate cancer (PCa) will comprise an estimated
27% of new cancer diagnoses in American men, making
it the most common solid-organ malignancy among this
population [1]. It is currently most often diagnosed on
random systematic ultrasound-guided biopsies prompted by
elevated serum PSA levels. Over the last three decades, efforts
have been made to improve PCa detection using prebiopsy
imaging to locate targets of suspicion for guided biopsy
rather than to rely on random sampling. Most recently, the
introduction of multiparametric-MRI (MP-MRI), which typically incorporates T2-weighted (T2W), diffusion-weighted
(DW), and dynamic contrast enhanced (DCE) modalities,
as well as MR spectroscopy (MRS) in some centers, has
further enhanced the potential of imaging in the diagnosis
and staging of PCa. The technology was first incorporated
into biopsies via the in-bore technique, in which radiologists
sample the prostate while the patient is undergoing MRI.
This technique, while accurate, may be costly, more timeconsuming, and cumbersome for both patient and physician.
Fusion-guided biopsies, which incorporate this MR-imaging

into the traditional ultrasound procedure, have been introduced as the next step in the evolution of prostate cancer
detection. Several different methods have been developed
and tested, with encouraging outcomes.

2. Background
Transrectal ultrasound (TRUS) has been the traditional
means of imaging the prostate and today remains the most
common modality. It is a low-cost, practical tool for live
imaging during procedures in which the boundaries of
the prostate and its adjacent structures must be visualized,
including biopsies and brachytherapy. What TRUS fails to
provide, however, is information that pertains to the composition of the prostate tissue itself, whether it is benign
or malignant and, if malignant tissue is present, whether
it has spread beyond the prostate capsule [2]. As biopsies
are currently guided by ultrasound alone, standard-of-care
practice relies on a 12-core template that randomly samples
different regions of the prostate gland. Unfortunately, this
method detects prostate cancer just 27–44% of the time
[3–5] and has limitations including operator variability and
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failure to adequately sample the anterior-most portions of the
prostate [6]. This leads to 20% false negatives and a 30–45%
risk of pathological upstaging [7, 8] or downstaging [9] in
men classified as having low-risk disease who proceed to radical prostatectomy. Additionally, without target resampling of
suspicious areas, the utility and diagnostic yield of 12-core
biopsy diminish with additional random rebiopsy [10]. For
these reasons, alternative modalities for imaging the prostate
have been investigated.
Improvements in MRI technology over the last several
decades, however, as well as the integration of anatomical/structural imaging and functional/molecular imaging
have led not only to renewed exploration into the potential
for MRI in staging biopsy-confirmed prostate cancer but also
to detecting cancer prior to biopsy and, perhaps, changing
the way we think about initially approaching patients who
present with an elevated PSA.
2.1. Utility of MP-MRI in Prostate Cancer Detection. The
combination of anatomic imaging (T1- and T2-weighted) and
functional imaging (diffusion-weighted, dynamic contrastenhanced, and spectroscopic) has led to a significant
improvement in the accuracy and utility of MR imaging of
the prostate. With the combination of T2-weighted (T2W),
diffusion-weighted imaging (DWI), dynamic contrast-enhanced (DCE), and magnetic resonance spectroscopy (MRS),
the radiologist is now able to generate a more useful interpretation to supplement clinical findings.
T2W imaging delineates the prostate anatomy with highresolution images, while DWI takes advantage of the varying
diffusion of water molecules between normal tissue types
and different pathological processes to produce apparent
diffusion coefficients (ADC) that provide contrast between
malignant and benign tissues. DCE involves the administration of contrast intravenously, followed by a rapid series of
scans and perfusion measurements. Normal benign prostate
tissue is perfused at a different rate than that of cancerous
tissue, providing the radiologist with more detail about the
nature of the tissue imaged. Finally, MRS allows for measurements of metabolic activity in the prostate. Concentrations of
choline and creatine increase in correlation with tumor volume and grade, while citrate concentration decreases, again
offering the radiologist a better understanding of the imaged
tissue.
The significant overlap between benign and malignant
tissue identified on any individual sequence justifies the multiparametric approach. The greater the number of parameters
read by the radiologist, the greater the accuracy for detecting
prostate cancer [2, 11, 12].

3. Fusion Guided Biopsies
While prostate cancer detection and staging on MP-MRI
alone may be an option in the future, currently lesions
identified on MP-MRI are confirmed with prostate biopsy.
Detection of cancer on biopsy could be improved by targeting
these lesions, however, and researchers have sought out
the best way to utilize the MP-MRI during biopsy. Three
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techniques for using MR images to improve prostate biopsies
have been explored thus far: in-bore, cognitive registration,
and software registration-based MRI-TRUS fusion.
3.1. In-Bore MR-Guided Biopsy. In-bore MR-guided biopsies were the first targeted biopsies performed using MRIidentified lesions. After an initial diagnostic MP-MRI, the
patient undergoes a biopsy within the bore of the magnet
at a later date. He is placed prone into the scanner and
core needles are used to sample the visible lesions using MR
fluoroscopy, a rapid MR technique. Successive images are
acquired to confirm needle placement and biopsy locations
are documented precisely. This method can be performed
via a transrectal approach, as is most common, or, alternatively, can be transperineal or transgluteal [13, 14]. The
latter methods are less popular as they are considered more
invasive and, in some cases, require sedation or even general
anesthesia.
The major advantage of the in-bore technique is that
it offers the most accurate targeting of the MRI-identified
lesions and reduced detection of insignificant tumors. Additionally, only a few targeted cores are taken. However,
there exist several drawbacks. First, this method requires
significant additional training for the physician. Secondly,
most MR-guided biopsies can take 60–90 minutes to be
completed, depending on the operator’s experience [15]. This
lengthy imaging time and the necessity of two MR sessions
result in increased costs associated with this method. The cost
effectiveness has been debated, and while some models state
it to be nearly equivalent to that of traditional TRUS-guided
biopsy, others question this conclusion [16, 17]. However, the
cancer detection rates appear to be equivalent or improved,
especially with regard to detection of potentially lethal PCa.
In a systematic review by Overduin and colleagues, results of
in-bore biopsies showed PCa detection rates ranging from 8
to 59% (median 42%). The majority of tumors detected by inbore biopsy were clinically significant (81–93%) [18].
3.2. Cognitive Registration. Cognitive registration is the most
basic method to understand and adopt. Suspicious lesions
are identified on prebiopsy MP-MRI and targeted on TRUS
by approximating location following review of the imaging.
This method is advantageous in that it requires no additional
training of the operator with unfamiliar software or hardware
upgrades. The MRI of the prostate and its presentation on
TRUS are mentally coregistered by the physician performing
the biopsy. The major shortcoming, however, is that the mental map method relies heavily on practitioner experience and
therefore confers a great deal of interoperator variability and
potential inaccuracies. It has been performed successfully by
experts, but the ability to transfer the skill to urologists in
the community has not been established. Biopsies conducted
with cognitive registration guidance demonstrated increased
detection rates and accuracy compared with systematic biopsies [19, 20]. Puech et al. showed a 10% increase in detection
of prostate cancer in targets identified on MRI and a 15%
increase in high-grade disease, compared with systematic
biopsies [21].
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Figure 1: (a) Axial-view MRI of prostate. (b) MRI overlay on axial TRUS. (c) Axial-view TRUS of prostate.

3.3. Software-Based Registration Platforms. Software-based
registration platforms like the MRI-TRUS fusion biopsy
systems were conceived and developed in an attempt to offer a
low-cost, accurate alternative to in-bore prostate biopsies that
can be performed by any urologist in an office setting with
minimal additional training. Before being adapted for use in
prostate biopsies, the technology was initially developed for
central nervous system applications [22] and subsequently
applied in prostate brachytherapy [23]. Again, prior to biopsy,
the patient undergoes an MP-MRI from which suspicious
lesions are identified. Additionally, the contour of the prostate
is outlined or “segmented,” and this information is sent to
the fusion software platform. At the time of biopsy, a typical
2D TRUS is obtained. The 2D image of the prostate is then
reconstructed into a 3D model by the computer platform,
which is similarly segmented. The platform then overlays the
TRUS image with the MRI, thereby “fusing” the contours of
the prostate allowing the physician to target lesions seen only
on the MP-MRI at the corresponding location within the realtime sonographic image Figure 1.
MRI-TRUS fusion guided biopsies have demonstrated
detection rates superior to systematic biopsies [24]. This
was especially true for higher-grade disease [25]. In a welldesigned study by Siddiqui et al., in which patients underwent
both MRI-TRUS fusion guided biopsies and systematic 12core biopsies in the same session, fusion-guided biopsy
upgraded and detected PCa of higher Gleason score in 32% of
patients compared with traditional 12-core biopsy alone [26].
These results have been externally validated in other centers
[27].
The accuracy of these targeted biopsies relies on precise
registration of the prostate models, which is made difficult
by the deformation of the prostate during the MRI (due to
presence of endorectal coil) and the TRUS (due to variable
pressures applied by a mobile probe). To address this issue,
researchers have applied elastic registration, accounting for
deformation of the gland on the initial MR image in order
to match the real-time 3D computer-assisted construction
of the TRUS image [28, 29]. This is in contrast to a rigid
model, which would align the two models by simple rotation

and magnification, requiring that they are identical on MR
and TRUS. The ideal registration system would constantly
update the matching contours of the two models as the probe
is moved, keeping up with changes in shape and position.
Current systems sometimes require the practitioner to make
minor adjustments during the procedure. Comparing cognitive registration models with software-based fusion platforms, Delongchamps et al. found that cognitive registration
(cognitive registration) resulted in no improvement in cancer
detection over systematic biopsies (𝑃 = 0.66), while both
rigid and elastic registrations lead to greater detection of
significant prostate cancer and required fewer cores [30].
The final component of the fusion technique involves
live guidance of the biopsy, known as “tracking.” To accomplish this, several different approaches have been researched
leading to a number of devices approved by the FDA. These
include external magnetic field generators, real-time 3D
TRUS, and angle-sensing encoders in robotic arms.
3.3.1. External Magnetic Field Generators. Developed entirely
at the National Cancer Institute and in collaboration with scientists from Philips Research North American, the UroNav
system (Philips-Invivo, Gainesville, FL) has the lengthiest
period of clinical testing. For tracking, this system relies on
an external magnetic field generator to create a localized
positioning system. This is accomplished by attaching a small
tracker to a traditional TRUS probe which communicates
with the external generator and depicts the position of
the probe relative to the prostate in real-time. The US
image is acquired via manual sweep from base to apex
using a freehand US probe. Because this device is familiar
to urologists, the learning curve is relatively short. While
overall detection rates with this system have been shown
to be nearly equivalent to those of systematic biopsies (80
versus 81%), the addition of targeted cores increased the
detection rates of intermediate and high risk cancers, with
32% of patients upgraded after targeted biopsy [31]. More
specifically, this system detected cancer in nearly 90% of cases
in whom a highly suspicious lesion was identified on MRI,
and targeted cores were twice as likely to contain cancer as
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systematic cores [32]. The HI-RVS (Hitachi Real-time Virtual
Sonography) system (Hitachi Medical Systems, Zug, CH) also
uses an external magnetic field generator to track the biopsy
and is integrated with an existing ultrasound probe. It can
perform transperineal biopsies and uses a real-time biplanar
TRUS for US image acquisition. A transrectal approach is
currently under development [33].
3.3.2. 3D TRUS Image Registration. The Urostation device
(Koelis, La Tronche, France) has been shown to be highly
accurate in a preclinical study [34]. It is similar to the
UroNav device in that it relies on free-hand TRUS probe
technique—again offering a short learning curve but also
the potential for human error. It differs, however, in several
manners. The system is dependent on the use of a compatible
3D TRUS probe, made by a limited number of companies
and not typically used by urologists in the community. To
track biopsies, it relies upon image registration alone rather
than any external device. A reference model acquired at the
beginning of a biopsy session is a combination of three registrations: first a rigid landmark-based registration, followed
by a multiple point-based rigid registration, and finally an
algorithmic, elastic, and 3D organ-based registration. This
model is produced by relaying to the workstation the data
acquired with the 3D probe. A biopsy is then performed,
guided by the 3D TRUS probe and, after each core is obtained,
the needle is left in place for several moments while another
image is acquired and relayed to the workstation, identifying
the location of the needle in the latest biopsy sample. The
fact that the confirmation of needle location is made just after
each core acquisition leads to potential targeting error. In one
study, cancer was detected using this device in 48% of men
with at least one prior negative biopsy and in 83% of those
with highest suspicion on MRI [35].
3.3.3. Angle-Sensing Encoders. A different approach was
taken by the developers of the Artemis Device (Eigen, Grass
Valley, CA). Rather than employing a magnetic field, a
mechanical arm holds the TRUS transducer, allowing for
angle-sensing encoders in each joint of the arm to track
the position of the needle and probe. This robotic tracking technology offers superior accuracy and the ability to
completely immobilize the probe from target acquisition to
firing of the needle. The machine itself, however, is bulkier
than the freehand devices and requires additional training for
operation. The US image is acquired via manual rotation of
the robotic arm along a fixed axis.
Early studies with this system at UCLA on men on active
surveillance and on those with prior negative biopsies found
cancer in 53% of men overall and in 94% of those with
highest MRI suspicion. Targeted biopsies were three times
more likely to identify cancer than systematic biopsies (20.8%
versus 7.3%) [24]. Researchers at UCLA have also shown
that this technology is particularly useful in repeat biopsy of
specific cancer-containing sites. Data published by Sonn et al.
demonstrated successful rebiopsy of 74 prior positive sites in
men on active surveillance, dependent on the length of cancer
on the initial biopsy and whether the site was associated
with a visible lesion on MRI. 71% of sites contained cancer
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on rebiopsy when the initial cancer core length was ≥4 mm.
Additionally, when cancerous sites were found in an MRI
target, cancer was found on 61% of repeat biopsies versus 29%
of those from systematic sites [36].
The BioJet system (GEOSCAN, Lakewood Ranch, FL)
also uses a mechanical arm with encoders. This platform
uses rigid registration and the US image is acquired with a
manual sweep in sagittal position. This device allows for both
transrectal and transperineal biopsies.

4. Growing Evidence of Utility
Evidence of a positive impact on cancer detection has been
forthcoming; one recent systematic review by Moore et al.
found that MRI-guided biopsies perform at the same level
if not better than that of standard-of-care, ultrasound-only
biopsies in identifying significant prostate cancer [37]. They
further point out that this is accomplished using fewer
cores, resulting in fewer complications and fewer findings of
insignificant cancer, which is traditionally overtreated.
Furthermore, there are several common situations in
which the application of MP-MRI guided biopsies would be
particularly useful. Patients with negative systematic biopsies
whose PSA continues to rise represent a population in which
there exists special utility in MRI-guided biopsies [38, 39].
Studies have shown high positive diagnostic rates of PCa
in these patients, from 34% to 52%, when an MP-MRI is
employed and suspicious lesions are targeted [40, 41]. Several
studies point out that the number of prior negative biopsy
sessions was not predictive of cancer detection on followup MRI-guided biopsy, suggesting that early imaging in the
course of PSA monitoring can be useful without concern for
diminished sensitivity [42].
MP-MRI can also play a role in patients with no prior
biopsies at all. A study by Park et al. showed that, compared
with men undergoing systematic biopsy, those undergoing
biopsy with initial MP-MRI guidance demonstrated a higher
rate of cancer (29.5% versus 9.8%) and higher rate of positive
cores (9.9% versus 2.5%) [20].
The prostate is much larger than the dozen or so cores
sampled in a systematic biopsy, and it is widely accepted that
there are regions of the gland, including the central and anterior portions, that are commonly undersampled and in which
tumors cannot be detected on digital rectal examination [43].
MR-guided biopsies can be particularly useful in indicating
to the physician the importance in sampling these regions, as
one study reported that anteriorly located cancerous lesions
were missed in up to 46% of 12-core systematic biopsies [44].
Additionally, Nix et al. demonstrated that targeted biopsies
detected more cancers in the very distal apical prostate than
systematic biopsies and found higher grade disease [45],
while Diaz and colleagues found that MR-guided biopsies
increased yield in enlarged prostates which tended to be
undersampled [46].

5. Barriers and Limitations
There are certain limitations that have thus far prohibited
the widespread availability of MP-MRI for prostate cancer
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detection. There is an inherent cost in performing prostate
MRIs and in training radiologists to interpret the different
modalities and their combination. However, performing just
T2W and DWI sequences alone without an endorectal coil,
which could be done quickly and at low cost, would likely
result in fewer biopsies which would balance the increased
cost of an MRI [47]. Another obstacle for radiologists has
been the lack of a uniform, superior method for interpretation. Scoring systems have been proposed, including the
PI-RADS and Likert scales, and have garnered praise among
genitourinary radiologists. However, these systems are not yet
widely accepted, as evidence in support of one over another
is lacking, which is possibly only due to the short time since
they have been proposed. One study which compared the PIRADS and Likert scales found similar performance among
three radiologists for tumor localization in the peripheral
zone and better performance using the Likert scale in the
transitional zone [48].
Even if the use of MP-MRI is widely adopted, there
are barriers prohibiting the widespread use of image-guided
biopsy including further demonstration of benefit and cost
effectiveness. Current AUA guidelines call for additional
data to conclusively prove that targeted biopsies increase
benefit and reduce harm before prostate imaging can be
recommended as first line test for early detection of prostate
cancer [49]. Lastly, cost has been cited as a prohibitive factor,
yet Sonn and colleagues point out that while image-guided
biopsy may seem more expensive, as it requires MRIs and new
devices, the consequences of missed diagnoses on systematic
biopsy or overtreatment due to the ambiguity of results must
be taken into account when assessing cost effectiveness [40],
and further studies are required.

6. Future Directions
The fusion technology developed to detect prostate cancer
can potentially be applied to its treatment. Focal therapy,
including cryoablation, high intensity focused ultrasound,
radiofrequency, and laser ablation, is emerging as an alternative to active surveillance in young, otherwise healthy
men with low-volume, low-grade prostate cancer. A major
challenge of these therapy modalities is to limit tissue
destruction to the lesions and to avoid damage to the urethral
sphincter and neurovascular bundles [50]. MR-guidance has
therefore been explored as an instrument for the application
of focal therapy in a localized and controlled manner. In
current trials, focal therapies are typically performed inbore [51] and within small case series, the feasibility of
noninvasive focal ablation techniques was demonstrated [52].
Like in-bore biopsies, however, these techniques require time
and are costly due to necessary resources including MRcompatible equipment. The ability to perform this therapy
in an office setting using an MRI-TRUS fusion system would
have obvious benefits. With significant advancements in the
technology, these fusion platforms may one day enable the
diagnosis and treatment of low-volume, low-grade disease in
a single MRI-TRUS session. The fusion systems and methods
currently show promise for therapeutic applications and
further studies are certainly warranted.
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The purpose of this paper is to introduce and describe the Prostate Imaging and Reporting Archiving Data System (PI-RADS). For
every single parameter the PI-RADS scoring system will be explained and magnetic resonance imaging (MRI) examples will be
given. In the end two patient cases are presented to explain the overall interpretation score in multiparametric imaging.

1. Introduction
At present, multiparametric magnetic resonance imaging
(MRI) is the most sensitive and specific imaging technique
for localizing prostate cancer (PCa) [1]. According to a group
of prostate MRI experts from the European Society of Urogenital Radiology (ESUR) multiparametric MRI should at
least consist of high-resolution T2-weighted imaging (T2WI)
in combination with two functional techniques, such as
dynamic contrast-enhanced (DCE) MRI, diffusion-weighted
imaging (DWI) or proton spectroscopy imaging (MRSI) [2].
The most important reason for this is that T2WI is the
main important parameter to picture the prostate anatomy,
and DCE-MRI adds sensitivity [3, 4] in PCa detection and
DWI [5–7] and MRSI [8, 9] improve the specificity of PCa
characterization.
Nevertheless, interpretation of multiparametric MR
images is still subjective. For other organs, for example, the
breast, liver, and thyroid gland, standardized interpretation
schemes including risk stratification criteria have been
developed to determine the presence of malignancy. The
most developed and eminent system is the Breast Imaging
Reporting and Data System (BI-RADS).
Inspired by BI-RADS and to improve the diagnostics
of PCa, the same group of prostate MR imaging experts
published in 2012 a set of clinical guidelines with the
aim to standardize the interpretation and to report the

different parametric MR-techniques: the Prostate Imaging
and Reporting Archiving Data System (PI-RADS) [2]. Major
goals of this system are to allow comparison of interobserver
interpretation variability; to reduce this variability by discussing the individual scores; to enhance communication
with clinicians in a uniform way; to facilitate quality assurance and research; and to improve patient outcome.
The purpose of this paper is to introduce and describe the
PI-RADS system by means of MR imaging examples.

2. PI-RADS Scoring System
In the next sections the PI-RADS scoring criteria are
explained for all parameters except MRSI. MRSI is, in
contrast to T2WI, DWI, and DCE, considered as an optional
parameter by the ESUR guidelines and is therefore not
discussed in this report. Every parameter, T2WI, DWI, and
DCE, is scored independently on a 5-point scale, where score
1 means that clinically significant disease is highly unlikely;
score 2 means that clinically significant disease is unlikely to
be present; score 3 indicates that the presence of clinically
significant cancer is equivocal; score 4 means that clinically
significant cancer is likely to be present; score 5 indicates that
clinically significant cancer is highly likely to be present. Since
the different parameters are not always unanimous in their
scoring, the overall interpretation of each lesion is clarified in
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Figure 1: Examples of PI-RADS scoring for T2WI in the peripheral zone. (a) PI-RADS 1. (b) PI-RADS 2. (c) PI-RADS 3. (d) PI-RADS 4. (e)
PI-RADS 5.

the end and a final score is given to predict its chance of being
a significant cancer.

Table 1: PI-RADS scoring system for T2WI—peripheral zone.
PI-RADS
score

3. T2-Weighted Imaging

1

Overall, high-resolution T2-weighted imaging (T2WI) provides the best images to assess the anatomy of the prostate
and its adjacent structures as the bladder, seminal vesicles,
and rectal wall. In diagnosing prostate cancer it is a sensitive
technique; however, it is not very specific.
From a radiological point of view the prostate consists
out of two different zones: the peripheral zone, located
posteriorly and inferiorly, and the central gland, located
anteriorly and superiorly [10]. Anatomically, the central gland
can be divided into the transition zone and the central zone.
With increasing age, the composition of the central gland
changes. In young men it is mainly composed of the central
zone, but in older men it is mainly composed of transition
zone, due to the development of benign hyperplasia (BPH),
which leads to the formation of adenomatous nodules.
Given the distinct anatomical appearance of both zones
on T2WI, two different sets of PI-RADS criteria are developed: one for the peripheral zone and another for the transition zone.

2

3.1. Peripheral Zone. In Table 1 the PI-RADS criteria for the
peripheral zone are shown. A healthy normal peripheral zone
(PI-RADS 1) has a uniform high signal intensity as depicted in
Figure 1(a). Linear, wedge-shaped, geographic areas of lower
signal intensity with no clear delineation and no mass effect

3
4

5

Criteria
Uniform high signal intensity
Linear, wedge-shaped, or geographic areas of lower
signal intensity, usually not well demarcated
Intermediate appearances not in categories 1/2 or 4/5
Discrete, homogeneous low signal focus/mass
confined to the prostate
Discrete, homogeneous low signal intensity focus
with extracapsular extension/invasive behavior or
mass effect on the capsule (bulging), or broad
(>1.5 cm) contact with the surface

usually indicate nonmalignant conditions such as prostatitis,
atrophy, scar tissue, hematomas, postradiation changes, or
hormonal effects [11–13]. These lesions can be scored as PIRADS 2. Figure 1(b) shows a typical PI-RADS 2 lesion in the
left peripheral zone because it is wedge-shaped and shows no
mass effect.
Prostate cancer can appear as a focal area of low signal
intensity, with decreasing signal intensity when the Gleason
grade increases. A discrete, homogenous focus or mass with
low signal intensity and still confined to the prostate is scored
as PI-RADS 4 and is shown in the right peripheral zone in
Figure 1(d). When this focus shows extracapsular extension
or invasive behavior, mass effect on the capsule (bulging),
or more than 1.5 cm capsule contact, it is highly likely to be
clinically significant prostate cancer and should therefore be
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Figure 2: Examples of PI-RADS scoring for T2WI in the transition zone. (a) PI-RADS 1. (b) PI-RADS 2. (c) PI-RADS 3. (d) PI-RADS 4. (e)
PI-RADS 5.

scored as PI-RADS 5. In Figure 1(e) a lesion with mass effect
on the capsule and probable extracapsular extension is seen
in the right peripheral zone.
A PI-RADS 3 score should be given when the lesion does
not appear as described in the other categories. An example
is given in Figure 1(c): the area in the left anterior horn of
the peripheral zone is a PI-RADS 3 lesion because it is well
demarcated and therefore cannot be scored as a PI-RADS 2,
and as it does not show homogenous low signal intensity it
cannot be scored as PI-RADS 4 as well.

Table 2: PI-RADS scoring system for T2WI—transition zone.
PI-RADS
score
1
2
3
4

3.2. Transition Zone. The PI-RADS criteria for scoring a
lesion in the transition zone on T2WI are shown in Table 2.
On T2WI a normal transition zone can be described as areas
of low signal intensity alternated with round, well-defined
BPH nodules with an inhomogeneous signal intensity, in
a pattern described as “organized chaos” as depicted in
Figure 2(a). The presence of clinical significant cancer is
highly unlikely here; for this reason this can be scored as
PI-RADS 1. When one or more of these areas show wellmarginated homogenous signal intensity, for example, the
indicated nodule on the right side in Figure 2(b), this should
be scored as PI-RADS 2.
A focal, ill-defined area showing homogenous low signal
intensity, also described as “erased charcoal drawing sign,”
visible in Figure 2(d) in the ventral left part of the prostate,
should be scored as PI-RADS 4. When this area involves
the anterior fibromuscular stroma, extends into the anterior
horn of the peripheral zone, and is lenticular or water-dropshaped, it should be scored as PI-RADS 5. In Figure 2(e)
the large lesion with erased charcoal drawing sign and

5

Criteria
Heterogeneous transition zone adenoma with
well-defined margins: “organized chaos”
Areas of more homogeneous low signal intensity,
however well-marginated, originating from the
transition zone/BPH
Intermediate appearances not in categories 1/2 or 4/5
Areas of homogeneous low signal intensity, ill
defined: “erased charcoal drawing sign”
Same as 4, but involving the anterior fibromuscular
stroma sometimes extending into the anterior horn
of the peripheral zone, usually lenticular or
water-drop- shaped

involving the anterior fibromuscular stroma ventrally is a
typical example of a PI-RADS 5 lesion. If the lesion does
not fit in the criteria described above, it should be scored as
PI-RADS 3. An example is given in Figure 2(c). This lesion
in the left side of the prostate has a well-defined margin
and could be scored as PI-RADS 2; however some erased
charcoal effect is present, indicating PI-RADS 4. Because of
the aforementioned reasons, it is neither a clear PI-RADS 2
nor a PI-RADS 4 lesion, and therefore scored as PI-RADS 3.

4. DWI
Diffusion-weighted imaging shows the random movement of
water molecules in tissue. In tissues with high cellular density

4
and intact cell membranes, for example, cancer or fibrosis,
water molecules can hardly move. Then, the diffusionweighted images will show diffusion restriction represented
by a high signal intensity on the high 𝑏-value images and low
signal intensity on the apparent diffusion coefficient (ADC)
maps. ADC maps correlates well with tumor aggressiveness
and therefore improves specificity in examining prostate MR
images [5]. More technical details about diffusion-weighted
imaging can be read in the report of Qayyum [14].
Normal glandular prostate tissue (PI-RADS 1) will give no
signal reduction on the ADC map and no increase in signal
intensity on the high 𝑏-value images. An example is shown
in Figure 3(a). On the left side the ADC-map is shown with
particular in the peripheral zone high signal intensity and on
the right side the calculated 𝑏1400 image shows equal signal
intensity in the entire prostate.
A typical PI-RADS 2 lesion is represented by diffuse
hypersignal intensity on high 𝑏-value images. Low ADC values; no focal features, however, linear, triangular or geographical elements are allowed. This is depicted in Figure 3(b), both
the left and right peripheral zones show hypointense signal
on the ADC map and diffuse high signal intensity on the
calculated 𝑏1400 image.
When the ADC-map shows focal area(s) of reduced ADC
together with isointense signal intensity on high 𝑏-value
images, as depicted in the right transition zone in Figure 3(d),
PI-RADS score 4 should be reported. A focal mass or area
showing reduced ADC as well as hyperintense signal on the
high 𝑏-value images is characteristic for PI-RADS 5. A typical
example of a lesion with these characteristics is given in the
left transition zone of the prostate in Figure 3(e).
If the diffusion-weighted images show intermediate
appearances and no characteristics of categories 1/2 or 4/5, PIRADS score 3 should be reported. In Figure 3(c) a PI-RADS
3 lesion is shown. On the ADC map no clear signal reduction
is seen, whereas on the calculated 𝑏1400 image a focal lesion
with high signal intensity is represented on the right dorsal
side of the prostate. Based on the ADC map this lesion should
be scored as PI-RADS 1; however based on the high 𝑏-value
image the lesion should be scored as PI-RADS 5. Because it
is neither a clear PI-RADS 1 lesion nor a clear PI-RADS 5
lesion, it was scored as PI-RADS 3. An overview of the scoring
criteria is shown in Table 3.

5. DCE
Dynamic contrast-enhanced (DCE) MRI is based on the permeability of blood vessels and extravasation of contrast agent
into the adjacent tissue. Leaky endothelia with an increased
permeability and therefore fast contrast enhancement are a
typical feature for PCa.
The PI-RADS scoring system for DCE imaging works
different from the other parameters. These criteria are currently under discussion because according to some studies
DCE-MRI does not seem to add significant value to the
diagnosis of PCa [15, 16]. Other studies state that DCE-MRI
can detect PCa with both high sensitivity and specificity
and helps in tumor staging [17, 18]. Because of this debate,
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Table 3: PI-RADS scoring system for DWI.
PI-RADS
score
1

2
3
4
5
∗

Criteria
No reduction in ADC compared to normal glandular
tissue. No increase in signal intensity on any high
𝑏-value images∗
Diffuse hypersignal intensity on high 𝑏-value
images∗ with low ADC; no focal features, linear,
triangular, or geographical features, allowed
Intermediate appearances not in categories 1/2 or 4/5
Focal area(s) of reduced ADC but isointense signal
intensity on high 𝑏-value images∗
Focal area/mass of hypersignal intensity on the high
𝑏-value images∗ with reduced ADC

(≥b800).

Table 4: PI-RADS scoring system for DCE.
PI-RADS
score
1
2
3
+1
+1

Criteria
Type 1 enhancement curve
Type 2 enhancement curve
Type 3 enhancement curve
For focal enhancing lesion with curve types 2-3
For asymmetric lesion or lesion at an unusual place
with curve types 2-3

criteria will be modified almost certainly in the next PI-RADS
version. Nevertheless, the current criteria for DCE-scoring
are described in Table 4.
The first step is to determine which signal-intensity-overtime curve type fits the enhancement pattern of the lesion.
Typical examples of the different curve types (1, 2, and 3)
are shown in Figure 4. If the curve type is known, the
accompanying PI-RADS score should be given.
Curve type 1 can be described as slowly increasing
enhancement over time, curve type 2 is characterized by
enhancement reaching a plateau phase, and curve type 3
shows fast enhancement with washout effect afterwards.
When a curve type 2 or 3 is present, the second step is to
verify whether the specific lesion is a focal enhancing lesion.
If yes, one point should be added to the PI-RADS score. The
third step is to determine whether the lesion is asymmetric or
is located at an unusual place. If yes, again add another point
to the PI-RADS score. In this way a maximum score of PIRADS 5 can be achieved.
In Figure 5(a) a DCE-image with the typical enhancement
pattern of BPH is shown. The enhancement has a curve type
3, is not focal and not asymmetric, and is therefore scored
as PI-RADS 3. In Figure 5(b) a prostate with an enhancing
lesion in the ventral part of the prostate is shown. Again, a
type 3 enhancement curve is shown. One point can be added
to the PI-RADS score because it is a focal enhancing lesion,
ending up with a final PI-RADS score of 4. Figure 5(c) shows
a focal, asymmetric enhancing lesion in the right peripheral
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Figure 3: Examples of PI-RADS scoring for DWI. Left: axial ADC map. Right: axial DWI with calculated 𝑏 = 1400. (a) PI-RADS 1. (b)
PI-RADS 2. (c) PI-RADS 3. (d) PI-RADS 4. (e) PI-RADS 5.
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Figure 4: Examples of PI-RADS scoring for DCE. (a) Curve type 1. (b) Curve type 2. (c) Curve type 3.
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Figure 5: Examples of PI-RADS scoring for DCE. (a) PI-RADS 3. (b) PI-RADS 4. (c) PI-RADS 5.
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Figure 6: Example of multiparametric MR images of an 83-year-old male, with a PSA level of 10 ng/mL and 0 negative transrectal ultrasound
guided biopsy sessions. The encircled lesion scored PI-RADS score 5 on T2W, DWI, and DCE images. Because the lesion is located in the
peripheral zone, DWI is the dominant parameter and the final PI-RADS score was PI-RADS 5. (a) Axial T2-weighted image. (b) Axial ADC
map. (c) Axial DWI with 𝑏 = 1400. (d) Axial DCE image. (e) Curve of the DCE image.

zone with curve type 3 and can therefore be scored as PIRADS 5.

6. Overall Interpretation
The ESUR guidelines provide explicit criteria for how to rate
a lesion for every specific MRI parameter, but a consistent
instruction on how to calculate the overall PI-RADS score
is lacking. Since these guidelines were published, several
research groups validated the PI-RADS score and most of
them calculated a PI-RADS sum score (scale from 3 to 15)
by summation of the 3 single scores [16, 19–24].
Another method to assign a final PI-RADS score is not
to use the sum score of all different parameters, but rather an
overall interpretation score, identical to the BI-RADS system.
This means that the final score will not be in the range of 3–15,
but in the range of 1–5.
The ESUR prostate MRI expert group and the PI-RADS
steering committee of the American College of Radiology
(ACR) recently have reached consensus how to classify this
final PI-RADS score. In brief, it will contain the following:
in case all individual parameters indicate the same level of
suspicion for the presence of clinically significant Pca, for
instance, T2WI, DWI, and DCE are all scored as PI-RADS
5, the overall PI-RADS score should be 5 as well. When not
all parameters are consistent in determining the presence of
clinically significant cancer, the new classification method
prescribes that the “dominant” parameter should determine

the overall PI-RADS score. The dominant parameter for
cancer suspicious lesions in the peripheral zone is DWI, for
transition zone lesions it is T2WI, and for lesions suspicious
for PCa recurrence it is DCE. This method will be published
in the second half of 2014 as modification to the current
ESUR guidelines. Recently, part of this is also suggested by
Baur et al. After evaluation of the current PI-RADS system,
they concluded that assigning a DWI score for peripheral
zone lesions and a T2WI score for transition zone lesions was
sufficient for stratification of patients for further diagnostic
workup [16].
The multiparametric images of Figure 6 show an example
where all parameters show the same PI-RADS score. These
images were acquired in an 83-year-old male with a PSA level
of 10 ng/mL and no previous biopsy sessions. On the T2weighted images a large lesion with low signal intensity and
broad capsule contact in the peripheral zone is present. This
is scored as PI-RADS 5. The same lesion shows hypointense
signal on the ADC map and hyperintense signal on the
calculated 𝑏1400 image (PI-RADS 5). DCE shows a curve
type 3 with enhancement in an unusual region (PI-RADS 5).
For these reasons, the final PI-RADS score is 5 as well. The
presence of clinical significant cancer was histopathologically
confirmed with MR-guided biopsy, showing a Gleason 5 + 4
= 9.
In Figure 7 the multiparametric MR images of a 68-yearold male are shown. This man had a PSA level of 40 ng/mL
and had 3 negative transrectal ultrasound guided biopsy
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Figure 7: Example of multiparametric MR images of a 68-year-old male, with a PSA level of 40 ng/mL and 3 negative transrectal ultrasound
guided biopsy sessions. The encircled lesion scored PI-RADS 2 on T2W image, PI-RADS 5 on DWI, and PI-RADS 4 on DCE. Because the
lesion is in the transition zone, T2W is the dominant parameter, and the final PI-RADS score was PI-RADS 2. (a) Axial T2-weighted image.
(b) Axial ADC map. (c) Axial DWI with 𝑏 = 1400. (d) Axial DCE image. (e) Curve of the DCE image.

sessions. On these images a lesion is seen in the left transition
zone. On the T2-weighted images it is scored as PI-RADS 2
because it is a well-marginated area with homogenous low
signal intensity originating from a BPH nodule. On the DWI
it is scored as PI-RADS 5 because it is a focal area with low
signal intensity on the ADC map and high signal intensity on
the calculated 𝑏1400 image. Furthermore, the lesion shows
a type 3 enhancement curve, with some focal, however not
asymmetric, enhancement. Therefore, it is scored as PI-RADS
4 on the DCE images. Because the individual PI-RADS scores
are not concordant, the dominant parameter determines
the final PI-RADS score. Since the lesion is located in the
transition zone, the dominant parameter is the T2WI and
therefore the final PI-RADS score for this lesion is PI-RADS
2. Nevertheless, this patient had a high clinical suspicion
for PCa because of his high PSA level and for that reason
MR-guided biopsy was performed of this PI-RADS 2 lesion.
Histopathological analysis of the biopsy cores confirmed that
there was no malignancy but BPH.
In conclusion, the PI-RADS classification is still work in
progress and will have further improvement in the future.
Furthermore, more studies have to be done to validate the
accuracy and interobserver variability.
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The clinical suspicion of local recurrence of prostate cancer (PCa) after radical prostatectomy (RP) and after radiation therapy (RT)
is based on the onset of biochemical failure. The aim of this paper was to review the current role of multiparametric-MRI (mp-MRI)
in the detection of locoregional recurrence. A systematic literature search using the Medline and Cochrane Library databases was
performed from January 1995 up to November 2013. Bibliographies of retrieved and review articles were also examined. Only those
articles reporting complete data with clinical relevance for the present review were selected. This review article is divided into two
major parts: the first one considers the role of mp-MRI in the detection of PCa local recurrence after RP; the second part provides an
insight about the impact of mp-MRI in the depiction of locoregional recurrence after RT (interstitial or external beam). Published
data indicate an emerging role for mp-MRI in the detection and localization of locally recurrent PCa both after RP and RT which
represents an information of paramount importance to perform focal salvage treatments.

1. Evidence Acquisition
A systematic review of the literature was performed by
searching Medline and Cochrane Library databases from
January 1995 up to November 2013 (primary fields: prostate
neoplasm and local recurrence after radical prostatectomy,
after external beam radiation therapy, and after brachytherapy and MRI). Electronic searches were limited to the
English language. Original articles and review articles were
included and clinically reviewed. Additional references were
identified from reference lists of these articles. We have not
included editorials, abstracts, and reports from meetings. We
included in the present review only articles specifically and
primarily focused on the role of MRI in the detection of local
recurrence after radical prostatectomy (RP) and radiation
therapy (external beam or interstitial). In our research we
found 10 original studies on the use of mp-MRI after RP and
20 studies on the use of MRI focused on the detection of
local recurrence after radiation therapy (RT). We principally
included in the analysis studies which clearly reported data
on local recurrence detection rate, PSA level, number of

patients submitted to treatment, and validation criteria for
the imaging findings confirmation.

2. Background
Prostate cancer (PCa) is second only to lung cancer as a
cause of cancer mortality among men in western countries
[1]. RP represents the first line treatment with curative
intent, followed by RT (interstitial or external-beam) which is
becoming a valid alternative to surgery in patients with lowto intermediate-risk PCa and a long life expectancy [2].
Both surgery and RT are definitive treatments for
localised PCa and offer long-term tumour control in most
patients, but residual or recurrent local disease is a critical
issue because it may greatly influence the subsequent therapeutic strategy and patient management.
At present, the diagnosis of local relapse is based mainly
on prostate-specific antigen (PSA) level above a threshold or
on PSA kinetic values and it is called biochemical failure (BF)
or biochemical recurrence (BR) or biochemical progression
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(BP). However, BF is not synonymous of local recurrence in
the prostatic bed. It can be also due to distant metastases, local
disease, or both. Moreover, a persistently elevated PSA serum
level could be also due to residual glandular healthy tissue in
the post-prostatectomy bed.
BR following RP develops in about 50% of high risk
patients and in about 10% of low risk patients within 15
years from surgery [30]. The absence of a complete prostatic
capsule at the apex and the need to preserve the pelvic
structures (essentially urethral sphincter and neurovascular
bundles) are the principal reasons of this high incidence of
local relapse [31]. As regards RT, BF ranges from 15% for lowrisk patients to 67% for high-risk patients during a 5-year
period followup [32].

3. Clinical Evidence
After RP, serum PSA level should decrease to an undetectable
level (<0.1 ng/mL) within 21–30 days and should remain
undetectable thereafter. Any detectable level and/or rising
PSA after RP should be theoretically considered as persistent
or recurrent disease, although extraprostatic PSA production
(e.g., produced in epithelial cells of the trachea, thyroid gland,
mammary gland, salivary gland, jejunum, ileum, epididymis,
epidermis, and pancreas) should be taken into account [33].
According to EAU-guidelines, BF after RP is defined by two
consecutive values of serum PSA >0.2 ng/mL [34]. Once that
BR occurs, the key question remains whether a PSA rise is
reflective of local or distant disease in order to plan the most
appropriate treatment. Generally, PSA detectable after 1 year,
PSA velocity (PSAve ) <0.75 ng/mL/year, PSA doubling time
(PSAdt ) >6 months, negative lymph nodes, no seminal vesicle
(SV) invasion, positive margins, and Gleason score <7 are
all factors related to higher risk of local relapse, while PSA
detectable before 1 year, PSAve >0.75 ng/mL/year, PSAdt <6
months, positive lymph nodes, SV invasion, and Gleason
score >6 are related to systemic relapse [35]. However, in the
clinical practice, it is not so easy to identify the origin of
the PSA relapse and sometimes many risk factors for both
local and distant recurrence are present in the same patient.
Moreover it should be taken into account that the PSA
level does not always correlate well with the tumour burden
and that there are numerous examples of metastatic PCa in
the absence of significantly elevated PSA levels, particularly
when the tumours are poorly differentiated [36]. Therefore
in patients with BF after surgical treatment, a diagnostic
imaging procedure is often carried out to distinguish between
local cancer recurrence and distant spread of disease. In the
absence of systemic metastases salvage RT could theoretically
be assumed to be the first line treatment offering a potential
chance of cure. However, if systemic disease is diagnosed, RT
on the prostate bed would be unnecessary, due to the high
risk of morbidity, and the most relevant treatment option is
androgen deprivation therapy (ADT) [34]. According to EAU
Guidelines salvage radiotherapy with or without ADT should
be initiated when PSA levels is <1.0 ng/mL [34]. However,
the general feeling is that the lower the PSA level at the time
of salvage RT, the better the result and some recent reports
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suggest that results are best when the serum PSA level is
<0.5 ng/mL [37].
Defining BR after definitive RT is a complex issue. The
evaluation of serum PSA values after RT has a less defined
role than it plays after surgery, as PSA levels decrease slowly
and may never reach undetectable levels because varying
amounts of PSA producing tissue may remain viable after
a curative dose of radiation. According to Phoenix criteria
the current standard definition of recurrent and/or persistent
disease after RT is a serum PSA level over a threshold of
2 ng/mL above the nadir value [31]. The rate of PSA rise can
potentially predict clinical failure patterns: a rapidly rising
PSA indicates metastatic recurrence, whereas a moderately
rising PSA suggests local relapse [38]. Other studies suggest
that patients who develop metastasis have a PSAdt (3 months)
and a time to BF (<1 year) significantly shorter than ones who
developed a locoregional recurrence [39]. Nevertheless, up
to now, no pattern of PSA kinetics after RT has conclusively
differentiated between local recurrence and systemic disease
[40]. Once BF is established, the next step is the differentiation between local and distant relapse in order to plan the
most relevant treatment. In this setting medical imaging plays
a crucial role. Salvage therapy offers a potential chance of
cure to patients with isolated local recurrence in the prostate
gland, while ADT represents the treatment of choice in the
presence of systemic disease [41].

4. Multiparametric-MRI: Technical Aspects
Multiparametric MRI (mp-MRI) has proven to be the most
useful tool available up to now for the detection and localization of local PCa recurrence after both RP and RT. Mp-MRI
joins anatomic and biological information together thanks
to the combination of morphological imaging such as T2weighted imaging (T2WI) and functional techniques such
as dynamic contrast-enhanced imaging (DCEI), diffusionweighted imaging (DWI), and MR spectroscopic imaging
(MRSI).
Morphological T2WI is acquired with a high spatial
resolution technique (3-4 mm thickness) in order to identify
very small pathological tissues [42].
In DCEI the prostate bed is repetitively acquired with
a gradient-echo T1W sequence before and after intravenous
injection of contrast medium over a period of time. DCEI,
in addition to qualitative assessment of the images, allows
the calculation of semiquantitative parameters such as peak
enhancement, time to peak, wash-out slope, area under
the contrast enhancement curve (AUC), and quantitative
parameters, such as 𝐾trans , V𝑒 , and 𝐾ep . PCa shows neoangiogenesis and is, therefore, associated with early and high peak
enhancement, wash-out slope, high AUC, and higher 𝐾trans ,
𝐾ep , and V𝑒 than normal peripheral zone [43].
DWI is based on an echo-planar sequence and depicts the
diffusivity of water molecules along the three space directions
within the tissue. It provides qualitative and quantitative
information about “cell density” and cell membrane integrity.
In neoplastic prostatic tissue extracellular space is decreased;
therefore the movement of water molecules is restricted and
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the so-called apparent diffusion coefficient (ADC) values
are low compared to healthy prostatic tissue. DWI can be
performed without the administration of exogenous contrast
agent and it does not require long acquisition times, being
therefore considered the functional technique more practical,
quicker, and simple to use [44]. Diffusion tensor technique
(DTI) is another echo-planar imaging technique that exploits
the diffusivity of water molecules to map the orientation of
submillimetric nerve fibers. Unlike DWI, DTI highlights the
diffusivity of water molecules along several space directions
within the tissue. To date, DTI tractography has shown
promising results in the evaluation of periprostatic nerve
plexus in terms of neuroanatomical distribution, density,
and relationship with the prostatic capsule. This information
could be useful for guiding proper nerve-sparing surgery,
thereby ensuring maintenance of erectile function after RP.
On the other hand DTI fiber tracking could play an important
role in the evaluation of nerve fibers damage after RP or RT
[45].
MRSI provides 3-dimensional data set of the prostate
gland, with volume voxels ranging from 0.24 cm to 0.34 cm.
This functional technique evaluates the relative concentration
of metabolites within voxels. The main metabolites in the
prostate gland are citrate (Cit, a marker of benign tissue),
creatinine (Cr, insignificant for diagnosis, but difficult to
resolve from choline), and choline (Cho, involved in the
cellular membrane synthesis and degradation, a marker of
malignant tissue). Cit is synthesized, stored, and secreted by
normal glandular prostatic tissue. Within normal prostate
cells, Cit levels are typically higher than other metabolites
because the high concentration of intracellular zinc inhibits
the citric acid cycle, leading to accumulation of citric acid.
Because of the change in this metabolic pathway and loss
of ductal morphology, citric acid does not accumulate in
PCa cells and Cit levels are drastically reduced in favour
of an abnormal increase in Cho [46]. Cit levels are low
in well-differentiated PCa and effectively absent in poorly
differentiated tumors [47]. The peak integral ratio of Cho
plus Cr to Cit (CC/C ratio) can distinguish PCa tissue from
healthy glandular tissue. Conforming to the literature, in
a nontreated prostate gland, each voxel can be defined as
follows: fibrotic or scar tissue when the ratio is <0.2, residual
healthy prostatic glandular tissue when the ratio is between
0.2 and 0.5, probably recurrent PCa when the ratio is between
0.5 and 1, and definitely recurrent PCa tissue when the
ratio is >1 [48]. Compared with DWI or DCE, MRSI is
a more complex functional technique and it also requires
longer acquisition times. It is also important to remember
that adequate acquisition of spectroscopic data is dependent
on the expertise available. Some centers have dedicated
spectroscopists who perform both pre- and post-processing
of data and manual case-by-case adjustments that result
in significantly better spectra than commercially available
software. However, most centers do not have the benefit of
such dedicated personnel. On the other hand, the acquisition
and quality of DWI and DCE tend to be more homogeneous
throughout different platforms and institutions.

3

5. Multiparametric-MRI after
Radical Prostatectomy
5.1. Rationale and Capabilities. With the development of
intensity-modulated RT and image-guided RT, there is the
potential to escalate the dose in areas of known disease
recurrence, so that accurate identification of local recurrence
with pelvic imaging might improve the effectiveness of
tumour eradication, improving therefore the chance of longterm control [49]. Cross-sectional imaging modalities (ultrasound, computed tomography, and morphologic MRI) have
previously been evaluated in the detection of local recurrence
following RP, but each of them is poorly sensitive for detecting
a small-sized relapse and is unable to distinguish between
local recurrence and postsurgical scarring [50–59]. Over the
last few years new technological innovations have allowed
the development of imaging techniques which link anatomic,
functional, and biological information together. Mp-MRI
and positron emission tomography/computed tomography
(PET/CT) have proven to be emerging techniques useful in
the early diagnosis of PCa recurrence.
Currently, in agreement with literature data, the Se and
Spe of PET/CT using 11C- or 18F-labeled Cho compounds,
in restaging patients with PCa after RP, are greater in
detecting metastatic lymph nodes, distant metastases, and
local neoplastic recurrences when serum PSA values are
>1 ng/mL, PSAdt is <6 months, and PSAve is >2 ng/mL/year
[60, 61]. Although PET/CT is recommended in patients with
high PSA serum values, in patients who experience low
biochemical alterations after RP (PSA serum values between
0.2 and 1 ng/mL) it is very important to exclude the presence
of locoregional recurrence, being this information essential
for radiation oncologists. To date, the role of PET/CT in
detecting local recurrence in post-prostatectomy bed in
patients with BF and low PSA values is still incompletely
defined, probably because of the poor detection rate of small
lesions, which may be due to the limited spatial resolution (56 mm) of PET scanners.
MRI—thanks to its inherent superior contrast and spatial resolution, especially with an endorectal coil (ERC)—
represents an emerging and promising modality for the
evaluation of prostatic fossa after RP. In addition, the recent
development of functional MRI techniques has provided
promising results for accurate detection and characterization
of small recurrent PCa (Figures 1 and 2). Moreover mpMRI after RP is a very useful tool to discriminate between
locoregional relapse and small amount of residual glandular
healthy tissue, scar/fibrosis, and granulation tissue and it
may even be able to assess the aggressiveness of nodule
recurrence by means of ADC values. The presence, on T2W
images, of a lobulated, semicircumferential, nodular-like,
or plaque-like soft tissue thickening in the prostatectomy
bed that appear slightly hyperintense compared to pelvic
muscles should be considered to be strongly suggestive of
local recurrence [62]. The most common site of postoperative
local recurrence is the vesicourethral anastomosis around
the urinary bladder and/or membranous urethra [5]. Other
common sites of local recurrence are retrovesical (between
the urinary bladder and rectum), within retained SVs, at
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Figure 1: Multiparametric-MR images of a 64-year-old man with prostate-specific antigen progression (PSA serum level 0.75 ng/mL)
after radical retropubic prostatectomy, with suspected local recurrence. (a) Axial T2-weighted fast spin-echo image shows a soft tissue
nodule of 1 cm in size on posterior perianastomotic location in front of the rectal wall at about 40 mm from the ureteral meatus which is
slightly hyperintense compared to pelvic muscles (white arrow). (b) Axial gradient-echo T1-weighted perfusion image showing a remarkable
enhancement of the pathological tissue (white arrow). (c) Semiquantitative signal intensity-time curve showing a significant difference
between pelvic muscle enhancement (ROI2, green curve) and the higher peak enhancement values of suspected area (ROI1, red curve). (d)
Quantitative concentration-time curve of the hypervascular nodule showing a high area under the curve. (e) Color map of choline-creatine
to citrate ratio and (f) analysis of spectra show an increased choline-creatine to citrate ratio >0.5. (g) Axial native DWI image at 𝑏 value =
3,000 s/mm2 and (h) axial ADC map reconstructed from images obtained at 𝑏 values of 0, 500, 1,000, and 3,000 s/mm2 showing marked
restricted diffusion (white arrow). All these findings are consistent with locoregional relapse.

the anterior or lateral surgical margins of the prostatectomy
bed (e.g., abutting the levator ani muscles) and at the
resection site of the vas deferens [4, 63, 64]. In most cases
local recurrence can be readily distinguished from normal
perianastomotic scar/fibrotic changes which appear of low
signal intensity (SI) compared with muscle on T2W images;
however, granulation tissue may occasionally be present in
the perianastomotic region, where it can mimic the appearance of tumor recurrence [4]. When conventional T2WI
is not able to discriminate between local recurrence and
postoperative changes, DCEI is of paramount importance
for the differential diagnosis. A recurrent tumor tends to
enhance quickly and avidly in the arterial phase, which is
followed by a plateau or washout on the SI-curve during
the venous phase, while postoperative changes tend to show
either no enhancement or mild enhancement in the venous
phase [62]. In case of larger lesions in the prostatectomy
fossa (>10 mm) MRSI can play a role as problem solving
technique in doubtful cases when the other techniques are
borderline. A high Cho concentration in the lesion is more
suggestive of PCa recurrence than residual benign gland or
fibrosis. In a recent paper Panebianco et al., in order to
evaluate the aggressiveness of local recurrent PCa, compared
ADC values of locoregional recurrences with the histological
results [10]. The mean and standard deviation of ADC values

were 0.5 ± 0.23 mm2 /s for high-grade aggressiveness, 0.8 ±
0.09 mm2 /s for intermediate-grade aggressiveness, and 1.1 ±
1.17 mm2 /s for low-grade aggressiveness; ADC values higher
than 1.3 mm2 /s (mean ADC values 1.4; range 1.3–1.7) were
found in patients with a histological finding of prostatic gland
remnants.
In patients scheduled for local salvage EBRT after RP,
accurate anatomic localisation of tumour deposits within the
post-prostatectomy bed, by means of mp-MRI, may allow
for an individualised field of irradiation, thereby maximising
efficacy and minimising toxicity to normal surrounding
tissues. In this setting mp-MRI findings could be used to
apply a stereotactic boost to the recurrence site, potentially
improving in this way the control of local disease and avoiding further locoregional relapses over time. Furthermore,
the differential diagnosis between residual glandular healthy
tissue and locoregional neoplastic recurrence is of paramount
importance for the radiation oncologist because the dose of
RT delivered in the prostate bed is quite different (Figure 3)
[65, 66].
The recent development of the new hybrid PET/MRI
scanners, with simultaneous acquisition of mp-MRI and
PET images, can yield combined structural, functional, and
metabolic information that can potentially affect patient
management and outcome [67]. Cho-PET/MRI might
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Figure 2: Multiparametric-MR images of a 74-year-old man with prostate-specific antigen progression (PSA serum level 0.43 ng/mL) after
radical retropubic prostatectomy, with suspected local recurrence. (a) Axial T2-weighted fast spin-echo image shows a solid nodular tissue
of about 7 mm in size on the right posterior perianastomotic location in front of the rectal wall at about 12 mm from the ureteral meatus
which is slightly hyperintense compared to pelvic muscles (white arrow). (b) Axial gradient-echo T1-weighted color map image showing
a remarkable enhancement of the pathological tissue (white arrow). (c) Axial native DWI image at 𝑏 value = 3,000 s/mm2 showing marked
restricted diffusion of water molecules (white arrow). (d) Axial ADC map reconstructed from images obtained at 𝑏 values of 0, 500, 1,000, and
3,000 s/mm2 shows a dark area corresponding to the abnormal hyperintense tissue seen on T2-weighted images and hypervascular nodule
seen on color map (black arrow). All these findings are consistent with locoregional relapse.

improve RT planning by enabling more precise target volume delineation of local recurrence as well as of PCa involved
lymph nodes [68].
5.2. Multiparametric-MRI Evidence after Radical Prostatectomy. The characteristics of the different reviewed studies on
mp-MRI for the diagnosis of local recurrence after RP are
summarized in Table 1.
In 1997 Silverman and Krebs showed that MRI had
a sensitivity (Se), a specificity (Spe), a positive predictive
value (PPV), and a negative predictive value (NPV) of
100% for detecting local PCa recurrence in patients with
clinical suspicion of locally recurrent disease after RP [3].
They enrolled 41 men, 35 of which had clinical suspicion of
PCa local recurrence either from a new palpable nodule or
induration in the prostatic bed or an elevated PSA serum
level (range, 0.4 to 11 ng/mL). They used an imaging protocol

composed by T2WI as well as axial T1W unenhanced and
gadolinium-enhanced MR images. TRUS-guided biopsy of
the prostate bed was used to validate MRI results. Thirty-one
of the 35 men with clinical suspicion of PCa local recurrence
had a distinct enhancing soft-tissue nodule (range, 7–38 mm)
in the prostatic bed; all 31 of these soft-tissue nodules
were histologically proven PCa local recurrence. No distinct
abnormal tissue was seen on MR images of the remaining
4 patients with clinical suspicion of PCa local recurrence
and biopsy of the prostatic bed revealed fibrosis. The 6
patients with no clinical evidence of locally recurrent PCa
had no distinct nodule in the prostatic bed on MR images.
A major weakness of these too promising results is that this
report lacks a real true-negative group of patients because
negative TRUS-guided biopsy results do not imply that no
locally recurrent PCa is present as a false-negative result
may be caused by sampling error. In later reports, however,
significantly lower accuracies were found, probably due to
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Figure 3: Multiparametric-MR images of a 69-year-old man with prostate-specific antigen progression (PSA serum level 0.6 ng/mL) after
radical retropubic prostatectomy, with suspected local recurrence. (a) Axial T2-weighted fast spin-echo image shows a solid nodular tissue
of about 8 mm in size on the right posterior perianastomotic location in front of the rectal wall at about 14 mm from the ureteral meatus
which is slightly hyperintense compared to pelvic muscles (white arrow). (b) Axial gradient-echo T1-weighted subtracted image shows no
signs of enhancement of the abnormal tissue detected on T2-weighted images (white arrow). (c) Axial ADC map reconstructed from images
obtained at 𝑏 values of 0, 500, and 1,000 s/mm2 shows a bright area corresponding to the abnormal hyperintense tissue seen on T2-weighted
images (white arrow). (d) 1 H-magnetic resonance spectroscopic imaging reveals a choline-plus-creatine-to-citrate ratio lower than 0.3. All
these findings are consistent with residual glandular healthy tissue.

larger study populations and the inclusion of smaller and
less clinically evident local recurrences (at lower PSA values),
resulting in lower Ses and lower Spes.
Sella et al. reviewed the unenhanced MR images of 48
patients with BF after RP (PSA ranging from undetectable
to 10 ng/mL) [4]. Local recurrence was considered present
if there was no evidence of distant metastases and there
was a positive biopsy result, subsequent reduction in serum
PSA values after RT of the pelvis, or serial MR findings that
demonstrated at least a 20% increase in the size of a suspicious
pelvic soft tissue mass. In 39 patients, MRI demonstrated
at least one soft tissue mass in the post prostatectomy fossa
(maximum transverse diameter ranging from 0.8 to 4.5 cm).
The Se and Spe of unenhanced MRI in detecting locoregional relapse were, respectively, 95% and 100%. The major
concern of these results is that they were reached with a small
patient cohort with a very large size of local recurrence and
very high serum PSA levels.
Further studies confirmed the value of mp-MRI in depicting local recurrent PCa in patients with BF after RP. Cirillo et
al. showed that DCE improves the diagnostic performance in
detecting local PCa recurrence in comparison to unenhanced
imaging [5]. They enrolled 72 patients (mean total serum
PSA range: 0.2–8.8 ng/mL). The standard of reference for

local recurrence was as follows: positive biopsy findings
in the prostatectomy bed, 11 C-Cho PET positive in the
prostatectomy bed, and reduction of the PSA values after
pelvic radiotherapy; a patient was considered to be positive
when at least one of these criteria was met. The diameter of
local recurrences detected on the unenhanced images varied
from 0.8 to 4.2 cm. The size of the local relapses detected
on DCEI ranged from 0.8 to 3.5 cm. Se, Spe, PPV, NPV, and
accuracy in detecting locoregional relapse were, respectively,
61.4%, 82.1%, 84.4%, 57.5%, and 69.4% for unenhanced MRI
and 84.1%, 89.3%, 92.5%, 78.1%, and 86.1% for DCEI. The
discrepancy in the values of Se and Spe from previous studies
could be explained by the larger sample size and the lower
rate of clinically evident local recurrences (i.e., 84.1% versus
95% in Sella’s study versus 100% in Silverman’s study).
Casciani et al. confirmed that DCEI improves diagnostic performance in comparison to unenhanced MRI [6].
They enrolled 46 patients with PSA ranging from 0.1 to
6 ng/mL. The average maximum diameter of soft-tissue
nodules detected on MRI was 1.5 cm (range, 0.4 to 4.0 cm).
TRUS-guided biopsy or reduction in serum PSA level after
RT was used to validate MR results. Overall, unenhanced
MRI showed Se 48%, Spe 52%, PPV 54%, NPV 46%, and
a diagnostic accuracy of 48%. DCEI displayed Se 88%,
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Table 1: Characteristics of the different reviewed studies on mp-MRI for the diagnosis of local recurrence after RP.
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Spe 100%, PPV 100%, NPV 88%, and a diagnostic accuracy
of 94%.
Although the abovementioned studies were based on a
considerable number of patients and the mean serum PSA
level was not very high, their accuracy is partially limited
by the average size of local PCa recurrence which is always
greater than 1.5 cm. Moreover these studies do not evaluate
1
H-MRSI or DWI technique.
Sciarra et al. [7] showed that combined 1 H-MRSI and
DCEI allow higher diagnostic accuracy in identifying local
PCa recurrence. They enrolled 70 consecutive male patients.
The population was divided into two groups: group A (50
patients) where the presence of local disease was ascertained
on the basis of TRUS-guided biopsy and group B (20 men)
where a reduction in PSA level >50% following RT was used
to validate MR results. In group A PSA serum value ranged
from 0.9 to 1.9 ng/mL and the size of the suspicious local
recurrence ranged from 7.6 to 19.4 mm. In group B serum
PSA level ranged from 0.4 to 1.4 ng/mL and the maximal
transverse dimension of a suspect local recurrence varied
from 5.0 to 7.2 mm. In group A 1 H-MRSI alone showed Se
84%, Spe 88%, PPV 93%, and NPV 74%; DCEI alone had Se
71%, Spe 94%, PPV 96%, and NPV 73%; combined 1 H-MRSIDCEI displayed Se 87%, Spe 94%, PPV 96%, and NPV 79%.
Areas under the receiver operating characteristic curve (𝐴 𝑧 )
for 1 H-MRSI, DCEI, and combined 1 H-MRSI-DCE were
0.942, 0.931, and 0.964, respectively. In group B, 1 H-MRSI
alone showed Se 71%, Spe 83%, PPV 91%, and NPV 56%;
DCEI displayed Se 79%, Spe 100%, PPV 100%, and NPV 67%;
combined 1 H-MRSI and DCEI had Se 86%, Spe 100%, PPV
100%, and NPV 75%. 𝐴 𝑧 s for 1 H-MRSI, DCEI, and combined
1
H-MRSI-DCEI were 0.810, 0.923, and 0.940, respectively.
In a recent study Panebianco et al. found that 1 HMRSI-DCEI combined technique showed higher Se, Spe,
and accuracy than 18 F-Cho PET/CT in the identification
of small lesions in patients with low BP after RP (serum
PSA values ranging from 0.2 to 2 ng/mL) [8]. Eighty-four
consecutive male patients were enrolled in the study. Patients
were divided into two groups on the basis of the clinical
validation used for MR and PET/CT results. The “gold
standard” for local disease was a reduction in serum PSA level
>50% following RT in group A and TRUS-guided biopsy in
group B. Group A included 28 patients with PSA ranging 0.8–
1.4 ng/mL and maximal transverse dimension of the lesions
ranging from 5 to 7.2 mm. Group B included 56 men with
PSA serum level ranging from 1.3 to 2.5 ng/mL and lesion
size ranging from 7.6 to 19.4 mm. In group A combined 1 HMRSI-DCEI showed Se 92%, Spe 75%, PPV 96%, NPV 60%,
and accuracy of 89% in identifying local recurrence, while
PET-CT displayed Se 62%, Spe 50%, PPV 88%, NPV 18%,
and accuracy of 60%. The 𝐴 𝑧 s for MR and PET-CT values
was 0.833 and 0.562, respectively. In group B combined 1 HMRSI-DCEI showed Se 94%, Spe 100%, PPV 100%, NPV 57%,
and accuracy of 94%, whereas PET-CT had Se 92%, Spe 33%,
PPV 98%, NPV 43%, and accuracy of 91%. The 𝐴 𝑧 s for MR
and PET/CT values was 0.971 and 0.837, respectively. These
last two recent studies were based on a notable number of
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patients and detected tumor recurrences less than 1.5 cm in
size.
Wu et al. in a meta-analysis of the aforementioned studies
carried out to assess the effectiveness of mp-MRI in detecting
local recurrent PCa after RP found that DCEI, compared to
T2WI, showed higher pooled Se (85%) and Spe (95%) and
when combined with MRSI had the highest pooled Se (92%)
[9].
On the basis of these studies, DCEI can be considered as
the most reliable MRI technique for the detection of local PCa
recurrence after RP. However it must be taken into account
that vascularity and contrast enhancement can be reduced
in patients who have received ADT, which may limit the
application of this technique. The addition of MRSI to DCE
can significantly improve the diagnostic accuracy of local
PCa recurrence detection. Despite these promising results,
the role for spectroscopy after RP remains controversial and
needs to be defined further. Indeed, spectroscopy is limited
by its poor spatial resolution and its high sensitivity to field
inhomogeneities and susceptibility artifacts caused by surgical clips in the anastomotic area, which decrease the spectroscopic quality and can preclude successful spectroscopic
measurements. Moreover, the best diagnostic criteria are still
unclear as normal Cit is in theory undetectable after RP and
thus the classic CC/C ratio might not be accurate [9]. Furthermore metabolite signal-to-noise ratio (SNR) depends on
factors that could differ among voxels in the same patient or
among patients (e.g., the distance of the voxels from the ERC,
the magnetic field homogeneity, and the T2 relaxation times);
therefore it should be recognized that these factors could
introduce bias against 1 H-MRSI data for the differentiation
between benign/fibrotic tissue and persistent/recurrent PCa
[7].
All the above-mentioned studies have a big weakness
because none of them compares DCEI with DWI. In a
post-prostatectomy setting the low SI of the bladder and
the prostatic bed on high-𝑏-value images ensures that only
recurrent PCa tissue appears bright. DWI requires no special
software for image analysis and no particular experience
in image interpretation, since visualization of local recurrence is straightforward. Nevertheless a current limitation
of this technique is the lack of standardization [69, 70]. In
a recent study Giannarini et al. described 5 patients with
BF after RP and pelvic lymph node dissection in whom
conventional MRI findings were negative or equivocal and
locoregional relapse was depicted with DWI; all TRUSguided biopsy cores directed to the lesions discovered on
DW images were positive for malignant prostatic tissue
[70].
Panebianco et al. [10] in order to validate the role of 3T DWI in the detection of local PCa recurrence analyzed a
large number of patients (262 men) with BP after RP. The
patient population was divided into two groups according to
recurrent lesion size detected on MRI and PSA serum level.
Group A included 126 patients with PSA ranging from 0.5 to
1.7 ng/mL and a lesion size ranging from 4 to 8 mm. Group B
included 116 patients with PSA serum level ranging from 1.4
to 2.9 ng/mL and a lesion size ranging from 9 to 15 mm. In
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group A the presence of local disease was ascertained on the
basis of TRUS-guided biopsy, while in group B a reduction of
PSA serum values higher than 50% following RT was used to
validate MR results. For the identification of local recurrence
in group A, combined T2WI and DCEI (T2 + DCE) displayed
Se 98%, Spe 94%, PPV 97%, NPV96%, and accuracy of 93%;
combined T2WI and DWI with a 𝑏 value of 3,000 mm2 /s (T2
+ DW3) had Se 97%, Spe 95%, PPV 96%, NPV 95%, and
accuracy of 92%; combined T2WI and DWI with a 𝑏 value
of 1,000 mm2 /s (T2 + DW1) showed Se 93%, Spe 89%, PPV
94%, NPV 91%, and accuracy of 88%. The 𝐴 𝑧 for T2 + DCE
was 0.917, for T2 + DW3 was 0.823, and for T2 + DW1 was
0.724. In group B T2 + DCE had Se 100%, Spe 97%, PPV 96%,
NPV 95%, and accuracy of 91%; T2 + DW3 showed Se 98%,
Spe 96%, PPV 93%, NPV 91%, and accuracy of 89%; T2 +
DW1 displayed Se 94%, Spe 92%, PPV 91%, NPV 89%, and
accuracy of 86%. The 𝐴 𝑧 for T2 + DCE was 0.875, for T2 +
DW3 was 0.783, and for T2 + DW1 was 0.679. The authors
supposed that the overall accuracy of DCEI is superior to that
of DWI because DW images are more affected by distortion
artifacts due to surgical clips and background noise than
DCE images are, though there are some cases in which DCEI
is doubtful and DWI is of paramount importance for local
recurrence depiction. For instance, a prominent periprostatic
venous plexus may sometimes mimic the appearance of
enhancing recurrent tumor on DCE images; therefore when
there is this potential pitfall DWI is mandatory to exclude
the presence of abnormal tissue in the post-prostatectomy
bed.
The limitation of all the aforementioned studies is that
none of them presented an analysis of all functional techniques available on a mp-MRI examination of the prostatic
bed. Roy et al. in a recent study evaluated the Se of the
three types of functional MRI techniques in the detection
of local PCa recurrence after RP and after EBRT [11]. They
enrolled 60 consecutive male patients with BF after RP
or after EBRT. TRUS-guided biopsy was used to validate
MRI results. The patient population was divided into two
groups according to the therapy delivered. Group A included
28 patients (serum PSA value range: 0.3–2.8 ng/mL) who
underwent RP, and group B included 32 patients (PSA serum
level range: 2.2–4.8 ng/mL) who received EBRT. In group
A the Se was highest for T2WI plus DCE (97%) followed,
in decreasing order, by DCEI alone (94%) and T2WI plus
DWI plus DCEI (94%), T2WI plus DWI plus DCEI plus
MRSI (74%), DWI alone (65%) and T2WI plus DWI (65%),
T2WI alone (56%), T2WI plus MRSI (53%), and lastly MRSI
(50%). The worst results were obtained with isolated T2WI
and MRSI; the lower performance of MRSI may reflect a
partial volume effect due to the voxel size. Although Sciarra
et al. reported a Se of 71–84% and a Spe of 83–88% in
the detection of local recurrence after RP using a similar
MRSI sequence, the results of Roy’s study are disappointing
most likely because Cit could not be measured since after
removal of prostatic gland, a metabolite ratio is difficult to
calculate.
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6. Multiparametric-MRI after
Radiation Therapy
6.1. Rationale and Capabilities. In patients with local recurrence after RT, if local salvage therapy is not undertaken
early, then the median time to development of distant
metastases is ≈3 years [71]. Local salvage therapies with
curative intent include additional irradiation of the prostate,
RP, and other new treatment options such as cryosurgery,
transrectal high-intensity focused US, photodynamic therapy
and radiofrequency interstitial, and microwave thermoablation [72]. Because the exact location of the recurrent tumor
within the prostate is generally unknown, the general practice
of salvage therapies involves treatment of the entire prostate
[73]. Currently there is an increasing need of imaging techniques able to identify and localize recurrent PCa in order
to perform focal salvage therapies effectively with minimal
complications. For instance, if salvage RT is scheduled, the
detection and accurate localization of recurrent cancer give
the potential to reduce the target volume to the recurrent
tumor only with a consequent reduction in the treatmentrelated toxicity and morbidity compared to conventional
whole prostate gland salvage radiotherapy [73].
Several studies have reported that TRUS is unreliable for
the detection of cancer recurrence after EBRT, showing Se
49% and Spe 57%, which is not superior to digital rectal
examination (Se 73%, Spe 66%) [74, 75]. TRUS-guided sextant biopsy, commonly proposed as the reference standard for
detection of local recurrence, may require repeated biopsies
to reach a final diagnosis [32, 76]. In addition to falsenegative results due to sampling error, false-positive results
may also occur, because the presence of malignant cells in
biopsy specimens may represent biologically inactive tumour
remnants, especially in the first 1-2 years after RT [76].
Cho and acetate labeled PET/CT has shown promise
in the identification of regional and distant metastases but
cannot allow precise location of the intraprostatic post-RT
recurrent cancer due to its poor spatial resolution [77].
At present MRI is widely considered to be the state
of the art in detecting and localizing PCa recurrence in
patients with BP after definitive RT (Figure 4). After RT,
the entire prostate and the SVs show decreased size and
diffusely decreased SI on T2WI, and the peripheral, central,
and transition zones appear less distinct from each other [78].
PCas also show changes, which may include decreased size,
reduced capsular bulging, capsular irregularity, or decreased
extracapsular extension. These changes are caused by RT
induced glandular atrophy and fibrosis. The effects of RT on
the T2WI appearance of adjacent anatomic structures include
increased bladder and/or rectal wall thickness, thickening of
the perirectal fascia, and increased SI of the pelvic sidewall
musculature [79]. In addition, there may be increased SI
in the bone marrow on T1W images due to post-RT fatty
replacement [79]. T2WI alone is of a limited diagnostic
accuracy because the recurrent tumor and the normal surrounding parenchyma both appear hypointense [13]. It has
been hypothesized that cancer can be detected under such
circumstances if it produces an additional focal reduction
in SI [75] or if appears as a hyperintense region compared
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Figure 4: Multiparametric-MR images obtained in a 69-year-old patient with TRUS-guided biopsy-proved PCa (Gleason score, 3 + 4) in the
right apex-midgland after 14 months after external beam radiation therapy. (a) Axial T2-weighted fast spin-echo image shows shrinkage of
the prostate gland which appears diffusely hypointense because of radiation induced atrophy and fibrosis. No suspicious foci are seen. (b)
Axial gradient-echo T1-weighted subtracted image showing a remarkable nodular enhancement at the right apex-midgland (white arrow).
(c) Axial native DWI image at 𝑏 value = 3,000 s/mm2 showing a focus with marked restricted diffusion (white arrow). (d) Axial ADC map
reconstructed from images obtained at 𝑏 values of 0, 500, 1,000, and 3,000 s/mm2 shows a dark area corresponding to the hypervascular
nodule (white arrow). All these findings are consistent with local recurrent PCa.

to surrounding prostate tissue [80]. Moreover, a focal T2
hypointense region may represent the treated nonviable
tumor and not necessarily cancer recurrence [19]. Sala and
colleagues’ data [12] did not support the observation that
T2WI is of a limited use in detecting local recurrence after
RT. In their study using whole-mount section radiologicpathologic correlation, they found that the accuracies of
T2WI as estimated with 𝐴 𝑧 , Se, and Spe were similar to
those obtained in studies [81–83] of untreated patients, in
which Ses ranged from 67% to 88%. Westphalen et al. [13],
resting upon the observation of recovery of the usual zonal
anatomy and normal metabolism at MRSI after RT and/or
ADT, investigated if the accuracy of T2WI was influenced
by the time interval between RT and MRI. In their study
two radiologists analyzed independently 25 patients within
3 years of EBRT and 34 more in the 3 years after therapy,
using TRUS-guided biopsy as standard of reference. Logistic
regression failed to demonstrate a statistically significant
difference in the ability of T2WI to detect cancer based on
whether patients were imaged before or after 3 years (reader 1,
𝑃 = 0.86; reader 2, 𝑃 = 0.44), thus concluding that T2WI has

low accuracy in the detection of PCa after EBRT, irrespective
of the time since therapy.
DCEI, DWI, and MRSI increase the accuracy of MRI in
detecting post-RT local recurrent PCa.
6.2. Multiparametric-MRI Evidence after Radiation Therapy.
A considerable number of studies have explored the potential
of functional techniques to improve the MRI assessment of
local recurrent PCa after definitive RT (Table 2). Although
the results have been promising, the main limitation of
these studies is the imperfect standard of reference used.
Indeed most authors used core biopsy results as the standard
of reference rather than histologic step-section analysis of
salvage prostatectomy specimens. The limitations of biopsy
in PCa detection for both newly diagnosed and treated PCa
have been extensively discussed and documented in the
literature [76, 84]. Indeed TRUS-guided biopsy, even with an
extended or saturation method, is subject to sampling error.
Therefore although mp-MRI results are very promising for
planning local salvage therapies targeted to positive regions,
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Prospective
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Authors
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9
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35

20
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Cases

2.6 ng/dL

3.7 ng/dL

2.3 ng/dL

2.1 ng/dL

6.36 ng/dL

3.57 ng/dL

Mean PSA

TRUS biopsy

Whole-mount
RP section

TRUS biopsy
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TRUS biopsy

TRUS biopsy

TRUS biopsy
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Whole-mount
RP section

Reference
standard

Se 70–74%
Sp 73–85%
PPV 68–78%
NPV 78-79%
Acc 73–79%
Se 72%
Sp 85%
PPV 46%
NPV 95%
Acc 83%
Se 93.3%
Sp 100%
PPV 100%
NPV 83.3%
Acc 95%

Se 36–76%
Spe 65–81%
𝐴 𝑧 0.61–0.75
Se 62–74%
Sp 64–68%
PPV 70–80%
NPV 50–70%
Acc 63–71%
Se 26–44%
Sp 64–86%
PPV 47–63%
NPV 61–69%
Acc 54–60%
Se 38%
Sp 80%
PPV 24%
NPV 88%
Acc 74%
Se 86.7%
Sp 100%
PPV 100%
NPV 71%
Acc 90%

𝐴 𝑧 0.67

Se 68%
Sp 96%

𝐴 𝑧 0.49–0.51

DCE

T2WI

Se 88.9%
Sp 92%
PPV 91.7%
Acc 91.4%
Se 89%
Sp 82%
PPV 64%
NPV 96%
𝐴 𝑧 0.81
Se 77%
Sp 78%
T2WI + MRS:
𝐴 𝑧 0.79

MRSI

Table 2: Characteristics of the different reviewed studies on mp-MRI for the diagnosis of local recurrence after RT.
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Wu et al. [9]
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Mean PSA

TRUS biopsy
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Table 2: Continued.

Se 50%
Sp 98%
PPV 85%
NPV 90%
Acc 90%

Se 27%
Sp 99%
PPV 86%
NPV 87%
Acc 87%

Se 27%
Sp 80%
PPV 32%
NPV 76%
Acc 67%
𝐴 𝑧 0.594

𝐴 𝑧 0.616

Se 49%
Sp 92%
PPV 67%
NPV 84%
Acc 81%
𝐴 𝑧 0.737

Se 90%
Spe 81%

Se 74%
Spe 65%

Se 25%
Sp 92%
PPV 57%
NPV 74%
𝐴 𝑧 0.612

DCE

T2WI

𝐴 𝑧 0.830

MRSI

Se 49%
Sp 93%
PPV 72%
NPV 84%
Acc 82%
𝐴 𝑧 0.782

𝐴 𝑧 0.755

Se 93.8%
Sp 75%
PPV 8.2%
NPV 85.7%
Se 69%
Sp 91%
PPV 37%
NPV 97%
Acc 89%

Se 68%
Sp 95%
PPV 75%
NPV 94%
Acc 91%

DWI

T2WI + DCE +
DWI:
𝐴 𝑧 0.86–0.93
T2WI + MRS +
DWI:
𝐴 𝑧 0.869
MRS + DWI:
𝐴 𝑧 0.863
T2WI + MRS:
𝐴 𝑧 0.841
T2WI + DWI:
𝐴 𝑧 0.774
DCE + DWI:
Se 59%
Sp 91%
PPV 69%
NPV 87%
Acc 83%
𝐴 𝑧 0.863

Combined
techniques
MRSI + DCE:
Se 90%
Spe 90%
T2WI + DCE +
DWI:
Se 77%
Sp 92%
PPV 68%
NPV 95%
Acc 90%
T2WI + DWI:
Se 62%
Sp 97%
PPV 91%
NPV 81%
𝐴 𝑧 0.879
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3.0-T

Roy et al. [11]

32

53

24

Cases

3.6 ng/dL

1.63 ng/dL

Mean PSA

TRUS biopsy

TRUS biopsy

TRUS biopsy

Reference
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Se 74%

Se 54–66%
Sp 39–61%
PPV 63–77%
NPV 30–48%
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Se 74%

MRSI
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𝐴 𝑧 0.86–0.95
T2WI + DCE:
Se 60–63%
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NPV 44–53%
𝐴 𝑧 0.601–0.830
T2WI + DWI:
Se 54–83%
Sp 89–94%
PPV 93–95%
NPV 52–73%
𝐴 𝑧 0.812–0.863
T2WI + DCE +
DWI:
Se 49–71%
Sp 94%
PPV 94–96%
NPV 49–63%
𝐴 𝑧 0.722–0.879
T2WI + DCE:
Se 91%
T2WI + DWI +
DCE:
Se 100%
T2WI + DWI +
DCE + MRS:
Se 76%
T2WI + DWI:
Se 94%
T2WI + MRS:
44%

PAC: phased-array coil; ERC: endorectal coil; Se: sensitivity; Spe: specificity; PPV: positive predictive value; NPV: negative predictive value; Acc: accuracy; 𝐴 𝑧 : area under the receiver operating curve.
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further whole-mount radiologic-pathologic correlation studies would be required to definitively validate the role of
mp-MRI in detecting and localizing local PCa recurrence.
However, it is quite challenging to perform this correlation
because salvage RP is seldom performed, given the high rate
of complications and the patient population, which tends to
be composed by elderly with multiple comorbidities.
The first studies compared DCEI and T2WI. Identifying
a recurrent disease using DCEI is easier, paradoxically, than
the initial detection of cancer: this is due to the very different
patterns between recurrence and postradiation fibrosis [35].
After RT, recurrent tissue can be recognized as hypervascular
early enhancing homogeneous nodule, whereas in the surrounding prostatic tissue the enhancement is homogeneous,
slow, and low [85]. Hence, DCEI is more reliable than T2WI
for the detection of recurrent PCa. However, this functional
technique is not standardized yet. Various temporal resolutions have been used (5–95 s) and the best compromise
between spatial and temporal resolution remains to be found.
A serious drawback of DCEI is that its Spe in depicting the
recurrence in the central gland is almost always reduced.
Areas showing increased perfusion in the prostate central
gland, representing angiogenesis in benign prostatic hypertrophy, can result indeed in a confusing visualization of
recurrent tumours [73]. DCEI is also a useful tool to monitor
response to therapy because PCa may undergo a decrease in
tumor vascular permeability that can be assessed both with a
qualitative and quantitative approach [86, 87]. DCEI should
be performed at least 3 months after RT because an increase in
perfusion and blood volume due to an inflammatory reaction
of the tissue to radiotherapy can be found immediately after
treatment.
Rouvière and colleagues [14] compared conventional
MRI and DCEI in 22 patients, using biopsy results as the
reference standard (PSA level range: 1.01 to 21 ng/mL). They
achieved higher Ses with DCEI than they achieved with conventional T2WI (0.70–0.74 versus 0.26–0.44), while the Spes
they achieved with the two techniques were similar (0.73–
0.85 versus 0.64–0.86). Nevertheless, while the differences
between DCEI and T2WI with respect to Se were statistically
significant, the differences with respect to Spe were not. In
addition the interobserver agreement was greater for DCEI
(𝑘 = 0.63–0.70) than for the T2WI (𝑘 = 0.18–0.39).
Haider et al. [15] confirmed that DCEI performs better
than T2WI in the detection and localization of PCa in the
peripheral zone after EBRT. They enrolled 33 patients with BF
after EBRT (PSA range: 0.1–11.7 ng/mL). Systematic TRUSguided biopsy was used as the reference standard for the
presence or absence of tumor. DCEI had significantly better
Se (72% versus 38%), Spe (85% versus 80%), PPV (46% versus
24%), NPV (95% versus 88%), and accuracy (83% versus 74%)
than T2WI.
Kara et al. [16] examined 20 patients with biopsy proven
local recurrence after EBRT and found that the accuracy of
the DCEI in the detection of recurrence was significantly
higher compared to that obtained using T2WI. In the
detection of tumor recurrence TRUS imaging had Se 53.3%,
Spe 60%, PPV 80%, NPV 30%, and accuracy of 55%; T2WI
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displayed Se 86%, Spe 100%, PPV 100%, NPV 71%, and
accuracy of 90%; DCEI showed Se 93%, Spe 100%, PPV 100%,
NPV 83.3%, and accuracy of 95%.
It is of note that, in the aforementioned studies, very simple visual criteria were used for DCEI with quite low temporal
resolutions (30–96 s). This suggests that the detection of local
recurrences using DCEI is easy and can be done on standard
MR scanners without dedicated software.
Yakar et al. [80] evaluated the feasibility of MR-guided
biopsy in the diagnosis of recurrent PCa after EBRT. They
enrolled 24 patients with BR. T2WI and DCEI were used
to localize tumour suspicious regions (TSRs) for biopsy.
Of the 38 different TSRs identified on MR images, 26
contained histologically proven recurrence (68%), 8 revealed
radiotherapy induced atypia (21%), 1 contained residual
indeterminate PCa with severe radiation changes (3%), and
the remaining 3 contained fibrosis (8%). These results showed
that local recurrence after EBRT could be localized with the
combination of MR-guided biopsy and diagnostic MRI in a
substantial proportion of patients (PPV 68% and 75% on a
per TSR and a per patient basis, resp.). The authors concluded
that with a median intervention time of 31 minutes, and no
procedure-related complications, MR-guided biopsy can be
considered a feasible method in localizing and diagnosing
local PCa recurrence using a low number of cores compared
to TRUS-guided biopsy in a clinically acceptable time (3
biopsy cores versus 6–22 cores).
Other studies investigated the role of MRSI in evaluating
the response to ADT or RT and in detecting local recurrence
and yielded promising results. Voxels with spectra containing
no significant metabolite peaks, specifically spectra having
peak area-to-noise ratio <5 : 1 for Cho, polyamines, Cr, and
Cit, are considered free of metabolites and represent the socalled metabolic atrophy which is highly indicative of a successful and effective treatment. The use of an ERC is essential
for spectroscopic imaging even at high field strength, because
it increases SNR by a factor of 10, which results in higher
spatial and spectral resolution [88]. It is known that Cit and
polyamine spectral peaks decrease rapidly and progressively
over time after EBRT or ADT, at a faster rate than Cho
and Cr levels [89], because Cit is a biomarker of healthy
cells which go first into apoptosis than cancerous cells. Thus,
measuring the levels of Cit in these patients is of limited use
for the identification of cancer recurrence. Moreover it has
been shown that in biopsy specimens obtained after EBRT
and studied with high-resolution MRSI, Cit was undetectable
in almost all benign and malignant biopsy specimens [17].
The reparative proliferation of prostatic parenchyma after
radiation-induced cellular damage seems to promote the
conversion of the energy metabolism in the prostate from
Cit-producing to Cit-oxidizing, resulting in suppressed Cit
metabolism and secretion, and to increase the demand for
Cho involved in the phospholipid cell membrane synthesis
and degradation. As a result, Cit tends to decrease and Cho
tends to increase, either in benign as in malignant areas,
thus causing false positive findings [19]. Therefore, the CC/C
ratio, which is used in the characterization of cancer in
nontreated patients, could be of limited use after RT. In this
context, the normal metabolic background is lacking, and it
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remains unclear what metabolic criteria should be used to
differentiate benign from malignant areas in an irradiated
prostate gland. Some authors define persistent or recurrent
disease as Cho-to-Cr ratio >1.5 : 1 if Cr is detectable, and Cho
peak area-to-noise ratio >5 : 1 if Cr is undetectable, whereas
others use the standard CC/C ratio to discriminate between
benign prostatic tissue from persistent/recurrent disease. For
instance Panebianco et al. [90] in a recent study showed that
MRSI followup, using CC/C ratio, shows a greater potential
compared to PSA in monitoring patients after EBRT because
MRSI can demonstrate PCa recurrence or residual disease
before the BR occurs, leading to the possibility to deliver
salvage local therapy, and thus the chance for cure as early
as possible.
Menard et al. [17], in an ex vivo study, showed that,
although the spectral features of prostate tissue markedly
change after radiotherapy, MRSI can accurately identify
histologically malignant biopsies. They enrolled 35 patients
who underwent EBRT and a TRUS-guided biopsy. One
hundred sixteen tissue specimens were subjected to 1 HMRSI and histopathologic analysis. The Se and Spe of MRSI
in identifying a malignant biopsy were 88.9% and 92%,
respectively, with an overall classification accuracy of 91.4%.
Coakley et al. [18] demonstrated that MRSI is substantially more accurate than conventional T2WI in the detection
of post-RT local recurrence. They enrolled 21 patients with BF
(serum PSA level range: 0.4–4.8 ng/mL). Sextant biopsy was
used as the standard of reference. The 𝐴 𝑧 for the detection
of locally recurrent cancer with T2WI was 0.49 for reader
1 and 0.51 for reader 2, indicating only slight interobserver
agreement (weighted 𝐾 = 0.20). The 𝐴 𝑧 for the detection
of locally recurrent cancer with MRSI was 0.81, significantly
greater than the 𝐴 𝑧 at T2WI (𝑃 < 005). The finding of 3
or more suspicious voxels in a hemiprostate had a Se and
Spe of 89% and 82%, respectively, for the diagnosis of locally
recurrent PCa. A weakness of this study is that MR spectral
analysis was confined to peripheral-zone voxels only, thus
potentially missing transitional zone recurrences.
Pucar et al. [19] assessed the role of T2WI, MRSI,
digital rectal examination, and sextant biopsy in detecting
local recurrence after EBRT, using whole-mount section
pathologic findings from salvage RP as the standard of
reference. They enrolled 9 patients with increasing PSA
levels after EBRT who underwent a salvage RP. On the
basis of published data in untreated and hormone-treated
gland [91] voxels were considered suspicious tumor in the
peripheral zone if they had a CC/C ratio of 0.5 or more.
T2WI and MRSI showed Se of 68% and 77%, respectively,
in detecting local recurrence, while Se of biopsy and digital
rectal examination were 45% and 16%, respectively. MRSI
appeared to be less specific (78%) than the other 3 tests, each
of which had a Spe higher than 90% (T2WI 96%; sextant
biopsy 95%; DRE 96%). MRSI had higher Se (77%) but lower
Spe (78%) than other diagnostic tests. MRSI analysis showed
that metabolically altered benign gland could be identified
falsely as cancer using the criteria adopted in this study.
This could be the reason for the apparently lower Spe of
MRSI in comparison to the other diagnostic texts. Anyway,
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despite the low Spe of MRSI and the small sample size, on
the basis of these data, concordant suspicious T2W images
and MRSI findings (a nodular region of reduced SI at T2WI
displaying abnormal metabolism) strongly suggest local PCa
recurrence.
Coakley’s and Pucar’s studies were based on a small
patient cohort and did not assess the diagnostic performance
of combined T2WI and MRSI in detecting local recurrence
after definitive EBRT. Westphalen [20] and colleagues confirmed that the addition of MRSI to T2WI significantly
improves the diagnostic accuracy. They retrospectively analysed 64 men who underwent MRI exam and TRUS-guided
biopsy for suspected local PCa recurrence after definitive
EBRT (PSA level range: 0.7–23.3 ng/mL). They found a
significant difference (𝑃 = 0.001) between 𝐴 𝑧 values for
T2WI alone (0.67) and those for the integrated approach
involving both T2WI and MRSI (0.79).
Wu et al. in a meta-analysis carried out to assess the
effectiveness of T2WI, DCEI, and MRSI in detecting local
recurrent PCa after EBRT found that DCEI, compared with
T2WI, showed higher pooled Se (90%) and Spe (81%). DCEI
combined with MRSI had the highest pooled Se and Spe
(90%) [9]. Furthermore, a comparison of pre-EBRT and postEBRT MRI has shown that most recurrent cancers occurred
at the site of primary tumours [92].
Other studies evaluated the usefulness of DWI post-RT.
After radiotherapy, changes in ADC values occur, this parameter being inversely correlated with changes in cellularity.
An increase in ADC values reflects increased water mobility
through cell lysis and consequent loss of membrane integrity
or an increase in the proportion of total extracellular fluid
due to a decrease in cell size or number, whereas a decrease
in ADC values reflects decreased free extracellular water
movement due to an increase of total cellular size or number
[93]. The significant difference in ADC values between the
tumors and benign tissues before radiotherapy disappears
after treatment. One possible explanation is that, after radiotherapy, benign tissues might show histological changes such
as acinar distortion, atrophy, stromal fibrosis with granulation tissue formation, and inflammatory swelling of prostate
cells, which might result in a decrease in ADC values, whereas
the tumour shows an increase of ADC values. The SNR of
DWI at 1.5-T is low not only because of T2 shortening in
tissues after radiation fibrosis but also because phased-array
coil examinations (common in routine practice) due to their
inherently low signal return, have insufficient SNR to robustly
quantify ADC from DWI sequences. The use of an ERC
improves SNR and allows ADC quantification [23]. The use
of 3-T could have in this setting several advantages compared
with the standard magnetic field of 1.5-T. Theoretically, the
SNR increased twofold on moving from 1.5 to 3 T, and
an increased SNR can be translated into improvements in
spatial, temporal, and spectral resolution. A limited SNR at
1.5-T may impair MR Se for subtle changes in ADC values of
the prostate. The increase in SNR from 3-T imaging enables
consequently an increase in the SNR of the ADC maps, so a
possible increase in the accuracy of MRI for PCa localization
and of the measurements of ADC values may be expected.

BioMed Research International
Therefore, the potential measurement error for tumor ADC
values at 3-T might be lower than that at 1.5-T. Several
clinical studies have reported DWI as a useful noninvasive
technique which provides qualitative (by visual assessment)
and quantitative information (by means of ADC values) for
measuring therapeutic response in patients with PCa during
and after radiotherapy [94, 95]. Song et al. [96] showed that
DWI at 3-T could be considered as a feasible and reproducible
imaging biomarker to evaluate the early therapeutic changes
of PCa, even 1 week after initiating radiotherapy. Indeed
their results demonstrate that after an effective RT, the mean
ADC values of PCa are increased significantly relative to
pretherapy, and DWI revealed early ADC changes in the
tumors 1 week after initiating radiotherapy. On the other
hand, because a decrease in ADC values after RT can occur
both in local recurrence and in stromal fibrosis, DWI could
be regarded as an unreliable technique in detecting residual
tumour or recurrence. Despite this assumption, the degree of
diffusion restriction after radiotherapy in prostate tissue was
not as great as expected from other tissue types [97], making
this technique useful for detecting locally recurrent PCa in
clinical practice. Local PCa recurrence appears as an area of
high SI on DWI native images and of low SI on ADC maps
relative to the surrounding healthy prostate tissue. Many
false positive can occur. Similar findings may be observed
in various benign conditions of the prostate, including hemorrhage, hyperplasia, adenoma, and chronic inflammation.
Post-biopsy hemorrhage has been also reported to reduce
ADC values [98]. At present there is no consensus regarding
the optimal 𝑏 value for the detection of PCa. Higher 𝑏
values offer better contrast between malignant neoplasms and
benign tissues [99] and can increase the Se of diffusion by
diminishing the hyperintensity of the tissues with long T2
relaxation times (i.e., T2 shine-through); however, high 𝑏
values lower the SNR [100] and can decrease the absolute
differences in SI between cancerous and normal tissues.
Tamada et al. [21] showed that combined T2WI, DWI,
and DCEI provide a sensitive method to detect local recurrence after high-dose-rate (HDR) brachytherapy (BT). They
included in the study 16 men with BF (PSA range: 2.93–
26.59 ng/mL). 12-core-specimen TRUS-guided biopsy was
used as the standard of reference. For predicting recurrent
cancer, T2WI showed Se 27%, Spe 99%, PPV 86%, NPV 87%,
and accuracy of 87%; DWI had Se 68%, Spe 95%, PPV 75%,
NPV 94%, and accuracy of 91%; DCEI displayed Se 50%, Spe
98%, PPV 85%, NPV 90%, and accuracy of 90%, whereas the
combination of all the 3 techniques showed Se 77%, Spe 92%,
PPV 68%, NPV 95%, and accuracy of 90%.
Kim et al. [22] in a preliminary experience found that for
predicting locally recurrent PCa after RT, the use of combined
T2WI and DWI showed a better diagnostic performance
compared to T2WI alone. They analyzed 36 consecutive
patients with an increased PSA level after RT (PSA level
range: 0.14–24.3 ng/mL) who underwent a 3-T MRI examination followed by sextant TRUS-guided biopsy. For predicting
recurrent cancer, combined T2WI and DWI showed Se 62%,
Spe 97%, PPV 91%, and NPV 81%, whereas T2WI alone
displayed Se 25%, Spe 92%, PPV 57%, and NPV 74%. A
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significantly greater 𝐴 𝑧 was found for combined T2WI and
DWI (𝐴 𝑧 = 0.879) as compared to T2WI alone (𝐴 𝑧 = 0.612).
Morgan and colleagues [23] found that ADC has a
high Se and good Spe for detecting local tumor recurrence after EBRT larger than 0.4 cm2 . They enrolled 24
patients with rising PSA levels after 30–130 months EBRT.
TRUS-guided biopsy was used as reference standard. The
Se, Spe, PPV, and NPV of DWI for detecting recurrent
tumor were 93.8%, 75%, 88.2%, and 85.7%, respectively. ROC
analysis indicated that a cutoff ADC of 1216 × 10−6 mm2 /s
would differentiate tumor from nontumor irradiated peripheral zone and central gland with 100% Se and 96% Spe
(𝐴 𝑧 , 0.992).
Hara et al. [24] in order to evaluate DWI for the diagnosis
and localization of recurrent PCa after definitive EBRT
retrospectively analyzed 10 patients with BF (PSA range:
2.06–7.36 ng/mL) using histological findings from 22-core 3dimensional prostate mapping biopsy as a standard reference.
On a patient-by-patient basis, Se and Spe were both 100%. On
a region-by-region basis, they found a Se, Spe, PPV, NPV, and
accuracy of 69%, 91%, 37%, 97%, and 89%, respectively.
The results of the aforementioned studies support that
DWI may be considered as a useful functional technique to
detect and localize PCa recurrence in patients with BF after
EBRT and determine a target area for focal salvage therapy.
DWI would also serve as a guide for targeted biopsy in order
to improve the Se of TRUS-guided biopsy. On the other
hand, DWI could be less useful in detecting local recurrences
after 125 I permanent prostate seed implants because seed
implants in the prostate may cause artifacts, thus limiting the
diagnostic accuracy of DWI.
Other studies compared DWI with the other functional
techniques. Arumainayagam et al. [25] assessed the role of
mp-MRI in evaluating post-RT local PCa recurrence, using
transperineal template-guided 5 mm-spaced biopsies as a reference standard. They evaluated 13 men with BF after EBRT.
The MR scan protocol included T1 and T2W sequences and
DCE and DWI. They assessed the accuracy of mp-MRI without determining the relative contribution of each functional
technique. Overall accuracy for reader 1 and 2, as expressed
by the 𝐴 𝑧 , was 0.77 and 0.89 for all cancer, with accuracies
of 0.86 and 0.93 for those cancers with ≥3 mm biopsy core
length.
Westphalen et al. [26] found that the incorporation of
MRSI and/or DWI into T2WI significantly improves the
assessment of patients with suspected recurrence after EBRT
and a combined approach with all 3 modalities may have the
best diagnostic performance. They reviewed 26 patients with
BF. TRUS-guided biopsy was the standard of reference. The
highest 𝐴 𝑧 in the detection of recurrence was found for the
combination of T2WI plus DWI plus MRSI (0.869) followed
by, in decreasing order, DWI plus MRSI (0.863), T2WI plus
MRSI (0.841), T2WI plus DWI (0.774), MRSI alone (0.830),
DWI alone (0.755), and T2WI alone (0.616). Even though
MRSI appears to achieve good results by itself (the 𝐴 𝑧 s for
the combination of any two or all three MR techniques were
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not larger than that of MRSI alone), the combination of 3
modalities led to better results.
Kim and colleagues [27] showed that the use of combined
DCEI and DWI may be more useful than the use of either
DCEI or DWI alone for the prediction of locally recurrent
cancer after definitive EBRT. They enrolled 24 patients
with BF who underwent a 3-T MRI examination followed
by TRUS-guided biopsy (PSA range: 0.14–11.2 ng/mL). In
predicting locally recurrent cancer the Se and Spe were
significantly higher for DWI (49% and 93%), DCEI (49% and
92%), and combined DCEI and DWI (59% and 91%) than for
T2WI (27% and 80%). The accuracy of DWI (82%), DCEI
(81%), and combined DCEI and DWI (83%) was greater than
that of T2WI (67%). Moreover a significantly greater 𝐴 𝑧 was
determined for combined DCEI and DWI (𝐴 𝑧 = 0.863), as
compared with T2WI, DCEI, and DWI alone (0.594, 0.737,
and 0.782, resp.).
Akin et al. [28] found that in detecting local recurrence
after RT, T2WI with DWI and DCEI yielded significantly
higher diagnostic accuracy than T2WI alone. They enrolled
24 patients with BR after EBRT or permanent interstitial implantation (PSA level range: 0.43–6.3 ng/mL). TRUSguided biopsy (12–16 cores) was used to validate MRI results.
They found that when DWI and DCE images were added
to T2WI, the accuracy in the detection of local recurrence
at the patient and prostate-side levels increased significantly
for both an experienced reader and an inexperienced reader.
At the patient level, the 𝐴 𝑧 for reader 1 increased from
0.64 with T2WI alone to 0.95 with mp-MRI, and the 𝐴 𝑧
for reader 2 increased from 0.53 with T2WI alone to 0.86
with mp-MRI. At the prostate-side level, the 𝐴 𝑧 for reader
1 increased from 0.73 with T2WI alone to 0.90 with mp-MRI,
and the 𝐴 𝑧 for reader 2 increased from 0.66 with T2WI alone
to 0.79 with mp-MRI. In addition, interreader agreement
was higher for the interpretation of mp-MRI than for the
interpretation of T2WI alone, with the weighted 𝐾 statistic
increasing from 0.38 to 0.79 at the patient level and 0.32 to
0.61 at the prostate-side level. The limitations of this study
include its retrospective design, small sample size, and TRUSguided biopsy used as the reference standard.
In a recent study Donati and coworkers [29] analyzed a
patient population of 53 men with BR after EBRT. TRUSguided biopsy was used as the standard of reference. They
showed that in detecting recurrent tumour combined T2WI
and DWI provide significantly better diagnostic accuracy (𝐴 𝑧
of 0.79–0.86 for reader 1 and 0.75–0.81 for reader 2) than
of T2WI alone (𝐴 𝑧 of 0.63–0.67 for reader 1 and 0.46–0.49
for reader 2) and that the addition of DCEI to T2WI and
DWI did not improve diagnostic accuracy in the detection
of locally recurrent PCa after RT. Moreover T2WI with DWI
also yielded higher interreader agreement than any other
combination tested (𝑘 = 0.17–0.20 for T2WI alone, 𝑘 = 0.55–
0.63 for T2W and DWI, 𝑘 = 0.32–0.34 for T2W and DCE,
and 𝑘 = 0.49–0.58 for T2WI, DWI, and DCEI). Therefore
according to these data, in the detection of locally recurrent
PCa in patients who underwent RT, the combination of
T2WI with DWI appears to be the optimal approach, as the
further addition of DCE sequences to this combination did

BioMed Research International
not yield any incremental value, thus eliminating the risks
and costs associated with the intravenous administration
of gadolinium-based contrast agents. However, this study
has several limitations such as (1) the retrospective analysis
of patients who presented over more than 3 years; thus
variations in imaging protocols (different 𝑏 values for DWI
or temporal resolution for DCEI) may have affected imaging
results, (2) the use of TRUS-guided biopsy and not stepsection pathologic analysis of prostatectomy specimens as
the reference standard, and (3) MRSI was not included
in mp-MRI protocol. Moreover, Donati et al. attempted to
assess the correlation between quantitative mp-MRI-derived
parameters (ADC from DWI, 𝐾trans and 𝑘ep from DCEI)
and the Gleason score. Although the Gleason score has been
shown to correlate with quantitative mp-MRI parameters
in the untreated prostate [101–103], they did not find a
significant association between the Gleason score and these
parameters in irradiated prostates. The authors hypothesized
that the lack of association between mp-MRI parameters and
aggressiveness may partly be due to the reference standard
used or the small sample size.
Roy et al. [11] in a recent study evaluated the Se in the
detection of post-RT local PCa recurrence of the 3 types of
functional MRI techniques, with TRUS-guided biopsy as the
standard of reference. They enrolled 32 patients with BR after
EBRT (PSA serum level range: 2.2–4.8 ng/mL). The Se was
highest for T2WI plus DWI plus DCEI plus MRSI (100%)
followed by, in decreasing order, T2WI plus DWI, DCEI
alone and DWI alone (94%), T2WI plus DCEI (91%), T2WI
plus DWI plus DCEI plus MRSI (76%), T2WI and MRSI
alone (74%), and lastly T2WI plus MRSI (44%).

7. Final Considerations
According to Beresford et al. [104], whenever BF is observed
after RP, the current practice is to treat patients with salvage
therapy once metastatic disease has been excluded, without
the need for imaging or histological evidence of local recurrence, accepting that current techniques may not be sensitive
enough to detect small volume local disease at low PSA values
and slow PSA kinetics. Against this assumption, an increasing
number of studies have demonstrated that mp-MRI is a very
useful tool in confirming the diagnosis of local PCa recurrence after RP. It is indicated to diagnose small local cancer
recurrence in a range of PSA serum values between 0.2 and
1 ng/mL when PET/CT is not eligible. Moreover Mp-MRI,
thanks to functional techniques, allows the differentiation
between residual glandular healthy tissue, scar/fibrotic tissue,
granulation tissue, and tumour recurrence and it may also be
able to assess the aggressiveness of nodule recurrence. Moreover, the recent development of hybrid PET/MRI scanners
could improve the diagnostic accuracy in depicting local PCa
relapses in post-prostatectomy fossa. Mp-MRI findings could
be used to boost the dose of salvage RT to the recurrent PCa
nodule and potentially improve the control of local disease,
thus avoiding an eventual locoregional relapses.
In current clinical practice, when a local PCa recurrence
after definitive RT is diagnosed, the most popular treatment
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strategy is still some form of whole-gland salvage therapy
because the exact location of the recurrent tumor within
the prostate is generally unknown. At present, mp-MRI is
widely considered to be the state of the art in detecting
and localizing, in a timely manner, PCa recurrence in
patients with BP after definitive RT. The precise detection
and localization of local tumor recurrence are of utmost
importance for several purposes: (1) for guiding targeted
TRUS-guided biopsy of suspicious areas, thus reducing the
false-negative rate associated with systematic biopsies, (2) to
perform MR-guided biopsy leading to a higher detection rate
of recurrent PCa with a minimum number of biopsy cores
compared to TRUS-guided systemic biopsies and, consequently, leading to higher patient satisfaction, (3) appropriate
treatment selection and planning, (4) to guide surgery, and
(5) to improve the targeting of salvage RT (external beam or
interstitial) or minimally invasive ablative techniques in order
to perform focal salvage therapies effectively with minimal
complications. Another advantage of mp-MRI is its potential
to change patient management. For instance, in patients with
BR after RT, who are considered for salvage prostatectomy,
MRI findings of SV invasion or extraprostatic extension will
alter patient management.
To minimize time for mp-MRI data acquisition, we
hypothesize that a combination of T2WI and DWI could
be sufficient to detect local recurrence. This observation
derives from the evidence that DWI and DCEI are similar
in terms of Se and accuracy for recurrent PCa detection
and localisation both after RP and EBRT [10, 29]. Therefore,
since DWI requires a short imaging time, without the need
for intravenous contrast medium and has relatively simple
post-processing requirements, it could be assumed to be a
valid alternative to DCE. However, DCEI can be helpful in
patients with seed placement after BT, as DWI is prone to
susceptibility artifacts and distortion in these cases. As far as
MRSI is concerned, even if it has shown acceptable accuracy
and diagnostic performance, its disadvantages are a longer
acquisition time and the need for additional software, which
leads to increased costs and decreased throughput. Moreover,
MRSI is technically challenging after BT, because the numerous implanted metallic seeds affect the local magnetic field
homogeneity, yield susceptibility artifacts, and decrease the
SNR, thus impairing the quality of the spectra. Because of
these drawbacks, we can postulate that, in the daily work flow,
this sequence is not necessary and must not be included in the
routine protocol.
In conclusion, mp-MRI could be currently considered
as the most reliable imaging biomarker to detect local PCa
recurrence in patients with BF after RP or definitive RT;
the major advantage could be achieved in presence of low
rising PSA level, in order to perform an early and relevant
treatment.
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[88] J. J. Fütterer, T. W. J. Scheenen, H. J. Huisman et al., “Initial
experience of 3 tesla endorectal coil magnetic resonance imaging and 1H-spectroscopic imaging of the prostate,” Investigative
Radiology, vol. 39, no. 11, pp. 671–680, 2004.
[89] A. L. Valentini, B. Gui, G. R. D’Agostino et al., “Locally advanced
prostate cancer: three-dimensional magnetic resonance spectroscopy to monitor prostate response to therapy,” International
Journal of Radiation Oncology, Biology, Physics, vol. 84, no. 3, pp.
719–724, 2012.
[90] V. Panebianco, F. Barchetti, D. Musio et al., “Metabolic atrophy
and 3T 1H-MR spectroscopy correlation after radiation therapy
for prostate cancer,” The British Journal of Urology International,
2014.
[91] U. G. Mueller-Lisse, D. B. Vigneron, H. Hricak et al., “Localized prostate cancer: effect of hormone deprivation therapy
measured by using combined three-dimensional 1H MR spectroscopy and MR imaging: clinicopathologic case-controlled
study,” Radiology, vol. 221, no. 2, pp. 380–390, 2001.
[92] D. Pucar, H. Hricak, A. Shukla-Dave et al., “Clinically significant prostate cancer local recurrence after radiation therapy
occurs at the site of primary tumor: magnetic resonance
imaging and step-section pathology evidence,” International
Journal of Radiation Oncology, Biology, Physics, vol. 69, no. 1, pp.
62–69, 2007.
[93] D. A. Hamstra, A. Rehemtulla, and B. D. Ross, “Diffusion magnetic resonance imaging: a biomarker for treatment response in
oncology,” Journal of Clinical Oncology, vol. 25, no. 26, pp. 4104–
4109, 2007.
[94] I. Song, C. K. Kim, B. K. Park, and W. Park, “Assessment of
response to radiotherapy for prostate cancer: value of diffusionweighted MRI at 3 T,” The American Journal of Roentgenology,
vol. 194, no. 6, pp. W477–W482, 2010.
[95] Y. Takayama, R. Kishimoto, S. Hanaoka et al., “ADC value and
diffusion tensor imaging of prostate cancer: changes in carbonion radiotherapy,” Journal of Magnetic Resonance Imaging, vol.
27, no. 6, pp. 1331–1335, 2008.
[96] I. Song, C. K. Kim, B. K. Park, and W. Park, “Assessment of
response to radiotherapy for prostate cancer: value of diffusionweighted MRI at 3 T,” The American Journal of Roentgenology,
vol. 194, no. 6, pp. W477–W482, 2010, Erratum in The American
Journal of Roentgenology, vol. 195, no. 2, p. 534, 2010.
[97] P. A. Hein, C. Kremser, W. Judmaier et al., “Diffusion-weighted
magnetic resonance imaging for monitoring diffusion changes
in rectal carcinoma during combined, preoperative chemoradiation: preliminary results of a prospective study,” European
Journal of Radiology, vol. 45, no. 3, pp. 214–222, 2003.
[98] A. B. Rosenkrantz, M. Kopec, X. Kong et al., “Prostate cancer versus post-biopsy hemorrhage: diagnosis with T2- and
diffusion-weighted imaging,” Journal of Magnetic Resonance
Imaging, vol. 31, no. 6, pp. 1387–1394, 2010.
[99] K. Katahira, T. Takahara, T. C. Kwee et al., “Ultra-high-bvalue diffusion-weighted MR imaging for the detection of
prostate cancer: evaluation in 201 cases with histopathological
correlation,” European Radiology, vol. 21, no. 1, pp. 188–196, 2011.
[100] K. Kitajima, Y. Kaji, K. Kuroda, and K. Sugimura, “High bvalue diffusion-weighted imaging in normal and malignant
peripheral zone tissue of the prostate: effect of signal-to-noise

BioMed Research International

[101]

[102]

[103]

[104]

ratio,” Magnetic Resonance in Medical Sciences, vol. 7, no. 2, pp.
93–99, 2008.
T. Kobus, P. C. Vos, T. Hambrock et al., “Prostate cancer
aggressiveness: in vivo assessment of MR spectroscopy and
diffusion-weighted imaging at 3 T,” Radiology, vol. 265, no. 2,
pp. 457–467, 2012.
A. Oto, C. Yang, A. Kayhan et al., “Diffusion-weighted and
dynamic contrast-enhanced MRI of prostate cancer: correlation
of quantitative MR parameters with gleason score and tumor
angiogenesis,” The American Journal of Roentgenology, vol. 197,
no. 6, pp. 1382–1390, 2011.
H. A. Vargas, O. Akin, T. Franiel et al., “Diffusion-weighted
endorectal MR imaging at 3 T for prostate cancer: tumor
detection and assessment of aggressiveness,” Radiology, vol. 259,
no. 3, pp. 775–784, 2011.
M. J. Beresford, D. Gillatt, R. J. Benson, and T. Ajithkumar,
“A systematic review of the role of imaging before salvage
radiotherapy for post-prostatectomy biochemical recurrence,”
Clinical Oncology, vol. 22, no. 1, pp. 46–55, 2010.

23

