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Abstract
Magnetic resonance (MR) examinations of men with prostate cancer are most commonly
performed for detecting, characterizing, and staging the extent of disease to best determine
diagnostic or treatment strategies, which range from biopsy guidance to active surveillance to
radical prostatectomy. Given both the exam's importance to individual treatment plans and the
time constraints present for its operation at most institutions, it is essential to perform the study
effectively and efficiently. This article reviews the most commonly employed modern techniques
for prostate cancer MR examinations, exploring the relevant signal characteristics from the
different methods discussed and relating them to intrinsic prostate tissue properties. Also, a review
of recent articles using these methods to enhance clinical interpretation and assess clinical
performance is provided.
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Introduction
Imaging of the prostate gland and associated diseases is traditionally performed by
ultrasound, initially with trans-abdominal transducers later superseded by transrectal
(TRUS) transducers. TRUS is the most common prostate imaging modality, and in the U.S.
its primary role is to provide image guidance for biopsies and brachytherapy. As such, it
provides excellent images of the gland, its boundaries, and the adjacent bladder, seminal
vesicles, and anterior rectal wall. It does not, however, provide consistent or reliable
information about prostate tissue or benign or malignant neoplasms and has a relatively
minor role in the detection or staging of prostate cancer. Computed Tomography (CT) is a
robust and commonly utilized modality for general pelvic imaging, but it too offers little
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prostate cancer-specific imaging information and has a limited role in staging, almost
exclusively for assessing for potential metastases in the lymph nodes, soft tissues (liver,
lung, etc.), or bones of men with high-risk prostate cancer. Recent work from Prasad et al.
indicates that both CT and nuclear medicine bone scans are over-utilized in men with low-
risk prostate cancer in the U.S. Medicare population (1).

Imaging of the prostate with magnetic resonance was first described in the mid-1980s with
early publications describing the sub-structure visualization and characterization using T2-
weighted imaging (T2WI) (2,3). Even with the low spatial resolution attained with the
medium-field magnets and body coil technology employed at the time, it was immediately
evident that MR could provide a unique and novel approach to imaging diseases of the
prostate. The endorectal coil, also introduced in the mid-to-late 1980s (4,5), added
significantly to the quality of prostate MRI by enhancing visualization of sub-glandular
structures. Early reports illustrated moderate accuracies for the visualization of the
neurovascular bundles (NVBs) and their invasion by prostate cancer (6). The advent of rapid
T2WI with fast-spin echo (FSE) techniques in the early 1990s (7) provided the basic tools
required for prostate cancer MRI staging examinations – fast T2WI with an endorectal coil
(8). However, over time the goals of clinical imaging have changed, and the entire imaging
community is shifting its emphasis towards combining anatomical/structural imaging with
functional and molecular imaging tools.

In the context of prostate cancer, the last decade has seen a major increase in interest in the
detection and characterization of focal prostate cancer (9) with exciting developments in
diffusion-weighted imaging (DWI) and magnetic resonance spectroscopic imaging (MRSI),
which show promise in allowing for better assessment of prostate cancer aggressiveness
through correlation with low, intermediate, and high Gleason scores (10,11). Dynamic
contrast-enhanced (DCE) imaging also holds much promise for better characterizing
prostate cancer. In addition, there are ongoing efforts to combine MR methods in
multiparametric formats to improve the performance characteristics of the detection and
localization of prostate cancer. This can, in turn, provide targeted lesions for either biopsy or
minimally-invasive surgical procedures. Other recent reviews of prostate MRI (12-14),
including a recent meta-analysis of its clinical utility (15), are available.

In this review, we provide an update of the technical components currently employed for
state-of-the-art prostate MR examinations, providing descriptions of how the imaging
information obtained relates to prostate histopathology. We also review recent studies which
expand clinical interpretation and assess clinical performance in multiparametric MRI.

Modern MRI Technical Specifications
MRI Scanner and Receiver Coils

Both 1.5- and 3-Tesla scanners are currently employed for prostate cancer diagnostic scans,
with the latter becoming increasingly more available and generally preferred due to a higher
signal-to-noise ratio (SNR), yielding advantages by offering better structural and functional
detail (16). Current receiver coil technology includes pelvic phased-array coils with or
without the addition of an endorectal coil. The endorectal coil adds approximately an order
of magnitude to the available SNR (8,17,18) and also allows for the use of small fields-of-
view (FOV) for some critical applications like DWI. Thus, the endorectal coil is highly
preferred, even though it adds discomfort, time, and cost to the MR exam. Though rigid
endorectal coils affixed to the gantry tables have been proposed and tested (19), the
endorectal coils most typically used clinically are inflatable. They are equipped with a
balloon filled with approximately 50 ml of air to fix the coil to the prostate and help
minimize motion artifact. Some advocate filling the balloon with a perfluorocarbon fluid
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(20,21) or barium sulfate mixtures (22) commonly used for CT contrast exams to better
match susceptibilities between the balloon and adjacent tissue. The matched susceptibility
can reduce the spatial distortions associated with echo planar imaging (EPI) sequences used
for DWI and also help minimize spectral linewidths and improve water suppression in
MRSI. However, these enhanced balloon inflation techniques are challenging to execute in
clinical practice and are not employed widely.

Some groups have recently found that utilizing 3T field strength provides sufficient image
quality for significant discrimination between healthy tissue and cancer without an
endorectal coil (23-29). However, the addition of an endorectal coil at 3T has also shown to
significantly increase performance as compared to using only external body coils in several
sequence parameters (18,30). The debate over whether higher field strength can eliminate
the need for an endorectal coil is ongoing, to be answered in future 3T studies evaluating the
performance of all sequence parameters, separately and in combination, with and without an
endorectal coil.

A number of different pulse sequences are currently used for diagnostic prostate cancer MR
exams. Table 1 specifies the exact parameters we currently use for localizer, T1-weighted
imaging (T1WI), T2WI, DWI, and DCE imaging. Others may use slightly different
parameters, so ranges for these parameters should be considered according to preference. A
consensus discussion by a European committee (31), complete with recommendations for
acquiring, interpreting, and reporting prostate MR examinations, provides good detail into
the range of sequences and sequence parameters commonly employed.

Localizer Imaging
A localizer using three orthogonal planes should be used to obtain rapid, distortion-free
images for a) ascertaining that the endorectal coil is in the correct position and b)
proscribing slices and volumes for the diagnostic scans. Figure 1 shows proper and improper
placement of the endorectal coil from a sagittal localizer acquired over a large FOV with a
three-plane localizer utilizing a single-shot fast-spin echo (SSFSE) sequence. When in the
proper position (Fig. 1b), the coil is flush with the prostate, resulting in the entire prostate
gland appearing with high signal intensity. Of note, various methods have been proposed to
correct for signal inhomogeneity in the prostate when imaged using an endorectal coil. Such
methods typically either rely on modified acquisition protocols (32,33) or employ
mathematical techniques to estimate the inhomogeneity of the field retrospectively (34,35).

T1-Weighted Imaging
Classic spin-echo sequences, few (3 to 6) echo fast-spin echo (FSE) sequences, or 2D
gradient echo sequences with large (> 50°) flip angles and TR periods (> 300 ms), are all
acceptable for T1WI, the last being our current approach (Table 1). T1WI contrast in the
healthy or diseased gland is generally quite small, with little subglandular structure
observed. However, T1WI provides good contrast for observing blood products occurring as
a consequence of biopsy sampling. The determination of the presence and location of
hemorrhage is the principal reason for acquiring T1W images. Regions of hemorrhage
appear as hyperintense regions on T1WI due to the shortening of T1 caused by the
paramagnetic, iron-rich, blood by-products (36). Thus, when hypointensities appear on T2W
images which are suggestive of cancer (see below), the T1W images must be consulted to
definitively rule out hemorrhage in these locations, as these areas of hemorrhage will also
appear as hypointensities on T2W images. As MR is used as a staging exam at many
institutions, hemorrhagic lesions from biopsies performed even several months prior to the
MR exam are common. Figure 2a depicts bright lesions (stars) within the gray, isointense
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background of typical T1WI of the gland that should not be mistaken for cancerous areas
after increasing suspicion on T2WI (Fig. 2b).

T2-Weighted Imaging
Fast-spin echo T2WI provides high SNR and high spatial resolution images with significant
T2 contrast that allows for the depiction of subglandular structures, including the peripheral
zone (PZ), central gland (CG), and any suspicious lesions. The imaging is performed using
anywhere from 12 to 24 echoes with echo spacings around 8 to 12 ms. Typical repetition
times range from 2 to 4 s and effective echo times between 70 to 120 ms are employed.
Small FOVs of 12 to 16 cm, with in-plane matrices of 384 × 224 (frequency × phase) and
slice thicknesses around 3 mm with no gap, provide multi-slice whole-gland coverage with
< 3 μl voxel volumes (Table 1). We perform such acquisitions in the axial, coronal, and
sagittal planes, all for assessing extraglandular disease. The sagittal plane is the most useful
for evaluating seminal vesicle invasion (SVI).

PZ tumors may appear as well-defined, hypointense foci or more subtle, slightly
hypointense regions in T2W images. Once a focal lesion is detected, an evaluation of the
overall stage of the tumor is required. The most important overall assessment is whether the
tumor is confined to the gland (T-category ≤ T2) or extends beyond the gland (≥ T3). The
high spatial resolution and sharp demarcation of the prostate capsule allows for assessments
of extracapsular extension (ECE) and NVB invasion (NVBI) which, along with assessments
of SVI, are critical diagnostic staging criteria. Figures 3a – g highlight all of these features,
demonstrating a capsule-contained diffuse lesion (3a), SVI seen clearly on axial (3b) and
sagittal (3c) acquisitions, ECE with likely SVI (3d), ECE with NVBI (3e), pelvic
lymphadenopathy (3f), and a metastatic bone lesion (3g).

Diffusion-Weighted Imaging
The most common approach to DWI of the prostate, and other organs as well, is the single-
shot spin-echo EPI sequence (37). This sequence employs a water-selective excitation and
refocusing pulse to generate a spin echo from a selected slice at echo times on the order of
60 to 100 ms, depending on the degree of diffusion weighting desired, known as the b-
factor. Diffusion sensitization gradients are applied before and after the refocusing pulse and
the latter half of the spin-echo is sampled with distinctly phase-encoded multiple-gradient
echoes to generate a low spatial resolution image in 40- to 60-ms acquisition durations. With
DWI, each slice must be sampled with a baseline b0 image (when the b-factor = 0) and then
sampled at one or several higher b-factors, typically in the 500 to 1400 s/mm2 range. Lower
b-value scans show a combination of DWI and T2WI information, while higher b-value
scans tend to show DWI effects alone (38). For each high b-factor sampled, it is
recommended to acquire at least three images with the diffusion sensitization gradients
oriented along three orthogonal directions so that a rotationally invariant trace image may be
generated by taking the cubed root of the product of the three images. Combining high b-
factor trace images with the baseline image via a ratio and logarithmic operation allows for
calculation of the apparent diffusion coefficient (ADC) image, known also as the ADC map.
This map is free of all T1, T2, and receiver coil sensitivities, and quantitative measurements
of tissue water diffusion may be made from individual voxels, or regions-of-interest (ROIs),
reported as the ROI's ADC in units of mm2/s.

The rapid, single-shot EPI acquisition helps avoid motion degradation of individual images,
an important consideration when diffusion sensitization gradients are being applied to
sensitize the images to microscopic motions associated with water diffusion. However, this
also causes marked spatial distortions and low SNR encountered, particularly when
increasing image matrix sizes to match spatial resolutions common to morphologic T2WI
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scans. In practice, we utilize 128 × 96 (frequency × phase) matrices with a FOV of
approximately 18 cm and rely solely on the endorectal coil for signal to avoid the aliasing of
extraglandular tissue into the desired FOV (Table 1). For reasons discussed in more detail
below, cancerous lesions will generally have restricted diffusion with lower ADCs than
surrounding healthy prostate tissue and so will appear hypointense on ADC maps but
hyperintense on the diffusion-weighted, high b-value image (see Figure 4). The latter image
also contains T2 weighting with the possibility of T2 shine-through (39), so both high and
low b-value images, as well as the T2W image, are consulted when reading these exams.

Histologic Correlation of T2WI and DWI
Since T2WI and DWI are valuable components for evaluating the prostate, it is important to
understand how the signal characteristics observed for these modalities are related to
specific tissue components (40-42). The prostate gland is commonly divided into the CG
(containing both the central and transition zone (TZ)) and PZ, with most cancers
(approximately 75 %) occurring in the PZ. Healthy PZ consists primarily of glandular lumen
lined with secretory epithelium, all of which is embedded within a stromal matrix (40,42).
With the exception of the secretory epithelia, macromolecular water content and free water
content are low in stroma and high in luminal space in these normal structures. These
characteristics result in relatively long T2 values and unrestricted water diffusion, e.g. high
ADCs, in the PZ. However, Bourne et al. have demonstrated, using high-field (16 T) MR
microscopic diffusion studies of fixed tissues, that the secretory epithelia within healthy PZ
represents a compartment of highly restricted water diffusion, e.g. low ADC (42). Their
findings possibly explain in vivo observations of two diffusion components within healthy
PZ voxels when multiple b-factor measurements were made over an extended b-factor range
reaching 3500 s/mm2 (43). More recently, detailed T2 studies of 16 healthy volunteers by
Storas et al. (44) revealed that healthy PZ voxels in vivo also display at least two T2
components. The longer T2 component (T2 ∼ 890 ms) was attributed to fluid filled luminal
spaces, and the shorter T2 component (T2 ∼ 65 ms) was credited to the connecting stromal
tissue and/or epithelial components. The fraction of the fast and slow T2 components varied
widely within both anatomic zones (PZ vs. CG) and among subjects, as expected given the
biological heterogeneity readily observed in histologic tissue samples (42,44).

To summarize, healthy PZ tissue on T2WI and DWI appears as a region with both high T2
and high ADC. When luminal space and stromal matrix is lost to cancer, which consists of
highly compacted cells, water diffusion becomes generally more restricted and
macromolecular content increases. Water molecules encountering membrane boundaries and
macromolecules within cancerous zones demonstrate observable decreases in both T2
(45-48) and ADC (48-50). Two recent studies by Wang et al. (51) and Gibbs et al. (25)
utilized histological measurements of cancer cell density to obtain inverse relationships
between prostate cancer tumor cellularity and ADC values.

Healthy CG contains not only the same tissue components as the PZ but also more smooth
muscle cells within the stromal matrix and frequently regions of benign prostatic hyperplasia
(BPH). There are two histological types of BPH – glandular and stromal. The former appear
as hyperintense nodules and the latter appear as hypointense nodules, which can
occasionally mimic the appearance of cancer. However, the typical stromal tissue is
curvilinear or band-like as it permeates between the glandular elements of BPH. Since
muscle tissue has one of the lowest T2 values, healthy CG appears more hypointense and
heterogeneous than the surrounding PZ on T2WI of the normal prostate, making CG tumor
detection more difficult.

Both the CG and the PZ can also contain regions of inflammatory cells in common
conditions like chronic prostatitis (52). The inflammatory cells replace luminal spaces with
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scar formation due to thickening of the ductal walls and contribute to shorter T2 values and
subsequently hypointense regions on T2WI (52). These are linear and typically radiate out
from center. They can cause an overall decrease in PZ signal, diminishing the specificity of
the T2WI signal alone for cancer. Finally, age-related changes in the prostate are well-
known, and a study by Tamada et al. highlighted an overall increase in PZ ADC values with
age as measured in a cross-sectional study of 114 healthy men between 21 and 81 years of
age (53).

Dynamic Contrast-Enhanced Imaging
The goal of DCE imaging is to capture the passage of contrast material into and out of the
prostate using T1WI with high temporal resolutions (between 5 to 10 s). This is
accomplished on current scanners with 3D spoiled gradient echo (3D SPGR) sequences
using very short TR periods of approximately 5 ms, which can acquire 256 × 160 × 20 3D
matrix data at approximately 6- to 8-s intervals using parallel imaging factors of ∼ 2 (Table
1). We generally perform about 50 such acquisitions consecutively, with the contrast
material automatically infused following ∼5 pre-contrast baseline acquisitions, resulting in
DCE image acquisition lasting about 5 minutes. The 3D acquisitions are of lower spatial
resolution compared to T2W anatomical images, as the goal is to generate signal vs. time
curves from selected ROIs that adequately characterize the signal changes accompanying the
distribution of the Gd contrast agent over the body tissues. The temporal resolution of
typical DCE acquisitions is fast enough to capture the rapid increase of signal, or wash-in
phase, occurring within the first 30 seconds of contrast administration. The temporal
resolution is also sufficient to allow for a quantitative assessment of the rate that this signal
enhances from the initial slope of the signal vs. time curves. The duration of the DCE
imaging component is also long enough to characterize the slower rate at which contrast
material leaves the tissue in the wash-out phase after achieving peak signal values.

The signal vs. time curve from any given voxel is sensitive to the underlying vascular
properties of the tissue and its ability to absorb contrast agent from the vasculature into the
interstitial space between cells (commercial MR contrast agents, as currently designed, do
not enter cells), and then return from the interstitial space in the prostate to the vasculature
as contrast material is removed from the blood by the kidneys. There are a number of
approaches for examining the signal vs. time relationships in DCE, from qualitative
assessment to more sophisticated, quantitative pharmacokinetic (PK) modeling. One of the
qualitative approaches is to visually assess regions that enhance first, as these may be
regions of cancer with a higher vascularity than neighboring healthy tissues. Empirical
analyses of the signal vs. time curves may also be performed in which quantities such as the
initial slope, the time-to-peak (TTP) parameter, the maximum signal enhancement, the
wash-out slope, and the area under the curve after a specified time (AUCtime) are calculated
and represented via voxel-by-voxel parameter maps. In such approaches, the raw signal
should be converted into contrast agent concentration units, a step which is made to remove
the influences of proton density and receiver coil sensitivities on the signal values and
simplifies the observed changes to contrast agent effects on the water relaxation.

PK Modeling and Histologic Correlation to DCE Imaging
PK modeling of dynamic tissue Gd concentrations are generally based on two-compartment
considerations and require additional information beyond the concentration vs. time curves
(54,55). The two compartments are the plasma space of the vasculature and the interstitial
space between prostate cells, into and out of which the contrast agent can leak. As discussed
by Tofts et al. (54), the three primary parameters extracted from such models are Ktrans, the
forward volume transfer constant of Gd between blood plasma and the interstitial space
expressed in units of min-1, ve, the dimensionless fractional volume of interstitial or
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extracellular space per unit volume of tissue, and kep, the reverse reflux rate constant
between extracellular space and plasma, also expressed in units of min-1 and related to the
previous two parameters through the ratio Ktrans/ve.

As mentioned above, a proper calculation of these parameters requires additional
information. First, pre-contrast T1 values throughout the prostate should be measured to
allow for conversion of signal vs. time curves to Gd concentration vs. time curves.
Commonly, the product of the repetition time, TR, and longitudinal relaxation, R1 = 1/T1, is
such that TR × R1 ≪ 1. Furthermore, a linear relationship between R1 and Gd concentration
is assumed. Thus, the ratio of signal at time point n, Sn, divided by baseline signal S0, is
proportional to the Gd concentration c via

[1]

where R1,0 is the longitudinal relaxation rate in the absence of any Gd and r is the relaxivity
of the agent (∼ 5 s-1/mM Gd for common Gd agents).

Eq [1] may be rewritten as follows

[2]

which explicitly demonstrates the need to form ratio images with respect to baseline and to
measure pre-Gd R1,0 values in order to quantify c for subsequent pharmacokinetic analyses.

The PK parameters discussed also depend on knowledge of the concentration of the contrast
agent in the plasma, known as the Arterial Input Function (AIF). The AIF can be measured
specifically for individual patients from suitably situated vessels. However, in a standard
clinical setting, the required temporal resolution may be difficult to achieve. Additionally,
there are a range of factors that can affect the shape and amplitude of the AIF curve, such as
the speed of contrast bolus injection, cardiac output, site of the vessel selected, range of
pixels within a selected vessel, and partial volume effects. A more common approach to the
AIF is to utilize a population-averaged AIF in the form of a bi-exponential decay, as
described in the extended Tofts model (56). However, more recently, Parker et al.
introduced a functional AIF that utilizes a first-pass peak, a re-circulation peak, and a wash-
out period (57), which is thought to improve the reproducibility of the PK parameters.
Notably, however, no significant difference between experimentally-derived individual AIF
and population-averaged AIF was found for predicting prostate cancer biopsy results in one
study (58).

Figure 5 shows a typical result from a DCE examination in which ROIs for unsuspicious
tissue and suspected prostate cancer are noted on T2WI along with the corresponding Ktrans

and ve maps, with the resultant normalized signal vs. time curves plotted below. It is clear
that the suspected ROI enhances faster than a benign ROI in the PZ, a hallmark of the
pathologic angiogenesis seen to accompany cancer.

Magnetic Resonance Spectroscopic Imaging
1H MRS has provided the only metabolic information used in clinical prostate cancer studies
to date. The methodology has evolved from single voxel samplings with the water-
suppressed, stimulated echo acquisition mode (STEAM) sequences or point-resolved echo
spectroscopy (PRESS) sequences to 3D spectroscopic acquisitions using a water-suppressed
PRESS box to limit the acquired signal to the gland. Of note, the metabolites of interest in
MRSI are in far less abundance than the solvent water molecules, as mM concentrations of a
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substance are being detected among the molar concentrations of water present. As a result,
water suppression pulses must be applied prior to the three, orthogonal slab-selective pulses
which define the PRESS box (59). Also, spectroscopic acquisitions are generally performed
in the absence of gradients to allow for metabolite quantification. Thus, spatial localization
in 3D requires the use of three nested, phase-encoding steps, making scan times even for
small 3D matrices relatively long. For example, a recent multi-site clinical trial performed at
1.5 T (60) (discussed further below) utilized a 16 × 8 × 8 3D matrix with a 1 s TR to acquire
metabolic data from about 7 mm3 voxels in a scan time of approximately 17 minutes. To be
clinically viable, long acquisitions must be reduced, and methods have been introduced to
address this. These include elliptical k-space sampling (61) and echo planar spectroscopic
imaging (EPSI) methods in which frequency encoding and spectroscopic encoding are both
performed during the acquisition period with the use of multiple gradient echoes (62,63) and
parallel imaging algorithms combined with multiple coil arrays (64-66). Even though shorter
acquisitions and higher field strengths can be anticipated in the future, the utility of 1H MRS
as a clinical tool for prostate cancer localization or staging remains uncertain, as it depends
on the clinical value placed on the metabolic information gleaned from such studies.

Histologic Correlation of MRSI
Within the healthy prostate, the most prominent spectroscopic signals arise from citrate
methylene protons (Cit) and the methyl groups of creatine (Cr)- and choline (Cho)-
containing compounds. Measured in part per million (ppm), these three resonances appear at
approximately 3.2, 3.0, and 2.6 ppm with respect to the water resonance at 4.7 ppm. A high
concentration of citrate is unique to the prostate, playing an important role in the normal
physiological function of the gland (67). Voxel sizes used in MRS are much larger (on the
order of 0.5-ml voxels) compared to imaging voxels which are typically in the μl-range,
making accurate spatial localization problematic. In practice, spectral overlays, like those
shown in Figure 6, are used, in which voxels and their corresponding spectra are viewed
with respect to an underlying high spatial resolution T2W image. As a result, increases in
Cho can be appreciated in comparison with the citrate signal along with the corresponding
quantitative measure of the (Cho + Cr)/Cit ratio (discussed below).

The citrate resonance is relatively unique since it can be represented as a strongly coupled
AB system which yields a four-resonance quartet whose actual shape is sensitive to the
precise timing delays between the RF pulses of the PRESS sequences. Importantly, quantum
mechanical calculations have helped optimize the citrate spectral pattern in clinical MR
studies (68,69). The Cr and Cho resonances, arising from uncoupled protons of methyl
(CH3) groups, have simpler spectral patterns referred to as singlets. Quantitation of the areas
underneath these three major metabolite signals permits calculation of a ratio (Cho + Cr)/
Cit, which is often used as the quantitative biomarker for detecting cancer. As in most
cancers examined with MRS, the choline-containing compounds associated with membrane
production and degradation rise in quantity, resulting in an increased signal from Cho and
the corresponding ratio (Cho + Cr)/Cit in regions of cancer infiltration. Again, the CG, with
more smooth muscle cells and overall heterogeneity than the PZ, has proven to be a more
difficult area to use the (Cho + Cr)/Cit ratio for cancer localization. Within the PZ, however,
impressive early results were found using this quantitative ratio as a confirmative diagnostic
tool (70-73). However, several years ago the researchers who first suggested the (Cho + Cr)/
Cit ratio as a biomarker determined that an additional resonance from polyamines, primarily
spermine, was present within the spectral region of the 3.0 to 3.2 ppm peak and was
occasionally visible at 3.10 ppm (74). Similar to citrate, this resonance arises primarily in
healthy tissue and so is expected to be reduced in prostate cancer regions. Shukla-Dave et al.
recommended incorporating the polyamine resonance into the spectroscopic analysis along
with the (Cho+Cr)/Cit ratio, though this has not been widely adopted (75). Nonetheless, the
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reported values for (Cho+Cr)/Cit ratios to date have contributions from the polyamine
resonances, and further studies with multi-dimensional MRS sequences (76) may prove
valuable in obtaining a more complete understanding of the 3.0 to 3.2 ppm spectral region.
Additionally, the aforementioned issue of chronic prostatitis is also thought to be a
confounder in MRSI data as its presence lowers the signal intensity, lowers the citrate
concentration, and increases the choline concentration, inappropriately raising suspicion for
cancer in benign tissue (52).

The Emergence of Quantitative Image Analysis
As sequences and analyses evolve, the information gathered is being used in either a
qualitative or quantitative fashion. The T2W images acquired provide exquisite qualitative
visualization of sub-glandular structures that can be used for immediate image
interpretation. Since T2W images are a composite of multiple effects, including the T2-
weighting specific echo time (TE), proton density (the number of water protons contributing
to each voxel), residual T1-weighting reflected by the selected repetition time (TR),
sensitivity of the receiver coil(s), main static field (Bo), and RF transmission (B1)
inhomogeneity, the quantitative values of individual signal intensities in any given voxel
have no specific meaning outside of their relation to their neighbors. However, if images are
collected at more than one echo time, then estimates of T2 values (in ms) may be made for
each voxel (45-47) and displayed as T2 maps with tissue-specific T2 values. T2 maps have
largely been restricted to research settings, but the quantitative analysis of what are now
largely qualitative acquisitions may prove beneficial in clinical settings.

In contrast to T2WI, quantitative evaluation of DWI is becoming standard in clinical
practice. Notably, vendor-supplied software already processes the qualitative DW images,
which are again an amalgam of not just diffusion effects but also T1, T2, and receiver coil(s)
sensitivity(ies) effects, etc., to generate quantitative ADC maps, where measurements of
voxel signal intensities yield estimates of tissue water diffusion coefficients in units of mm2/
s. The generation of quantitative data like T2 or ADC values from multiple acquisitions
allows for an evaluation of how specific a given T2 or ADC value in a region is for
discriminating cancer from normal healthy tissue. Potentially, threshold values (77) of these
parameters for use in tissue differentiation can be commonly utilized in clinical prostate MR
exams.

Of course, any quantitative measurement is susceptible to error for any number of reasons,
both instrumental and biological. For example, true T2 measurements rely on radio-
frequency (RF) pulses that deliver perfect 90° and 180° flip angles in the spin echo-based
sequences used to generate data at different TEs, and this is a known source of error (78).
Furthermore, the few point measurements used to calculate T2 or ADC maps inherently
assume a mono-exponential decay of signal with TE or b-factor, respectively, and in
biological tissues with multiple different water compartments, this, too, is known to be an
approximation. Thus, it is critical for practitioners of quantitative MR to report both their
acquisition strategies and their methods of data analysis.

Similarly, with DCE studies the PK parameters all depend heavily on the model used to
calculate and/or interpret them, which in turn depends on the nature of the vascularity of the
tissue and its inherent permeability to contrast agent. A clear discussion of the limitations to
the commonly used Tofts models for DCE has recently been published (55). Also, inputs to
the common models used to determine DCE parameters include AIFs, as measured in
nearby vessels or taken from a population-based reference, as well as pre-contrast tissue T1
values. These separate measurements are also prone to errors which then propagate through
the non-linear PK analyses.
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For MRSI, MRS measurements of spectral peak areas are inherently T1- and T2-weighted
depending on the acquisition parameters. Also, the calculations may be inaccurate from
instrumental artifacts, including large baseline distortions from insufficiently suppressed
water and/or poor shimming, resulting in broad, overlapping resonances. All of these above
complications create situations where there are “institutional” units for a particular
calculation, which may be consistent and interpretable within a single institution but are not
when attempting to reproduce at another center. These values can still be of clear utility
within an institution, as when a particular measurement is trended to assess the success of a
patient's treatment. For example, in a recent study evaluating multiparametric 3T endorectal
MRI, the ADC was used as one parameter to detect prostate cancer recurrence following
external beam radiation, a treatment which limits T2-weighted assessment of recurrence
(79).

However, having errors in measurement between institutions causes obvious difficulty when
attempting to evaluate quantitative methods in multi-center trials. As a result, these
complications make quantitative image analysis an active area for research for the
development and testing of improved measurement techniques and rigorous testing of
biophysical models for better determination of quantitative tissue characterization
parameters.

New Clinical Interpretations and Performance Assessments in
Multiparametric MRI

Modern MR studies often incorporate a combination of the methods discussed above and
use statistical modeling or machine-learning techniques to combine the data, compare with
available histopathology, and calculate performance characteristics for prostate cancer
predictions. Ongoing changes occurring in the field, such as the transition from 1.5 T to 3 T,
improved receiver coil design, and the use of an expanding array of pulse sequences, as well
as the shift in the presentation of patients with prostate cancer towards those with smaller,
less advanced tumors due to increased PSA screening (80), result in studies with findings
which may be applicable only to a particular institution's clinical practice and the period of
time that the study was undertaken. Nevertheless, these studies, as they have shown progress
overall in improving accurate detection and localization of prostate cancer, are useful for
justifying the continued implementation, development, and testing of advanced MR methods
as they become available.

Tables 2 and 3 present over 30 articles within the past 5 years that have significantly added
to the literature by either drawing new conclusions of clinical value or evaluating individual
modality or multiparametric approaches for cancer detection and localization. Salient points
from the studies are reviewed in both tables, and their findings are discussed in more detail
below.

T2-Weighted Imaging
Recent developments in T2WI (Table 2) show that quantitative imaging may result in
improved prostate cancer detection and localization. In Wang et al. (81), it was found that
higher Gleason grades are significantly associated with lower tumor-muscle signal intensity
ratios on T2WI. Using a different type of quantitative analysis, Roebuck et al. (45) evaluated
T2 values on a pixel-by-pixel basis using Carr-Purcell-Meiboom-Gill (CPMG) quantitative
T2 imaging. Using this method, suspicious PZ regions were found to have significantly
shorter T2 values in prostate cancer as compared to healthy tissue. Similar findings were
present in an earlier study associating lower T2 values with lower citrate content, with
diminished citrate content being a marker for malignancy since citrate levels decrease as
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acinar structures are replaced by cancer cells (82). Together, these studies exhibit that T2
mapping may be useful for tissue discrimination between prostate cancer and benign tissue.

Diffusion-Weighted Imaging
Several studies which highlight recent additions to the DWI literature in prostate cancer are
included in Table 2. Several years ago, when comparing DWI to T2WI at 3T, Miao et al.
(27) found significantly better cancer detection accuracy with DWI, showing the potential
value of this modality for prostate cancer. One of the most important recent advances in
prostate cancer imaging is the use of ADC values for characterizing prostate tissues. Oto et
al. (83) found that there is a significant difference between ADC values in CG prostate
cancer, stromal hyperplasia, and glandular hyperplasia. In Hambrock et al. (10), a significant
inverse correlation between ADC values and Gleason score was well-illustrated. This was
again established in Turkbey et al. (84), along with ADC also being significantly inversely
correlated to D'Amico clinical risk scores. Additionally, Zelhof et al. (85) presented a
significant correlation between ADC values and cell density, irrespective of whether the
tissue was malignant or benign. On a technical note, to optimize the discrimination of
prostate cancer from benign tissue using ADC, Kim et al. (28) and Metens et al. (29) have
reported b values of 1000 to 1500 s/mm2 to be the most helpful, respectively.

Dynamic Contrast-Enhanced Imaging
Critical studies are shown in Table 2 which helped refine DCE imaging and illustrate its
utility for prostate cancer imaging. In Ocak et al. (86), PZ prostate cancer determination
specificity was found to be improved using PK DCE data at 3T, significantly so with Ktrans

and kep, as compared to T2WI. This is in contrast to Girouin et al.'s (87) study of
morphologic DCE for diagnosis, which found that DCE was significantly more sensitive,
but less specific, than T2WI for tumor localization. In the more recent work of Scherr et al.
(88), PK DCE analysis was noted to significantly discriminate PZ prostate cancer from
benign tissue with several DCE parameters, though this finding did not extend to the TZ.
Rather than evaluating standard pharmacokinetic parameters, Zelhof et al. (23), studied
empirical parameters, like the maximum enhancement index (MaxEI) and the final slope of
the signal intensity change following contrast administration. They determined these
parameters to have good performance characteristics for detecting malignancy, with a
sensitivity and specificity of 89% and 90%, respectively.

Franiel published several studies involving blood volume and blood flow for evaluating
prostate cancer. In one study, blood flow was found to significantly discriminate between
prostate cancer, chronic prostatitis, and benign tissue, while blood and interstitial volume
were not reliably correlated with benign or malignant tissue (89). In another study, using
both “hotspots” of perfusion or blood volume within a ROI were found to be inferior to
using the perfusion of an entire prostate region for the discrimination of prostate cancer from
benign tissue (90). Taken together, this suggests that evaluating a region's blood flow is
useful to determine the presence of prostate cancer.

Magnetic Resonance Spectroscopic Imaging
For MRSI, several recent studies are cited (Table 2) which have helped improve and/or
evaluate this challenging modality. Correlations between Gleason scores and metabolite
ratios gleaned from MRSI have been found in the past by Zakian et al. (11) and Giusti et al.
(91). Scheenen et al. (92) showed that the (Cho+Cr)/Cit ratio was a significant discriminator
between benign tissue and prostate cancer in both the CG and PZ. Building on this, Kobus et
al. (93) concluded that the maximum (Cho+Cr)/Cit ratio, Cho/Cr ratio, and standardized
malignancy ratings (which incorporated both ratios) were significantly associated with
tumor grade. Additionally, while most studies involving prostate MRSI utilize an endorectal

Hegde et al. Page 11

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



coil, Scheenen et al. (24) found that external coils can be used exclusively to significantly
discriminate prostate cancer from healthy tissue using MRSI. However, Yakar et al. (30)
determined that at 3T, using an endorectal coil resulted in a significantly higher AUC as
opposed to without it for 3D MRSI.

Multiparametric Imaging
Numerous studies are cited in Table 3 which involved a combination of sequence parameters
to evaluate the performance characteristics of prostate cancer detection and localization
using multiparametric imaging. Haider et al. (94), evaluating the addition of DWI to T2WI
for the accuracy of prostate cancer detection, determined that DWI+T2WI was significantly
more sensitive throughout the whole prostate compared to T2WI alone and was significantly
more accurate in the PZ. Lim et al. (95), limiting their study to a combination of T2WI and
DWI of CG and PZ lesions with three different readers with varied levels of experience,
concluded that AUC values for each of the readers significantly improved (P < 0.001) with
the use of T2W and ADC data in comparison to T2WI alone. Mazaheri et al. (96), when
looking at the effect of DWI on tumor volume measurement accuracy in the PZ, determined
that DWI+T2WI was significantly more accurate than T2WI alone for this purpose.
However, Vargas et al. (97) subsequently examined the incremental value of adding DWI to
T2WI and found no statistical difference between the AUC values of two readers for
assessing T2W images alone or with the addition of ADC maps.

Utilizing 3 different imaging parameters, Futterer et al. (98) concluded from T2W, DCE,
and MRS imaging that the modalities separately yielded AUC values of 0.68, 0.91 and 0.80,
respectively, that tumor localization accuracy with DCE imaging was significantly better
than with MRSI, and that the combination of DCE and MRSI was significantly better for
reader accuracy compared to T2WI alone (98). In an analogous, more recent study at 3T by
Turkbey et al. (21), T2WI alone was compared to other modalities (DCE and MRS imaging)
individually and to a combination of all three parameters. Sensitivities were generally
highest with T2WI while specificities were higher with DCE and MRS imaging. The study
also demonstrated significant and additive improvement in the predictive values for prostate
cancer detection in the PZ when different combinations of the modalities were combined,
with the highest predictive value (80%, p < 0.05) found using a combination of all three
parameters. Similarly, Kitajima et al. (26) reported a significant increase in the performance
characteristics of prostate cancer detection for both T2WI+DWI and T2WI+DWI+DCE
imaging as compared to T2WI alone. Also, for PZ prostate cancer detection, Delongchamps
et al. (99) found that T2WI+DWI, T2WI+DCE imaging, and all three parameters combined
(T2W+DW+DCE) were significantly more accurate than T2WI alone. However, T2WI
+DWI was significantly greater in accuracy than T2WI+DCE imaging and all three
parameters combined.

In the best-performing study of multiparametric MRI of the prostate to date, Turkbey et al.
(100), which included T2W, DW, DCE, and MRS imaging, reported positive predictive
values (PPVs) for multiparametric MRI's detection of prostate cancer in the overall prostate,
PZ, and CG to be 98%, 98%, and 100%, respectively. Several conclusions were drawn,
among them that pathologic correlation, when carefully performed with patient-specific,
image-based molds, yields highly accurate correlations with modern 3T multiparametric
MRI. This suggests that 3T multiparametric MRI's current ability to detect cancer may be
quite beyond what previous studies, which have been limited by both less developed MRI
techniques and/or less sophisticated pathologic correlation, have previously presented.
Further confirming the potential utility of multiparametric imaging, including when only
D'Amico risk-stratified low-risk patients were taken into account, Delongchamps et al. (101)
reported that a combination of T2WI, DWI, and DCE imaging was significantly better at PZ
tumor detection than either T2WI+DWI or T2WI alone. In an older study tempering the

Hegde et al. Page 12

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



success of the above trials, in particular those involving MRSI, a large multi-institutional
study of MRSI conducted by the American College of Radiology Imaging Network
(ACRIN) (60) found no incremental gain in localizing PZ prostate cancer by adding MRSI
to T2WI. However, the studies were conducted on 1.5 T scanners and presumably with
varying levels of expertise among the participating sites. Casciani et al. (102) had previously
found a similar result regarding MRSI, although it was in a retrospective study with less-
compelling pathologic correlation methodology.

Quantitative multiparametric MRI imaging has also been studied to help contribute to the
largely qualitative studies previously reviewed. Mazaheri et al. (103) examined the PZ using
T2WI to identify benign-appearing and suspicious ROIs to target them with DW and MRS
quantitative imaging. They found significant differences in the ADC values between
malignant and benign ROIs as well as significantly higher values for the (choline+creatine
+polyamine)/citrate ratio, referred to as the metabolic ratio (MET), within cancer ROIs as
compared to benign ROIs. In combination, the ADC and MET data led to significantly
higher AUC values than MET alone, but not than ADC alone, as the difference in AUC was
not statistically significant in the latter analysis. Additionally, Langer et al. (104) utilized
T2WI along with quantitative T2 mapping, DWI, and DCE, allowing for the assessment of
T2, ADC, and Ktrans measurements from histopathologically-confirmed tumors in the PZ
and from healthy PZ ROIs. According to accuracy measurements using AUC, ADC
mapping outperformed both T2 and Ktrans for differentiating PZ cancer from healthy tissue.
An optimal multiparametric model was identified which combined ADC, T2, and Ktrans

values, and this model significantly outperformed all individual measurements except ADC
alone. Langer et al. (40), studying the relationship of these parameters to histopathology,
found that in the PZ, the parameter measurements ADC, T2, Ktrans, and ve significantly
differed between normal tissue and prostate cancer and had significant correlations to
specific histologic components. Gibbs et al. (25) noted that ADC and T2 values are
significantly negatively correlated with cell density in the PZ, which can potentially serve as
an analysis of the aggressiveness of a tumor given a correlation between Gleason score and
cell density.

While most of the above studies focused on PZ tumors, Oto et al. (83), cited earlier in the
DWI section, studied CG tumors and also had DCE quantitative analyses in the study. The
Ktrans parameters extracted from the DCE analyses were found to not significantly improve
upon AUC compared to ADC alone for differentiating CG carcinoma from benign
hyperplasia. In spite of the numerous studies above displaying the value of quantitative
multiparametric imaging, complicating the assessment of its value is Langer et al.'s (41)
study. This concluded that sparse prostate tumors have ADC and T2 values resembling those
in normal PZ tissue, potentially limiting the ability of MRI to detect smaller, microscopic
foci of prostate cancer using these methods. Many investigators in oncology now describe
two forms of prostate cancer – those that are clinically significant or not – based upon tumor
volume. If the volume is > 0.5 mL, then it is felt to be clinically significant. This
classification should be considered for future studies.

Utilizing one or several quantitative parameters to measure the aggressiveness of any given
prostate cancer lesion remains a promising goal, and a number of investigations noted above
have shown that, to some degree, this may indeed be possible. Using these measurements to
help characterize a patient's disease would be quite helpful for assisting with critical patient
management decisions, such as selecting active surveillance (AS) (105) compared to the
many more aggressive options currently available.
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Future Work
We have focused our attention in this work to a review of the techniques currently in use for
prostate cancer MR examinations. There are a number of ongoing technical developments in
the field which may have an impact on these studies in the future. They include the
development of ultra-high field (e.g. 7 T) systems for potentially higher spatial and spectral
resolution (87-89), diffusion tensor imaging (DTI) (90-95), and multi-b-factor approaches to
access multi-component diffusion information regarding either very fast pseudo-diffusion
components from perfusion at low b-factors (< 200 s/mm2) and very slow diffusion
components observed at very high b-factors above 2500 s/mm2 (44,45, 90-100). Advanced
spectroscopic methods under development include multi-dimensional sequences which
highlight correlations between coupled spins to improve detection and quantitation of
overlapping resonances in 1D spectra. Advances are being made with hyperpolarized 13C
imaging which holds the potential for direct observation and measurement of dynamics
within the biochemical pathways in normal and abnormal prostate metabolism (101).
Finally, a technique called MR elastography that combines ultrasound and MRI to make
measures of the “stiffness” of prostate tissues has been demonstrated (106,107). There are
multiple technical challenges to overcome with each of these techniques, a discussion
beyond the scope of the present work. However, within the next few years, their potential to
contribute to clinical prostate cancer MR examinations will undoubtedly be tested.

Conclusions
The technical hardware and software employed for multiparametric MRI studies of prostate
cancer continue to improve and provide new areas to enhance the clinical information that
MRI is able to provide. Although in the past this information was largely qualitative,
morphologic data, the emergence of quantitative image analyses utilizing multiple pulse
sequences allows for many possible combinations of data to be used to evaluate prostate
cancer. With continued evaluation of these data sets in combination for their performance,
an optimized and standardized image acquisition, interpretation, and reporting protocol will
be able to be established. Future additions of multiparametric MRI of the prostate may
include DTI, multi-component diffusion analysis, MR elastography, or new spectroscopic
methods, but these are still currently in pre-clinical investigation.
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Figure 1. MRI Localizer Imaging for Assessment of Endorectal Coil Placement
Sagittal localizing single-shot fast-spin echo (SSFSE) images to verify positioning of the
endorectal coil prior to initiating diagnostic scanning. The top of the base (B) and the bottom
of the apex (A) of the prostate are annotated for clarity. (a) Initially, the endorectal coil is
low-lying, with its superior border lying posterior to the middle of the prostate gland (red
arrow). The double-headed arrow highlights the area of signal hyperintensity, which only
covers about two-thirds of the prostate in (a). (b) After repositioning of the coil, accurate
coil placement is seen, as the entire prostate (red arrow) now shows a hyperintense signal,
with the double-headed arrow now including the span of the entire prostate gland.
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Figure 2. Prostate Hemorrhage following Biopsy Complicates Cancer Detection on T2-Weighted
Imaging
A 52 year-old man with PSA 5.8, Gleason 5+4=9, T2cN0M0 prostate cancer. (a) An axial
T1-weighted image of the prostate showing possible areas of hemorrhage, which have a
hyperintense signal (major hemorrhagic regions are starred). (b) An axial T2-weighted
image of the prostate at the same level showing diffuse T2 signal hypointensity in the
peripheral zone, indicating either tumor or hemorrhage. The white arrow in both (a) and (b)
in the lateral region of the right side of the prostate shows an area suspicious for tumor, as
there is T2-weighted signal hypointensity without T1-weighted signal hyperintensity.
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Figure 3. T2-Weighted Images of Critical Findings in Prostate Cancer
(a) In a 61 year-old man with PSA 3.7, Gleason 3+3 =6, T2cN0M0 disease, an axial view of
the prostate presenting a diffuse, capsule-contained peripheral zone (PZ) lesion with a
“chalky” appearance. Notice how the PZ, usually hyperintense and clearly demarcated from
the central gland (CG) which it surrounds, is now heterogeneous. (b, c) A different, 56 year-
old man with PSA 9.3, Gleason 3+4=7, T3bN0M0 disease shows right-sided seminal vesicle
invasion (white arrows) by tumor in axial (b) and sagittal (c) images. In the axial image (b),
compare the hypointense, diseased right SV (white arrow) to the normal, hyperintense SV
on the left (arrowhead). (d) In a 60 year-old man with PSA 134, Gleason 3+4=7, T4N0M0
disease, an axial image of the base of the prostate showing right-sided extracapsular
extension (arrow) at 7 o'clock with probable involvement of the right SV (arrowheads). (e)
In a 65 year-old man with PSA 40.1, Gleason 5+4=9, T4N1M1a disease, an axial view of
the prostate displaying a large posterolateral right peripheral zone lesion (arrow) at 7 o'clock
which invades the right neurovascular bundle. This lesion starkly contrasts with the normal
NVB on the left (arrowhead). (f) From the same patient as (e), significant pelvic
lymphadenopathy is present in an axial view at the level of the seminal vesicles, including
this 1.5 × 1.3-cm, right posterior obturator node (arrow). (g) In a 75 year-old man with PSA
11.4, Gleason 4+4 = 8, T3aN0M1b prostate cancer, an axial view of the spine at L5
demonstrating a 1.5 × 1.1-cm metastatic bone lesion.
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Figure 4. Diffusion-Weighted Imaging of Prostate Cancer
A 58 year-old man with PSA 16.4, Gleason 4+3=7, T3aN0M0 prostate cancer. On a
previous biopsy of this patient, the right side of the prostate was graded as Gleason 4+3=7
(an intermediate grade). (a) A DW image showing a dominant lesion (boxed), evidenced by
the increased signal, found on the posterior right side at 7 o'clock. (b) Concordantly, the
ADC map, generated from the DWI data, shows a darkened signal, indicating restricted
diffusion at the same level and region as in (a). (c) For comparison, the T2-weighted image
at the same level, showing a hypointense lesion (boxed) in the same region of the gland as
the dominant lesion seen in (a) and (b). The ADC value in the region of tumor is 680 × 10-6

mm2/s, while the ADC value in the less suspicious contralateral side of the prostate is 1150
× 10-6 mm2/s. Thus, both morphologic and quantitative diffusion imaging data support the
biopsy finding of prostate cancer on the right side of the gland.
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Figure 5. Dynamic Contrast-Enhanced Imaging of Prostate Cancer
The following images are from a 61 year-old man diagnosed with PSA 4.1, Gleason 4+4 =
8, T2cN0M0 prostate cancer. (a) An axial T2-weighted image of the prostate with an
unsuspicious, high signal intensity region of PZ prostate (outlined in green). (b) An axial
T2-weighted image of the prostate at a different level with a focal region of hypointense
signal in the PZ suspicious for prostate cancer (outlined in red). (c) A Ktrans (forward
volume transfer constant) map at the same level as the unsuspicious region in (a), showing
low enhancement (blue indicates low enhancement) in the ROI. (d) In contrast, a Ktrans map
for the same level as the suspicious region in (b) reveals focal enhancement (yellow and red
indicate higher levels of enhancement). (e) A ve (the fraction of extracellular extravascular
space) map for the unsuspicious region, indicating no increased fraction relative to the rest
of the prostate. (f) The ve map for the suspicious region in (b) shows lower signal (light
blue) in the ROI compared to the background prostate gland, as expected in prostate cancer.
(g) Kinetic curves of gadolinium concentration versus time for the normal (green) and tumor
(red) regions of interest. Overall, the region suspicious for tumor demonstrates lower signal
intensity on T2-weighted imaging, higher Ktrans, lower ve, and greater enhancement (higher
maximum concentration of contrast reached, as seen in the kinetic curves) as compared to
the normal region of interest.
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Figure 6. MRS Imaging of Prostate Cancer
Images and post-image processing data from a man with biopsy-diagnosed prostate cancer.
(a) An axial T2-weighted image of a prostate divided into voxels for MRS imaging analysis.
(b) The MR spectra for choline+creatine (the first dominant “composite” peak from the left
of each spectrum) and citrate (the second dominant peak from the left). The blue voxel
incorporating unsuspicious central gland on T2-weighted imaging (a) shows a normal
spectrum along with a normal (Cho+Cr)/Cit ratio, with much more citrate than choline
+creatine present (see spectrum also boxed in blue in (b)). Alternatively, the red voxel
contains peripheral zone prostate which has T2 hypointensity, making it suspicious for
cancer (notably, the associated T1 image was negative for hemorrhage). The voxel's
associated spectrum (boxed in red in (b)) shows a higher (Cho+Cr)/Cit ratio (approximately
equal peaks) than seen in the unsuspicious blue voxel. This indicates a possible region of
tumor in the red voxel's region, especially given the suspicious hypointense signal on T2-
weighted imaging.

Hegde et al. Page 26

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hegde et al. Page 27

Ta
bl

e 
1

D
et

ai
ls

 o
f 

ou
r 

pr
os

ta
te

 c
an

ce
r 

st
ag

in
g 

M
R

 e
xa

m
in

at
io

n 
as

 im
pl

em
en

te
d 

on
 a

 3
 T

 s
ca

nn
er

 (
G

en
er

al
 E

le
ct

ri
c 

M
ed

ic
al

 S
ys

te
m

s,
 M

ilw
au

ke
e,

 W
I)

. S
om

e 
ve

nd
or

s 
us

e 
di

ff
er

en
t p

ul
se

 s
eq

ue
nc

e 
na

m
es

 o
r 

re
po

rt
re

ce
iv

er
 b

an
dw

id
th

s 
(B

W
) 

in
 H

z/
pi

xe
l. 

A
ll 

se
qu

en
ce

s 
lis

te
d 

ut
ili

ze
 a

 b
od

y 
ar

ra
y 

co
il 

al
on

g 
w

ith
 a

n 
en

do
re

ct
al

 c
oi

l, 
ex

ce
pt

 f
or

 th
e 

D
W

I 
m

od
al

ity
, w

hi
ch

 e
m

pl
oy

s 
on

ly
 th

e 
en

do
re

ct
al

 c
oi

l. 
T

he
 T

2-
w

ei
gh

te
d

se
qu

en
ce

 u
se

s 
an

 e
ch

o 
tr

ai
n 

le
ng

th
 o

f 
19

. T
he

 D
W

I 
se

qu
en

ce
 e

m
pl

oy
s 

b 
va

lu
es

 o
f 

50
0 

an
d 

14
00

 s
/m

m
2 .

3 
P

la
ne

 L
oc

al
iz

er
P

ar
al

le
l I

m
ag

in
g 

C
al

ib
ra

ti
on

T
2 

(3
-p

la
ne

)
A

xi
al

 T
1 

P
re

-C
on

tr
as

t
A

xi
al

 D
W

I
A

xi
al

 3
D

 D
C

E
A

xi
al

 T
1 

P
os

t-
C

on
tr

as
t

A
xi

al
 T

1(
N

od
al

 S
ur

ve
y)

Pu
ls

e 
Se

qu
en

ce
SS

FS
E

G
ra

di
en

t E
ch

o
FR

FS
E

-X
L

/N
PW

/T
ai

lo
re

d 
R

F
SP

G
R

/N
PW

/E
D

R
SE

-D
W

-E
PI

SP
G

R
/A

ss
et

/m
ul

ti-
ph

as
e

SP
G

R
/N

PW
/E

D
R

SP
G

R
/E

D
R

T
R

 (
m

s)
16

73
35

00
38

5
25

00
3.

6
38

5
22

5

T
E

 (
m

s)
80

10
2

6.
2

65
.7

1.
3

6.
2

3.
3

Fl
ip

 A
ng

le
 (

°)
90

65
15

65
75

B
W

 (
K

hz
)

±
83

.3
±

31
.2

5
±

31
.2

5
±

25
0

±
62

.5
±

31
.2

5
±

31
.2

5

FO
V

 (
cm

)
40

48
16

16
18

*1
0.

8
26

16
35

-4
0

Sl
ic

e 
T

hi
ck

ne
ss

 (
m

m
)

8
15

3
3

3
5

3
5

Sp
ac

in
g 

(m
m

)
0

0
0

0
0

1

Fr
eq

ue
nc

y 
D

ir
ec

tio
n

U
ns

w
ap

C
o 

– 
S/

I 
A

x/
Sg

 –
 A

/P
A

/P
R

/L
A

/P
A

/P
A

/P

M
at

ri
x

38
4 

×
 1

92
38

4 
×

 2
24

38
4 

×
 1

92
12

8 
×

 9
6

25
6 

×
 1

60
 ×

 2
0

38
4 

×
 1

92
25

6 
×

 1
60

N
E

X
-

2
1

12
0.

5
1

0.
5

A
bb

re
vi

at
io

ns
: S

SF
SE

=
 s

in
gl

e 
sh

ot
 f

as
t s

pi
n 

ec
ho

; F
R

FS
E

-X
L

=
 f

as
t r

ec
ov

er
y 

fa
st

 s
pi

n 
ec

ho
 a

cc
el

er
at

ed
; R

F 
=

 r
ad

io
 f

re
qu

en
cy

; S
PG

R
=

 s
po

ile
d 

gr
ad

ie
nt

 e
ch

o;
 S

E
-D

W
-E

PI
=

 s
pi

n-
ec

ho
 d

if
fu

si
on

-w
ei

gh
te

d 
ec

ho
-p

la
na

r-
im

ag
in

g;
 N

PW
 =

 n
o 

ph
as

e-
w

ra
p;

 E
D

R
 =

 e
xt

en
de

d 
dy

na
m

ic
ra

ng
e;

 T
R

=
 r

ep
et

iti
on

 ti
m

e;
 T

E
=

 e
ch

o 
tim

e;
 B

W
=

ba
nd

w
id

th
s;

 F
O

V
=

fi
el

d 
of

 v
ie

w
; E

T
L

 =
 e

ch
o 

tr
ai

n 
le

ng
th

; N
E

X
 =

 n
um

be
r 

of
 e

xc
ita

tio
ns

; C
o 

=
 c

or
on

al
; A

x/
Sg

 =
 a

xi
al

/s
ag

itt
al

; A
/P

 =
 a

nt
er

io
r/

po
st

er
io

r;
 R

/L
 =

 r
ig

ht
/le

ft
.

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hegde et al. Page 28

Ta
bl

e 
2

A
 li

st
 o

f 
re

ce
nt

 a
rt

ic
le

s 
ov

er
 th

e 
pa

st
 5

 y
ea

rs
 u

til
iz

in
g 

in
di

vi
du

al
 M

R
I 

m
od

al
iti

es
 to

 e
va

lu
at

e 
pe

rf
or

m
an

ce
 c

ha
ra

ct
er

is
tic

s 
or

 to
 c

ha
ra

ct
er

iz
e 

pr
os

ta
te

 ti
ss

ue
s.

T
he

 ta
bl

e 
is

 d
iv

id
ed

 in
to

 s
tu

di
es

 r
el

ev
an

t t
o 

pa
rt

ic
ul

ar
 m

od
al

iti
es

 (
T

2W
, D

W
, D

C
E

, o
r 

M
R

S 
im

ag
in

g)
.

A
ut

ho
rs

St
ud

y 
D

es
ig

n
N

o.
 o

f 
P

at
ie

nt
s

M
ag

ne
ti

c
F

ie
ld

st
re

ng
th

(T
)

E
nd

or
ec

ta
l C

oi
l

T
2W

D
W

D
C

E
M

R
S

H
is

to
pa

th
ol

og
ic

 C
or

re
la

ti
on

F
in

di
ng

s

T
2W

I-
R

el
at

ed
 S

tu
di

es

W
an

g 
et

 a
l. 

(8
1)

R
et

ro
sp

ec
tiv

e
74

1.
5

Y
es

Y
es

N
o

N
o

N
o

W
ho

le
-m

ou
nt

 s
te

p 
se

ct
io

ns
H

ig
he

r 
G

le
as

on
 g

ra
de

s 
ar

e
si

gn
if

ic
an

tly
 a

ss
oc

ia
te

d 
w

ith
 lo

w
er

tu
m

or
-m

us
cl

e 
si

gn
al

 in
te

ns
ity

 r
at

io
s

on
 T

2W
I,

 s
ho

w
in

g 
po

te
nt

ia
l u

til
ity

 f
or

m
ea

su
ri

ng
 p

ro
st

at
e 

ca
nc

er
ag

gr
es

si
ve

ne
ss

.

R
oe

bu
ck

 e
t a

l. 
(4

5)
Pr

os
pe

ct
iv

e
18

1.
5

Y
es

Y
es

N
o

N
o

N
o

B
io

ps
y 

or
 R

P 
sp

ec
im

en
 r

ep
or

ts
T

2 
va

lu
es

 a
re

 s
ig

ni
fi

ca
nt

ly
 s

ho
rt

er
 in

pr
os

ta
te

 c
an

ce
r 

co
m

pa
re

d 
to

 h
ea

lth
y

tis
su

e,
 s

ho
w

in
g 

th
at

 C
ar

r-
Pu

rc
el

l-
M

ei
bo

om
-G

ill
 q

ua
nt

ita
tiv

e 
T

2
im

ag
in

g 
m

ay
 b

e 
us

ef
ul

 f
or

 ti
ss

ue
di

sc
ri

m
in

at
io

n.

D
W

I-
R

el
at

ed
 S

tu
di

es

M
ia

o 
et

 a
l. 

(2
7)

R
et

ro
sp

ec
tiv

e
37

3
N

o
Y

es
Y

es
N

o
N

o
N

ee
dl

e 
bi

op
sy

A
t 3

T
, D

W
I 

w
as

 s
ig

ni
fi

ca
nt

ly
 m

or
e

ac
cu

ra
te

 th
an

 T
2W

I 
at

 d
et

ec
tin

g
pr

os
ta

te
 c

an
ce

r.

O
to

 e
t a

l. 
(8

3)
R

et
ro

sp
ec

tiv
e

49
1.

5
Y

es
Y

es
Y

es
Y

es
N

o
St

ep
 s

ec
tio

ns
A

D
C

 v
al

ue
s 

si
gn

if
ic

an
tly

di
sc

ri
m

in
at

e 
be

tw
ee

n 
C

G
 p

ro
st

at
e

ca
nc

er
, s

tr
om

al
 h

yp
er

pl
as

ia
, a

nd
gl

an
du

la
r 

hy
pe

rp
la

si
a.

 K
tr

an
s

im
pr

ov
ed

 p
er

fo
rm

an
ce

 c
ha

ra
ct

er
is

tic
s

w
he

n 
ad

de
d 

to
 A

D
C

 in
 R

O
C

 a
na

ly
si

s
w

ith
ou

t s
ig

ni
fi

ca
nt

ly
 im

pr
ov

in
g 

A
U

C
.

H
am

br
oc

k 
et

 a
l. 

(1
0)

R
et

ro
sp

ec
tiv

e
51

3
Y

es
Y

es
Y

es
N

o
N

o
W

ho
le

-m
ou

nt
 s

te
p 

se
ct

io
ns

A
t 3

T
, P

Z
 p

ro
st

at
e 

ca
nc

er
 G

le
as

on
gr

ad
e 

is
 s

ig
ni

fi
ca

nt
ly

 in
ve

rs
el

y
co

rr
el

at
ed

 to
 A

D
C

 v
al

ue
s.

T
ur

kb
ey

 e
t a

l. 
(8

4)
R

et
ro

sp
ec

tiv
e

48
3

Y
es

Y
es

Y
es

N
o

N
o

N
ee

dl
e 

bi
op

sy
A

t 3
T

, a
 s

ig
ni

fi
ca

nt
, n

eg
at

iv
e

co
rr

el
at

io
n 

be
tw

ee
n 

A
D

C
 a

nd
 b

ot
h

G
le

as
on

 s
co

re
 a

nd
 D

'A
m

ic
o 

cl
in

ic
al

ri
sk

 s
co

re
 is

 o
bs

er
va

bl
e.

Z
el

ho
f 

et
 a

l. 
(8

5)
Pr

os
pe

ct
iv

e
36

3
N

o
Y

es
Y

es
N

o
N

o
W

ho
le

-m
ou

nt
 s

te
p 

se
ct

io
ns

T
he

re
 is

 a
 s

ig
ni

fi
ca

nt
 c

or
re

la
tio

n
be

tw
ee

n 
A

D
C

 v
al

ue
s 

an
d 

ce
ll 

de
ns

ity
,

re
ga

rd
le

ss
 o

f 
tis

su
e 

ty
pe

.

K
im

 e
t a

l. 
(2

8)
R

et
ro

sp
ec

tiv
e

48
3

N
o

Y
es

Y
es

N
o

N
o

St
ep

 s
ec

tio
ns

A
t 3

T
, h

ig
h 

b-
va

lu
e 

D
W

I 
w

as
 a

bl
e 

to
im

pr
ov

e 
th

e 
pe

rf
or

m
an

ce
 o

f 
A

D
C

ac
cu

ra
cy

 in
 p

re
di

ct
in

g 
pr

os
ta

te
ca

nc
er

. D
W

I 
us

in
g 

a 
b 

va
lu

e 
of

 1
00

0

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hegde et al. Page 29

A
ut

ho
rs

St
ud

y 
D

es
ig

n
N

o.
 o

f 
P

at
ie

nt
s

M
ag

ne
ti

c
F

ie
ld

st
re

ng
th

(T
)

E
nd

or
ec

ta
l C

oi
l

T
2W

D
W

D
C

E
M

R
S

H
is

to
pa

th
ol

og
ic

 C
or

re
la

ti
on

F
in

di
ng

s

s/
m

m
2  

is
 m

or
e 

ac
cu

ra
te

 in
 p

re
di

ct
in

g
ca

nc
er

 th
an

 a
t 2

00
0 

s/
m

m
2 .

M
et

en
s 

et
 a

l. 
(2

9)
R

et
ro

sp
ec

tiv
e

41
3

N
o

Y
es

Y
es

N
o

N
o

N
ee

dl
e 

bi
op

sy
A

t 3
T

, b
 v

al
ue

s 
of

 1
50

0 
s/

m
m

2  
an

d
20

00
 s

/m
m

2  
be

st
 d

ep
ic

t p
ro

st
at

e
ca

nc
er

 le
si

on
s.

 T
he

 h
ig

he
st

 c
on

tr
as

t-
to

-n
oi

se
 r

at
io

 w
as

 s
ig

ni
fi

ca
nt

ly
ob

ta
in

ed
 a

t b
 =

 1
50

0 
s/

m
m

2 .

D
C

E
-R

el
at

ed
 S

tu
di

es

O
ca

k 
et

 a
l.(

86
)

Pr
os

pe
ct

iv
e

50
3

Y
es

Y
es

N
o

Y
es

N
o

N
ee

dl
e 

bi
op

sy
Sp

ec
if

ic
ity

 f
or

 p
ro

st
at

e 
ca

nc
er

de
te

ct
io

n 
in

 th
e 

PZ
 is

 im
pr

ov
ed

 w
ith

PK
 d

at
a 

fr
om

 D
C

E
, e

sp
ec

ia
lly

 K
tr

an
s

an
d 

k e
p,

 a
s 

co
m

pa
re

d 
to

 T
2W

I 
al

on
e.

G
ir

ou
in

 e
t a

l.(
87

)
R

et
ro

sp
ec

tiv
e

46
1.

5
N

o
Y

es
N

o
Y

es
N

o
W

ho
le

-m
ou

nt
 s

te
p 

se
ct

io
n

M
or

ph
ol

og
ic

 D
C

E
 im

ag
in

g 
is

si
gn

if
ic

an
tly

 m
or

e 
se

ns
iti

ve
, b

ut
si

gn
if

ic
an

tly
 le

ss
 s

pe
ci

fi
c,

 th
an

 T
2W

I
fo

r 
tu

m
or

 lo
ca

liz
at

io
n 

in
 p

el
vi

c
ph

as
ed

-a
rr

ay
 c

oi
l-

on
ly

 M
R

I.

Sc
he

rr
 e

t a
l. 

(8
8)

R
et

ro
sp

ec
tiv

e
27

1.
5

Y
es

Y
es

Y
es

Y
es

Y
es

N
ee

dl
e 

bi
op

sy
 o

r 
w

ho
le

-m
ou

nt
D

C
E

 im
ag

in
g 

us
in

g 
qu

an
tit

at
iv

e 
M

R
pe

rf
us

io
n 

pa
ra

m
et

er
s 

di
sc

ri
m

in
at

ed
PZ

 p
ro

st
at

e 
ca

nc
er

 a
nd

 b
en

ig
n 

tis
su

e
si

gn
if

ic
an

tly
 w

ith
 s

ev
er

al
 D

C
E

pa
ra

m
et

er
s.

 H
ow

ev
er

, d
is

cr
im

in
at

io
n

be
tw

ee
n 

pr
os

ta
te

 c
an

ce
r 

an
d 

T
Z

 w
as

no
t r

el
ia

bl
e.

Z
el

ho
f 

et
 a

l.(
23

)
Pr

os
pe

ct
iv

e
52

3
N

o
Y

es
N

o
Y

es
N

o
W

ho
le

-m
ou

nt
In

 D
C

E
 im

ag
in

g,
 f

in
di

ng
 th

e
m

ax
im

um
 e

nh
an

ce
m

en
t i

nd
ex

(M
ax

E
I)

 a
nd

 f
in

al
 s

lo
pe

 o
f 

th
e 

si
gn

al
in

te
ns

ity
 c

ha
ng

e 
co

m
bi

ne
d 

fo
r 

go
od

pe
rf

or
m

an
ce

 c
ha

ra
ct

er
is

tic
s 

fo
r

de
te

ct
in

g 
m

al
ig

na
nc

y.
 M

ax
E

I 
w

as
si

gn
if

ic
an

tly
 d

if
fe

re
nt

 in
 m

al
ig

na
nt

co
m

pa
re

d 
to

 b
en

ig
n 

le
si

on
s.

Fr
an

ie
l e

t a
l. 

(8
9)

Pr
os

pe
ct

iv
e

35
1.

5
Y

es
Y

es
N

o
Y

es
N

o
Se

le
ct

ed
 b

lo
ck

s 
(p

ar
tia

l r
ev

ie
w

)
B

lo
od

 f
lo

w
 p

ro
vi

de
d 

si
gn

if
ic

an
t

di
sc

ri
m

in
at

io
n 

be
tw

ee
n 

th
os

e 
w

ith
pr

os
ta

te
 c

an
ce

r,
 c

hr
on

ic
 p

ro
st

at
iti

s,
an

d 
no

rm
al

 ti
ss

ue
. B

lo
od

 v
ol

um
e 

an
d

in
te

rs
tit

ia
l v

ol
um

e 
ar

e 
no

t
si

gn
if

ic
an

tly
 a

ss
oc

ia
te

d 
w

ith
 th

es
e

tis
su

e 
ty

pe
s.

Fr
an

ie
l e

t a
l. 

(9
0)

Pr
os

pe
ct

iv
e

53
1.

5
Y

es
Y

es
N

o
Y

es
N

o
Se

ri
al

 s
ec

tio
ns

U
si

ng
 D

C
E

 f
or

 p
ro

st
at

e 
ca

nc
er

 v
s.

no
rm

al
 ti

ss
ue

 d
if

fe
re

nt
ia

tio
n,

 th
e 

us
e

of
 p

er
fu

si
on

 f
ro

m
 a

n 
en

tir
e 

re
gi

on
 is

su
pe

ri
or

 to
 u

si
ng

 p
er

fu
si

on
 o

r 
bl

oo
d

vo
lu

m
e 

in
 M

R
I 

“h
ot

sp
ot

s.
”

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hegde et al. Page 30

A
ut

ho
rs

St
ud

y 
D

es
ig

n
N

o.
 o

f 
P

at
ie

nt
s

M
ag

ne
ti

c
F

ie
ld

st
re

ng
th

(T
)

E
nd

or
ec

ta
l C

oi
l

T
2W

D
W

D
C

E
M

R
S

H
is

to
pa

th
ol

og
ic

 C
or

re
la

ti
on

F
in

di
ng

s

M
R

S 
Im

ag
in

g-
R

el
at

ed
 S

tu
di

es

G
iu

st
i e

t a
l. 

(9
1)

R
et

ro
sp

ec
tiv

e
52

1.
5

Y
es

Y
es

N
o

N
o

Y
es

W
ho

le
-m

ou
nt

 s
te

p 
se

ct
io

ns
T

he
 (

C
ho

+
C

r)
/C

it 
ra

tio
 s

ig
ni

fi
ca

nt
ly

co
rr

el
at

es
 to

 p
at

ho
lo

gi
c 

G
le

as
on

sc
or

e.
 M

R
SI

 a
dd

ed
 s

ig
ni

fi
ca

nt
ly

 to
T

2W
I 

al
on

e 
fo

r 
pe

rf
or

m
an

ce
,

in
cl

ud
in

g 
se

ns
iti

vi
ty

 a
nd

 a
cc

ur
ac

y.

Sc
he

en
en

 e
t a

l.(
92

)
Pr

os
pe

ct
iv

e
10

9
1.

5
Y

es
Y

es
N

o
N

o
Y

es
W

ho
le

-m
ou

nt
 o

r 
in

 q
ua

dr
an

ts
3D

 M
R

SI
 is

 v
al

ua
bl

e 
fo

r 
si

gn
if

ic
an

tly
di

sc
ri

m
in

at
in

g 
be

tw
ee

n 
be

ni
gn

 ti
ss

ue
an

d 
ca

nc
er

 u
si

ng
 th

e 
(C

ho
+

C
r)

/C
it

ra
tio

 in
 th

e 
PZ

 a
nd

 C
G

.

K
ob

us
 e

t a
l.(

93
)

R
et

ro
sp

ec
tiv

e
43

3
Y

es
Y

es
N

o
N

o
Y

es
Se

ri
al

 s
ec

tio
ns

T
he

 M
R

S 
im

ag
in

g 
m

ea
su

re
m

en
ts

 o
f

m
ax

im
um

 (
C

ho
+

C
r)

/C
it,

 C
ho

/C
r,

 a
nd

st
an

da
rd

iz
ed

 m
al

ig
na

nc
y 

ra
tin

gs
in

co
rp

or
at

in
g 

th
es

e 
tw

o 
ra

tio
s 

w
er

e
al

l s
ig

ni
fi

ca
nt

ly
 a

ss
oc

ia
te

d 
w

ith
 tu

m
or

gr
ad

e.

Sc
he

en
en

 e
t a

l.(
24

)
Pr

os
pe

ct
iv

e
45

3
N

o
Y

es
N

o
N

o
Y

es
Se

ri
al

 s
ec

tio
ns

3D
 M

R
SI

 u
si

ng
 o

nl
y 

ex
te

rn
al

 s
ur

fa
ce

co
ils

 c
an

 b
e 

us
ed

 to
 s

ig
ni

fi
ca

nt
ly

di
ff

er
en

tia
te

 h
ea

lth
y 

tis
su

e 
fr

om
pr

os
ta

te
 c

an
ce

r 
in

 b
ot

h 
th

e 
PZ

 a
nd

C
G

.

Y
ak

ar
 e

t a
l. 

(3
0)

Pr
os

pe
ct

iv
e

18
3

Y
es

Y
es

N
o

N
o

Y
es

Se
ri

al
 s

ec
tio

ns
U

si
ng

 a
n 

en
do

re
ct

al
 c

oi
l a

t 3
T

 f
or

M
R

SI
 lo

ca
liz

at
io

n 
of

 p
ro

st
at

e 
ca

nc
er

,
pe

rf
or

m
an

ce
 is

 s
ig

ni
fi

ca
nt

ly
 in

cr
ea

se
d

vs
. u

si
ng

 o
nl

y 
ex

te
rn

al
 b

od
y 

co
ils

.

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hegde et al. Page 31

Ta
bl

e 
3

A
 li

st
 o

f 
re

ce
nt

 a
rt

ic
le

s 
ov

er
 th

e 
pa

st
 5

 y
ea

rs
 il

lu
st

ra
tin

g 
th

e 
pe

rf
or

m
an

ce
 c

ha
ra

ct
er

is
tic

s 
of

 m
ul

tip
ar

am
et

ri
c 

im
ag

in
g 

us
in

g 
di

ff
er

en
t c

om
bi

na
tio

ns
 o

f 
T

2W
,

D
W

, D
C

E
, a

nd
 M

R
S 

im
ag

in
g.

A
ut

ho
rs

St
ud

y 
D

es
ig

n
N

o.
 o

f 
P

at
ie

nt
s

M
ag

ne
ti

c
F

ie
ld

st
re

ng
th

(T
)

E
nd

or
ec

ta
l C

oi
l

T
2W

D
W

D
C

E
M

R
S

H
is

to
pa

th
ol

og
ic

 C
or

re
la

ti
on

F
in

di
ng

s

H
ai

de
r 

et
 a

l. 
(9

4)
Pr

os
pe

ct
iv

e
49

1.
5

Y
es

Y
es

Y
es

N
o

N
o

W
ho

le
-m

ou
nt

In
 th

e 
PZ

, a
cc

ur
ac

y 
is

 s
ig

ni
fi

ca
nt

ly
hi

gh
er

 f
or

 T
2W

I+
D

W
I 

co
m

pa
re

d 
to

T
2W

I 
al

on
e.

 I
nc

lu
di

ng
 th

e 
w

ho
le

pr
os

ta
te

, s
en

si
tiv

ity
 w

as
si

gn
if

ic
an

tly
 h

ig
he

r 
fo

r 
th

e
co

m
bi

ne
d 

m
et

ho
d 

co
m

pa
re

d 
to

T
2W

I 
al

on
e.

L
im

 e
t a

l. 
(9

5)
R

et
ro

sp
ec

tiv
e

52
1.

5
Y

es
Y

es
Y

es
N

o
N

o
St

ep
 s

ec
tio

ns
A

D
C

 m
ap

s+
 T

2W
I 

co
m

bi
ne

d
si

gn
if

ic
an

tly
 im

pr
ov

es
 p

er
fo

rm
an

ce
(s

en
si

tiv
ity

 a
nd

 a
cc

ur
ac

y)
 o

f 
M

R
de

te
ct

io
n 

of
 p

ro
st

at
e 

ca
nc

er
 o

ve
r

T
2W

I 
al

on
e.

M
az

ah
er

i e
t a

l. 
(9

6)
R

et
ro

sp
ec

tiv
e

42
1.

5
Y

es
Y

es
Y

es
N

o
N

o
W

ho
le

-m
ou

nt
 s

te
p 

se
ct

io
ns

T
2W

I 
+

 D
W

I 
si

gn
if

ic
an

tly
im

pr
ov

es
 th

e 
ac

cu
ra

cy
 o

f 
PZ

 tu
m

or
vo

lu
m

e 
m

ea
su

re
m

en
t o

ve
r 

T
2W

I
al

on
e.

V
ar

ga
s 

et
 a

l. 
(9

7)
R

et
ro

sp
ec

tiv
e

51
3

Y
es

Y
es

Y
es

N
o

N
o

W
ho

le
-m

ou
nt

 s
te

p 
se

ct
io

ns
T

he
 a

cc
ur

ac
y 

of
 T

2W
I 

al
on

e 
an

d
A

D
C

 m
ap

s 
+

T
2W

I 
w

er
e 

si
m

ila
r 

fo
r

tu
m

or
 d

et
ec

tio
n.

 A
ls

o,
 a

 lo
w

er
 m

ea
n

A
D

C
 w

as
 s

ig
ni

fi
ca

nt
ly

 c
or

re
la

te
d 

to
a 

hi
gh

er
 tu

m
or

 G
le

as
on

 s
co

re
.

Fu
tte

re
r 

et
 a

l.(
98

)
Pr

os
pe

ct
iv

e
34

1.
5

Y
es

Y
es

N
o

Y
es

Y
es

W
ho

le
-m

ou
nt

 s
te

p 
se

ct
io

ns
T

he
 u

se
 o

f 
D

C
E

+
M

R
SI

 is
si

gn
if

ic
an

tly
 b

et
te

r 
fo

r 
re

ad
er

ac
cu

ra
cy

 o
f 

tu
m

or
 lo

ca
liz

at
io

n 
th

an
T

2W
I 

al
on

e.
 A

ls
o,

 th
e 

ac
cu

ra
cy

 o
f

D
C

E
 is

 s
ig

ni
fi

ca
nt

ly
 g

re
at

er
 th

an
M

R
SI

 f
or

 tu
m

or
 lo

ca
liz

at
io

n.

T
ur

kb
ey

 e
t a

l. 
(2

1)
Pr

os
pe

ct
iv

e
70

3
Y

es
Y

es
N

o
Y

es
Y

es
W

ho
le

-m
ou

nt
 s

ec
tio

ns
T

2W
, D

C
E

, a
nd

 M
R

S 
im

ag
in

g 
at

3T
 e

ac
h 

pr
ov

id
e 

si
gn

if
ic

an
t a

nd
ad

di
tiv

e 
pr

ed
ic

tiv
e 

va
lu

e 
fo

r
pr

os
ta

te
 c

an
ce

r 
de

te
ct

io
n 

in
 th

e 
PZ

.

K
ita

jim
a 

et
 a

l. 
(2

6)
R

et
ro

sp
ec

tiv
e

53
3

N
o

Y
es

Y
es

Y
es

N
o

N
ee

dl
e 

bi
op

sy
T

he
re

 w
as

 a
 s

ig
ni

fi
ca

nt
 in

cr
ea

se
 in

th
e 

pe
rf

or
m

an
ce

 c
ha

ra
ct

er
is

tic
s 

of
ca

nc
er

 d
et

ec
tio

n 
fo

r 
bo

th
 T

2W
I

+
D

W
I 

an
d 

T
2W

I+
D

W
I+

D
C

E
im

ag
in

g 
co

m
pa

re
d 

to
 T

2W
I 

al
on

e.

D
el

on
gc

ha
m

ps
 e

t a
l.

(9
9)

Pr
os

pe
ct

iv
e

57
1.

5
Y

es
Y

es
Y

es
Y

es
N

o
W

ho
le

-m
ou

nt
Fo

r 
ac

cu
ra

te
 P

Z
 tu

m
or

 d
et

ec
tio

n,
T

2W
I+

D
W

I,
 T

2W
I+

D
C

E
, a

nd
 a

ll
th

re
e 

im
ag

in
g 

m
od

al
iti

es
 c

om
bi

ne
d

w
er

e 
si

gn
if

ic
an

tly
 g

re
at

er
 th

an
 f

or

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hegde et al. Page 32

A
ut

ho
rs

St
ud

y 
D

es
ig

n
N

o.
 o

f 
P

at
ie

nt
s

M
ag

ne
ti

c
F

ie
ld

st
re

ng
th

(T
)

E
nd

or
ec

ta
l C

oi
l

T
2W

D
W

D
C

E
M

R
S

H
is

to
pa

th
ol

og
ic

 C
or

re
la

ti
on

F
in

di
ng

s

T
2W

I 
al

on
e.

 T
2W

I+
D

W
I 

w
as

si
gn

if
ic

an
tly

 g
re

at
er

 th
an

 T
2W

I
+

D
C

E
 im

ag
in

g 
an

d 
al

l t
hr

ee
se

qu
en

ce
s 

co
m

bi
ne

d 
fo

r 
ac

cu
ra

cy
.

T
ur

kb
ey

 e
t a

l. 
(1

00
)

Pr
os

pe
ct

iv
e

45
3

Y
es

Y
es

Y
es

Y
es

Y
es

W
ho

le
-m

ou
nt

 s
ec

tio
ns

PP
V

s 
of

 m
pM

R
I 

de
te

ct
io

n 
of

pr
os

ta
te

 c
an

ce
r 

in
 th

e 
ov

er
al

l
pr

os
ta

te
, P

Z
, a

nd
 C

G
 w

er
e 

98
%

,
98

%
, a

nd
 1

00
%

, r
es

pe
ct

iv
el

y.

D
el

on
gc

ha
m

ps
 e

t a
l.

(1
01

)
Pr

os
pe

ct
iv

e
58

1.
5

Y
es

Y
es

Y
es

Y
es

N
o

W
ho

le
-m

ou
nt

 s
ec

tio
ns

Fo
r 

lo
w

-r
is

k 
pa

tie
nt

s,
 P

Z
 tu

m
or

de
te

ct
io

n 
is

 s
ig

ni
fi

ca
nt

ly
 b

et
te

r 
w

ith
T

2W
I+

D
W

I+
D

C
E

 th
an

 w
ith

 e
ith

er
T

2W
I+

D
W

I 
or

 T
2W

I 
al

on
e.

 I
n 

th
e

T
Z

, T
2W

I+
D

W
I 

pe
rf

or
m

ed
si

gn
if

ic
an

tly
 b

et
te

r 
th

an
 T

2W
I

al
on

e,
 w

hi
le

 o
th

er
 c

om
bi

na
tio

ns
w

er
e 

no
t s

ig
ni

fi
ca

nt
ly

 d
if

fe
re

nt
.

W
ei

nr
eb

 e
t a

l. 
(6

0)
Pr

os
pe

ct
iv

e
11

0
1.

5
Y

es
Y

es
N

o
N

o
Y

es
W

ho
le

-m
ou

nt
 o

r 
st

an
da

rd
bl

oc
ks

PZ
 p

ro
st

at
e 

ca
nc

er
 lo

ca
liz

at
io

n
ac

cu
ra

cy
 is

 e
qu

al
 f

or
 T

2W
I+

M
R

SI
an

d 
T

2W
I 

al
on

e 
us

in
g 

1.
5 

T
 e

rM
R

I.

C
as

ci
an

i e
t a

l. 
(1

02
)

R
et

ro
sp

ec
tiv

e
70

1.
5

Y
es

Y
es

N
o

N
o

Y
es

Se
ri

al
 s

ec
tio

ns
 o

r 
ne

ed
le

bi
op

sy
T

he
re

 is
 a

n 
in

cr
em

en
ta

l b
en

ef
it 

of
ad

di
ng

 M
R

SI
 to

 T
2W

I 
bu

t w
ith

ou
t a

st
at

is
tic

al
 s

ig
ni

fi
ca

nc
e 

be
in

g 
sh

ow
n.

M
az

ah
er

i e
t a

l.
(1

03
)

R
et

ro
sp

ec
tiv

e
38

1.
5

Y
es

Y
es

Y
es

N
o

Y
es

W
ho

le
-m

ou
nt

 s
te

p 
se

ct
io

ns
Fo

r 
di

sc
ri

m
in

at
in

g 
be

tw
ee

n
ca

nc
er

ou
s 

an
d 

be
ni

gn
 r

eg
io

ns
 in

 th
e

PZ
, a

 c
om

bi
na

tio
n 

of
 A

D
C

 a
nd

m
ea

n 
m

et
ab

ol
ic

 r
at

io
 (

M
E

T
)

pe
rf

or
m

s 
si

gn
if

ic
an

tly
 b

et
te

r 
th

an
M

E
T

 a
lo

ne
 (

bu
t n

ot
 A

D
C

 a
lo

ne
).

L
an

ge
r 

et
 a

l. 
(1

04
)

Pr
os

pe
ct

iv
e

25
1.

5
Y

es
Y

es
*

Y
es

Y
es

N
o

W
ho

le
-m

ou
nt

 s
ec

tio
ns

C
om

bi
ne

d 
qu

an
tit

at
iv

e 
T

2W
I+

D
W

I
+

D
C

E
 im

ag
in

g 
m

ea
su

re
s 

w
er

e
si

gn
if

ic
an

tly
 m

or
e 

ac
cu

ra
te

 th
an

 a
ny

in
di

vi
du

al
 m

ea
su

re
 e

xc
ep

t f
or

 A
D

C
fo

r 
id

en
tif

yi
ng

 P
Z

 p
ro

st
at

e 
ca

nc
er

.

L
an

ge
r 

et
 a

l.(
40

)
R

et
ro

sp
ec

tiv
e 

(a
s 

pa
rt

of
 a

n 
on

go
in

g
pr

os
pe

ct
iv

e 
st

ud
y)

24
1.

5
Y

es
Y

es
Y

es
Y

es
N

o
W

ho
le

-m
ou

nt
A

ll 
M

R
 p

ar
am

et
er

s 
w

er
e

si
gn

if
ic

an
tly

 d
if

fe
re

nt
 b

et
w

ee
n

pr
os

ta
te

 c
an

ce
r 

an
d 

no
rm

al
 P

Z
.

A
D

C
, T

2,
 K

tr
an

s , 
an

d 
v e

 a
ll 

ha
d

si
gn

if
ic

an
t c

or
re

la
tio

ns
 to

 s
pe

ci
fi

c
hi

st
ol

og
ic

 c
om

po
ne

nt
s.

G
ib

bs
 e

t a
l. 

(2
5)

Pr
os

pe
ct

iv
e

20
3

N
o

Y
es

Y
es

N
o

N
o

W
ho

le
-m

ou
nt

A
D

C
 a

nd
 T

2 
ar

e 
si

gn
if

ic
an

tly
ne

ga
tiv

el
y 

co
rr

el
at

ed
 w

ith
 c

el
l

de
ns

ity
.

L
an

ge
r 

et
 a

l.(
41

)
R

et
ro

sp
ec

tiv
e

18
1.

5
Y

es
Y

es
Y

es
N

o
N

o
W

ho
le

-m
ou

nt
Sp

ar
se

 p
ro

st
at

e 
tu

m
or

s 
ha

ve
 s

im
ila

r
A

D
C

 a
nd

 T
2 

va
lu

es
 c

om
pa

re
d 

to
no

rm
al

 P
Z

 ti
ss

ue
, i

n 
co

nt
ra

st
 to

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hegde et al. Page 33

A
ut

ho
rs

St
ud

y 
D

es
ig

n
N

o.
 o

f 
P

at
ie

nt
s

M
ag

ne
ti

c
F

ie
ld

st
re

ng
th

(T
)

E
nd

or
ec

ta
l C

oi
l

T
2W

D
W

D
C

E
M

R
S

H
is

to
pa

th
ol

og
ic

 C
or

re
la

ti
on

F
in

di
ng

s

de
ns

e 
tu

m
or

s,
 w

he
re

 s
ig

ni
fi

ca
nt

ly
lo

w
er

 T
2 

va
lu

es
 a

nd
 A

D
C

s 
ar

e
fo

un
d.

 A
s 

a 
re

su
lt,

 M
R

I 
de

te
ct

io
n 

in
pr

os
ta

te
 c

an
ce

r 
us

in
g 

A
D

C
 a

nd
 T

2
va

lu
es

 m
ay

 b
e 

lim
ite

d.

J Magn Reson Imaging. Author manuscript; available in PMC 2014 May 01.


