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A Clinically Relevant Approach to Imaging

Prostate Cancer: Review
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Objective

The purpose of this article is to review the role of MRI in
prostate cancer with an emphasis on functional imaging tech-
niques. This article discusses the anatomy of the prostate, the
diagnosis of prostate cancer, and the role of different MR tech-
niques in the detection and management of prostate cancer.

Conclusion
Imaging provides important information for the diagno-
sis and management of prostate cancer.

Introduction

The incidence and mortality of prostate cancer vary sub-
stantially worldwide, but it is the most common noncutaneous
malignancy in the western world. Prostate cancer is the most
common cancer and the second most common cause of cancer
deaths among men in the United Kingdom and United States
[1]. The death rates from prostate cancer have been declining
since the mid 1990s, and these declines may be attributed to
earlier diagnosis and treatment. The 5-year survival is effec-
tively 100% when the disease is local or regional but drops to
34% with distant metastases. For all stages, survival is 99% at
5 years, 92% at 10 years, and 61% at 15 years. The manage-
ment of prostate cancer is a complex issue because of the dif-
ficulty in accurate staging and in predicting the speed of dis-
ease progression [2]. There are multiple options for treatment
including watchful waiting, hormonal treatment, radical pros-
tatectomy (open, laparoscopic, or robotic), various forms of
radiation therapy (conformal or intensity-modulated external
beam and permanent interstitial or high-dose-rate brachyther-
apy), or combined approaches [3, 4].

The current methods of prostate cancer detection include
digital rectal examination (DRE), serum prostate-specific
antigen (PSA) level, and transrectal ultrasound with sex-
tant biopsy. The Gleason score or various nomograms that
incorporate several of these factors, with the Partin Tables
being the most widely known, are useful in stratifying pa-
tients into different risk groups. The role of MRI has
evolved over the past decade with the development of new-

er techniques to localize, stage, and obtain functional infor-
mation about the tumor.

Anatomy
Zonal Anatomy

The zonal anatomy of the prostate is likened to a cone con-
taining a scoop of ice cream [5, 6]. The cone is the peripheral
zone and makes up 70% of the prostate gland by volume in
young men. The ducts of the peripheral zone glands drain to
the distal prostatic urethra. The scoop of ice cream is the
central zone and makes up 25% of the prostate gland volume
in young men. The ejaculatory ducts traverse the central
zone, and the ducts of the central zone drain to the region of
the verumontanum clustered around the entry of the ejacu-
latory ducts. The remaining 5% of the prostate consists of
the transition zone, which is composed of two small bulges of
tissue that surround the anterior and lateral parts of the
proximal urethra in a horseshoelike fashion (Fig. 1). This
two-compartment model is deficient anteriorly where the pe-
ripheral zone is interrupted by the anterior fibromuscular
stroma, a band of smooth muscle mixed with fibrous tissue
that forms a thick shield over the anterior aspect of the gland.
As a result, the peripheral zone lies predominantly lateral
and posterior to the central zone.

The prostate zones are defined histologically and therefore
many prostatic diseases have a zonal distribution. Seventy
percent of adenocarcinomas arise in the peripheral zone and
20% of adenocarcinomas arise in the transition zone, while
only 10% of adenocarcinomas arise in the central zone. Pros-
tate adenocarcinomas arise in the glandular components of
the prostate [5].

Neurovascular Bundle

Sympathetic nerve fibers from the lumbar sympathetic
chain pass inferiorly into the pelvis alongside the aorta and
iliac arteries. Parasympathetic fibers enter the pelvis as di-
rect branches of S2 to S4. Both sets of fibers intermix as a
mesh of nerves posterior to the bladder, seminal vesicles,
and prostate. This mesh is known as the “pelvic plexus.”
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Fig. 1—Schematic shown in sagittal view of prostate illustrates normal zonal
description of prostatic anatomy.
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The cavernous nerve arises as many fine fibers from the pel-
vic plexus, containing both sympathetic and parasympa-
thetic nerves. The cavernous nerve then runs inferiorly, as
one of several large bundles, along the posterolateral aspect
of the prostate. Arterial and venous prostatic vessels in this
location accompany the cavernous nerve, and together
these structures form the neurovascular bundles.

Prostatic Anatomy as Seen on MRI

The zonal anatomy of the prostate cannot be distin-
guished on T1-weighted images because the prostate ap-
pears to be of uniform intermediate signal intensity. How-
ever, the prostatic zones are well shown on T2-weighted

Fig. 2—50-year-old man with benign prostatic
hypertrophy. SV = seminal vesicle, BL=urinary
bladder, CG = central gland (central zone and
transition zone), PZ = peripheral zone, FS = anterior
fibromuscular stroma, NV = neurovascular bundle,
V =verumontanum, U = urethra.

A-H, Axial T2-weighted images (A-F), parasagittal
T2-weighted image (G), and coronal T2-weighted
image (H) depict zonal anatomy. Zonal anatomy

is shown at level of seminal vesicles (A), base of
prostate gland (B), mid gland (C and D), apex of gland
(E), and membranous urethra (F).
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images (Fig. 2). The anterior fibromuscular stroma is of low
T1 and T2 signal intensity. The peripheral zone has high T2
signal intensity similar to or greater than the signal of ad-
jacent periprostatic fat. The anatomic or true capsule sur-
rounding the peripheral zone appears as a thin rim of low
signal intensity on T2-weighted images [5, 6]. The central
and transition zones are both of lower T2 signal intensity
than the peripheral zone, possibly because of more compact
smooth muscle and sparser glandular elements. There is
also an age-related increase in the T2 signal intensity of the
peripheral zone [7].

The prostate gland is partially invested by a coalition of
fibrous tissue—historically, called the “capsule”—that is
most apparent posteriorly and posterolaterally. The capsule
is an important landmark for assessing extraprostatic tu-
mor extension. The neurovascular bundles course postero-
lateral to the prostate capsule bilaterally at the 5- and
7-0’clock positions (Fig. 2C). At the apex and the base, the
bundles send penetrating branches through the capsule,
providing a route for extraprostatic tumor extension.

The proximal urethra is rarely identifiable unless a Foley
catheter is present or a transurethral resection has been per-
formed. The verumontanum can be visualized as a high-T2-
signal-intensity structure. The distal prostatic urethra can
be seen as a low-T2-signal-intensity ring in the lower pros-
tate because it is enclosed by an additional layer of muscle
(Figs. 2D-2H). The vas deferens and seminal vesicles are
particularly well seen on axial and coronal images, and the
neurovascular bundles can be seen best on axial images.

The prostate is conventionally described in terms of sex-
tants based on division of the gland into thirds in the cran-
iocaudal direction (base, mid gland, and apex) and then
into left and right sides. Accordingly, the six sextants are

Fig. 3—50-year-old man with prostate cancer who
underwent ultrasound-guided prostate biopsy 5

extensive bilateral hemorrhage (arrows). Patient was
rescheduled for preoperative MRI evaluation.
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the left base, left mid gland, left apex, right base, right mid
gland, and right apex.

Diagnosis

Prostate carcinoma is often diagnosed when the serum
PSA value is elevated or when DRE findings are abnormal.
A serum PSA level of greater than 4 ng/mL is considered
abnormal. However, it is also well recognized that nearly
one third of biopsy-proven prostate cancers present with
normal PSA levels and that 70-80% of patients with ele-
vated PSA levels (> 4 ng/mL) do not have prostate carci-
noma [8, 9]. DRE is not accurate for staging. Tests based on
PSA—that is, PSA derivatives, which are namely PSA den-
sity, PSA velocity, age-specific reference range, PSA iso-
forms, and percentage of free PSA—are being developed to
improve on traditional serum PSA testing [10].

Transrectal ultrasound—guided biopsy is the universally
accepted method of confirming the presence of prostate can-
cer. A sextant approach is used to obtain the biopsy samples
because ultrasound has poor sensitivity for visualizing the
tumor. The yield from this approach varies [11, 12].

Three cores of each lobe (i.e., the base, mid gland, and
apex) along a parasagittal plane yielded an approximately
25% cancer detection rate when serum PSA level was be-
tween 4 and 20 ng/mL [13]. Repeat biopsy showed cancer in
approximately 20% of men with a persistently elevated
level of serum PSA and a negative initial biopsy [14, 15].
Presti et al. [16] achieved approximately 40% yield using a
10-core approach, and obtaining even more than 10 cores
has been advocated to minimize sampling errors.

Ninety-five percent of prostate cancers are adenocarcino-
mas that develop from the acini of the prostatic ducts. They
are classified by Gleason score. Tumors are assigned a primary

Fig. 4—60-year-old man with prostate-specific antigen level of 10.7 ng/mL and biopsy-confirmed Gleason
grade 7 (4 + 3) prostate cancer.
weeks before MRI. Coronal T1-weighted image shows A, Axial T1-weighted image shows rightiliac lymphadenopathy (arrow).

B, Axial T1-weighted image shows leftiliac bone metastasis (arrow).
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TABLE |: Staging Systems for Prostate Cancer

Jewett-Whitmore TNM

Description

A I (TINOMO)
B 11 (T2NOMO)

C 111 (T3NOMO)

D1 IV(N1-2)

D2 IV (T4 or N3 or M1-2)

Distant spread:

T4 =invasion of the bladder, external sphincter, or rectum
N3 = extraregional nodal metastases

M1 = elevated acid phosphatase

M2 = distant visceral or bony metastases

Organ-confined tumor that s clinically and radiologically inapparent

Organ-confined tumor that s clinically or radiologically apparent:
T2A =localized to a quadrant

T2B =localized to one side

T2C = bilateral

Extracapsular extension or seminal vesicle invasion®
T3A =unilateral or bilateral extracapsular extension
T3B =seminal vesicle invasion

Locoregional adenopathy:
N1 =microscopic nodal metastases
N2 = macroscopic nodal metastases

?In the fourth edition of the American Joint Committee on Cancer staging system, unilateral and bilateral extracapsular extension were classified separately as T3A and

T3B, respectively. This distinction was dropped from the fifth and subsequent editions.

grade on the basis of the predominant pattern of differentia-
tion and a secondary grade on the basis of the second most
common pattern. The primary grade, which describes the pre-
dominant pattern of differentiation, determines the aggres-
siveness of the tumor [17, 18].

‘Well-differentiated cancers have a Gleason score lower than
6 and are associated with a good prognosis. Those with a Glea-
son score of 8—10 have the worst prognosis and the highest risk
for recurrence. Tumors with Gleason scores of 7 have a vari-
able prognosis and intermediate risk of recurrence.

The use of nomograms (e.g., D’Amico, Partin, or Kat-
tan) can significantly improve accuracy in predicting the
risk of treatment failure compared with a single parameter
alone [18, 19]. These nomograms provide general probabili-
ties and not the specific risk for an individual patient. Re-
cently, the number of positive biopsy cores, the amount of
cancer in each core, and the location of large-volume cores
have been taken into consideration to improve the accuracy
of local staging [20—22]. Imaging can aid in risk stratifica-
tion and treatment. Endorectal MRI contributes incremen-

Fig. 5—72-year-old man with biopsy-confirmed
Gleason grade 6 (3 + 3) prostate cancer. Axial T2-
weighted image shows medial rectoprostatic angle
effacement caused by peripheral zone tumor (arrow).

St

Fig. 6—Prostate cancer in 65-year-old man with
Gleason grade of 7 (3 + 4). Axial T2-weighted image
shows lateral rectoprostatic angle effacement
(arrow) caused by peripheral zone tumor.

tally to the value of staging nomograms in predicting or-
gan-confined prostate cancer [23-25].

Staging

The TNM and Jewett-Whitmore staging systems are in
common usage and are based on the local, nodal, and distant
extent of disease [26]. A summary of the staging systems is
given in Table 1. Staging of prostate cancer is central to
management because it contributes both to predicting prog-
nosis and planning treatment. Despite the prevalence of
prostate cancer, published studies on prognosis are relative-
ly sparse. Good prognostic studies are lacking because the
mortality from unrelated causes is high in elderly men with
prostate cancer.

MRI Techniques in Prostate Cancer

Conventional MRI—The current clinical standard is to
perform prostate MRI using endorectal and pelvic phased-
array coils on a magnet that is at least 1.5 T. With the use of

endorectal coils, high-resolution images, which are necessary

Fig. 7—A46-year-old man with biopsy-confirmed
Gleason grade 7 (4 + 3) prostate cancer. Axial T2-
weighted image shows prostate capsule bulge with
asymmetry of neurovascular bundle (arrows) on right
caused by peripheral zone tumor (T).
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Fig. 8—Prostate cancer
in 50-year-old man with
Gleason grade of 8 (4 +4).
Coronal T2-weighted image
shows ill-defined, 3-cm
low-signal mass (white
arrow) atright base to
midgland peripheral zone
and central gland with
extension to right seminal
vesicle (black arrow).

for accurate localization and staging of prostate cancer, can
be obtained [27, 28].

Although MRI is the most sensitive imaging technique in
relation to other imaging techniques for prostate cancer
staging at this time, MRI is not widely used because of its
low specificity. Prostate adenocarcinoma in the peripheral
zone shows low signal intensity that is easily distinguished
from the normal high-signal peripheral zone. However, low
signal intensity in the peripheral zone is nonspecific and
may be seen in benign conditions such as biopsy-related
hemorrhage, changes from hormone therapy, prostatitis,
and postradiation fibrosis. Therefore, conventional MRI
evaluation of prostate cancer is usually combined with one
or more of several functional techniques such as MR spec-
troscopy (MRS), diffusion-weighted imaging (DWI), and
dynamic contrast-enhanced MRI (DCE-MRI). Each of the
functional MR techniques has clinical advantages and limi-
tations. The optimal combination of anatomic and func-
tional MR sequences still needs to be established.

Conventional MRI evaluation for the assessment of cancer
usually involves a combination of anatomic T1- and T2-weight-
ed images. At our institution, prostate MRI is performed with
both 1.5- and 3-T magnets using an endorectal coil and a com-
mercially available 8-channel body-array coil. The endorectal
coil is inserted and inflated with approximately 60—80 mL of
liquid perfluorocarbon.

T1-weighted images are acquired from the aortic bifurca-
tion to the pelvis to check for postbiopsy hemorrhage (Fig.
3) within the prostate or seminal vesicles and for metastases
to the pelvic bone and lymph nodes (Figs. 4A and 4B). Post-
biopsy hemorrhage can distort image quality as well as
mask tumor; therefore, an 8- to 10-week wait between pros-
tate biopsy and MRI examination is recommended [29].

Multiplanar high-resolution fast spin-echo (FSE) T2-
weighted images of the prostate are acquired to detect
and localize prostate cancer [30]. Multiplanar T2-weight-
ed images of the entire prostate can be obtained in three
planes (axial, coronal, and sagittal) at a resolution of 0.7 X
0.5 mm (field of view, 140 mm; matrix, 256 X 192; TR/TE,
6000/102; slice thickness, 3 mm) on a 1.5-T magnet. The
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Fig. 9—63-year-old man
who had undergone
prostatectomy 10 years
earlier for adenocarcinoma
presented for follow-

up imaging with rising
prostate-specific antigen
level. Axial T2-weighted
fat-suppressed image
shows 2-cm soft-tissue
mass (arrow) inferior to left
bladder base and anterior to
rectum. No endorectal coil
was used because of history
of rectal fistula. Targeted
biopsy proved recurrent
prostate adenocarcinoma.

presence of extraprostatic extension can also be seen on
axial T2-weighted images (Figs. 5-7). The signs of extra-
capsular extension are summarized in Table 2. Tumor is
seen as low signal intensity in the high-signal peripheral
zone. Seminal vesicle invasion can also be depicted well on
T2-weighted images (Fig. 8). Normal seminal vesicle has
high signal intensity (Fig. 2H). MRI can also be used to
detect recurrent disease in patients who have undergone
prostatectomy (Fig. 9).

MR Spectroscopy

Spectroscopy assesses the relative concentration of dif-
ferent chemical compounds in tissue. Currently, proton (hy-
drogen) MRS is commercially available for the prostate us-
ing a 3D chemical-shift imaging technique [31]. Prostate
MRS has been performed predominantly using a multivoxel
technique, with which intracellular metabolic information
can be obtained from single or multiple sections. This tech-
nique provides information about the spatial distribution
of metabolites and is useful for studying multiple lesions.

On MR spectroscopy, the resonances for the prostate me-
tabolites—choline, creatine, polyamines, and citrate—occur
at distinct frequencies (~ 3.2, 3.0, 3.1, and 2.6 ppm, respec-
tively) or positions in the spectrum; when MRS is performed
at 1.5 T, the peaks for choline, creatine, and polyamines over-
lap. The areas under these signals are related to the concen-
tration of the respective metabolites, and changes in these
concentrations can be used to identify cancer.

The healthy prostate gland produces a high level of cit-
rate and normally has high levels of polyamines. In pros-
tate cancer, citrate and polyamine levels decrease markedly
[32]. Prostate cancer also leads to increased choline because

TABLE 2: Signs of Extracapsular Extension

Asymmetric prostate capsular bulge with irregular margins
Obliteration of the rectoprostatic angle

Asymmetry of neurovascular bundle

Tumor encasement of the neurovascular bundle

Seminal vesicle invasion
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of higher cell membrane turnover, cell density, and phos-
pholipid metabolism. The ratio of choline to citrate is in-
creased in cancer (Figs. 10A and 10B). Because the resonant
peak of creatine is close to that of choline, the ratio of cho-
line plus creatine (Ch + Cr) to citrate (Ci) is typically mea-
sured on clinical spectroscopy [32].

Three-dimensional MRS data are acquired using a water- and
lipid-suppressed double spin-echo point-resolved spectroscopy
(PRESS) sequence [33]. Water and lipid suppression is achieved
using either band-selective inversion with gradient dephasing
(BASING) pulses placed in the PRESS volume selection [33, 34]
or using spectral-spatial pulses capable of both volume selection
and frequency selection [35, 36]. A number of additional steps
need to be taken to ensure good water and lipid suppression.
First, the axial T2-weighted images typically are used to graph-
ically select the PRESS volume with the goal of maximizing
coverage of the prostate while minimizing the inclusion of
periprostatic fat and rectal air. The volume is often oblique in
the z-axis because the long axis of the prostate is usually angled
anteriorly (typically from 0° to 25°) in this direction. Second, the

A

Fig. 11—54-year-old man with Gleason grade 7 (3 + 4) biopsy-proven prostate cancer.

Fig. 10—Prostate cancer in 45-year-old man with
Gleason grade of 6 (3 +3).

A, Axial T2-weighted image with voxel on normal
prostatic tissue (green) and cancer (purple).

B, Normal (green) and abnormal (purple) MR spectra
corresponding to regions of interestin A show
elevated choline and creatine (Ch + Cr) to citrate (Ci)
ratio. Cl = citrate, CH = choline, PA = polyamine.

pulses used for volume selection must be very selective because
many important prostate cancers occur at the periphery of the
gland at the prostate-rectum and periprostatic lipid interface.
Third, the sharpness of the PRESS volume selection is enhanced
through the use of the Shinnar-Le Roux 90° and 180° pulses or
through the use of high-bandwidth spectral-spatial 180° pulses
that also reduce chemical-shift misregistration errors [35, 36].
Even with the use of these optimized pulses, spectroscopic
voxels at the edge of the PRESS volume can still be contami-
nated by residual signal arising in adjacent tissues. To further
reduce contamination from the tissues surrounding the pros-
tate, the selected volume is automatically overprescribed by
30% and recently developed, very selective, outer-volume satu-
ration pulses with very sharp transition bands are placed at the
edges of the originally selected volume. The spectroscopist
graphically places additional very selective, outer-volume satu-
ration pulses to better conform the rectangular PRESS volume
to the shape of the prostate. This often involves placing satura-
tion bands across the corners of the PRESS volume to elimi-
nate periprostatic lipids that normally occupy these regions.

A, Axial T2-weighted image shows ill-defined low-signal mass in right mid gland (arrow) and well-defined low-signal focus in left mid gland (asterisk) on T2-weighted image.
B, Raw diffusion-weighted image shows high signal intensity in right midgland prostatic tumor due to restricted diffusion (arrow). Note focus in left mid gland is

homogeneous with remainder of central gland.

C, Apparent diffusion coefficient (ADC) map derived from diffusion-weighted images shows low ADC value in right midgland lesion (arrow); this finding is indicative
of restricted diffusion in tumor. Well-defined focus in left mid gland corresponds to region of stromal benign prostatic hyperplasia as shown by striated signal loss

(asterisk). Targeted biopsy confirmed these findings.
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Fig. 12—52-year-old man with biopsy-proven
adenocarcinoma of Gleason grade 7 (4 + 3). Perfusion
images were acquired using fast-field echo sequence
(TR/TE, 17/2.9; flip angle, 15°) and MR spectroscopy
was also performed.

A, Axial contrast-enhanced image shows region-
of-interest (ROI) cursors. Region of abnormal
enhancementis shown in red.

B, Time—signal intensity curves (x-axis = time;

y-axis = MR signal) for ROls show abnormal
enhancement pattern for ROl 1 and normal
enhancement pattern for ROl 4. Note thatthere is
high relative peak enhancement and fast wash-in and
washout in region of tumor.

C, Axial T2-weighted image with overlying
spectroscopy grid shows abnormal spectra in yellow
box. Note that region of asterisk partially lies outside
prostate gland, so it cannot be included in evaluation.

D, MR spectra obtained using 3-T unit show high
choline and creatine (Ch + Cr) to citrate (Ci) ratio at
right base and mid gland; this finding is indicative of
tumor and was confirmed at biopsy.

Datasets are typically acquired as 16 X 8 X 8 phase-en-
coded spectral arrays (1024 voxels) with a nominal spectral
resolution of 0.24-0.34 cm?, TR/TE of 1000/130, and
17-minute acquisition time on a 1.5-T scanner. In current
commercially available prostate MRI and MRS units, the
MRS data can be processed and displayed on the MR scan-
ner just like MR images. The display of MR images and
MRS images typically involves overlaying the spectroscopic
grid on the T2-weighted image and plotting the correspond-
ing spectroscopic array.

A standardized scoring system for MRS of the prostate has
been developed to assess MR spectra in the peripheral zone that
is based primarily on the choline plus creatine (Ch + Cr) to cit-
rate (Ci) ratio and secondarily on spectral-signal-to-noise and
choline-to-creatine ratios as well as polyamine levels [37]. The
scoring system assigns spectral voxels a score from 1 to 5 on the
basis of these ratios and levels, with a score of 4 or 5 indicating
an area of likely malignancy. The scoring system has shown
specificities of 84.6% and 89.3% and sensitivity from 64% to
93% when a voxel score of 4 or 5 was used to identify cancer
[37]. MRS is performed after the conventional MR examina-
tion so that the spectral information can be overlaid directly on
the T2-weighted images to localize abnormalities.

Several single-site studies have shown improved detection,
localization, and estimation of the aggressiveness of prostate

AJR:196, March 2011

cancer when prostate MRI is used in conjunction with MRS
[32, 38]. In addition, MRS has been shown to predict tumor
volume, extracapsular extension, radiotherapy response, and
recurrence after radiotherapy [32, 39—41]. However, a recent
multisite trial led by the American College of Radiology Im-
aging Network showed no incremental benefit of MRS with
MRI in comparison with MRI alone for sextant localization
of peripheral zone prostate cancer [42].

The current clinical indications for MRS in prostate can-
cer are staging, rising PSA level and negative biopsy work-
up, guidance for radiation, as well as following patients on
active surveillance.

MRS is technically challenging and some of its limitations
include a long acquisition time, artifacts from postbiopsy
hemorrhage, and difficulty in obtaining optimal shimming
and adequate fat and water suppression. Furthermore, to op-
timize postprocessing of spectroscopic data, manual case-
specific adjustments are necessary that often cannot be per-
formed by the commercially available spectroscopy packages
and require adequate training.

Diffusion-Weighted Imaging

DWTI is used as an adjunct to improve detection and lo-
calization of prostate cancer. It is based on the principle of
random molecular motion of water in tissues [43]. Healthy
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Fig. 13—Biopsy-proven prostate adenocarcinoma in 62-year-old man with Gleason grade of 6 (3 + 3). This example shows how functional imaging can help identify tumor

because morphologic T2-weighted images can be nonspecific.

A, Axial T2-weighted image at level of mid gland shows nonspecific low signal bilaterally in peripheral zone (asterisks) with minimal capsular bulge on left.
B, Diffusion-weighted image with apparent diffusion coefficient (ADC) map shows low ADC value in left midgland peripheral zone lesion (arrow). This finding is indicative

of decreased diffusion.

C, Dynamic contrast-enhanced image shows focal area of abnormal enhancement in left mid gland (arrow). This area corresponds to region of tumor confirmed at

prostatectomy.

prostate tissue exhibits signal loss, whereas areas of re-
stricted molecular motion, such as in densely packed tumor
cells, show less signal loss and are therefore bright on the
raw DWI. With enhanced gradients, DWI is rapidly becom-
ing useful for prostate imaging. DWI provides both qualita-
tive information and quantitative information that reflect
changes at the cellular level about tumor cellularity and cell
membrane integrity. The use of DWI enables the calcula-
tion of the apparent diffusion coefficient (ADC), which is a
value that measures water diffusion in tissues. The quanti-
tative analysis of ADC is easily performed on a scanner or a
workstation. Movement of water is restricted movement in
tumors, leading to a reduction in the ADC value [44, 45].
After the acquisition of DW images, an ADC map, which
shows the ADC value of each voxel, can be correlated with
T2-weighted images (Fig. 11).

DW scans are characterized by the b value (in s/mm?),
which is a function of diffusion gradient strength. For DWI,
the diffusion sensitivity can be varied to control image con-
trast. DWI can be performed using multiple b field gradients.
ADC maps are generated from DWI using a voxelwise calcu-
lation from the multiple DWI sequences. Therefore, prostate
cancers display high signal on raw DWI because of restricted
diffusion but low signal on ADC maps (Figs. 11B and 11C).

DW images can be acquired with various techniques. At
our institution, DW images are obtained by applying a sin-
gle-shot echo-planar imaging sequence with the same slice
location as the T2 sequences (5000/75; parallel imaging fac-
tor, 2) Diffusion-encoding gradients are applied as bipolar
pairs at b values of 0, 60, and 600 s/mm? along all three di-
rections in the axial plane.

There is considerable debate regarding the most appro-
priate b values to use for DWI of the prostate. Recent stud-

S8

ies have reported that the use of higher b values (1000-2000
s/mm?) improves lesion detection [46-49].

Although an ADC value can be nonspecific because of its
inherent variability (i.e., tissue diffusion can change based
on the cellular microenvironment) [50], several studies show
its usefulness in cancer detection in combination with T2-
weighted images [48, 51-53]. Lim et al. [48] reported a sen-
sitivity of 78-88% and specificity of 88-89% in prostate
cancer detection by readers with various levels of experi-
ence, when an ADC map was combined with T2-weighted
images as opposed to T2-weighted MR images alone (sensi-
tivity, 67-74%; specificity, 77-79%).

Advantages of DWI include short acquisition time and
ease of implementation. In addition, the use of parallel im-
aging with DWI can overcome some of its limitations of
motion, susceptibility, and chemical-shift artifacts [44].

Dynamic Contrast-Enhanced MRI

In comparison with other functional MR sequences, expe-
rience with DCE-MRI is limited; however, interest in its ap-
plication is growing. The principles of DCE-MRI are based
on tumor angiogenesis. Tumors produce factors that pro-
mote vessel formation and increase permeability, compared
with normal vessels [54, 55]. The enhancement pattern of
cancerous tissue is different from that of normal tissue be-
cause there is also greater interstitial space in tumors and
therefore a larger gap of contrast material concentration be-
tween the plasma and interstitial tissue. The values of con-
trast enhancement parameters such as mean transit time,
blood flow, permeability of the surface area, and interstitial
volume are significantly greater in cancerous tissue than in
normal tissue [56-58]. Relative peak enhancement has been
shown to be the most accurate perfusion parameter for pros-
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tate cancer detection in the peripheral zone and central zone
[59]. Kim et al. [60] reported that parametric imaging of the
wash-in rate is more accurate for the detection of cancer in
the peripheral zone than T2-weighted imaging alone. How-
ever, they also noted that the overlap between the wash-in
rate for cancer and that for normal tissue in the transitional
zone is significant.

There is currently no standard protocol for DCE-MRI of
the prostate, but DCE-MRI of the prostate is usually per-
formed using a fast imaging sequence. Three-dimensional
gradient-echo sequences enable the entire prostate to be im-
aged in a few seconds. The DCE-MRI protocol used at our
institution usually involves acquisition of unenhanced and
multiphase contrast-enhanced images after the injection of
gadopentetate dimeglumine (Magnevist, Bayer HealthCare)
at a dose of 0.1 mmol/kg and a rate of 4 mL/s via a me-
chanical injector and applying a 3D fast gradient-echo se-
quence (field of view, 240 mm; matrix, 256 X 192; 3.9/1.8)
yielding a fast temporal resolution (2.5-3.5 s).

Various perfusion parameters that allow localization of
prostate cancer can be extracted from the dataset. Per-voxel
evaluation of the enhancement-time course can be obtained
qualitatively by characterizing kinetic enhancement curves.
The integral under the dynamic curve is obtained for a tar-
geted region of interest. Focal regions with large positive en-
hancement integral values are indicative of tumor involve-
ment (Fig. 12). Furthermore, quantitative pharmacokinetic
analysis of perfusion data can also be performed [61].

In conclusion, each of the various functional imaging
methods discussed in this article has its advantages and limi-
tations. The use of conventional MRI alone can have limited
value in some patients. A combination of morphologic and
functional techniques may enhance the clinical value of MRI
in this setting (Fig. 13). However, it is important to under-
stand that to perform and interpret high-quality functional
imaging techniques, a dedicated team of treating physician,
physicist, technician, and radiologist is vital. Functional im-
aging techniques show great promise for the diagnosis, stag-
ing, and treatment of prostate cancer.
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