
www.manaraa.com

Original Research

Endorectal Diffusion-Weighted Imaging in Prostate
Cancer to Differentiate Malignant and Benign
Peripheral Zone Tissue

Keyanoosh Hosseinzadeh, MD,* and Samuel David Schwarz, BA

Purpose: To determine if the apparent diffusion coefficient
(ADC) can discriminate benign from malignant peripheral
zone (PZ) tissue in patients with biopsy-proven prostate
cancer that have undergone endorectal diffusion-weighted
imaging (DWI) of the prostate.

Materials and Methods: Ten patients with prostate cancer
underwent endorectal magnetic resonance imaging (MRI) in
addition to DWI. A two-dimensional grid was placed over
the axial images, and each voxel was graded by a 4-point
rating scale to discriminate nonmalignant from malignant
PZ tissue based on MR images alone. ADC was then deter-
mined for each voxel and plotted for nonmalignant and
malignant voxels for the entire patient set. Second, with the
radiologist aware of biopsy locations, any previously as-
signed voxel grade that was inconsistent with biopsy data
was regrouped and ADCs were replotted.

Results: For the entire patient set, without and with knowl-
edge of the biopsy data, the mean ADCs for nonmalignant
and malignant tissue were 1.61 � 0.27 and 1.34 � 0.38 �
10–3 mm2/second (P � 0.002) and 1.61 � 0.26 and 1.27 �
0.37 � 10–3 mm2/second (P � 0.0005), respectively.

Conclusion: DWI of the prostate is possible with an endo-
rectal coil. The mean ADC for malignant PZ tissue is less
than nonmalignant tissue, although there is overlap in in-
dividual values.

Key Words: prostate cancer; endorectal magnetic reso-
nance imaging; diffusion-weighted imaging; apparent diffu-
sion coefficient; echo planar imaging; tumor
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PROSTATE CANCER IS THE MOST COMMON malig-
nancy in males, and according to estimates made by the
American Cancer Society, 230,110 new cases will be

diagnosed and 29,900 deaths will occur in the year
2004 (1).

Currently, endorectal magnetic resonance imaging
(MRI) in combination with a pelvic phased-array coil is
the best available technique for tumor localization and
staging in patients with prostate cancer (2–4). The com-
bination of these coils allows high spatial-resolution
images of the prostate gland to be obtained in addition
to assessment of regional metastasis. The use of an
endorectal coil for signal reception increases signal to
noise by a factor of 10 over a pelvic phased-array coil
(5). Endorectal MRI relies on signal abnormalities that
result from morphologic changes within the prostate
gland. However, the abnormal signal intensities do not
accurately predict the volume (6–9) and extent of can-
cer in the gland (10), a fact confirmed by step-section
histologic examination following en bloc radical prosta-
tectomy. One reason for the lower sensitivity is the
inconspicuous nature of the disease as manifested by
subtle low-signal abnormalities, which preclude accu-
rate contouring of the regions of suspected cancer in-
volvement. Conventional MRI is also limited in specific-
ity as other processes can mimic the low-signal-
intensity changes associated with prostate cancer,
notably postbiopsy hemorrhage, fibrosis, prostatitis,
and prior therapy (2). Because of these limitations, new
imaging modalities are being investigated to improve
tumor localization and clinical staging.

One method currently being studied is diffusion-
weighted imaging (DWI). DWI is sensitive to molecular
translation of water in biologic tissues due to the ran-
dom thermal motion of molecules. The microscopic mo-
tion includes molecular diffusion of water and micro-
circulation of blood in the capillary network, which
represent incoherent motion. With the application of
diffusion gradient pulses, MRI by means of the appar-
ent diffusion coefficient (ADC) quantifies the combined
effects of both diffusion and capillary perfusion. The
random motion in the field gradients produces incoher-
ent phase shifts, resulting in signal attenuation. The
recent implementation of echo planar imaging (EPI) al-
lows diffusion-weighted images to be obtained because
of its short scanning time, and thus limits the effect of
bulk motions. The primary application of DWI has been
in brain imaging, mainly for the evaluation of acute
ischemic stroke, demyelinating tumors, and intracra-
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nial tumors (11). With the advent of faster imaging, DWI
has been used to characterize abdominal organs and
hepatic lesions (12–18), differentiate malignant and be-
nign breast lesions (19), and evaluate small to medium
cystic ovarian masses (20). The success that DWI has
had clinically has led to a broadening of its application
to the prostate gland. Gibbs et al (21) successfully in-
vestigated T2 relaxation rates and diffusion-weighted
images of the human prostate using a pelvic phased-
array coil. Mean ADCs for both malignant and normal
peripheral zone (PZ) tissue were obtained. A recent
study using a pelvic phased-array coil to image the
prostate gland of patients with biopsy-proven cancer
demonstrated significant differences in the ADCs be-
tween malignant PZ tissue and nonmalignant PZ tissue
(22). The author concluded that prostate cancer can
cause restricted diffusion of water relative to that of
normal tissue, resulting in decreased signal of malig-
nant lesions on ADC maps, and DWI may prove to be an
effective adjunct tool in the localization and potential
treatment of prostate cancer. Following a search of the
literature from the National Library of Medicine
(PubMed), no studies examining the correlation be-
tween measured ADCs obtained from DWI and endo-
rectal MRI in patients with prostate cancer have been
published.

Although prospective clinical observation of ADC
maps demonstrates qualitatively decreased signal of
malignant lesions in relation to benign tissue, the pur-
pose of our preliminary study was to determine whether
measured ADCs can differentiate cancer in the PZ from
nonmalignant tissue using an endorectal coil in pa-
tients with biopsy-proven cancer. The possibility of a
threshold value for ADC to distinguish nonmalignant
from cancer tissue was also investigated.

MATERIALS AND METHODS

Conventional MRI

Between August 2000 and March 2001, 11 patients
(mean age � 64 years, range � 51–78 years) with trans-
rectal ultrasound (TRUS)-guided biopsy-confirmed
prostate cancer were referred for combined endorectal/
pelvic phased-array coil MRI for consideration of dis-
ease-targeted therapy. In this study, retrospective eval-
uation of the clinical and imaging data for these
patients was approved by the Institutional Review
Board. Routine systematic sextant TRUS biopsy (addi-
tional targeted biopsy was performed as necessary) was
performed at least one month prior to imaging to min-
imize the effects of postbiopsy hemorrhage (23). Sextant
biopsies were obtained from the basal, mid-, and apical
parts of the prostate on each side. The body coil was
used for signal excitation; the endorectal (Medrad,

Pittsburgh, PA) and pelvic phased-array coils were used
for signal reception of the prostate gland/seminal ves-
icles and coverage to the aortic bifurcation, respec-
tively. One milligram of glucagon was administered in-
tramuscularly before placement of the endorectal coil.
The endorectal coil was insufflated with approximately
40 cc of air. All imaging was performed at 1.5 T (Philips
Medical Systems, Eclipse (maximum gradient ampli-
tude � 27 mT/m, maximum slew rate � 120 mT/m/
second), Best, The Netherlands). For the endorectal
component of the anatomical imaging, axial, coronal,
and sagittal T2-weighted fast spin-echo (FSE) images
(TR/TE � 3–4000/90 msec, ETL � 8, section thick-
ness � 3 mm, matrix � 192 � 256, signal averages � 2)
were performed through the prostate gland and seminal
vesicles. Axial T1-weighted spin-echo (SE) images (TR/
TE � 400/20 msec, section thickness � 3 mm, ma-
trix � 192 � 256, signal averages � 2) were also ob-
tained to evaluate for postbiopsy hemorrhage. The field
of view (FOV) for all images was 20 � 20 cm. Surface coil
correction was applied to all endorectal-acquired im-
ages. Finally, imaging through the pelvis to the aortic
bifurcation was performed using a T2-weighted FSE
sequence with frequency-selective fat suppression (TR/
TE � 5–6000msec, ETL � 16, section thickness � 7
mm, matrix � 192 � 256, signal averages � 2). The
total imaging time was approximately 20 minutes on
average.

DWI

DWI was performed using single-shot EPI. A multislice
single-shot diffusion-weighted EPI sequence was per-
formed with two square diffusion gradient pulses ap-
plied before and after the 180° pulse (TR/TE �
10,000/99 msec, section thickness � 3 mm, matrix �
80 � 80, signal acquisition � 1, FOV � 20 � 20 cm) so

Figure 1. Changes in voxel grading with the radiologist aware
of the biopsy location.

Table 1
Grading of Voxels in Relation to Biopsy Results

Biopsy location Patients
Cancer #

voxels (%)
Benign #

voxels (%)
Total #
voxels

Unknown 10 142 (18) 645 (82) 787
Known 10 130 (17) 657 (83) 787
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as to coincide with the same slice locations as the axial
T2-weighted FSE images using a diffusion sensitivity of
b � 1000 seconds/mm2. A high b-value was used to
render the effects of the flow coefficient negligible. DWI
was obtained by placing a frequency-selective radio fre-
quency (RF) pulse before the pulse sequence to reduce
chemical shift artifacts. The diffusion gradients were
applied sequentially in three orthogonal axes to gener-
ate three sets of axial diffusion-weighted images. The
total imaging time for DWI was one minute.

Image Analysis

Image analysis included T1- and T2-weighted images.
The T1-weighted image was used for evaluation of post-
biopsy hemorrhage and low-signal changes were re-
corded on the T2-weighted image. A rectangular grid
was placed on the axial T2-weighted image, creating
voxels of tissue that measure 7.5 � 7.5 � 3 mm (nine
pixels), corresponding to a volume of 0.169 cc. Image
analysis was divided into two parts. In the first experi-
ment, voxels consisting of at least 75% PZ tissue were
then graded on a 4-point rating scale (1 � definitely
benign, 2 � probably benign, 3 � probably cancer, 4 �
definitely cancer) by an experienced radiologist (K.H.)
without knowledge of the biopsy data and location. The
level of confidence in detecting cancer was based on
conspicuity and shape of signal abnormalities involving
the PZ on T2-weighted images. A rounded conspicuous
low-signal lesion was considered cancer, whereas linear
and triangular-shaped low-signal abnormalities were
considered benign etiologies. For the purposes of sta-
tistical analysis, voxels with grades of 1 and 2 were
classified as benign and voxels with grades of 3 and 4
were classified as cancer. In the second experiment,
this analysis was repeated, allowing the radiologist to
access the biopsy data. Any previously assigned voxel
grade that was inconsistent with the biopsy data was
regrouped as a benign or cancer voxel. Only those vox-
els located within a region of biopsy-confirmed cancer
were grouped into the cancer voxels. For example, any
voxel previously assigned a grade of 3 or 4, but found to
be inconsistent with biopsy data, was regrouped as a

benign voxel. Similarly, any voxel graded as benign but
found to contain cancer on biopsy was regrouped as
cancer.

ADCs were calculated in the PZ for all slices on a
voxel-by-voxel basis by taking the average of the ADC
computed from each of the three orthogonal-direction
diffusion-weighted images. The ADC for each direction
itself was computed according to the formula

ADC � [�ln (S1 � S0)/(b1 � b0)] mm2/s

where S1 is the signal intensity of a voxel (nine pixels)
after application of a diffusion gradient and So is the
echo magnitude without diffusion gradients applied
(b � 0 seconds/mm2). Diffusion sensitivity is deter-
mined by the difference between b1 and bo, which in our
case was 1000 seconds/mm2.

Data Analysis

Quantitative analysis was also divided into two experi-
ments. First, with the radiologist blinded to biopsy lo-
cation, the ADCs for cancer and benign voxels were
plotted for each patient individually and for the entire
patient set.

Second, the ADCs for the revised cancer and benign
voxels were plotted for each patient individually and for
the entire patient set. An unpaired, one-tail t-test was
performed assuming unequal variance between data for
cancer and benign prostate in both experiments.

RESULTS

Of the 11 patients evaluated, 1 patient was excluded, as
no reliable data were available documenting the loca-
tion of cancer from the TRUS-guided biopsy. Therefore,
in the initial experiment, with the radiologist blinded to
biopsy location, 10 patients were studied, representing
a total of 787 voxels. Of these, 142 (18%) voxels were
grouped as cancer voxels (grade 3 � 121, grade 4 � 21),
while 645 (82%) were classified as benign voxels (grade
1 � 74, grade 2 � 571). In the second experiment (Table
1), with the radiologist able to access the biopsy loca-
tion data, 10 patients were studied, representing a total
of 787 voxels. Of these, 130 (17%) were grouped as
cancer voxels (grade 3 � 118, grade 4 � 12), while 657
(83%) were classified as benign voxels (grade 1 � 72,
grade 2 � 585). Six of 10 patients had no change in data
since the images were graded appropriately. In the re-
maining four patients, a total of only 13 cancer voxels
were reclassified as benign, while no benign voxels were
reclassified as cancer (Fig. 1).

Without knowledge of biopsy location, the mean
ADCs averaged for the entire patient set for benign and
cancer voxels were 1.61 � 0.27 and 1.34 � 0.38 � 10–3

mm2/second, respectively (P � 0.002). With knowledge
of biopsy locations, the mean ADCs averaged over 10
patients for benign and cancer voxels were 1.61 � 0.26
and 1.27 � 0.37 � 10–3 mm2/second, respectively (P �
0.0005). In both experiments, the mean ADCs were
lower for malignant PZ tissue than for nonmalignant PZ
tissue. Second, the mean ADC for malignant tissue
decreased slightly when the reader was allowed access

Figure 2. Chart demonstrates the mean ADCs of cancer and
benign voxels for each patient. A line is drawn connecting the
mean ADCs for each patient. For each patient, the mean ADC
for malignant PZ is less than that for benign tissue.
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Figure 3. (continued)
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to the biopsy data. The change is partially related to the
regrouping of 13 cancer voxels to benign. Although sig-
nificant differences exist in the mean ADCs, large over-
lap was noted in the individual values in both tissue
types (Fig. 2). In addition to the mean ADCs for the
entire patient set, the mean ADC was greater in benign
voxels than in cancer voxels for the individual patients
for both experiments. Diffusion-weighted images can
demonstrate malignant PZ tissue with clarity, although
variable signal range was present in the patient popu-
lation. In a patient with biopsy-proven cancer in the
right PZ (Fig. 3), the mean ADC for cancer voxels was
0.86 � 0.33 � 10–3 mm2/second, while the mean ADC
for the benign voxels was 1.80 � 0.22 � 10–3 mm2/
second. The difference between the patient’s mean
ADCs is not only statistically significant, but it is larger
than the difference between the mean ADCs for the
entire patient set. In this patient, knowledge of the
biopsy location caused no change in the patient data as
the MR images were graded appropriately. ADCs can
also be helpful in discriminating postbiopsy hemor-
rhage from malignant PZ tissue, as hemorrhage can
mimic cancer on FSE T2-weighted images (Fig. 4). Hem-
orrhage can delineate tumor on T1-weighted images
because the densely cellular tumor is outlined by im-
penetrable blood, as the presence and diffuse spread of
hemorrhage can be attributed to the ductal morphology
of the prostate gland (23).

DISCUSSION

DWI of the human prostate has been successfully dem-
onstrated using an endorectal coil. It is well known that
increased signal to noise is obtained when an endorec-
tal coil is used for signal reception, and yields images of
high spatial-resolution. The potential for susceptibility
artifact from air insufflation during EPI did not degrade
the diagnostic quality of the ADC maps, and no geomet-

ric distortion was detected. While fluid insufflation
poses certain theoretical advantages, this option is not
commercially available to our knowledge. As previously
mentioned, a high b-value was chosen to enable the
signal intensity dependent on the diffusion term. Lower
b-values with the use of a pelvic phased-array coil in
evaluating the prostate gland (22) have been investi-
gated, although an optimal b-value has not been deter-
mined. A lower range of b-values may be necessary
given the reduced signal to noise from use of a pelvic
phased-array coil. However, unlike the abdomen, where
a high b-value can diminish image quality because of
short T2 time of abdominal tissues (13), nonmalignant/
normal PZ tissue has high T2 values, as opposed to the
short T2 time of prostate cancer (24). Consequently,
lesion contrast and image quality can be maintained
during EPI acquisition, together with accurate mea-
surement of ADC, with the use of an endorectal coil.
Further studies are currently in progress to optimize
b-values with use of an endorectal coil, such that lesion
contrast and signal are optimized within a background
of high-signal PZ.

Optimal evaluation of patients with prostate cancer
necessitates the use of both a pelvic phased-array coil
and an endorectal coil with current field strengths in
clinical practice. The results in our study demonstrate
that there is a statistically significant difference be-
tween mean ADCs for cancer and nonmalignant PZ
tissue whether or not the reader was aware of the bi-
opsy sites of tumor burden. The difference may be ex-
plained by certain anatomical changes caused by the
replacement of normal tissue with cancer. The normal
prostate consists of a glandular component and inter-
vening stromal tissue. The glandular component of the
prostate gland consists of water-rich ducts arranged in
a linear fashion radiating from the prostatic urethra,
which terminate into acini. In prostate cancer, the nor-
mal architecture of the gland is replaced by adenocar-
cinoma. The tumor can contain high densities of malig-
nant epithelial cells and a reduction in intervening
stroma; however, in others, malignant epithelial cells
can be dispersed between increased amounts of desmo-
plasmic stroma as well as between normal-appearing
ductal morphology, as in early diffuse disease (22,25).
All three of these morphologic conditions inhibit the
movement of water macromolecules by the internal de-
rangement introduced by the regions of tumor burden,
and may account for the variations of the ADCs, as well
as overlap between ADCs for regions of cancer and
those of nonmalignant PZ tissue. Therefore, at this
point in time, a quantitative ADC threshold value does
not permit discrimination of malignant PZ from nonma-
lignant tissue. Rather, analysis of patient data requires
consideration of the available clinical history, including
TRUS biopsy information, digital rectal examination
(DRE) findings, prostate specific antigen (PSA), and
MRI. The incorporation of DWI into the prostate imag-
ing protocol at our institution provides useful informa-
tion in conjunction with conventional anatomic MRI.
Currently, however, the ADC maps are evaluated qual-
itatively with the corresponding anatomic images. In a
recent publication using a pelvic phased-array coil for
signal reception, similar findings were reported, al-

Figure 3. A: Axial T2-weighted image of the prostate with a
rectangular grid demonstrating the presence of a large tumor
in the right PZ (asterisk). B: Axial ADC trace of the prostate
with a rectangular grid demonstrating large low-signal tumor
(asterisk). C: Chart illustrating ADCs for all cancer and benign
voxels for patient. Mean ADC for cancer voxels is significantly
less than that for benign voxels, although overlap exists in
individual values.
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Figure 4. A: Axial T2-weighted image of the prostate demonstrating a large region of low signal in the right PZ (arrow). B: Axial
ADC trace of the prostate with a rectangular grid demonstrates smaller low-signal lesion (asterisk). C: Axial T1-weighted image
of the prostate demonstrating the presence of postbiopsy hemorrhage delineating the area of tumor (arrow) in the right PZ.
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though signal to noise and resolution limitations com-
promised image quality (22). In our study, slice thick-
ness was kept at 3 mm, covering the entire gland from
the base to the apex. A further advantage of the endo-
rectal coil is decreased imaging time, as fewer acquisi-
tions are required to obtain high-quality images free of
motion artifacts.

The PZ of the prostate was examined exclusively for
several reasons. It is known that 70% of all adenocar-
cinomas of the prostate arise in the PZ and 30% in the
central gland (26). Furthermore, benign prostatic hy-
perplasia (BPH) of the central gland occurs in 25% of
men from 41–50 years and 70% of men from 61–70
years (27). BPH manifests in a variety of histological
forms, depending on the amount of glandular and stro-
mal tissue, and the signal characteristics in MRI reflect
the morphological differences. Cancer can occur in the
central gland, and in such cases, MRI cannot reliably
distinguish BPH from cancer, as opposed to cancer
within the PZ. This is because changes in MRI signal
intensity that commonly occur in older patients with
BPH are similar to those that occur in patients with
prostate cancer (25,28–31). Furthermore, quantitative
T2 mapping and DWI of the prostate central gland have
failed to show statistical difference in T2 and mean
ADCs between BPH and prostatic carcinoma (21). The
authors concluded that morphological changes of BPH
subsequently cause changes in the tissue structure
that can affect the properties of water diffusion. These
structural changes can lead to inaccurate ADC mea-
surements of the central gland and false positive results
on a DWI sequence.

A single radiologist experienced in MRI of the prostate
reviewed the anatomical imaging, which precluded as-
sessment of interobserver variability for multiple read-
ers. The authors acknowledge the direct relationship of
improved staging accuracy of MRI of the prostate with
reader experience, which is an important application
for this study design, as a reader with less experience
may provide a different grading system. The majority of
voxels were graded as “probably benign” or “probably
malignant,” and a small fraction as “definitely benign”
and “definitely malignant.” However, the purpose of our
study was not to assess reader variability for conven-
tional anatomic images, but to determine if the ADCs
gained from DWI correlated with accurately interpreted
endorectal MR images, which would require an experi-
enced reader. This study is limited by the relatively
small number of patients and the incomplete spatial
assignment of the MRI findings to the biopsy sites.
Ideally, imaging findings should be correlated to his-
topathologic sectioning where the prostate gland is re-
moved en bloc and sections are matched in thickness
with the images. With this technique it would be theo-
retically possible to match MRI and DWI findings with
the histopathologic findings on a voxel-by-voxel basis.
The patients in our study were being considered for
disease-targeted therapy and did not undergo prosta-
tectomy. Regions of interest cannot be accurately cre-
ated for MRI and DWI independent of one another be-
cause DWI is not a high-resolution anatomical imaging
technique, and tumor burden does not always appear
as a conspicuous abnormality to allow margins of in-
terest to be reliably drawn. The use of voxels would

Figure 4 (Continued)
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allow overlap of imaging data in a future study with
metabolite maps obtained from MR spectroscopic im-
aging of the prostate.

This study represents some of the first steps toward
harnessing the potential impact of endorectal-acquired
DWI as it relates to prostate cancer. Improvements in
gradient field strengths, multishot techniques, and the
introduction of parallel imaging techniques would be
helpful in maximizing spatial resolution, and decreas-
ing susceptibility-induced artifacts. Additional work
with DWI in the field of prostate cancer diagnosis and
treatment may lead to an improvement of tissue sam-
pling in biopsies of the prostate gland as well as an
improvement in the efficiency of disease-targeted ther-
apies.
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