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Diffusion-Weighted Imaging of Prostate Cancer
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Objective: The purpose of this study was to assess whether T2-

weighted (T2W) imaging with diffusion-weighted (DW) imaging

could improve prostate cancer detection as compared with T2W

imaging alone.

Methods: The subjects consisted of 37 patients with prostate cancer
and 23 without cancer undergoing magnetic resonance (MR) imaging.

Using a 1.5-T superconducting magnet, all patients underwent T2W

and DW imaging with parallel imaging. Images were independently

reviewed by 3 readers to determine the detectability of prostate cancer.

The detectability of T2W imaging without and with DW imaging was

assessed by means of receiver operating characteristic analysis.

Results: Mean areas under the receiver operating characteristic

curve for T2W imaging alone and for T2W imaging with DW imaging

were 0.87 and 0.93, respectively. The receiver operating characteristic

analysis showed that the addition of DW imaging to conventional

T2W imaging significantly improved tumor detection (P = 0.0468)

compared with T2W imaging alone.

Conclusions: The addition of DW imaging to conventional T2W

imaging provides better detection of prostate cancer.
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The latest estimates of global cancer incidence show that
prostate cancer is the third most common cancer in men,

with half a million new cases each year.1 In Japan, mortality
attributable to prostate cancer is lower than in Western
countries but is increasing rapidly.1,2 Early detection of pros-
tate cancer is vital for reducing mortality.

Recent reports have demonstrated the detectability of
prostate cancer by magnetic resonance (MR) imaging.3,4 On
T2-weighted (T2W) imaging, regions of prostate cancer show
decreased signal intensity relative to normal peripheral zone
tissue because of increased cell density and a loss of prostatic
ducts.4 This finding is nonspecific, however, because other
diseases such as prostatitis or hyperplasia can also cause low

signal intensity on T2W imaging.5–8 Moreover, detection of
prostate cancer in the transition zone, which is present in up to
30% of all prostate cancer, is difficult because this zone is the
site of the origin of benign prostatic hyperplasia, which can
have a heterogeneous appearance.9

Recently, diffusion-weighted (DW) imaging has been
available for abdominal and pelvic lesions such as liver,10,11

renal,12 and ovarian tumors.13,14 Some preliminary studies15–17

have indicated that DW imaging can differentiate a malignant
neoplasm from benign prostate tissue because of a significant
difference in the apparent diffusion coefficient value. These
studies did not evaluate the ability to detect human prostate
cancer, however.

When obtaining DW images, susceptibility artifacts on
echo planar imaging sequences often degrade the quality of
images. This was the principal problem when obtaining DW
images of the prostate, which is located adjacent to stool and
gas in the rectum. With a recent technical evolution, a parallel
imaging technique (sensitivity encoding [SENSE]) is now
available, however. Using SENSE, less distorted DW images
of human prostate are available, because susceptibility artifacts
can be significantly reduced.18 The purpose of this study was
to determine the detectability of prostate cancer by T2W
imaging with DW imaging as compared with T2W imaging
alone.

MATERIALS AND METHODS

Patients
This was a retrospective study conducted at a single

institution. Between February and November 2003, 124 consec-
utive patients with clinically suspected prostate cancer because
of elevated (.4.0 ng/mL) prostate specific antigen but with no
prior treatment of prostate cancer underwent MR examination,
including DW imaging. Sixty of the 124 patients had a
histopathologic diagnosis proven by surgery or routine biopsy
of 10 sites, including the central gland and peripheral zone.
The other 64 patients were finally excluded from this study.
Although a biopsy was planned for 30 of these 64 patients, it
was not performed within the period of this study. The
remaining 34 patients did not undergo biopsy at our institution
because of 1) deterioration in general health (n = 12), 2)
multiple metastatic disease (n = 5), 3) the patient’s desire to be
followed up without biopsy (n = 8), and 4) the patient’s desire
to consult another hospital (n = 9). The numbers of patients
with surgically and biopsy-proven prostatic carcinomawere 18
and 19, respectively. Fourteen patients were free of malignancy
on biopsy of 10 sites. Nine patients without cancer and
undergoing transurethral resection because of symptoms of
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benign prostatic hyperplasia were also included. Overall, 37
(62%) of the 60 patients had prostate cancer. These patients
underwent biopsy and/or surgery within 6 months after the
MR examination. The mean patient age was 71 years (range:
54–82 years), and the mean prostate specific antigen value was
21.8 ng/mL (range: 4.5–130 ng/mL). Informed consent was
obtained from all patients before MR imaging.

Imaging Protocol
Magnetic resonance images were obtained with a 1.5-T

MR imaging system (Gyroscan Intera; Philips Medical
Systems, Best, The Netherlands). We used a 4-channel pelvic
phased-array coil. All patients underwent DW imaging in
addition to imaging using a routine prostatic MR protocol.
This routine protocol included transverse, sagittal, and coronal
T2W fast spin echo sequences (3800–4000 milliseconds/120
milliseconds repetition time/echo time, 20-cm 3 20-cm field
of view, 256–280 3 512 matrix, echo train length = 16, 3–
4-mm slice thickness, 0.5-mm intersection gap, average of 2).

Axial DW images were obtained by the single-shot echo
planar imaging technique using the following imaging param-
eters: 2500 milliseconds/90 milliseconds repetition time/echo
time, 20-cm3 20-cm field of view, 1283 128 matrix, 3–4-mm
slice thickness, 0.5-mm intersection gap, average of 2. Isotro-
pic DW images were obtained by using diffusion gradients
with 2 b-values (0 and 1000 sec/mm2) along 3 directions of
motion-probing gradients. We used a SENSE reduction factor
of 2. The SENSE reduction factor is the ratio between the
number of phase-encoding steps required for full-Fourier
imaging and the number of phase-encoding steps necessary for
an accelerated SENSE scan.

Image Analysis
Images were interpreted by 3 readers (R.S., H.F., and

H.A.) blinded to the results of biopsy or operation.
At first, T2W images alone were interpreted without

knowledge of the results of DW imaging. The criterion for
detecting prostatic cancer was a low-intensity mass relative to
high-intensity background of the normal peripheral zone.4 On
the basis of the findings, the presence or absence of prostate
cancer was estimated by the readers using a 5-point rating
scale (definitely or almost definitely present = 5, probably
present = 4, possibly present = 3, probably absent = 2, and
definitely or almost definitely absent = 1). On T2W imaging,
we also assessed the presence or absence of benign prostatic
hyperplasia.

More than 2 weeks after the first reading, the 3 readers
reviewed combined T2Wand DW imaging. Because anatomic
detail was unclear as the result of a low signal-to-noise ratio on
DW images, we referred to axial T2W images of the same
planes. We determined the diagnostic criteria of DW imaging
as follows: focal hyperintense (relative to background prostatic
structure) lesions almost definitely present received a score of
5, focal hyperintense lesions probably present received a score
of 4, focal hyperintense lesions possibly present received
a score of 3, focal hyperintense lesions probably absent
received a score of 2, and focal hyperintense lesions almost
definitely absent received a score of 1. These criteria were
applied to all prostatic regions, including the central gland.

For the calculation of sensitivity and specificity, these
results were dichotomized so that scores of 1 through 3 were
rated as cancer absent and scores of 4 and 5 were rated as
cancer present.

Statistical Analysis
Receiver operating characteristic analysis was used to

compare the results of routine T2W imaging alone and T2W
imaging combined with DW imaging (rating scale range: 1–5).
The area under the receiver operating characteristic curve (Az)
was calculated for each reader and MR sequence. The statis-
tical significance (P , 0.05) of differences in the Az was
determined by means of the unpaired Student t test. Receiver
operating characteristic curveswere estimated with the ROCKIT
0.9B beta version program (C. Metz, Chicago, IL). Sensitivity,
specificity, positive predictive value, and negative predictive
value were also calculated.

RESULTS
The Az values, sensitivity, specificity, positive predictive

value, and negative predictive value of the 3 readers are
summarized in Table 1. All readers achieved higher sensitivity
and specificity on combined T2W and DW imaging than on
T2W imaging alone.

The Az values for the 3 readers for each T2W imaging
and T2W imaging combined with DW imaging were 0.85
versus 0.93, 0.88 versus 0.96, and 0.87 versus 0.89, respec-
tively. The mean Az value for each T2W imaging and com-
bined T2W and DW imaging was 0.87 versus 0.93 (Fig. 1).
Receiver operating characteristic analysis revealed that the
addition of DW imaging to T2W imaging improved the diag-
nostic performance significantly (P = 0.0468). There were no
significant differences in diagnostic accuracy among the 3
readers (P . 0.05).

Diffusion-weighted imaging clearly depicted prostate
cancer as focal hyperintense areas (Figs. 2, 3). With the en-
hanced contrast between cancer and other prostatic tissue,
T2W imaging with DW imaging resulted in a total 96 (86%) of

TABLE 1. Diagnostic Performance of T2W Imaging Alone
and Combined T2W and DW Imaging for the Detection
of Prostate Cancer

Positive Negative
Sensitivity

(%)
Specificity

(%)
Predictive
Value (%)

Predictive
Value (%) Az

T2W imaging
alone

Reader 1 76 74 82 65 0.85

Reader 2 73 83 87 66 0.88

Reader 3 86 74 84 77 0.87

Mean 78 77 84 69 0.87

Combined T2W
and DW imaging

Reader 1 84 83 89 76 0.93

Reader 2 86 91 94 81 0.96

Reader 3 89 78 87 82 0.89

Mean 86 84 90 79 0.93
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111 (31 of 37 cases for reader 1, 32 of 37 cases for reader 2,
and 33 of 37 cases for reader 3) reviewed cancerous cases
being judged as positive, although with T2W imaging alone,
87 (78%) of the 111 (28 of 37 cases for reader 1, 27 of 37 cases
for reader 2, and 32 of 37 cases for reader 3) reviewed
cancerous cases were judged as positive. In addition, DW
imaging might assist in detecting prostate cancer involving the
transition zone, which is difficult to discriminate from other
lesions such as benign prostatic hyperplasia on T2W imaging
alone (see Fig. 3). Radical prostatectomy specimens demon-
strated that 8 of 18 patients had cancer foci involving the
transition zone. Diffusion-weighted imaging distinctly de-
picted the cancer in the transition zone as hyperintense (score 4
or 5 by all readers) in 5 (63%) of the 8 patients. On T2W

imaging alone, however, cancer in the transition zone could
be clearly identified only in 1 (13%) of the 8 patients. This
1 patient had a cancer focus continuum involving the periph-
eral zone to the transition zone.

Diffusion-weighted imaging could differentiate between
prostate cancer and some nonspecific hypointense lesions
mimicking cancer on T2W imaging (Fig. 4). Of the total 180
(3 readers with 60 cases each) reviewed cases, there were 16
false-positive cases with T2W imaging alone, a number re-
duced to 11 cases with DW imaging. All readers also achieved
a higher negative predictive value on combined T2W and DW
imaging than on T2W imaging alone. Mean negative predic-
tive values for T2W imaging alone and T2Wwith DW imaging
were 69% and 79%, respectively.

DISCUSSION
Magnetic resonance imaging is widely used for de-

termination of prostatic disease. Because of the similarity in
signal intensity between prostate cancer and other benign
lesions such as benign prostatic hyperplasia on T2W imaging,
however, conventional MR imaging has good sensitivity
(78%–83%) but low specificity (50%–55%) in detecting and
localizing prostate cancer.4–9 Additional procedures, such as
MR spectroscopy, have been applied to achieve a more specific
diagnosis and localization of prostate cancer.19,20 Combined
MR imaging and spectroscopy indicated the presence of tumor
with high sensitivity (95%) and high specificity (91%).20

Magnetic resonance spectroscopy is not routinely used with
commercially available MR systems, however. Some reports
suggest that dynamic contrast-enhanced MR imaging can
discriminate prostate cancer from normal prostatic tissue.21

The reported sensitivity (74%) and specificity (81%) of the
dynamic contrast-enhanced study for tumor detection are
lower than those of MR spectroscopy, however, and are not
significantly different from the values of conventional fast spin
echo images.21

Diffusion-weighted imaging offers another solution for
identifying cancer in the prostate. Because of the many tightly
packed glandular elements with little central space for mucin
or fluid storage in prostate cancer, apparent diffusion

FIGURE 1. Mean receiver operating characteristic curves
compare the performance of T2-weighted (T2W) imaging
alone and combined T2W and diffusion-weighted (DW)
imaging for detection of prostate cancer. The mean areas
under the receiver operating characteristic curves (Az) of T2W
imaging alone and combined T2W and DW imaging are 0.87
and 0.93, respectively. The difference between the 2 receiver
operating characteristic curves is significant (P = 0.0468).

FIGURE 2. Prostate cancer in a 63-
year-oldman.A,AxialT2-weighted fast
spin echo image (4000 milliseconds/
120 milliseconds repetition time/echo
time) shows a 15-mm diameter hypo-
intense tumor (arrow) in the left
peripheral zone. B, Axial imaging–
diffusion-weighted image of the same
plane reveals a focal hyperintense
tumor (arrow). A radical prostatecto-
my specimen revealed moderately
differentiated adenocarcinoma.
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coefficient values, which correspond to the restriction of water
displacement, are reportedly significantly lower than in normal
prostate.16 Compared with MR spectroscopy, pelvic DW im-
aging is more easily performed on most MR scanners without
additional software, although every system has several limi-
tations. Without parallel imaging, however, DW imaging of the
prostate is not performed as part of routine clinical MR
imaging, mainly because of susceptibility artifacts that de-
grade the image and make it difficult to localize the tumor.
Applying parallel imaging, the accumulating phase that causes
susceptibility artifacts is decreased because of a reduction in
the train of gradient echoes and sampling time. Shortened
imaging times with parallel imaging also contribute to the
suppression of motion artifacts.

To our knowledge, this is the first clinical study to apply
DW imaging with parallel imaging and with a high b-value
(b = 1000) to the detection of prostate cancer. On DW imaging,
prostate cancer was depicted as a hyperintense focal lesion
with markedly enhanced contrast compared with T2W imag-
ing (see Fig. 2). Therefore, we could differentiate cancers from
noncancerous lesions with greater confidence. In addition, DW
imaging has the capability of revealing prostate cancer not
only in the peripheral zone but in the transition zone (see Fig. 3).
The capability of detecting cancer in the transition zone gives

DW imaging a great advantage over conventional T2W
imaging and MR spectroscopic imaging. The result of higher
performance in the detection of prostate cancer was
particularly related to this capability. Although there were
differences in the patient populations, sensitivity (86%) and
specificity (84%) on T2W imaging with DW imaging in our
study without an endorectal coil were higher than those of
former studies (sensitivity: 74%–83%, specificity: 50%–81%)
with an endorectal coil4–9 and a dynamic study.21

The apparent diffusion coefficient value was not quanti-
fied in the present study. Because we used a high b-value (b =
1000) to enhance the contrast between normal and cancerous
prostate, the signal-to-noise ratio was reduced and an adequate
region of interest was not ensured in correlation with the patho-
logic specimen in the present study. This is usually the case for
small lesions. Regardless of whether the precise apparent
diffusion coefficient value is calculated or not, b-values of 400
to 500 as used in liver DW imaging10,11 may be more appro-
priate for a balance between the signal-to-noise ratio and dif-
fusion weighting. Even when using high b-values, it might be
possible to improve the signal-to-noise ratio with increased
averaging15 and/or with the use of an endorectal coil modified
for echo planar imaging by being inflated with liquid.17 The
most appropriate b-value for DW imaging of the prostate is

FIGURE 3. Prostate cancer in a 72-
year-old man. A, Axial T2-weighted
image (3880 milliseconds/120 milli-
seconds repetition time/echo time)
shows a 20-mmdiameter hypointense
area in the left central gland (arrow-
heads). Discrimination of prostate
cancer from other benign lesions,
such as a benign prostatic hyperplastic
nodule, is difficult. B, Axial imaging–
diffusion-weighted image of the same
plane clearly demonstrates a focal
hyperintense lesion (arrowheads). A
radical prostatectomy specimen re-
vealed moderately differentiated ade-
nocarcinoma.

FIGURE 4. A 72-year-old man without
prostate cancer. A, Axial T2-weighted
image (3900 milliseconds/120 milli-
seconds repetition time/echo time)
shows an enlarged prostatic gland as
a result of benign prostatic hyperpla-
sia. A small hypointense focus is
detected in the left peripheral zone
(arrow). Prostate cancer cannot be
excluded on the basis of this appear-
ance. B, Axial diffusion-weighted im-
age of the same plane demonstrates
no focal hyperintense lesion relative to
other regions of the prostate. Biopsies
of 10 sites, including the left periph-
eral zone, did not reveal a malignant
focus.
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still to be established. Further studies with various b-values,
larger patient populations, and imaging sequence modifica-
tions are needed.

In conclusion, our results demonstrate the potential
value of prostatic DW imaging in clinical practice. Diffusion-
weighted imaging combined with T2W imaging provides
a higher detection rate of prostate cancer.
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