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Prostate Cancer Screening: The Clinical Value of
Diffusion-Weighted Imaging and Dynamic MR
Imaging in Combination with T2-Weighted Imaging
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Purpose: To evaluate the clinical value of diffusion-
weighted imaging (DWI) and dynamic MRI in combination
with T2-weighted imaging (T2W) for the detection of pros-
tate cancer.

Materials and Methods: A total of 83 patients with ele-
vated serum prostate specific antigen (PSA) levels (�4.0
ng/mL) were evaluated by T2W, DWI, and dynamic MRI at
1.5 T prior to needle biopsy. The data from the results of the
T2W alone (protocol A), combination of T2W and DWI (pro-
tocol B), and the combination of T2W�DWI and dynamic
MRI (protocol C) were entered into a receiver operating
characteristic (ROC) curve analysis, under results of sys-
temic biopsy as the standard of reference.

Results: Prostate cancer was pathologically detected in 44
of the 83 patients. The sensitivity, specificity, accuracy, and
the area under the ROC curve (Az) for the detection of
prostate cancer were as follows: 73%, 54%, 64%, and
0.711, respectively, in protocol A; 84%, 85%, 84%, and
0.905, respectively, in protocol B; and 95%, 74%, 86%, and
0.966, respectively, in protocol C. The sensitivity, specific-
ity, and accuracy were significantly different between the
three protocols (P � 0.01).

Conclusion: In patients with elevated serum PSA levels,
the combination of T2W, DWI, and dynamic MRI may be a
valuable tool for detecting prostate cancer and avoiding an
unnecessary biopsy without missing prostate cancer.
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PROSTATE CANCER is the most frequent malignant
tumor in the male population of the United States, and

its incidence is rapidly increasing in Japan (1). Re-
cently, prostate-specific antigen (PSA), which has been
identified as a useful tumor marker, and transrectal
ultrasound (TRUS) have facilitated the detection of ear-
ly-stage prostate cancer, by screening candidates for
systematic biopsy. However, the positive predictive
value (PPV) of the elevated PSA levels or TRUS-guided
biopsy is relatively low. It has been documented that
only 25% of patients with gray-zone PSA levels may
have prostate cancer (2). Other authors have reported
that the PPV for PSA and digital rectal examination were
32% and 21%, respectively (3). TRUS-guided biopsy
cores showed 42% positive and 58% negative (4). Re-
cent studies have suggested the usefulness of newer
ultrasound (US) techniques such as color Doppler US,
power Doppler US, and contrast-enhanced US; how-
ever, these techniques are still under development
(5–7).

Avoiding unnecessary biopsies without missing pros-
tate cancer in men with elevated serum PSA levels is an
aspect that requires focus. An unnecessary biopsy can
be avoided by the accurate detection and localization of
prostate cancer. This will also facilitate targeted biopsy,
which has a higher detection rate than conventional
sextant biopsies (8). In this study, we evaluated the
clinical value of diffusion-weighted imaging (DWI) and
dynamic MRI in combination with T2-weighted imaging
(T2W) for the screening of prostate cancer in patients
with elevated PSA levels.

MATERIALS AND METHODS

Patients

Between January and May 2005, 83 consecutive male
patients with elevated PSA levels (�4.0 ng/mL) who had
undergone both an MRI and a subsequent systematic
transrectal prostate biopsy were included in this study.
The patients’ ages ranged from 53 to 87 years (mean age
67.4 years). This study followed the Declaration of Hel-
sinki principles, and urologists explained the purpose
of the diagnostic MRI to each patient and obtained their
written informed consent. In our study population, 19
of 83 patients (3 of 39 noncancerous patients and 16 of
44 cancerous patients) showed positive digital rectal
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exam (DRE). Biopsies were performed on all the pa-
tients within four months after MRI examination. In 44
of the 83 patients, systematic biopsies for the prostate
revealed the existence of cancerous tissues. In this
study, the standard of reference was determined by the
results of systematic biopsy. If any biopsy specimen
from a patient showed pathologically positive results,
the patient was considered “true positive.” Conversely,
patients showing negative biopsy results were consid-
ered “true negative.” During the study period, 10 of the
44 patients with cancer underwent radical prostatec-
tomy.

MRI

Patients underwent MRI on a 1.5-Tesla MR scanner
(Signa Excite XI; GE Healthcare, Hino, Japan). Oblique-
axial imaging planes were determined to be the short
axis of the prostate in the sagittal localizing scan, such
that approximately 10 sections were obtained for each
patient. T2W fast spin echo (FSE): TR/TE � 5000
msec/87.9 msec, echo train length � 18, matrix sizes �
288 � 192, number of excitations (NEX) � 4, acquisi-
tion time � 3 minutes 45 seconds), T1-weighted FSE
(TR/TE � 560 msec/12 msec, echo train length � 2,
matrix sizes � 256 � 192, NEX � 2, acquisition time �
1 minute 50 seconds), diffusion-weighted single-shot
echo planar imaging (SSEPI) (TR/TE � 3600 msec/72.6
msec, matrix sizes � 160 � 128, NEX � 8, acquisition
time � 1 minute 55 seconds), and gadolinium-en-
hanced dynamic MRI (fat-suppressed fast spoiled gra-
dient-recalled acquisition in steady state (FSPGR): TR/
TE/flip angle � 130 msec/2.0 msec/90°, matrix sizes �
256 � 160, NEX � 1, acquisition time � 22 seconds)
were performed using eight-channel torso-array coils.
In diffusion-weighted SSEPI, images were obtained by
using diffusion gradients with two b-values (0 and 1000
seconds/mm2) along the three directions of the motion-
probing gradients (9). A parallel imaging technique, ar-
ray spatial sensitivity encoding technique (ASSET), was
used with a reduction factor of two. In dynamic scans,
precontrast baselines, 40 and 180 seconds after bolus
injection of 0.1 mmol/kg of gadopentetate dimeglumine
(Magnevist; Nihon Schering, Osaka, Japan) were se-
quentially obtained. The timing of image acquisition in
the dynamic study was referred to the time-enhance-
ment curves of benign and malignant prostate tissue at
dynamic MRI by Rouviere et al (10). The field of view was
36 cm in diffusion-weighted echo planar imaging (EPI),
and 18 cm for other sequences. The slice thickness/
interslice gap was 5 mm/0.5 mm for all sequences.

Image Interpretation

Receiver Operating Characteristic (ROC) Curve
Analysis

We analyzed three image interpretation protocols. Pro-
tocol A consisted of data from T2W-FSE alone, protocol
B consisted of T2W-FSE plus DWI, and protocol C con-
sisted of T2W-FSE plus DWI along with dynamic MRI.
All image interpretation sessions were performed on a
workstation (AW version 4.1; GE Healthcare). For DWI,
the apparent diffusion coefficient (ADC) maps and/or

exponential ADC (eADC) maps were constructed on the
workstation and simultaneously displayed to the read-
ers during the image interpretation session. The eADC
was defined as exp (–b � ADC), and the color shades
used on the ADC map were inverted. The ability of each
imaging protocol for the detection of prostate cancer
was evaluated by means of ROC analyses (11). Each
dataset was reviewed with the consensus of two readers
after a minimum interval of two weeks to avoid decision
threshold bias due to reading-order effects. For each
dataset (oblique axial sections covering the entire pros-
tate) from each patient, a confidence score reflecting the
perceived likelihood of the presence of cancer was as-
signed using the following five-point scale: 5, definitely
positive; 4, probably positive; 3, possibly positive; 2,
probably negative; and 1, definitely negative. By plot-
ting the true-positive fraction (TPF) on the ordinate and
the probability of a false positive on the abscissa, the
area under the ROC curve (Az) was calculated by using
the maximum-likelihood estimation (ROCKIT version
0.9B1 for Macintosh to calculate Az in ROC analysis;
courtesy of Charles E. Metz at the University of Chi-
cago, Chicago, IL, USA (12)). The 44 patients who were
histopathologically confirmed to have cancer served as
true positives, and the other 39 patients without evi-
dence of prostate cancer served as true negatives. To
calculate the sensitivity, specificity, and accuracy of
each modality, scores of 5, 4, and 3 were considered
positive findings, and scores of 1 and 2 were considered
negative findings.

Diagnostic Criteria

When T2W-FSE was used, a low signal intensity in the
peripheral zone (PZ), accompanied by the disruption of
the duct structure, was considered malignant (rank 5),
while a symmetrical, wedge-shaped low signal intensity
with maintained duct structure was considered non-
cancerous (rank 1 or 2). In case of the transition zone
(TZ), an irregular low signal intensity area without a
capsule, or a signal intensity obliterating normal struc-
tures such as the surgical capsule or the urethra, were
considered malignant.

When DWI was used, any lesions in the PZ showing a
decrease in the ADC was considered malignant. If the
lesion showed an apparently cold color (blue) on the
ADC map or a warm color (red) on the eADC map, it was
assigned a rank of 5. If the color was moderately cold or
warm, it was assigned a rank of 3 or 4. If the lesions
were less than 5 mm in size and were located in the TZ,
they were not considered and were assigned a rank of 1
or 2.

When dynamic MRI was used, lesions showing en-
hancements in the early phase and a washout in the
delayed phase were considered positive (rank 5). Le-
sions showing early and prolonged enhancement were
suspected of being malignancy (rank 3 or 4). Lesions
that did not show early enhancement but showed a
gradual enhancement in the delayed phase were not
considered (rank 1 or 2).
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ADC Value Measurements

For nine of the 10 patients who underwent radical pros-
tatectomy, histopathological hematoxylin and eosin
(H&E) stains from the entire prostate tissue were pre-
pared to measure the ADC. One patient who had un-
dergone neoadjuvant endocrine therapy prior to pros-
tatectomy was excluded from the measurements and
no cancer cells were detected in the histopathological
specimen. To measure the ADC of each tissue, accurate
placement of the region of interest (ROI) circle on the
ADC maps was ensured at the regions corresponding to
the cancerous tissues and noncancerous PZ and TZ
tissues in the histopathological sections. For cancerous
tissue, the ROI circle was placed in the cancerous area
as large as possible (minimum ROI circle diameter was
5 mm in our series, such that the minimum area of ROI
circle was 19.6 mm2), with referring to the histopatho-
logical sections. To avoid any other tissues in ROI, we
referred to T2W MR images and/or dynamic MR images
of this study. For the accurate ADC measurement, ev-
ery effort was made to put the ROI circle on each tissue
as large as possible through the measurements. The
type of hyperplasia in TZ was not considered in placing
the ROI circle.

On the workstation, the ADC value of each pixel was
constantly displayed on the screen with movement of
the cursor, and the minimum ADC value from a pixel of
each tissue was recorded for this subset of nine pa-
tients. The color shades on the ADC maps also identi-
fied the pixel showing the minimum ADC value. Re-
gions of low ADC showed a cold color (blue); in contrast,
regions of high ADC showed a warm color (red).

Statistical Analysis

Statistical analysis was performed on a Power Macin-
tosh G4 computer (Apple Computer Japan Co., Tokyo,
Japan) by using Statview (version 4.5, Hulinks Co.,
Tokyo, Japan) and Statcel (OMS Ltd., Saitama, Japan).
The Az values of the three protocols were compared by
using the ROCKIT program (two-variable chi-squared
test), and the 95% confidence intervals (CI) were calcu-
lated (12). The sensitivity, specificity, and accuracy of
the three imaging protocols were compared by using the
Cochran-Q test, and that between any two protocols by
using the McNemar test (13). A P value of 0.05 or less
was considered to indicate a statistically significant dif-
ference between the three protocols, and a P value of
0.016 after the Bonferroni correction was considered
statistically significant in the comparison between any
two protocols (14). For the comparison of the ADC val-
ues between cancerous tissues, noncancerous PZ tis-
sues, and noncancerous TZ tissues, a randomized
blocks method was used. This method evaluated the
difference between the three tissues, and a post-hoc
test (Tukey’s test) was used to compare the ADC values
of any two tissues.

RESULTS

PSA Levels and Histopathological Finding

PSA levels in 83 patients ranged from 4.3 to 332.1
ng/mL (19.4 � 43.5 ng/mL [mean � SD]). In 44 pa-

tients with cancer, 23 had a PSA level of 4–10 ng/mL,
12 had a level of 10–20 ng/mL, and nine had a level of
�20 ng/mL, such that the mean PSA was 28.6 � 58.1
ng/mL. In 39 noncancerous patients, 31 had a PSA
level of 4–10 ng/mL, five had a level of 10–20 ng/mL,
and three had a level of �20 ng/mL, such that the mean
PSA was 9.0 � 6.8 ng/mL. A total of 23 of the 54
patients with gray zone PSA levels (4–10 ng/mL) and 21
of the 29 patients with PSA levels above 10 ng/mL were
confirmed to have cancer. Between patients with gray
zone PSA and patients with higher PSA levels (�10
ng/mL), there was a significant difference in patholog-
ical results (cancerous or noncancerous), by Fisher’s
exact probability test (P � 0.008).

The Gleason’s scores of cancerous tissue in the study
population were as follows: 15 of 44 patients with can-
cer showed a Gleason’s score of 6 and below (score of 4
in two patients, score of 5 in eight, score of 6 in five,
score of 7 in 15, score of 8 in four, and score of 9 in 10).
The mean score of cancerous tissue was 6.9. In a subset
of 10 patients who had undergone radical prostatec-
tomy, seven had moderately differentiated adenocarci-
noma, two had well differentiated adenocarcinoma, and
one who received neoadjuvant endocrine therapy had
no cancer cells in the specimen.

ADC Measurements

In a subset of radical prostatectomy, the mean ADC (�
10–3 mm2/second) was 0.93 � 0.11 (range � 0.89–
1.14) for the cancerous tissue, 1.72 � 0.35 (range �
1.25–2.29) for the noncancerous PZ tissue, and 1.46 �
0.16 (range � 1.18–1.63) for the noncancerous TZ tis-
sue (Fig. 2). A randomized blocks method indicated a
significant difference between the three tissues (P �
0.000003). Post-hoc test (Tukey’s test) revealed that
cancerous tissues showed significantly lower ADC val-
ues than those of noncancerous PZ or TZ tissues (P �
0.001). The minimum ADC value of the cancerous tis-
sue was 0.72 � 0.19 (range � 0.39–0.93). No difference
was noted in ADC values of cancerous tissue in nine
cases of radical prostatectomy. In six cases with a Glea-
son’s score of 7, ADC values ranged from 0.795 to
1.140. In two cases with a score of 6, ADC values were
0.833 and 1.020. In one case with a score of 5, the ADC
was 0.963.

MR Diagnostic Performance

In the ROC analyses, the Az values were 0.711 (95%
CI � 0.590–0.813), 0.905 (95% CI � 0.815–0.957), and
0.966 (95% CI � 0.914–0.989) for protocols A, B, and
C, respectively (Fig. 1). There were significant differ-
ences between protocols A and B (P � 0.011) and be-
tween protocols A and C (P � 0.0003). Although a ten-
dency to differ was observed between protocols B and C,
the difference was not statistically significant (P �
0.084).

The sensitivity, specificity, and accuracy for the de-
tection of prostate cancer were 73%, 54%, and 64%,
respectively, in protocol A; 84%, 85%, and 84%, respec-
tively, in protocol B; and 95%, 74%, and 86%, respec-
tively, in protocol C. The sensitivity, specificity, and
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accuracy were significantly different between the three
protocols (Cochran-Q test: P � 0.009, P � 0.009, and
P � 0.0005, respectively). The sensitivity and accuracy
were significantly different between protocols A and C
(McNemar test: P � 0.014 and P � 0.003, respectively),
and the specificity and accuracy were significantly dif-
ferent between protocols A and B (McNemar test: P �
0.014 and P � 0.003, respectively). Some representative
cases are shown in Figs. 3–5.

DISCUSSION

T2W shows excellent tissue contrast in the prostate,
and the zonal anatomy advocated by McNeal (15) can be
clearly identified (16). The inherent zonal T2 contrast of
the prostate makes cancer detection in the PZ relatively
easy, but the detection is often difficult in the inner
gland. MRI with endorectal surface coil has been used
for the delineation of the extent of extracapsular cancer
and seminal vesicle invasion, or for posttherapeutic
checkup, but the technique has not been applied for the
screening of cancer (17–19). In addition, postbiopsy
hemorrhage shows low signal intensity on T2W and
frequently masks cancerous tissues (20). Proton MR
spectroscopy (MRS) can be considered a tool to detect
prostate cancer (21,22), but this technique requires
new MR equipment and prolonged examination time;
moreover, multicenter trials have not fully established
its clinical value.

DWI has been applied for early detection of brain
ischemia over the last decade (23). The ADC measure-
ment has also been known to be useful for distinguish-
ing between benign and malignant lesions (24); how-
ever, the application of DWI to body MRI was limited
due to motion/susceptibility artifacts. However, the re-
cent developments to improve MRI enabled the use of
DWI for the body due to high b-values in DWI and
parallel imaging techniques (25–27). Some preliminary

studies have indicated that DWI can distinguish pros-
tate cancer tissues from benign tissues because of the
differences in the ADC values (28–30). Our results in-
dicated a significant difference in the ADC values be-
tween cancerous and noncancerous tissues, similar to
Sato et al (30). Although the b-values (0 and 1000 sec-
ond/mm2) in our study were different from those re-
ported by Sato et al (30) (0, 300, and 600 second/mm2),
the range of obtained ADC values was similar. However,
the b-values should be optimized for accurately detect-
ing prostate cancer and establishing the reproducibility
of ADC measurement when different MR equipment is
used. Our ADC data, based on the entire prostate spec-
imen, would be more reliable than ADC data based on
biopsy results. Although in a small number of cases the
cutoff value of the mean ADC between cancerous and
noncancerous tissues ranged from 1.14 to 1.18 (� 10–3

mm2/second) and the minimum ADC pixel value of
cancer was below 0.93 (� 10–3 mm2/second), these
data provided some objectivity in the interpretation of
the ADC map. In addition, the use of ADC maps to-
gether with DWI would be recommended. In our study,
areas with low ADC were more easily recognized on
color ADC maps than on DWI alone, although prostate
cancer usually shows low signal intensity on T2W and
therefore T2 shine-through could almost be neglected
in the interpretation of DWI.

Preliminary studies have shown that prostate cancer
tissues enhanced earlier than the normal PZ tissues
(24), but the usefulness of dynamic MRI in depicting
prostate cancer remains controversial because of an
overlap in enhancement patterns between normal and
cancerous tissues (31–33). In particular, the optimum
imaging period after gadolinium injection remains un-
known; moreover, thus far, there is limited information
on the time-enhancement curves of prostate cancer and
the normal surrounding tissues (32–33). Recently,
quantitative analyses using the time-intensity curve or
the tracer kinetic model have been reported (10,34,35).
Preziosi et al (34) reported that the time period between

Figure 2. The ADC values of cancerous tissues, noncancer-
ous PZ tissues, and noncancerous TZ tissues (� 10–3 mm2/
second).

Figure 1. The ROC curve of the three protocols.
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the bolus injection and the maximum intensity in can-
cerous tissue ranged 70–180 seconds (mean � 103
seconds), whereas that in noncancerous tissue ranged
200–300 seconds (mean � 250 seconds). In our proto-
col, the scan time of dynamic MRI was 22 seconds and
the delay time was 40–180 seconds, which seemed to

be a reasonable imaging window to enable peak en-
hancement of cancer.

Recently, Shimofusa et al (9) reported that prostate
cancer could be detected more accurately by T2W with
DWI as compared with T2W alone. Their study was
conducted retrospectively, and they concluded that

Figure 3. A 59-year-old male with prostate cancer (moderately differentiated adenocarcinoma, Gleason’s score 3 � 4 � 7, capsule
invasion (–)). When T2W was used, a low intensity area is noted in the left lobe of the prostate (a, arrow). DWI (b, arrow) and ADC map
(c, arrow) clearly demonstrate decreased diffusion. The lesion is well enhanced in the early phase of dynamic study (d, arrow). In
delayed phase, the lesion showed washout (e, arrow). The minimum ADC of the lesion is 0.60 � 10–3 mm2/second. During image
interpretation sessions, a rank of 5 was assigned for all three protocols. A histopathological H&E stain section showed the cancerous
area corresponding to the MR image findings (f, arrows).

Figure 4. A 67-year-old male with prostate cancer (moderately differentiated adenocarcinoma, Gleason’s score 3 � 4 � 7,
capsule invasion (–)); a case of TZ cancer. No abnormal finding was observed when T2W was used, and a rank of 1 was assigned
(a). However, DWI (b, arrow), eADC map (c, arrow), and dynamic MRI (d, arrow) clearly demonstrate the presence of a lesion in
the right lobe. The minimum ADC of the lesion is 0.66 � 10–3 mm2/second. In protocols B and C, a rank of 5 was assigned. A
histopathological H&E stain section showed the cancerous area corresponding to the MR image findings (e, arrows).
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combining DWI with T2W provided better detection of
prostate cancer. Our preliminary study used visual in-
spection alone for image interpretation and proposed a
simple and practical screening method for prostate
cancer. To our knowledge, this is the first prospective
study to screen for prostate cancer among patients with
elevated PSA levels. The influence of postbiopsy hem-
orrhage on the MRI findings can be excluded. The ex-
amination time including time spent on patient prepa-
ration was approximately 20 minutes, which was
favorable for patient throughput. Application of this
method to the local staging of cancer and follow-up for
posttherapeutic patients will be the focus areas for sub-
sequent studies.

There are some limitations in our study. First, some
patients who were not considered to have cancer may
actually have prostate cancer, because the presence of
cancer was judged by systematic biopsy alone in a ma-
jority of the cases. Second, MRI findings do not corre-
spond directly to the biopsy results since the entire
prostate specimen was not compared. Third, well-dif-
ferentiated adenocarcinoma confirmed in the radical
prostatectomy showed ambiguous MRI findings (Fig. 5);
however, correlations between the Gleason’s scores and
the MRI findings were not fully investigated. Last, there
might be some image interpretation bias caused by the
reading order of the pulse sequences, because addition
of dynamic MRI slightly improved sensitivity, accuracy,
and Az in the ROC curve but worsened the specificity to
some extent. Further studies will be required to assess
the merits and demerits of dynamic MRI, including
quantitative image analysis.

In conclusion, in patients with elevated serum PSA
levels, the combination of DWI and dynamic MRI with

T2W may facilitate the detection of prostate cancer as
compared with T2W alone. Therefore, the combination
of T2W, DWI, and dynamic MRI may be a valuable tool
for the detection of prostate cancer while avoiding an
unnecessary biopsy without missing prostate cancer.
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