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Diffusion Imaging of the Prostate at 3.0 Tesla

Peter Gibbs, PhD, Martin D. Pickles BHS (Hons), and Lindsay W. Turnbull, MD

Objectives: We sought to assess the efficacy of diffusion imaging in
the differential diagnosis of prostatic carcinoma using a 3.0 T
scanner and parallel imaging technology.
Materials and Methods: Diffusion-weighted images were acquired
using a single shot echo-planar imaging sequence with b � 0 and
500 seconds/mm2. Apparent diffusion coefficient (ADCy) values
were calculated in tumor and healthy-appearing peripheral zone for
62 patients. Diffusion tensor images were also acquired in 25
patients and mean diffusivity and fractional anisotropy determined.
Results: Significant differences were noted between prostatic car-
cinoma (1.33 � 0.32 � 10�3 mm2/s) and peripheral zone (1.86 �
0.47 � 10�3 mm2/s) for ADCy. Significant differences between the
2 tissue types were also noted for mean diffusivity and fractional
anisotropy. Utilizing a cut-off of 1.45 � 10�3 mm2/s for mean
diffusivity, a sensitivity of 84% and a specificity of 80% were
obtained.
Conclusions: Diffusion imaging of the prostate was implemented at
high magnetic field strength. Reduced ADC and increased fractional
anisotropy values were noted in prostatic carcinoma.
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Prostate cancer is one of the commonest forms of malig-
nancy in men with an incident rate that has risen dramat-

ically during the last few years. This increase is primarily as
a result of the increasing prevalence in the younger-than 65
age group.1 Management of prostatic carcinoma is guided by
digital rectal examination in combination with prostate-spe-
cific antigen (PSA) blood testing and histopathologic grade of
biopsy specimens. However, the efficacy of PSA blood test-
ing is known to be poor, with high false-positive and false-
negative rates.2

Magnetic resonance imaging (MRI) of prostate cancer
is primarily used to differentiate patients with organ confined
disease from patients with locally infiltrative disease extend-

ing beyond the prostatic capsule. Despite its excellent soft-
tissue contrast, the overlapping characteristics of prostatitis
and prostatic carcinoma in the peripheral zone and of benign
prostatic hyperplasia (BPH) and prostatic carcinoma in the
central gland result in MRI having a reduced histologic
specificity. Although high-resolution T2 maps have been
shown to be indicative of the citrate concentration in the
prostate and thus the presence of prostatic carcinoma,3 accu-
rate assessment of tumor volume using MRI has proved to be
problematic.4–6

The use of functional methods, such as dynamic contrast-
enhanced (DCE) MRI, diffusion-weighted imaging (DWI), or
spectroscopic imaging, has been recommended as potential
complements to conventional imaging.7 DCE-MRI provides
potential insight into a tissue’s vascularity, reduced apparent
diffusion coefficient (ADC) values are indicative of increased
cellularity or areas of cell swelling after the loss of energy-
dependent sodium pumps, and spectroscopic imaging enables
determination of citrate content—the absence of which is
believed to represent areas of prostatic carcinoma.

It has been suggested that MRI of the prostate can be
used in the monitoring and/or prediction of treatment effects
after hormonal therapy and/or radiotherapy.8 For example,
Buckley et al9 have invested considerable effort in establish-
ing baseline physiology and MR characteristics of the pros-
tate for eventual use as prognostic indicators. DWI also may
be a potentially useful tool in treatment assessment as dem-
onstrated in small animal models.10–12 Using a Dunning rat
AT6/22 prostate tumor implanted subcutaneously in nude
mice, Dodd and Zhao detected radiotherapy-induced changes
in the ADC value of as much as 110%.10 Plaks et al12 used a
subcutaneous human prostate adenocarcinoma xenograft to
observe a biphasic ADC change in response to treatment with
photodynamic therapy.

A number of recent articles have demonstrated the
feasibility of DWI in the human prostate,13–17 and some
success has been reported in differentiating cancerous and
noncancerous areas of peripheral zone tissue using calculated
ADC values.14,16,17 Although these works concentrated on
establishing the mean diffusivity, there are some early indi-
cations of potential anisotropy within the prostate gland.13,18

By quantifying the trace elements of the diffusion tensor, Gibbs
et al13 demonstrated increased diffusion in the superior–inferior
direction compared with the transaxial plane. A very recent
work19 used diffusion tensor imaging (DTI) of the prostate
gland to assess fractional anisotropy in the central gland and
peripheral zone for a group of 6 healthy volunteers. However,
because these data were obtained at 1.5 T, a clinically
unacceptable acquisition time of 15 minutes was necessary to
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obtain images of sufficient signal-to-noise ratio (SNR). In-
deed, this problem can be said to have beset all previous work
on DWI of the prostate. A further detriment has been the
necessity to use relatively long echo times, thereby reducing
the available SNR, to enable the incorporation of the diffu-
sion sensitizing gradients.

The recent advent of commercially available 3.0 T
whole body scanners, with an almost 2-fold increase in SNR
over 1.5 T systems, enables significant reduction in imaging
times while maintaining image quality. By using a 3.0 T
whole-body scanner and using parallel imaging techniques,
this article seeks to establish that both DWI and DTI of the
human prostate can be implemented in a clinically acceptable
acquisition time with reasonable in-plane resolution. The aim
of this study was to assess the utility of DWI in differential
diagnosis in a relatively large group of patients and to
conduct preliminary investigations into DTI of the pathologic
prostate. By fully quantifying the diffusion tensor, it is
suggested that further insight into disease processes within
the prostate gland may be obtained.

MATERIALS AND METHODS
All MR examinations were performed on a Signa Ex-

cite 3.0 T whole-body scanner (GE Healthcare, Milwaukee,
WI) fitted with zoom gradients and an 8-channel torso
phased-array coil (USA Instruments Inc, Aurora, OH). Sixty-
seven patients were scanned using DWI (median age 65
years; range, 49–80 years) and DTI was then performed on a
subset of 26 of these patients (median age 66 years; range,
53–80 years). All patients were referred, for staging of their
prostate cancer, because of elevated PSA levels (60 patients)
and/or positive histology obtained via transrectal ultrasound
guided biopsy or transurethral resection of the prostate (60
patients).

After initial localizing scans, high-resolution T2-
weighted images through the pelvis were acquired, for the
benefit of organ and lesion visualization. Diffusion-weighted
images through the prostate at 7 slice locations were then
acquired using spin-echo echo-planar imaging (TE 65.7 mil-
liseconds, TR 4000 milliseconds, 16 averages, slice thickness
5 mm, matrix size 224 � 224, ASSET factor 2, and field of
view 26 � 26 cm). The diffusion-encoding gradients were
applied as a bipolar pair at b-values of 0 and 500 seconds/
mm2, along the y-axis only. Along with DWI, DTI was
implemented in 26 cases. Using a dual spin-echo echo-planar
imaging sequence, with diffusion gradients applied in 6
different combinations in turn, images were acquired at
b-values of 0 and 700 seconds/mm2. Acquisition parameters
included TE 64.8 milliseconds, TR 6200 milliseconds, 6
averages, slice thickness 2.7 mm, matrix size 128 � 128,
ASSET factor 2, and field of view 35 � 35 cm, resulting in
images of in-plane resolution 2.7 � 2.7 mm. The acquisition
time was 4.5 minutes for 28 slices through the prostate and
surrounding anatomy.

After data acquisition, all images were transferred to an
Advantage Windows 2 Workstation for subsequent analysis.
Regions of interest (ROIs) were drawn on the b � 0 seconds/
mm2 images using the high-resolution T2-weighted images as

reference. Hypointense areas in the peripheral zone were
regarded as being indicative of prostatic carcinoma whereas
hyperintense signal was taken to be normal tissue. Because
BPH is known to be prevalent in this age group and there is
no reliable way of differentiating BPH from prostatic carci-
noma using T2-weighted images, no regions were examined
in the central gland. From the DWI data, ADC values in the
y-direction were calculated (denoted ADCy) and from the
diffusion tensor images the mean diffusivity, fractional an-
isotropy, and trace elements (Dxx, Dyy, Dzz) were computed.

Differences between tissue types were explored visu-
ally using box and whisker plots and were investigated using
the independent samples t test or nonparametric equivalent
where appropriate. Receiver operating characteristic (ROC)
curves were used to determine the diagnostic accuracy of
diffusion measurements. Scatter-plots and the Spearman’s
rho correlation coefficient were used to determine the
strength of the relationship between the calculated diffusion
parameters and the clinical measures of Gleason score and
PSA level.

RESULTS
ADCy calculations were not possible in 5 patients

because of excessive susceptibility artifacts, arising from air
filled rectum in 4 cases and the presence of bilateral hip
replacements in 1. In a further 11 patients, normal-appearing
peripheral zone tissue could not be reliably identified. There-
fore, ADCy values were calculated in prostatic carcinoma for
62 patients and in normal peripheral zone for 51 patients.
Biochemistry revealed a median PSA of 9.2 �g/L (range,
1.6–130.0 �g/L) and histopathology revealed a median Glea-
son score of 7 (range, 2–10) for the study population (illus-
trated in Fig. 1). Figure 2 illustrates a box-plot of ADCy
values for prostatic carcinoma and normal-appearing periph-
eral zone tissue. Although a significant difference existed
between the 2 groups (P � 0.0001) a certain degree of
overlap between tissue types was evident. ROC curve anal-

FIGURE 1. Scatter plot of Gleason score against PSA level for
the study population.
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ysis revealed that ADCy had a diagnostic accuracy (given by
the area under the curve) of 0.85 � 0.04 with a sensitivity of
82% and a specificity of 78% using a cut-off value of 1.50 �
10�3 mm2/s. There was no evidence of correlation between
prostatic carcinoma ADCy values and either PSA value (r �
�0.037, P � 0.779) or Gleason score (r � �0.171, P �
0.087).

From the DTI data, analysis was not possible in one
case only because of susceptibility artifacts. Normal-appear-
ing peripheral zone tissue could be identified in 20 of the
remaining 25 cases. For this subset of the total patient group,
a median PSA value of 8.3 �g/L (range, 2.6–130.0 �g/L) and
a median Gleason score of 7 (range, 3–9) were noted. The
mean, standard deviation, and range of values obtained for all
calculated parameters are presented in Table 1. Data from a
patient, with an area of reduced signal intensity in the right
peripheral zone on the b � 0 seconds/mm2 image, indicative
or prostatic carcinoma, is illustrated in Figure 3. Significant
differences were noted between normal-appearing peripheral
zone tissue and prostatic carcinoma for all diffusion param-
eters, namely mean diffusivity, Dxx, Dyy, Dzz, and fractional
anisotropy (P � 0.0001 in all cases), using the independent
samples t test. Using ROC curve analysis diagnostic accuracy

varied between 0.83 using fractional anisotropy and 0.93
using mean diffusivity (illustrated in Fig. 4). Using a cut-off
value of 1.45�10�3 mm2/s for mean diffusivity resulted in a
sensitivity of 84% and a specificity of 80%. No significant

FIGURE 2. Box plot of tissue status against ADCy, obtained
from diffusion weighted imaging, demonstrating intersubject
variability.

TABLE 1. Calculated ADCy and Diffusion Tensor Parameters
for All Patients

Tumor Peripheral Zone

ADCy (�10�3 mm2/s) 1.33 � 0.32 (0.72–2.29) 1.86 � 0.47 (1.13–3.26)

Dxx (�10�3 mm2/s) 1.21 � 0.29 (0.73–1.83) 1.67 � 0.24 (1.17–2.17)

Dyy (�10�3 mm2/s) 1.13 � 0.26 (0.67–1.69) 1.61 � 0.29 (1.12–2.29)

Dzz (�10�3 mm2/s) 1.22 � 0.32 (0.67–2.04) 1.63 � 0.17 (1.42–1.96)

Mean diffusivity
(�10�3 mm2/s)

1.19 � 0.26 (0.69–1.77) 1.64 � 0.21 (1.38–2.14)

Fractional anisotropy 0.24 � 0.05 (0.15–0.37) 0.16 � 0.06 (0.09–0.28)

Values are quoted as mean � SD and range in parenthesis.

FIGURE 3. Diffusion weighted spin-echo echo-planar images
of a patient with prostatic carcinoma with (A) b � 0 sec-
onds/mm2 and (B) b � 700 seconds/mm2. The correspond-
ing mean diffusivity and fractional anisotropy maps are illus-
trated in (C) and (D), respectively.

FIGURE 4. ROC curve analysis for mean diffusivity. A diag-
nostic accuracy (area under the curve) of 0.93 is obtained.

Investigative Radiology • Volume 41, Number 2, February 2006 Diffusion Imaging of the Prostate at 3.0 T

© 2006 Lippincott Williams & Wilkins 187



correlations with either PSA levels or Gleason score were
noted for all calculated diffusion tensor parameters.

DISCUSSION
In this report, the use of a high magnetic field strength

and parallel imaging technology enabled DWI and DTI span-
ning the prostate and surrounding anatomy to be obtained in
clinically acceptable imaging times. An endorectal coil20 was
not used because its use would lead to increased susceptibility
effects necessitating a fast spin-echo based imaging se-
quence.21 For the DTI, a dual spin-echo echo-planar imaging
sequence was applied to reduced eddy currents and conse-
quent image distortions.

Considering the patient results, differences in mean diffu-
sivity and ADCy between cancerous and noncancerous regions
agree with previously published data in which reduced ADC
values within cancerous tissue were observed.14,16 Significant
differences also were noted in fractional anisotropy, and the
results appear to be in excellent agreement with the preliminary
findings of Chen et al,22 who reported fractional anisotropy
values of 0.26 � 0.08 and 0.18 � 0.05 in cancerous and
noncancerous regions, respectively. However, the degree of
overlap evident from Table 1 indicates that no single diffu-
sion parameter was able to fully discriminate between can-
cerous and noncancerous regions in the prostate.

Initially, the lack of correlation between the calculated
diffusion parameters and either PSA or Gleason score may
seem problematic. However, PSA level cannot be considered
to be a “gold standard” measurement for the detection of
prostatic cancer and is prone to some errors. A PSA value
greater than 4.0 �g/mL usually is taken to be indicative of
cancer but has been shown to have a false-negative rate of as
much as 20% and a false-positive rate as high as 65%. All but
2 cases in this study had biopsy-proven cancer. However,
Gleason scores also are prone to sampling error.

The results presented herein must be considered in the
context of the limitations of the study. As has been widely
reported, T2-weighted imaging is not a perfect technique for
delineation of prostate cancer.4–6 It also must be noted that
the exclusion of the central gland entails limitations because
approximately one-third of prostate cancers arise within this
region. The potential use of a cut-off ADC value to indicate
prostatic cancer can only be fully explored using radical
retropubic prostatectomy specimens. Without such speci-
mens, the potential of diffusion imaging to improve detection
of tumor foci above that obtained with T2-weighted imaging
is beyond the scope of this work. Finally, bearing in mind that
the resolution of the diffusion-weighted images and resulting
ADC maps is less than that obtained using conventional
imaging sequences it is extremely unlikely they will be used
in isolation and will thus primarily provide add-on value.

In conclusion, this study has demonstrated the potential
use of diffusion imaging of the prostate at 3.0 T. ADC values
have been determined in a large group of patients and the
diffusion tensor explored for a subset of these. Reduced ADC
values and increased fractional anisotropy appear to be in-
dicative of prostatic carcinoma.
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