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Objectives: We studied patients managed by active surveillance to determine whether
there was a difference over time in apparent diffusion coefficients (ADCs) derived from
diffusion-weighted MRI in those who progressed to radical treatment (progressors,
n517) compared with those who did not (non-progressors, n533).
Methods: 50 consecutive patients (Stage T1/2a, Gleason grade # 3+4, prostate-specific
antigen (PSA) ,15 ng ml–1, ,50% cores positive) were imaged endorectally (baseline
and 1–3 years follow-up) with T2 weighted (T2W) and echo-planar diffusion-weighted
MRI sequences. Regions of interest drawn on ADC maps with reference to the T2W
images yielded ADCall (b50–800), ADCfast (b50–300) and ADCslow (b5300–800) for
whole prostate (minus tumour) and tumour (low signal-intensity peripheral zone lesion
in biopsy-positive octant).
Results: Tumour and whole prostate ADCall and ADCfast were significantly reduced
over time in progressors (p50.03 and 0.03 for tumours, respectively; p50.02 and 0.007
for the whole prostate, respectively). There were no significant changes in ADC over
time in non-progressors. A 10% reduction in tumour ADCall indicated progression with
a 93% sensitivity and 40% specificity (Az of receiver operating characteristic (ROC)
curve 5 0.68). Percentage reductions in whole prostate ADCall, ADCfast and ADCslow

were also significantly greater in progressors than in non-progressors (p50.01, 0.03 and
0.008, respectively).
Conclusion: This pilot study shows that DW-MRI has potential for monitoring patients
with early prostate cancer who opt for active surveillance.
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Patients with early-stage prostate cancer may be offered
active surveillance because of the indolent nature of the
disease in many cases. This involves regular monitoring
with prostate-specific antigen (PSA) levels and repeat
biopsy. Repeat biopsy is invasive, sometimes poorly
tolerated and carries a risk of morbidity. Non-invasive
imaging methods are therefore being explored increas-
ingly to provide biomarkers of prostate cancer behaviour.

Although T2 weighted (T2W) MRI is the best way of
visualising anatomical detail within the prostate, it has
a sensitivity of just 60–76% for disease detection with-
in the gland, with a specificity of around 55% [1, 2].
An increasingly useful addition to conventional T2W
MRI is the use of ‘‘apparent diffusivity’’ (tissue water
incoherent displacement over distances of 1–20 mm)
to develop image contrast. Diffusion-weighted (DW)
MRI has been used in both clinical and research settings
to detect and evaluate a variety of tumour types [3–7].
In prostate cancer, DW-MRI is proving useful in tu-
mour detection [8]. The apparent diffusion coefficients

(ADCs) that are derived by this technique provide
quantitative information on the degree to which water
diffusion, including the contributions made by micro-
capillary perfusion and true diffusion within the extra-
cellular space, is restricted within tissues. ADCs are
therefore directly associated with coherent microvessel
density and cellularity [9] and with microcapillary
perfusion (which contribute to a ‘‘fast’’ diffusion com-
ponent), and with water movement within the extra-
cellular or intracellular space over a shorter diffusion
path (which contributes to a ‘‘slow’’ diffusion compo-
nent). We have shown previously that significant dif-
ferences in tumour ADCs exist between patients with
low-risk and higher-risk localised prostate cancer, and
that this is the case for both the fast and the slow
components [10]. Changes in ADC components in the
tumour and in the surrounding normal prostate tissue
have not, however, been studied previously in relation
to disease progression in low-risk patients managed by
active surveillance. The aim of this pilot study of patients
managed by active surveillance was therefore to use
DW-MRI to establish whether the changes in tumour and
whole prostate ADCs in patients who progressed to
radical treatment differed over time from those in
patients whose disease did not progress.
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Methods and materials

Patient population

This was a single-institution, longitudinal, retrospective
pilot study with institutional approval from the local
research ethics committee. The study included 50 con-
secutive patients with localised prostate cancer (Stage T1
or 2a disease; Gleason 3 + 3 (n541), 3 + 4 (n58), 4 + 3 (n51);
median PSA 7.2 ng ml–1 (minimum 0.4 ng ml–1, maximum
15.0 ng ml–1); ,50% cores positive) who had had MRI for
clinical staging within 4 months of diagnostic biopsy and
who had opted for management within an active
surveillance research programme. Patients underwent
DW-MRI in addition to their standard T2W MRI at
baseline (time-point 1). All patients had a follow-up MRI
as part of the active surveillance monitoring schedule
(time-point 2) after a mean of 24 months (median 24
months, minimum 7 months, maximum 41 months). The
patients were classified at the time of this second MRI as
non-progressors (who continued on active surveillance) or
as progressors to radical treatment (those requiring
treatment within 6 months). The time between baseline
and follow-up scan was not significantly different in non-
progressors compared with progressors (25¡7 months for
non-progressors; 23¡8 months for progressors). All
untreated patients had at least 12 months of follow-up.
Radical treatment was recommended to patients with a
PSA velocity .1 ng ml–1 per year or with adverse features
on repeat biopsy (defined as Gleason score .3 + 4 or .50%
of cores involved) [11]. The clinicians responsible for
treatment (CP and NVA) were blinded to the MRI results.

MRI data acquisition

MR studies were done on a 1.5 T Intera system (Philips
Medical Systems, the Netherlands) using a balloon design
endorectal coil (Philips Medical Systems) inflated with
55 ml of air. Hyoscine butyl bromide (20 mg) was
administered intramuscularly immediately prior to cen-
tring the patient in the scanner in order to reduce
peristalsis: this is routine at our institution for abdomino-
pelvic MRI and this drug is preferred to glucagon because
it provides more effective antiperistalsis. None of our
patients had a history of urinary retention. Hyoscine butyl
bromide is contraindicated in patients with large prostates
and urinary retention, but when given intramuscularly at
this dose, we have had no cases of urinary retention in
.500 prostate examinations. Conventional T2W fast-spin-
echo images were obtained in three orthogonal planes
(turbo spin echo (TSE) 2000/90 ms (repetition time (TR)/
effective time to echo (TE), echo train length 16, 2 signal
averages) with a 2566 512 matrix re-sampled to
5126 512, 3 mm slice thickness, no gap and a 14 cm field
of view (FOV) (total imaging time 12 min). Echo-planar
DW images (DWI 2500/69 ms (TR/TE)) with b-values of 0,
300, 500 and 800 s/mm2 were obtained transverse to the
prostate and parallel to the corresponding set of T2W
images. The phase-encoding gradient was from left to
right in order to minimise motion artefacts in the prostate.
Either 12 or 18 3–4 mm thick slices (no gap, 20 cm FOV,
matrix 128) provided coverage of the prostate with an
image acquisition time of 1 min 40 s. ADC maps were
generated using the system software and all b-values.

Following endorectal MRI, an external pelvic phased
array coil was used to acquire axial T1 weighted (T1W)
(TSE 650/7 ms (TR/TE) and T2W (TSE 5396/80 ms (TR/
effective TE)) images through the pelvis as part of the
routine clinical staging scan. The B0 maps and T1W
images confirmed the absence of any significant post-
biopsy haemorrhage in this patient cohort.

Data analysis

Axial T2W and DW-MRI images and ADC maps were
transferred offline for analysis. Regions of interest (ROIs)
were drawn around the whole prostate (peripheral zone
and central gland) and around the tumour (low-signal-
intensity lesion in a sextant biopsy positive for tumour)
on the scanner-generated ADC maps. As the results were
quantitative, the ROI placement was done by a single
observer with 10 years’ experience of prostate MRI.
Mean ADC values (6 1023 mm2 s–1) from tumour and

whole prostate (minus tumour) regions were calculated
from the ADC-derived ROIs using a weighted mono-
exponential model that included all b-values (ADCall) for
both baseline and follow-up imaging (in-house software
developed using Interactive Data Language IDL; RSI Ltd,
Boulder, CO). In addition, data obtained using just the
low (0–300) or high (300–800) b-values were also
analysed separately to reflect fast (ADCfast) and slow
(ADCslow) diffusion components [12]. Values for ADCall,
ADCfast and ADCslow were calculated in patients who
progressed to radical treatment (n517) and compared
with values from those that did not (n533).

Statistical analysis

Statistical analysis of the data was performed using
SPSS, version 15.0 (Chicago, IL) for Windows. ADC data
for whole prostate and tumour at both time points were
tested for normality using a Shapiro–Francia normality
test. All data were normally distributed. ADC values for
the tumour and whole prostate (minus tumour) regions
were compared between time-points 1 (baseline) and 2
(follow-up) using paired t-tests. Means and standard
deviations of the absolute change and mean percentage
changes were calculated for the whole group. Percentage
ADC changes in patients who progressed to radical
treatment were compared with those in patients who
continued on active surveillance after time-point 2 using
an unpaired t-test (unequal variance assumed). All
significance tests were two-sided and a p-value of ,0.05
was chosen as the criterion for statistical significance. A
receiver operating characteristic (ROC) curve was used to
determine the sensitivity and specificity of a cut-off value
for change in a parameter for indicating progression to
radical treatment.

Results

Changes in tumour and gland volumes

In non-progressors, tumour and whole gland volumes
(mean¡SD) determined from ROI sizes were
0.33¡0.38 cm3 and 53.7¡27.0 cm3, respectively, at
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time-point 1 and 0.47¡0.45 cm3 and 59.4¡31.1 cm3,
respectively, at time-point 2. In progressors, these data
were 1.1¡1.9 cm3 and 44.6¡17.8 cm3, respectively, at
time-point 1 and 1.1¡1.2 cm3 and 46.0¡21.1 cm3,
respectively, at time-point 2. PSA concentrations rose
from 6.4¡3.6 ng ml–1 at time-point 1 to 7.9¡4.6 ng ml–1

at time-point 2 in non-progressors, compared with a rise
from 8.4¡2.4 ng ml–1 to 10.8¡3.8 ng ml–1 in progressors.
There was no significant change over time in tumour or
whole gland volume in either group. The change in PSA
concentration over time approached significance
(p50.059), which is to be expected as this parameter is
used as a criterion for defining progression.

No tumour was visible in 7 of the 33 non-progessors
and in 1 of the 17 progressors. Tumour ADC values were
therefore obtained from 26 non-progressors and 16 pro-
gressors, whereas whole prostate ADC values were
obtained from the entire cohort. Table 1 shows the mean
ADCall, ADCfast and ADCslow values for the entire patient
cohort, for those that did not progress to radical treatment
(non-progressors) and for those that did (progressors).
Representative T2W images with corresponding ADC
maps from a non-progressor and a progressor are illus-
trated in Figures 1 and 2, respectively. When tumour
regions for the entire cohort were considered together,
ADCall and ADCfast were significantly lower at time-point
2 than at time-point 1, but there was no significant change
over time in ADCslow (Table 1). This may be explained by
the inherently lower signal to noise ratio (SNR), and thus
greater variability of the data, at higher b-values.
Differences in whole prostate ADC values between the
time-points were not significant.

At the outset (time-point 1), the ADCall, ADCfast and
ADCslow in progressors were not significantly different
from those in non-progressors. When data from the non-
progressors and progressors were analysed separately, it
was evident however that the significant reduction in
tumour ADCall and ADCfast seen over time could be

attributed to the progressors (p50.03) because there was
no significant change in these components in non-pro-
gressors. The whole prostate also showed a significant
reduction in ADCall (p50.02) and ADCfast (50.007) in
progressors but not in non-progressors, indicating
reduced microcapillary perfusion over both the tumour
and the whole prostate over time in the progressors.
When comparing percentage change in ADCall, ADCfast

and ADCslow in non-progressors and progressors, all
whole prostate ADC values were significantly lower
in progressors than in non-progressors (Figure 3a,
Table 2). Tumour ADC values were not significantly
different, however, possibly because of high variabi-
lity between patients (Figure 3b). ROC curve analysis
showed an area under curve of 0.68 for change in tumour
ADCall. A 10% reduction in tumour ADC predicted
progression with a 93% sensitivity and 40% specificity.
For ADCfast, a 10% reduction in value predicted progres-
sion with a 66.7% sensitivity and 40% specificity (Az5

0.45); for ADCslow, a 10% reduction in value predicted
progression with a 66.7% sensitivity and 36% specificity
(Az50.46).

Discussion

This pilot study showed that ADC values for both
tumours and whole prostate were significantly reduced
at follow-up in patients who progressed to radical
treatment, although the reduction in ADCslow was not
significant, possibly because of low SNR and relatively
high variability between patients. Although it was not
possible to ‘‘test reproducibility’’ by including a second
baseline measurement, the stability of values for whole
prostate ADCall in non-progressors across the two time-
points indicates that this measurement is reproducible.
The reduction over time in tumour and whole prostate
ADCfast in progressors was unexpected and indicates a
reduction in microcapillary perfusion within both the

Table 1. Comparison of ADC components with time for whole prostate and tumour regions over the entire cohort and in the
subsets of those who progressed to radical treatment and those who did not

ADCall ADCfast ADCslow

WP mean¡

SD6 1023
*Tumour
mean¡

SD6 1023

WP mean¡

SD6 1023
*Tumour
mean¡

SD6 1023

WP mean¡

SD6 1023
*Tumour mean
¡SD6 1023

Whole group
TP1

1.73¡0.14 1.43¡0.29 1.99¡0.16 1.62¡0.32 1.35¡0.10 1.16¡0.24

Whole group
TP2

1.74¡0.10 1.34¡0. 24 1.94¡0.11 1.52¡0.26 1.35¡0.10 1.11¡0.21

p-value (TP1
vs TP2)

0.35 0.06 0.11 0.049 0.72 0.3

Progressors TP1 1.76¡0.10 1.33¡0.20 2.03¡113 1.53¡0.23 1.37¡0.09 1.08¡0.18
Progressors TP2 1.684¡0.08 1.20¡0.13 1.92¡0.09 1.37¡0.17 1.33¡0.08 1.00¡0.12
p-value (TP1

vs TP2)
0.02 0.03 0.007 0.03 0.18 0.16

Non-progressors
TP1

1.72¡0.16 1.49¡0.33 1.97¡0.18 1.68¡0.36 1.34¡0.10 1.21¡0.25

Non-progressors
TP2

1.72¡0.12 1.41¡0.26 1.96¡0.12 1.60¡0.26 1.37¡0.11 1.17¡0.23

p-value (TP1
vs TP2)

0.92 0.36 0.72 0.37 0.23 0.54

*Tumour values for n526 non-progressors and n516 progressors in whom a tumour was visible. Whole prostate (WP) values are
given for the entire cohort. TP, time-point. ADC, apparent diffusion coefficient.
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tumour and the whole gland over a period of 2–3 years.
Previous studies that have used colour Doppler ultra-
sound to map the vascular anatomy of the prostate have
demonstrated hypervascularisation of the peripheral zone
of patients with prostate cancer [13, 14]. Conversely,
hypoxia is known to promote proliferation of prostate
stromal cells in culture, and when measured invasively
using a polargraphic electrode has also been found to be
a feature of prostate cancer [15]. To our knowledge,
however, a reduction in vascularity within non-tumour
regions of the prostate over time has not been described
previously. It may be that this factor is an important driver
of disease progression, and this is supported by ex vivo
findings of increased hypoxia in more aggressive tumour
types [16]. A larger series using dynamic contrast-
enhanced MRI to compare modelled vascular parameters
of perfusion and permeability in patients on active sur-
veillance programmes would be useful.

The mean area for a tumour ROI in this study, measured
on both the T2W images and the ADC maps, was
,20 mm2. Pixel sizes of 0.276 0.27 mm on T2W images
and 1.66 1.6 mm on the ADC maps meant that, on ave-
rage, each tumour ROI encompassed ,274 pixels on a T2W
image slice vs ,8 pixels on the ADC maps. Partial volume
effects from tissue adjacent to the ADC-determined ROIs
are therefore a significant problem. The image matrix size,

FOV and slice thickness were compromised in order to
achieve a reasonable SNR within a reasonable timeframe
that was clinically acceptable. Use of an external coil in
conjunction with an endorectal coil or an endocavi-
tary array would improve SNR and provide DW-MRI of
greater spatial resolution and reduced partial volume effects
when assessing small tumours within same timeframe.

The b-values chosen for our study enabled discrimina-
tion of fast and slow diffusion components. Although
some researchers have advocated the use of b-values of
1000 s mm–2 to separate out the slow diffusion compo-
nents adequately [17], our data show that values up to

800 s mm–2 are sufficient: use of higher b-values merely
serves to increase the noise in the acquired data. Ex vivo
data show that it is the slow diffusion component that
is associated with cell density [18]. Thus, the ADC dif-
ferences that discriminate progressors to radical treat-
ment vs non-progressors are expected to be due to more
dense cellular regions in the former group. An improve-
ment in SNR would, however, be required to detect this.

For DW-MRI of the prostate, single-shot echo-planar
(EPI) sequences are favoured over TSE sequences
because of the need to freeze bulk motion. However,
the susceptibility-induced distortion to which single-
shot EPI is prone can be problematic in prostate ima-
ging where air in the rectum or within the balloon of

(a) (b)

(c) (d)

Figure 1. Non-progressor to radical treatment showing tumour in the left midzone of the prostate (arrows) at baseline on (a)
T2W (T2 weighted) axial (turbo spin-echo 2000/90 ms (repetition time (TR)/effective time to echo (TE), echo train length 16) and
(b) the corresponding apparent diffusion coefficient (ADC) map (echo planar single shot diffusion-weighted image 2500/69 ms
(TR/TE), b-values of 0, 300, 500 and 800 s mm–2) and after 24 months of follow-up on (c) T2W axial and (d) the corresponding ADC
map. No change in appearance between the two time-points is seen.
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the endorectal coil causes significant local magnetic field
inhomogeneity and susceptibility artefact. Our DWIs
were acquired with an EPI readout and contained some
distortion at tissue boundaries where there was a
discontinuity in magnetic susceptibility. Advantages of
an EPI sequence, however, are that it is possible to obtain

12 contiguous 4 mm-thick slices or 18 contiguous 3 mm
slices, giving a supero-inferior coverage of 4.8 cm or 5.4
cm in less than 1.6 min. In all but two of our cases, this
was sufficient to cover the prostate from apex to base.

Haemorrhage following biopsy can potentially alter
ADC measurements. These effects can last for several

(a) (b)

(c) (d)

Figure 2. Images from a progressor to radical treatment showing tumour in the left mid-zone of the prostate (arrows) at baseline
on (a) T2W (T2 weighted) axial (turbo spin-echo 2000/90 ms (repetition time (TR)/effective time to echo (TE), echo train length 16)
and (b) the corresponding apparent diffusion coefficient (ADC) map (echo planar single shot diffusion-weighted image 2500/
69 ms (TR/TE), b-values of 0, 300, 500 and 800 s mm–2) and after 35 months of follow-up on (c) T2W axial and (d) the corresponding
ADC map. A change in the appearance of the tumour on the ADC maps between the two time-points is evident.

(a) (b)

Figure 3. Percentage change in (a) whole prostate values and (b) tumour values for ADCall, ADCfast and ADCslow in progressors
and non-progressors to radical treatment. Lower quartile, bottom line of box; median, middle line of box; upper quartile, top
line of box; lower whisker, lower value; upper whisker, upper value; circles, outliers. ADC, apparent diffusion coefficient.
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months, and time from biopsy to scan, even when done at
the conventional 4 weeks post biopsy, may not be
sufficient. In 11 cases, biopsy was performed for logistical
reasons 3 weeks to 4 months before MRI at time-point 2.
However, in none of these cases was there evidence of
intraprostatic haemorrhage on the T1W scans, nor was
there any susceptibility artefact on the high b-value DWIs,
indicating that the effects of haemorrhage on the ADC
values were likely to be negligible.

In addition to the imaging limitations of poorer SNR
when an external array is not used, ADC is affected by
partial volume effects in the measurement of tumour
regions and post-biopsy haemorrhage affecting ADC.
This study is also limited by the definition of ‘progres-
sors’, which must essentially be considered to be arbitrary
because of the effects of sampling error on biopsy. The
decision to institute radical treatment was based on the
definitions of biochemical and histological disease pro-
gression, which are, of necessity, not evidence based.
However, pre-treatment PSA velocity has been shown to
be an important determinant of fatal prostate cancer in
several different settings [19–21], and Gleason score is an
established predictor of prostate cancer mortality in
localised disease. The policy for this patient cohort was
to do repeat biopsies at 2 years and for the MRIs to be
done immediately before the repeat biopsies. Unfor-
tunately, there was considerable variation in the timing
of the repeat biopsies because of a mixture of clinical
concern and patient compliance. A future study compar-
ing ADC values in those that are selected for active
surveillance and those that opt for radical treatment at
outset should also prove interesting.

Conclusion

This pilot study shows that DW-MRI has potential for
monitoring patients with early prostate cancer who opt
for active surveillance. The quantitative data obtained
indicate that the ADCs of tumours are lower than those
of the whole prostate, and that microcapillary perfu-
sion both within a tumour and in the whole prostate
reduces significantly with time in progressors to radi-
cal treatment; percentage reductions in microcapillary
perfusion and true diffusion in the whole prostate also
are significantly greater in progressors compared with
non-progressors. This suggests that the identification of
individual tumour regions is not of paramount impor-
tance in the development of ADC as a prognostic bio-
marker in prostate cancer patients managed with active
surveillance. Further work in larger-scale studies is
needed to support this finding.
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