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Objective: The objective of this study was to assess the

efficacy of diffusion-weighted MRI (DWI) in monitoring

response to radiotherapy in high-risk prostate cancer

(PC).

Methods: This retrospective study included 78 patients

with high-risk PC undergoing 3.0-T MRI (supplemented

by DWI) before and after intensity-modulated radiother-

apy (IMRT). Based on follow-up clinical examinations,

patients were divided into two groups: the recurrence

group (patients who suffered biochemical/clinical re-

currence within 3 years, n5 13) and the non-recurrence

group (patients who were recurrence free for over

3 years, n565). The apparent diffusion coefficient

(ADC) values before and after IMRT were compared

between these two groups. The receiver-operating

characteristics (ROC) analysis was carried out to

investigate the discriminatory capability for pre- and

post-IMRT ADC values.

Results: The overall ADC values were

1.046 0.183 102 3 mm2 s2 1 for PCs before IMRT and

1.4560.153 1023mm2s21 after IMRT (p,0.001). A statis-

tically significant difference in post-IMRT ADC values

was noted between patients with and without recur-

rence (1.2760.1431023mm2s21 vs 1.4960.1231023mm2s21;

p,0.001), although there was no statistical difference

between them in pre-IMRT ADC values (1.0060.173

1023mm2s21 vs 1.056 0.183 1023mm2 s21; p50.31).

The ROC curve analysis revealed that the post-IMRT

ADC values could help identify patients suffering

recurrences (area under the curve, 0.88; p,0.001).

Conclusion:Marked increase in ADC valueswas observed in

PC after radiotherapy, especially in good responders. DWI is

a valuable tool for monitoring the response to radiotherapy.

Advances in knowledge: This study examined the re-

lationship between ADC changes and tumour response

to treatment of PC.

Prostate cancer (PC) is the most common cancer in elderly
males in Western Europe and North America.1 Although
China is considered to have low incidence, the trend
appears to be on the rise. According to the 2002 database
of the International Agency for Research on Cancer, the
mortality-to-incidence rate ratio (MR/IR) of PC in China
is 0.63, which was found to be higher than the average in
Asia (MR/IR5 0.57) and much higher than that in North
America (MR/IR5 0.13).2,3 These data indicated that, in
China, most PCs were at the advanced stage at the time of
diagnosis, and patients had a short survival time thereafter.
As such, it will be prudent to address this rising challenge
by developing a method for an early detection of PC and
for a reliable measure of tumour response to therapy,
thereby improving the MR/IR of PC in China.

Currently, clinical research in diffusion-weighted MRI (DWI)
is undergoing rapid expansion to depict biological changes
in humans, and it has been shown that early changes in

apparent diffusion coefficient (ADC) values following anti-
cancer treatment may hold promise to serve as an early
surrogate for long-term response in various diseases such
as metastatic liver tumours, breast cancers and bone
sarcomas.4–7 However, there are relatively few reports
systematically examining the relationship between ADC
changes and tumour response to treatment of PC.

As such, the objective of the present study was to in-
vestigate the changes in ADC values after radiotherapy, in
patients with high-risk PC who showed various degrees of
response. It is hoped that this investigation can contribute
to better evaluation of DWI in monitoring the response to
radiotherapy in PC.

METHODS AND MATERIALS
Patients
This was a retrospective single-institution study approved
by our Committee on Human Research with waiver of
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informed consent. The study was compliant with the require-
ments of the Health Insurance Portability and Accountability Act.

We retrospectively identified and enrolled in this study, through
a cross-correlated and computerized search of our medical and
radiology information systems, all patients who met the fol-
lowing inclusion criteria:
(1) clinically defined high-risk PC with intensity-modulated

radiotherapy (IMRT)
(2) pre-IMRT 3.0-T MRI of the prostate performed within

3 months before the start of radiation therapy
(3) post-IMRT 3.0-T MRI of the prostate performed within

4 months after the completion of radiotherapy
(4) with over 3 years of clinical follow-up.

The patients were identified according to the most current
guidelines, which define high-risk PC as patients with clinical
stage T3a disease, and/or Gleason score of 8–10, and/or prostate-
specific antigen (PSA) level .20 ngml21, and those with clinical
stage T3b and T4 disease without evidence of nodal or meta-
static involvement are also defined as very high-risk patients.8

Between June 2007 and December 2010, 78 patients (median
age, 67 years; age range, 46–81 years) met these criteria. The
clinical information was redacted for blind review.

All patients underwent transrectal sonography-guided biopsy,
and pre-IMRTMRIs were performed 21–59 days (mean, 36.8 days)
after the biopsy.

The IMRT was applied, and the radiation portal included
prostate and seminal vesicles with a dose of 3.0 Gy in a single
irradiation for 5 consecutive days in a week. The treatment
lasted 5 weeks with a total prescription dose of 75Gy over this
period. For the pelvic portal, the dose was 2Gy in a single ir-
radiation for 5 consecutive days during the week and the
treatment lasted 5 weeks with the total prescription dose of
50 Gy. All patients received simultaneous androgen depriva-
tion therapy (ADT).

The mean interval from the initial MRI to the start of radiation
therapy was 4.8 weeks (range, 1–11 weeks). The mean interval
between post-IMRT MRI and the completion of radiotherapy
was 8.7 weeks (range, 5–17weeks); there was no significant
difference between the recurrence group and the non-recurrence
group in the time interval between the completion of radiother-
apy and post-IMRT MRI (8.76 2.9 weeks vs 8.76 3.2 weeks;
p5 0.36).

Patient follow-up
Themedian duration of follow-upwas 40months (range, 36–48months).
Among 78 patients, 13 patients suffered recurrence within
3 years (12 with biopsy-proved local recurrence, 3 accompanied
with distant recurrences and 1 with biochemical recurrence) and
65 patients were recurrence free for over 3 years. The median
time to recurrence was 18 months (range, 9–30 months). The
characteristics of the studied patients are summarized in
Table 1 (non-recurrence group) and Table 2 (recurrence group).

MRI examinations
MRI examinations were performed on a 3.0-T whole-body MRI
scanner (Signa® Excite HD; GE Medical Systems, Milwaukee,
WI) with a phased-array external coil. Before each MRI exam-
ination, intestine preparations were performed in patients to
mitigate the movement of the intestine and artefacts caused by
intestinal gas. Transverse T1 weighted images [repetition time (TR),

Table 1. Clinical information of patients in non-recurrence group

Prognostic indicators No. of patients (n5 65)

Gleason score

6 7

7 32

8 13

9 7

10 6

T staging

T2b 7

T2c 9

T3a 31

T3b 13

T4 5

Pre-treatment prostate-specific antigen (ngml21)

#10 1

10–20 9

.20 55

Table 2. Clinical information of patients in recurrence group

Prognostic indicators No. of patients (n5 13)

Gleason score

6 0

7 4

8 2

9 4

10 3

T staging

T2b 1

T2c 2

T3a 4

T3b 3

T4 3

Pre-treatment prostate-specific antigen (ngml21)

#10 1

10–20 2

.20 10
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460–570ms; echo time (TE), minimum-full; slice thickness,
6mm; interslice gap, 0.6mm; field of view (FOV), 403 40 cm2;
matrix, 3203224 pixels] and transverse T2 weighted fast recovery
fast-spin echo (FRFSE) images [TR, 4500–5900ms; TE,
100–140ms; echo train length, 19–25; slice thickness, 4mm;
interslice gap, 0.4mm; FOV, 263 26 cm2; matrix, 3203 256
pixels] of the prostate and seminal vesicles were obtained. Owing
to its thinner slice and smaller FOV, the transverse FRFSE T2
weighted images (slice thickness, 4mm; interslice gap, 0.4mm;
FOV, 263 26 cm2) produced a more clear and detailed image of
the prostate.

Transverse T2 weighted fat-saturated fast-spin echo (FSE) images
(slice thickness, 6mm; gap, 0.6mm; FOV, 40340 cm2; matrix,
3203256 pixels), coronal T2 weighted fat-saturated FRFSE (slice
thickness, 5mm; gap, 0.5mm; FOV, 403 40 cm2; matrix,
2883 224 pixels), as well as sagittal T2 weighted FSE images

(slice thickness, 5mm; gap, 0.5mm; FOV, 283 28 cm2; matrix,
2883 224 pixels) of the pelvis were also acquired.

DWI was performed using single-shot spin-echo echo-planar
imaging sequence with bipolar gradient pulses along three or-
thogonal axes. The imaging parameters were as follows: matrix
size, 1283128 pixels; slice thickness, 6mm; gap, 0.6mm; b-values,
0 and 800 s mm22; optimized TE (range, 55.1–66.2ms) and
TR (range, 2200–2225ms); number of excitations, two; and
FOV, 403 40 cm2. DWI acquisition time was approximately
44 s with 24 slices encompassing the prostate and seminal
vesicles.

Image analysis
All images were retrospectively analysed in consensus by two
radiologists with 18 and 10 years’ of experience in genitourinary
MRI diagnosis, respectively. The localization of PC was de-
termined by consensus of these two readers based on a com-
parison of the pathological results of biopsies, and the presence
of a focal low signal intensity area in the peripheral zone on
ADC maps and T2 weighted images.

ADC maps were generated on a pixel-by-pixel basis using the
onboard software (AW4.2 Functool; GE Healthcare, Milwaukee,
WI). Before radiotherapy, regions of interest (ROIs) within
tumours were drawn on ADC maps to include as much of the
tumour as possible. ADC values in tumours were assessed twice
at the same site, and the average value was determined. For
tumours located across several slices, ADC values were measured
in each slice, and the mean values were taken. In patients with
multiple lesions, all lesions were measured, and the average was
calculated. Upon completion of radiotherapy, ROIs were drawn
in areas where the initial tumour was located by two radiologists
in consensus. ADC values were obtained in the same manner.
Pre- and post-IMRT transverse high-resolution T2 weighted
images corresponding to the ADC maps were also used to
confirm the ROIs after radiotherapy.

All ROIs were determined by taking great care to exclude the
neurovascular bundle, the urethra and post-biopsy haemorrhage
(if any) to reduce potential errors in ADC calculations.

Figure 1. Boxplot of apparent diffusion coefficient (ADC) values

in recurrence group (RC) and non-recurrence group before and

after radiotherapy. The circle indicates an outlier. IMRT,

intensity-modulated radiotherapy.

Table 3. Apparent diffusion coefficient (ADC) values of tumours and benign tissues before and after intensity-modulated
radiotherapy (IMRT) (31023mm2s21)

Time of ADC measurement
ADC value3 10-3mm2 s21, mean6 standard deviation (range)

Tumours (n5 78) Benign tissues (n5 31)

Pre-IMRT overall 1.046 0.18 (0.69–1.49) 1.596 0.17 (1.34–2.01)

Non-recurrence group (n5 65) 1.056 0.18 (0.69–1.49)

Recurrence group (n5 13) 1.006 0.17 (0.74–1.27)

Post-IMRT overall 1.456 0.15 (1.06–1.78) 1.516 0.13 (1.25–1.78)

Non-recurrence group 1.496 0.12 (1.14–1.78)

Recurrence group 1.276 0.14 (1.06–1.53)

Comparison of the mean ADC values of tumours: the mean post-IMRT ADC value of the recurrence group was significantly lower than that of the
non-recurrence group; p,0.001. After IMRT there was no significant difference in ADC values between the benign tissues and tumours of
non-recurrence group; p50.47.
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For the measurement of ADC values in benign tissues, ROIs
were selected in the biopsy-proven non-cancerous peripheral
zone. In two consecutive slices of images, ADC values were
measured by including the entire region of the peripheral zone,
and the average was obtained before and after radiotherapy.

Data analysis
Statistical analysis was performed using the program SPSS®
v. 17.0 (SPSS Inc., Chicago, IL). The paired samples t-test was
used to compare ADC values of cancer and benign tissues before

and after radiotherapy. The comparison of mean ADC values
of patients with and without recurrence was performed using
the independent samples t-test, with p, 0.05 considered sta-
tistically significant.

The receiver-operating characteristics (ROC) analysis with regard
to the area under the curve (AUC) was carried out to investigate
the discriminatory capability for pre- and post-IMRT ADC
values. For determination of sensitivity, specificity and accu-
racy, equal weighting was given to sensitivity and specificity.

Figure 2. Graph of change in apparent diffusion coefficient (ADC) values in benign tissues (A; Bn531), tumours of recurrence group

(B; Tn 13) and tumours of non-recurrence group (C; Tn65) from 53 prostate cancers patients after radiotherapy. IMRT, intensity-

modulated radiotherapy; TNR, tumours of non-recurrence; TR, tumours of recurrence.

Figure 3. A recurrence-free patient with biopsy-proven prostate cancer in the right peripheral zone (Gleason score, 413; pre-

treatment prostate-specific antigen, 25.87ngml21). (a) Before radiotherapy, the tumour appears as low signal intensity in the right

peripheral zone on a T2 weighted fast-recovery fast-spin echo (FRFSE) image [repetition time (TR)/echo time (TE), 5540/125ms].

(b, c) Diffusion-weighted (DW) image (TR/TE, 2200/64.4ms; b50 and 800smm22) shows a diffusion-restricted area in the right

lobe; mean apparent diffusion coefficient (ADC) value of the cancer was 0.933 1023mm2 standard deviation. (d) 4 months after the

completion of intensity-modulated radiotherapy, axial T2 weighted FRFSE image (TR/TE, 4940/131ms) shows an overall reduction

in gland volume; T2 signal reduction in both peripheral zones compromises distinction of the tumour margins. (e, f) DW image

(TR/TE, 2200/64.4ms; b50 and 800smm22) shows no obvious diffusion-restricted area in the right lobe. Mean ADC value of the

area where the tumour was located in pre-treatment was 1.483 1023mm2s21.
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RESULTS
Results of diffusion-weighted image analysis
The overall ADC values were 1.046 0.183 1023mm2 s21 for
PCs before IMRT and 1.456 0.153 1023 mm2 s21 after IMRT
(p, 0.001). The mean ADC value of the local recurrence
group was significantly lower than that of the non-recurrence
group after the completion of radiotherapy (1.276 0.143
1023mm2 s21 vs 1.496 0.123 1023mm2 s21; p, 0.001), but
no statistical difference was noted between them in pre-IMRT
ADC values (1.006 0.173 1023 mm2 s21 vs 1.056 0.183
1023 mm2 s21; p5 0.31) (Figure 1).

In all patients, 31 sides of peripheral zones were proven non-
cancerous, and, as such, 31 ROIs were chosen in this study.
ADC values were 1.596 0.173 1023mm2 s21 before and 1.516
0.133 1023mm2 s21 after IMRT for benign tissues, a signifi-
cant difference was noted between them (p5 0.036). There was
no significant difference, however, in ADC values between the
tumours of recurrence-free patients and benign tissues after
the completion of IMRT (1.496 0.123 1023mm2 s21 vs 1.516
0.133 1023mm2 s21; p5 0.47). Importantly, a significant dif-
ference was found between them in pre-IMRT ADC values
(1.056 0.183 1023 mm2 s21 vs 1.596 0.173 1023 mm2 s21;
p, 0.001) (Table 3, Figure 2).

For graphic illustrations, Figure 3 shows the transverse FRFSE T2
weighted images and DWI change of a recurrence-free patient
before and after radiotherapy, and Figure 4 shows the transverse

FRFSE T2 weighted images and DWI change of a recurrence
patient before and after radiotherapy.

Receiver-operating characteristic analysis
ROC curve analysis revealed that the post-IMRT ADC values
could help identify patients suffering recurrences (AUC, 0.88;
p, 0.001) with a threshold value for the post-IMRT ADC value
,1.343 1023mm2 s21 (sensitivity, 69.2%; specificity, 89.2%)
(Figure 5). When 1.3431023mm2 s21 was chosen as the threshold,
the true-positive rate was 69.2% (9/13) and the true-negative
rate was 89.2% (58/65) in this group of patients. Furthermore,
27 patients had a repeat post-IMRT MR DWI exam (2–6months
after the first post-IMRT MR exam), 3 of them showed an ob-
vious increase in ADC values. When these new data were analysed
the true-negative value became 93.8% and the true-positive rate
was still 69.2% (9/13).

The pre-IMRT ADC values were considered non-indicative in
identifying patients with recurrence (AUC, 0.57; p5 0.43).

Prostate-specific antigen change
The PSA change was also recorded in the recurrence and non-
recurrence groups between pre-treatment and post-treatment.
The descriptions of PSA were median6 interquartile range,
because of the non-normally distributed data, and were com-
pared using the Mann–Whitney U-test. The pre-treatment
PSA was 45.996 47.79 ngml21 in the recurrence group and
36.586 18.63 ngml21 in the non-recurrence group (p5 0.27).

Figure 4. A 65-year-old male with biopsy proven prostate cancer in the right peripheral zone (Gleason score, 513; pre-treatment

prostate-specific antigen, 27.42ngml21) who had received 8-week androgen deprivation therapy before the start of intensity-

modulated radiotherapy (IMRT). This patient suffered local and distant recurrence 18 months after the completion of IMRT.

(a) Before IMRT, the axial T2 weighted fast recovery fast-spin echo (FRFSE) image [repetition time (TR)/ echo time (TE), 5440/122 ms]

shows prostate cancer of low signal intensity in the right peripheral zone. The T2 signal reduction is in the normal peripheral zone

because of androgen deprivation therapy. (b, c) Pre-IMRT diffusion-weighted (DW) image (TR/TE, 2200/64.4ms; b50 and

800smm22) shows a diffusion-restricted area in the right lobe; the mean apparent diffusion coefficient (ADC) value of the cancer was

0.993 1023mm2 standard deviation. (d) 9 weeks after the completion of radiotherapy, the axial T2 weighted FRFSE image (TR/TE,

5440/121ms) shows that the lesion was diffusely ill defined. (e, f) Post-IMRT DW image (TR/TE, 2200/64.4ms; b50 and 800smm22)

shows a slightly diffusion restricted area in the right peripheral zone. Themean ADC value of the region of interest was 1.243 1023mm2s21.

Full paper: DWI in assessment of tumour response in prostate cancer BJR

5 of 7 birpublications.org/bjr Br J Radiol;87:20140359

http://birpublications.org/bjr


However, it was 0.806 1.29 ngml21 in the recurrence group and
0.286 0.38 ngml21 in the non-recurrence group 4 months after
the completion of radiotherapy (p5 0.04).

DISCUSSION
Traditionally, patients with high-risk PC have a significant like-
lihood of treatment failure and PC-specific mortality even when
advances in local treatments such as dose-escalated radiotherapy
have demonstrated benefits in these patients.9–11 Three major pre-
therapy prognostic indicators are widely used to assess the risk of
PC recurrence. These are the T stage, the biopsy Gleason score
and the serum PSA level.12 Sometimes, subjectivity is associated
with T-stage determination and the Gleason score, making these
two variables less robust when a multivariate analysis is used.12

Patients undergoing radiation therapy need to be followed up
indefinitely for treatment failure. Among several routine
examinations, PSA levels are used to potentially serve as a sur-
rogate in follow-up treatments; although, it has been shown to
have a limited role in defining a cancer cure within the first
5 years after radiotherapy.13

Imaging techniques can generate additional major indicators in
clinical follow-up examinations.14 Being capable of non-invasive
characterizations of biological tissues based on its water diffu-
sion properties, DWI has long been used to detect subtle, early
changes indicative of disease processes, often at times well before

any visible abnormality can be seen on conventional morpho-
logical imaging.15–18

It is reported that following radiotherapy, ADCs may rapidly
decrease over several hours owing to cell swelling, followed by an
increase over several days with concurrent cell death.19,20 When
compared with baseline, the greatest early increase in tumour
mean ADC values was seen during the first week of radiotherapy.
Others have reported an increase in ADC as early as 4–11 days
after treatment.18,21,22

While an increase in ADC values following treatment likely in-
dicates the alterations in cell density owing to necrosis and
apoptotic-induced cell death, a non-increase or even decrease
in ADC values after radiotherapy results from sustained high
density or continued proliferation of tumour cells and probably
indicates a poor response to radiotherapy. As such, persistent
low ADC values after treatment may be an indicator of poor
outcome. In this study, the mean post-IMRT ADC value of
patients who suffered recurrence within 3 years was found to be
significantly lower than that of patients who were recurrence free
for over 3 years. Furthermore, the ROC curve analysis revealed
that the post-IMRT ADC values could help identify patients
with recurrence with high specificity, and that repeat MR DWI
examinations after radiotherapy can improve the specificity ul-
teriorly. This once again confirms that DWI has the potential to
monitor the treatment response in some tumours.23,24

It has been found that, in this group of patients, the post-IMRT
ADC values were slightly lower than those reported in previous
reports.25 We hypothesized that the main reason may be because
patients received ADT in conjunction with radiotherapy. ADT
induces acinar atrophy, fibrosis and basal cell hyperplasia. This
atrophy and compression of the glandular lumina reduces the
available space and thus acts to restrict diffusion.26 Combination
therapy with radiation and long-term ADT has been a standard
of care for males with high-risk PC, demonstrating a significant
survival benefit over radiotherapy alone.27 Barrett et al28 proved
that there was no significant change in ADC values in tumours
after 3 months of ADT, whereas ADC values significantly de-
creased in areas of the normal-appearing peripheral zone, from
1.783 1023 to 1.563 1023mm2 s21.

In this study, benign prostate tissue showed a mild reduction in
ADC values after radiotherapy, and there were no significant
differences between benign tissues and tumours in recurrence-
free patients in the post-IMRT ADC values. Pathology findings
revealed that normal prostate tissues also reacted to external
beam radiation and showed different degrees of vascular dam-
age, gland atrophy and fibrosis.29

It should be noted that there are several limitations in this study.
For example, the number of patients in the recurrence group is
relatively small and most patients only take one time-point MR
examination in the first year after radiotherapy. Furthermore, we
used the high b-value of 800 initially since 2007 in this study,
and kept its use for keeping the consistency of examination till
2011; however, in recent years, higher b-values of 1000 or 1200
are often recommended. So, larger and more definitive studies

Figure 5. Receiver-operating characteristic (ROC) curves show

the diagnostic performance of post-intensity-modulated ra-

diotherapy (IMRT) apparent diffusion coefficient (ADC) values

for predicting recurrent cancer after radiation therapy. Area

under the ROC curve is 0.88 (p,0.001) with a threshold value

for the post-IMRT ADC value ,1.343 1023mm2s21 (sensitivity,

69.2%; specificity, 89.2%).
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with clinical end points and pre-therapeutic prediction for treatment
failure should be carried out to further address these issues.

CONCLUSIONS
In conclusion, this preliminary study revealed a correlation between
early changes in ADC values after radiotherapy and later tumour

response/outcome in patients with high-risk PC. In tumour
regions, lower ADC values after radiotherapy would be associated
with an increased chance of clinical recurrence. It is thus antici-
pated that DWI may have the potential to monitor the treat-
ment response and predict the treatment outcome in high-risk
PC early.
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