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Objective: To investigate the feasibility of exponential

apparent diffusion coefficient (eADC) derived from diffusion-

weighted imaging (DWI) in evaluating prostate cancers at 3T.

Methods: 74 consecutive patients with surgically confirmed

single peripheral zone (PZ) prostate cancer $0.5cm3 who

underwent pre-operative DWI at 3T were retrospectively

selected. Basedon radiological–pathological correlation, eADC

and apparent diffusion coefficient (ADC) (31023mm2s21) for

the cancers and benign PZ were measured by two indepen-

dent readers. Tumour eADC or ADC was correlated with

Gleason score. Receiver operating characteristic curve analysis

was performed to differentiate betweenGleason score 6 and 7

or higher, by eADC and ADC. Lesion-to-background contrast

ratio was compared between eADC and ADC.

Results: Mean tumour eADC (0.48–0.50) and ADC

(0.72–0.75) were significantly different from those of

benign PZ (eADC, 0.20–0.27; ADC, 1.34–1.66), respec-

tively (p,0.001). A moderate correlation between tu-

mour eADC or ADC and Gleason score was seen. For

differentiating between Gleason score 6 and 7 or higher,

eADC (0.818–0.883) showed a similar area under the

curve with ADC (0.840–0.889) (p.0.05). Lesion-to-

background contrast ratio of eADC (Reader 1, 2.43;

Reader 2, 2.23) was significantly greater than that of

ADC (Reader 1, 2.21; Reader 2, 2.12) (p,0.001).

Conclusion: The eADC may offer similar diagnostic utility

with ADC in the differentiation of the cancer from benign

prostate tissue. Moreover, the eADC appears to allow

improved tissue contrast.

Advances in knowledge: The eADCmay be a comparable

alternative to ADC for evaluating prostate cancer, with

removing T2 shine-through effects from DWI.

INTRODUCTION
Many studies have reported that diffusion-weighted imaging
(DWI) is useful in evaluating prostate cancer.1–4 Currently,
DWI is an essential sequence of minimal prostate MRI
protocols in the cancer detection and localization.5 The
apparent diffusion coefficient (ADC) map generated from
DWI data reflects the diffusion state of water molecules at
the cellular level. A prostate cancer with high cellularity
causing the diffusion restriction typically manifests as a focal
area of low ADC value on the ADC map. However, some
limitations may exist in detecting low-risk cancers with low
Gleason score6 or predicting central gland cancers7 owing to
their similar ADC value with background benign prostatic
tissues. The ADC values are inversely associated with Glea-
son scores in prostate cancer,8 which may help the pre-
treatment risk stratification.9

The exponential apparent diffusion coefficient (eADC) is
another DWI parameter calculated by the following

equation: eADC5 Sb/S05 e2b3ADC, where Sb and S0 were
signal intensities of DWI when the diffusion sensitization is
present or absent, respectively; b was the maximal b value
of DWI sequence; and e was the mathematical constant, the
base of the natural logarithm.10,11 By calculating the ratio
of signal intensities (Sb/S0), the degree of diffusion re-
striction is positively associated with eADC value. There-
fore, the area of more diffusion restriction such as the
prostate cancer may show relative hyperintensity (high
eADC value) than the adjacent area of less diffusion re-
striction (low eADC value) on the eADC map.

To date, only a few studies11–13 on the clinical applications
of eADC have been reported in central nervous system. A
recent study in the genitourinary field reported that the
eADC map at 3 T was helpful in differentiating renal
lesions.10 To our knowledge, however, no published
studies have shown the utility of eADC in evaluating
prostate cancer. The purpose of our study was to
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retrospectively investigate the feasibility of eADC in evaluating
prostate cancers at 3 T.

METHODS AND MATERIALS
Subjects
Institutional review board of Samsung Medical Center approved
this retrospective study and waived the requirement for in-
formed consent. Between October 2012 and March 2013, 179
consecutive patients underwent prostate MRI, followed by rad-
ical prostatectomy. Of these, a total of 74 patients (mean age,
66.66 6.9 years; range, 52–80 years) met all the following in-
clusion criteria: (a) pre-operative prostate DWI at 3 T, including
ADC and eADC maps, (b) radical prostatectomy, (c) single
peripheral zone (PZ) cancer $0.5 cm3 and (d) #2 months of
interval time between MRI and surgery. The remaining
105 patients were excluded owing to the following: (a) ,0.5 cm3

of the cancer volume (n5 57), (b) .2 months of interval time
between MRI and surgery (n5 25), (c) patients with surgically
proven multiple cancer foci (n5 12), (d) absence of the PZ
cancer (n5 8) and (e) absence of eADC map (n5 3). For the
reliable correlation between MRI and pathological findings,
patients with only cancer foci,0.5 cm3 or multiple cancers were
excluded from our analysis.14,15

MRI technique
All prostate MR images were performed 3–5 weeks after the
transrectal ultrasound-guided biopsy and before radical prosta-
tectomy using 3-T MRI (Intera Achieva 3TX; Philips Medical
System, Best, Netherlands) equipped with a phased-array coil
(CARDIAC SENSE, 6-channel). Both T2 weighted imaging
(T2WI) and DWI were included in prostate MRI. Before MRI,
20mg of butyl scopolamine (Buscopan®; Boehringer Ingelheim,
Ingelheim am Rhein, Germany) was injected intramuscularly to
suppress bowel peristalsis.

T2 weighted turbo spin-echo images were acquired in three
orthogonal planes (transverse, sagittal and coronal). T2WI
parameters were as follows: repitition time (TR)/echo time (TE),
3300–3500/100ms; slice thickness, 3mm; interslice gap, 1mm;
field of view, 20 cm; matrix, 5683341; number of signals acquired,
3; sensitivity encoding (SENSE) factor, 2; and acquisition time of
each plane, 3min 45 s.

DWI was obtained in the transverse plane using the single shot
echoplanar imaging technique (TR/TE, 5250/68–70ms; slice
thickness, 3mm; interslice gap, 1mm; matrix, 1243 121; field
of view, 20 cm; SENSE factor, 2; number of signals acquired,
4; b-values, 0, 100 and 1000 smm22 and acquisition time,
3min 35 s). The phase-encoding gradient moved from left to
right to minimize motion artefacts. According to the equation of
eADC5 Sb/S05 e2b3ADC, both ADC and eADC maps were
generated. After data acquisition, all images were transferred to
the workstation with manufacturer-supplied software (ViewForum
Workstation R5.1, Philips Healthcare) for the image analysis.

Histopathological and MRI analyses
All surgical specimens were fixed overnight in 10% buffered
formalin. From prostatic base to apex, the transverse sections
with an interval of 3mm were obtained, perpendicular to the

prostatic urethra. An experienced genitourinary pathologist
blinded to the MRI findings reviewed all slides of the transverse
section, and the cancers were thus localized. The tumour vol-
ume, location and Gleason score were also assessed. Under the
assumption that the shape of cancer is ellipsoid, the cancer
volume was estimated by using the standard ellipsoid formula:
(width3 height3 length)3p/6, where the width, height and
length were measured by a pathologist.

Typical MR findings of PZ cancer were defined as follows: (a)
a focal lesion showing low signal intensity on T2WI, compared
to the high signal intensity background of benign PZ tissues, and
(b) a focally low signal lesion on ADC maps with high signal
intensity at b5 1000 smm22 of DWI in comparison with the
surrounding benign PZ tissue.5 PZ cancers were localized in
6 regions that consisted of right and left side at each base, mid
and apex for the radiological–pathological correlation.

Based on the radiological–pathological correlation, two in-
dependent radiologists (CKK and SYP, with 8 years and 2 years
of experience in prostate MR, respectively) measured both ADC
and eADC values in the cancers and benign PZs. For measuring
each ADC and eADC value of PZ cancers, an ellipsoid region of
interest was first drawn within a cancerous area of ADC map,
which was subsequently copied onto the eADC map at the same
transverse plane. The same process was applied for measuring
both ADC and eADC values in the benign PZ tissues outside the
cancerous lesions.

The conventional signal-to-noise ratio and contrast-to-noise
ratio were not estimated for both ADC and eADC maps in our
study. The background air noise should be measured in the
region where respiratory or motion-related artefacts are absent
as an integrant of the formula for estimating the signal-to-noise
ratio or contrast-to-noise ratio.16 However, in the background
air surrounding the pelvis, measurable noise was seldom found
on ADC or eADC maps except for a few motion-related arte-
facts. Therefore, we calculated the lesion-to-background con-
trast ratio of ADC and eADC for estimating tissue contrast:17 the
lesion and background were PZ cancer and benign PZ tissue,
respectively.

Statistical analysis
All quantitative data were expressed as mean6 standard de-
viation. Comparison of ADC or eADC values between PZ can-
cers and benign PZ tissues was using Student’s paired t-test.
Correlation between tumour ADC or eADC values and Gleason
scores was performed using the Spearman correlation analysis:
correlation rho, 0.40, weak correlation; 0.40$ correlation
rho# 0.75, moderate correlation; correlation rho. 0.75, excel-
lent correlation.

Tumour ADC or eADC values were compared according to
Gleason scores by analysis of variance. Receiver operating
characteristic curve analysis was used for differentiating Gleason
score 6 from 7 or higher.

The interreader variability was evaluated using the Bland–
Altman test. The Wilcoxon signed-rank test was used to
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compare the lesion-to-background contrast ratio between ADC
and eADC maps.

Statistical analysis was performed using SPSS® v. 20.0 (IBM
Corp., New York, NY; formerly SPSS Inc., Chicago, IL) and
MedCalc v. 12.3.0 (MedCalc Software, Mariakerke, Belgium).
A two-sided p-value ,0.05 was considered statistically
significant.

RESULTS
The mean volume of the PZ cancers was 4.16 4.2 cm3. The
mean PSA level was 11.86 11.7 ngml21. The patient charac-
teristics are summarized in Table 1.

Cancer vs benign tissue
Tumour ADC values were significantly lower than those of be-
nign PZ tissues, while tumour eADC values were significantly

higher than those of benign PZ tissues in both readers
(p, 0.001) (Table 2) (Figure 1).

Gleason score of cancer
The mean ADC and eADC values of PZ cancers were signifi-
cantly different among each Gleason score in both readers
(p, 0.001): all pairwise comparisons of ADC or eADC values
were significantly different in both readers (p, 0.01), except
a comparison between Gleason score 8 and 9 (ADC and eADC
of Reader 1, p5 0.929 and 0.911, respectively; those of Reader 2,
p5 0.674 and 0.813, respectively) (Table 3).

Both tumour ADC and eADC values revealed a moderate cor-
relation with Gleason scores: Spearman correlation coefficients
of ADC and eADC in Reader 1 were 20.633 and 0.633, re-
spectively, while those in Reader 2 were 20.528 and 0.503,
respectively (Figure 2).

For differentiating between Gleason score 6 and 7 or higher, the
area under the curves (AUCs) of ADC and eADC were 0.889
(95% confidence interval, 0.795–0.950) and 0.883 (95% confi-
dence interval, 0.787–0.946), respectively, in Reader 1 and were
0.840 (0.736–0.915) and 0.818 (0.711–0.898), respectively, in
Reader 2. In the comparison of AUCs between ADC and eADC,
no significant difference was seen in Reader 1 (p5 0.207) and
Reader 2 (p5 0.795). In Reader 1, the sensitivity and specificity
using the cut-off value of ADC (0.843 1023mm2 s21) vs eADC
(0.43) were 82.1% and 85.7% vs 81.0% and 86.0%, respectively;
in Reader 2, the sensitivity and specificity using the cut-off value
of ADC (0.803 1023mm2 s21) vs eADC (0.45) were 79.1% and
85.2% vs 78.0% and 86.0%, respectively.

Interreader variability
For the interreader variability, a mean difference for the PZ
cancers was 5.8% in ADC and 4.0% in eADC, respectively, while
that for the benign PZ tissues was 6.0% in ADC and 7.9% in
eADC, respectively.

Lesion-to-background contrast ratio
The mean lesion-to-background contrast ratio of eADC was
significantly greater than that of ADC in both readers, re-
spectively [Reader 1, 2.21 (1.40–4.16) in ADC vs 2.43

Table 1. Patient characteristics

Variable Value

Age (years) 66.66 6.9 (52–80)

PSA (ngml21) 11.86 11.7 (1.3–90.9)

Tumour volume (cm3) 4.16 4.2 (0.5–24.1)

Pathological stage (n)

2a 7

2b 0

2c 24

3a 29

3b 14

Gleason score (n)

6 7

7 47

8 7

9 13

PSA, prostate-specific antigen.
Data are the mean values6 standard deviation (range).

Table 2. Apparent diffusion coefficient (ADC) and exponential apparent diffusion coefficient (eADC) values of peripheral zone (PZ)
cancers and benign peripheral zone tissues in the prostate

Variable PZ cancer Benign PZ p-valuea

Reader 1

ADC (31023mm2 s21) 0.75 (0.44–1.18) 1.66 (1.22–2.18) ,0.001

eADC 0.48 (0.31–0.64) 0.20 (0.11–0.33) ,0.001

Reader 2

ADC (31023mm2 s21) 0.72 (0.45–0.98) 1.34 (1.04–1.86) ,0.001

eADC 0.50 (0.38–0.64) 0.27 (0.16–0.36) ,0.001

Data are the mean values (range).
aStatistical comparison between PZ cancer and benign PZ.
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(1.44–4.12) in eADC; Reader 2, 2.12 (1.47–4.59) in ADC vs 2.23
(1.46–5.64) in eADC; p, 0.001] (Table 4).

DISCUSSION
Theoretically, it may be expected that the eADC maps in the
prostate cancers have similar characteristics with the ADC maps,
since the calculation of eADC (eADC5 Sb/S0) is closely related to
that of ADC (ADC52ln(Sb/S0)/b).

10 Our results demonstrated
that the eADC values in the PZ cancers, as ADC values, were
significantly different than benign PZ tissues and showed a mod-
erately positive relationship with the Gleason score. Furthermore,
eADC revealed greater lesion-to-background contrast ratio than
ADC. Therefore, these findings indicate that the eADC might show
comparable feasibility with the ADC in evaluating PZ cancers.

Active surveillance of prostate cancer is an important option for the
management of low-risk prostate cancers.18 Aggressiveness of
prostate cancer is primarily evaluated by the Gleason grading sys-
tem. Several studies have reported that the ADC values derived from
DWI data were correlated with Gleason scores of prostate cancers
located in the PZ,8,19 which may aid the pre-treatment risk strati-
fication. Accordingly, DWI may be considered to have a promising
role in terms of selecting low-risk prostate cancers, since the Gleason
score of #6 is one of the criteria for determining low-risk cancer.20

In our study, the eADC values in the PZ cancers, similar to the ADC
values, were significantly different among each Gleason score, except

a comparison between Gleason score 8 and 9. Both eADC and ADC
values had a moderate relationship with the Gleason score. These
results were in line with the previous studies.8,19 Moreover, receiver
operating characteristic curve analysis demonstrated the AUCs of
eADC were 0.818–0.883 in differentiating between Gleason score 6
and 7 or higher, which were similar to those of ADC (0.840–0.889).
Based on these findings, we believe that the eADC values in the PZ
cancers, as the ADC values, may potentially be used as an imaging
biomarker to predict the Gleason score.

On the ADC maps, the contrast difference of tissues may be
attenuated in comparison with that of eADC maps because the
ADC maps are based on the logarithm of Sb/S0 while the eADC
maps are based only on the ratio Sb/S0. These may result in
reduced lesion-to-background contrast ratio on the ADC maps
compared with the eADC maps.11 In our study, the ratio of
eADC between PZ cancers and benign PZ tissues was signifi-
cantly greater than that of ADC. On the basis of our results, the
eADC maps may improve the detectability of the PZ cancers
without significant loss of the predictability for tumour grade, as
compared with the ADC maps. However, a qualitative analysis
was not performed in our study. Further studies in a larger
population are needed to confirm these findings.

One major prerequisite for the use of eADC as a valuable
quantitative method is the reproducibility of measured values. In

Figure 1. A 61-year-old man with a right peripheral zone (PZ) cancer and Gleason score 7 at surgical specimen. Transverse apparent

diffusion coefficient (ADC) (a) and exponential apparent diffusion coefficient (eADC) (b) maps show a focal area (arrows) of low

ADC (0.7431023mm2s21) and high eADC (0.48) in the right PZ. In the contralateral benign PZ (white regions of interest), both ADC

and eADC were 1.31 31023mm2s21 and 0.27, respectively. On the surgical specimen (c), an adenocarcinoma with Gleason score 7

was identified in right PZ (black dotted area).

Table 3. Apparent diffusion coefficient (ADC) and exponential apparent diffusion coefficient (eADC) values of peripheral zone
cancer according to Gleason scores of cancers

Gleason score
Reader 1 Reader 2

ADC (31023mm2 s21) eADC ADC (31023mm2 s21) eADC

6 0.976 0.16 0.396 0.06 0.936 0.20 0.406 0.08

7 0.776 0.10 0.476 0.05 0.746 0.12 0.486 0.06

8 0.636 0.05 0.536 0.04 0.616 0.11 0.566 0.06

9 0.646 0.07 0.536 0.06 0.586 0.10 0.556 0.05

Data are the mean values6 standard deviation (range).
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our study, the interreader variability was investigated. The mean
difference of eADC in PZ cancer and benign tissue was 4% and
7.9%, respectively, and the results were similar with ADC (PZ
cancers, 5.8%; benign tissues, 6%).

Our study had several limitations. First, a retrospective study
design was used, and we excluded small prostate cancers of
,0.5 cm3. This may lead to a selection bias such as relatively low
proportion of subjects with Gleason Score 6. However, prostate

cancers of ,0.5 cm3 are considered clinically insignificant.21,22

Further studies including small volume of cancers are required
to validate our results in natural population with the prostate
cancer. Second, visual analyses such as cancer localization or
staging were not conducted in our study. These analyses may be
a perquisite to determining whether an imaging technique is
clinically useful. Our preliminary quantitative results of eADC
might support further qualitative analyses. Third, we did not
evaluate the central gland cancers, although approximately 30%

Figure 2. The relationship between apparent diffusion coefficient (ADC) or exponential apparent diffusion coefficient (eADC) and

Gleason score of peripheral zone cancers. The cancer dots showing identical ADC or eADC at the same Gleason score totally

overlap each other in the graph. The correlation values of rho were 20.633 for ADC (a) and 0.633 for eADC (b) in Reader 1, while

they were 20.528 for ADC (c) and 0.503 for eADC (d) in Reader 2.

Table 4. Lesion-to-background contrast ratios between apparent diffusion coefficient (ADC) and exponential apparent diffusion
coefficient (eADC) maps

Parameter ADC (31023 mm2 s21) eADC p-valuea

Reader 1 2.21 (1.40–4.16) 2.43 (1.44–4.12) ,0.001

Reader 2 2.12 (1.47–4.59) 2.23 (1.46–5.64) ,0.001

Data are the mean values (range).
aStatistical comparison between ADC and eADC.
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of prostate cancers arise from the central gland which consists of
a transition zone and central zone.23 Further study will be
needed. Finally, the effect of post-biopsy haemorrhage on the
measurement of eADC was not considered. Because the cancer
was analysed based on radiological–pathological correlation, we
could minimize the adverse effect of post-biopsy haemorrhage.

In conclusion, our preliminary results suggest that the eADC
from DWI may have comparable feasibility in discriminating PZ
cancers from benign PZ tissues, as compared with ADC. Nev-
ertheless, the eADC may allow improved tissue contrast by
higher lesion-to-background ratio. Further prospective studies
are needed to validate its clinical utility in prostate cancer.
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