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ORIGINAL RESEARCH

Utility of Computed Diffusion-Weighted
MRI for Predicting Aggressiveness of

Prostate Cancer

Yuma Waseda, MD,1 Soichiro Yoshida, MD, PhD,1* Taro Takahara, MD, PhD,2

Thomas Christian Kwee, MD, PhD,3 Yoh Matsuoka, MD, PhD,1

Kazutaka Saito, MD, PhD,1 Kazunori Kihara, MD, PhD,1 and

Yasuhisa Fujii, MD, PhD1

Purpose: To investigate the value of computed (c) diffusion-weighted imaging (DWI) in assessing prostate cancer
aggressiveness.
Materials and Methods: Fifty-five patients with peripheral zone prostate cancer who underwent prebiopsy 1.5T mag-
netic resonance imaging (including native DWI at b-values of 0 and 1000 s/mm2) were included. cDWI signal intensities
of peripheral zone prostate cancer and nonmalignant prostate tissue were measured. Association between changes in
monoexponentially calculated cDWI signals according to different b-values and primary Gleason grades were assessed.
Results: The cDWI signal intensity of prostate cancer was lower at b 5 0 s/mm2 and higher at b 5 1000 s/mm2 com-
pared to nonmalignant prostate tissue. The b-value at which the signal intensities of prostate cancer and nonmalignant
prostate tissue were equal was defined as the “iso-b-value.” On multivariate analysis, only the iso-b-value was a signifi-
cant predictor of primary Gleason grade 4/5 cancer (P 5 0.001). The area under the curve (AUC) of the iso-b-value for
diagnosing primary Gleason grade 4/5 cancer was 0.94, and significantly higher than that of the tumor apparent diffu-
sion coefficient (ADC) value with an AUC of 0.68 (P< 0.001).
Conclusion: cDWI with iso-b-value-based semiquantitative analysis was found to be useful for predicting the aggressive-
ness of prostate cancer and may potentially outperform tumor ADC measurements in this setting.
Level of Evidence: 3
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2017;46:490–496

Accurate assessment of tumor aggressiveness of localized

prostate cancer is critical for optimal treatment selec-

tion. Treatment strategies of localized prostate cancer vary widely

from active surveillance,1,2 to focal treatment,3,4 and radical

whole-gland therapy. The Gleason grade reflects prostate cancer

aggressiveness and predicts clinical course.5,6 Gleason grade as

determined by biopsy, however, has been reported to undergrade

prostate cancer in a substantial proportion of patients,7,8 which

could potentially result in a suboptimal therapeutic strategy.9

Diffusion-weighted imaging (DWI) is a functional

magnetic resonance imaging (MRI) technique that quanti-

fies the diffusion of water molecules in tissues without using

any contrast agents, radiotracers, or exposure to ionizing

radiation. DWI has become an essential sequence for detect-
ing prostate cancer. The utility of DWI as an imaging bio-
marker for characterizing prostate cancer has been shown by
several recent studies.10,11 The apparent diffusion coefficient
(ADC) is a quantitative marker that reflects the magnitude
of water diffusion in tissues, and a significant correlation
between the ADC value and Gleason grade has been
reported.12–14 Nevertheless, ADC measurement has an
intrinsic limitation in that the ADC value depends on the
MRI system and imaging protocol.15,16

To decrease the impact arising from this limitation, we

developed a new semiquantitative method to predict the
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aggressiveness of prostate cancer in a standardized manner

using a computed DWI (cDWI) technique. cDWI is a com-

putational technique that allows synthesizing diffusion-

weighted images at any chosen b-value from an already

acquired DWI dataset that contains at least two b-val-

ues.17–19 The cDWI technique allows higher b-value DWI

to be obtained with good signal-to-noise ratio (SNR) and

without additional scan time,17 which could improve detec-

tion and localization of prostate cancer compared to native

high b-value DWI.20–23 However, the value of cDWI in

determining prostate cancer aggressiveness is still unknown.

The purpose of this study was therefore to investigate

the value of cDWI in assessing prostate cancer aggressiveness

by determining the association between changes in cDWI

signals according to b-value manipulation and primary Glea-

son grades.

Materials and Methods

Patient Selection
Our institutional Ethical Committee approved this retrospective

study, and waived the requirement for written informed consent.

Between January 2010 and August 2015, 115 patients with prostate-

specific antigen (PSA) level less than 20 ng/mL underwent prebiopsy

multisequence MRI followed by radical prostatectomy without any

neoadjuvant treatment. The index cancer in each patient was defined

as the tumor with the highest Gleason score (in case of multiple

tumors with the same highest Gleason score in one patient, the larg-

est tumor was selected for this purpose). The index cancer was locat-

ed in the peripheral zone in 62 patients, and in the transition zone

in 53 patients. Of these 62 patients with peripheral zone cancer, 55

whose index cancer was retrospectively identified on prebiopsy MRI

in reference to the histological map were eligible for this analysis.

The median PSA level of these patients was 8.7 (range; 4.4–19.8)

ng/mL. The number of patients with primary Gleason grades of 3,

4, and 5, were 20 (36.4%), 32 (58.2%), and 3 (5.4%), respectively.

Clinicopathological data are shown in Table 1.

MRI Technique
Multisequence MRI, including DWI, was performed using a 1.5T

system (Intera Achieva; Philips, Best, the Netherlands) with a 32-

channel sensitivity encoding body coil under free breathing. For

T2-weighted MRI, the following parameters were used: repetition

time (TR), 1500 msec; echo time (TE), 151 msec; matrix,

304 3 304; field of view (FOV), 250 3 275 mm; slice thickness,

0.8 mm; interslice gap, 0 mm; number of slices, 110; number of

excitations, 1; bandwidth, 620 Hz per pixel. Parameters for DWI

with a single-shot echo-planar imaging sequence were set as fol-

lows: TR, 5000 msec; TE, 80 msec; matrix, 128 3 99; FOV,

300 3 255 mm; slice thickness, 4 mm; interslice gap, 0.4 mm;

number of excitations, 3; diffusion gradient encoding in three

orthogonal directions; and three different b-values (b 5 0, 1000,

and 2000 s/mm2). ADC maps were generated using a workstation.

cDWIs with b-values ranging from 0–2000 s/mm2 (at increments

of 100 s/mm2) were generated from acquired DWI datasets with

b-values of 0 and 1000 s/mm2 based on a standard monoexponen-

tial fit model, using medical image processing software (OsiriX v.

6.5.1; Pixmeo, Geneva, Switzerland) and its open-source plug-in

(Computed DWI Plugin for OsiriX; medITools, Tokyo, Japan).

Histopathological Analysis
The histopathological analysis was done by pathologists who were

blinded to the MRI results. Slices of radical prostatectomy speci-

mens were obtained with 4-mm-interval step sections, and all can-

cer foci were outlined on a histological map. The Gleason grading

was assigned according to the 2005 International Society of Uro-

logical Pathology consensus conference.6

Image Analysis
In each patient, each index cancer focus delineated on the pathologi-

cal map was identified as a focal area of abnormal signal character-

ized by low signal intensity on T2-weighted imaging, high signal

intensity on DWI, or low ADC value on the ADC map. A region

of interest (ROI) was manually traced to maximally cover the index

cancer on the transverse T2-weighted imaging slice that encompassed

the maximal diameter of the cancer. Another ROI was set within the

nonmalignant peripheral zone tissue as demonstrated on the patho-

logical map of the radical prostatectomy specimen. ROI placements

were done by a urologist (Y.W.) who knew the cancer location, but

who was blinded to the corresponding Gleason score. The aforemen-

tioned ROIs were then automatically superimposed on the ADC

map and each cDWI dataset. In cases in which misalignments were

visually obvious due to subtle patient motion, the locations of the

ROIs were adjusted manually, without modifying their size or shape.

The changes of cDWI signal intensity in the ROI with each b-value

increment of 100 s/mm2 were calculated (Fig. 1). The mean ADC

value in the ROI was also measured.

Statistical Analysis
Differences between groups were tested with the Wilcoxon rank

sum test for continuous variables and the chi-square test for cate-

gorical variables. Associations of variables with primary Gleason

grade were evaluated by logistic regression analyses. Upon

TABLE 1. Clinicopathological Characteristics of 55
Prostate Cancer Patients Who Underwent Radical Pros-
tatectomy and Whose Index Cancer Was Located in
the Peripheral Zone

Variables Value

Age (years) 67 (53–78)a

Initial PSA, ng/mL 8.72 (4.4–19.8)a

Primary Gleason grade

3 20 (36%)

4/5 32 (58%)/3 (5%)

Clinical T stage on digital rectal examination

1c 32 (58%)

2/3 17 (31%)/6 (11%)

PSA: prostate specific antigen. Data are shown as n (%);
amedian (range).
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multivariate logistic regression analysis, variables were selected by

use of the forward stepwise method. Receiver operating characteris-

tic (ROC) analysis based on logistic regression was performed to

assess the diagnostic value of cDWI and ADC measurements for

discriminating primary Gleason grade 4/5 from primary Gleason

grade 3 cancers. Areas under the ROC curve (AUCs) and optimal

cutoff points for maximum accuracy were determined. The sensi-

tivity, specificity, and accuracy of the variables were compared with

the McNemar test. All tests were two-sided, with a statistical signif-

icance level set at P< 0.05. Statistical analyses were performed

using the statistical software SPSS v. 20 package (Chicago, IL).

Results

General Imaging Findings
In all patients, the DWI signal intensities of cancer were low-

er at b 5 0 s/mm2 and higher at b 5 1000 s/mm2 compared

to nonmalignant peripheral zone tissue. The logarithm of

mean signal intensities (y-axis) against various b-values (x-

axis) decreased linearly for all ROIs. The two lines represent-

ing DWI signal of cancer and nonmalignant peripheral zone

tissue intersected at one point at which the signal intensities

of cancer and nonmalignant peripheral zone tissue were

equal. This b-value was defined as the “iso-b-value.” The iso-

b-value was mathematically calculated from two linear equa-

tions according to the following (Fig. 1):

iso-b-value510003½11lnðsT1000=sN1000Þ=lnðsN0=sT0Þ�21

where sN0 and sN1000 are signal intensities of nonmalignant

prostate tissue on DWI with b 5 0 and 1000 s/mm2, respec-

tively; the same applies to sT0 and sT1000 for prostate cancer.

The iso-b-value ranged between 306 and 995 s/mm2

(median; 637 s/mm2). The tumor ADC ranged from

0.74 3 1023 to 1.34 3 1023 mm2/s (median; 1.09 3 1023

mm2/s) (Table 2).

Pairwise Comparisons of Variables Between
Primary Gleason Score 4/5 and 3 Cancers
We compared several clinical and imaging variables between

primary Gleason grade 4/5 and 3 cancers (Table 3). There

was no significant difference in the area of ROI set in both

cancer and nonmalignant peripheral zone between primary

Gleason grade 4/5 and primary Gleason grade 3 cancer

(33.4 vs. 25.8 mm2 for cancer, and 133.8 vs. 123.0 mm2 for

nonmalignant peripheral zone). The iso-b-value of primary

Gleason grade 4/5 cancers was significantly lower than that

of primary Gleason grade 3 cancers (550 vs. 737 s/mm2;

P< 0.001). The tumor ADC of primary Gleason grade 4/5

cancers was also significantly lower than that of primary

Gleason grade 3 cancers (0.62 3 1023 vs. 0.67 3 1023

mm2/s; P 5 0.030). Accordingly, the iso-b-value boxplots

showed less overlap in discriminating primary Gleason grade

4/5 from primary Gleason grade 3 cancers than those of

tumor ADC (Fig. 2). Of interest, there was also a significant

difference in ADCs of nonmalignant peripheral zone tissue

between primary Gleason grade 4/5 and primary Gleason

grade 3 cancers (1.06 3 1023 mm2/s vs. 1.17 3 1023 mm2/

s; P 5 0.038). Other comparisons did not show any signifi-

cant differences between the two groups, although there was

a trend (P 5 0.056) towards a higher initial PSA in primary

grade 4/5 cancers.

Univariate, Multivariate, and ROC Analyses for
Predicting Primary Gleason Grade 4/5 Cancers
Univariate and multivariate analyses were performed to

assess the value of several preoperative characteristics in pre-

dicting primary Gleason grade 4/5 cancers (Table 4). Uni-

variate analyses showed that iso-b-value (P 5 0.001) and

tumor ADC (P 5 0.036) were significantly associated with

TABLE 2. Imaging Characteristics of Index Cancer
and Nonmalignant Peripheral Zone Tissue

Variables Value

Area of cancer ROI (mm2) 28.4 (6.0–123.5)

Tumor ADC (31023 mm2/s) 0.64 (0.37–0.97)

Area of ROI set in nonmalignant
peripheral zone (mm2)

131.9 (34.4–404.7)

ADC of nonmalignant peripheral
zone (31023 mm2/s)

1.09 (0.74–1.34)

Iso-b-value (s/mm2) 637 (306–995)

ROI: region of interest; ADC: apparent diffusion coefficient.
Data are shown as median (range).

FIGURE 1: Changes of mean signal intensity of cancer and non-
malignant peripheral zone (PZ) according to b-value manipula-
tion in a representative case of primary Gleason grade 3 cancer.
In all patients, the DWI signal intensities of cancers were lower
at b 5 0 s/mm2 and higher at b 5 1000 s/mm2 than those of non-
malignant peripheral zone tissue regions. We defined the b-val-
ue at the intersection of the two lines as “iso-b-value.”
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primary Gleason grade 4/5 cancer. On multivariate analysis,

only the iso-b-value remained as a significant and indepen-

dent predictor of primary Gleason grade 4/5 cancer

(P 5 0.001; odds ratio 0.97 with 95% confidence interval

(CI) of 0.96–0.99 per 1 s/mm2 increase in b-value). The

AUC of iso-b-value for discriminating primary Gleason

grade 4/5 cancer from primary Gleason grade 3 cancer was

0.94 (95% CI: 0.88–1.00), which was significantly higher

than that of tumor ADC with an AUC of 0.68 (95% CI:

0.54–0.82) (P< 0.001) (Fig. 3). Based on the AUC analy-

sis, the optimal cutoff to discriminate primary Gleason

grade 4/5 from 3 cancers was 700 s/mm2 for iso-b-value

and 0.83 3 1023 mm2/s for tumor ADC. When applying

these cutoff values, the sensitivity was good for both (97.1%

for iso-b-value and 91.2% for tumor ADC, P 5 0.48), while

iso-b-value was significantly superior in specificity (70.0%)

and accuracy (87.3%) compared to tumor ADC (30.0%

and 68.5%, P 5 0.002 and P< 0.001, respectively).

Discussion

The results of this study are the first to show the potential

of cDWI-based semiquantitative analysis for preoperative

diagnosis of primary Gleason grade 4/5 cancer. The cDWI

FIGURE 2: Boxplots of iso-b-value (a) and ADC value of tumor
(b) according to primary Gleason grade (3 vs. 4/5). Center line
denotes median, top of box denotes 75th percentile, bottom of
box denotes 25th percentile, circles denote outliers (between
1.5 and 3 interquartile ranges). Primary Gleason grade 4/5 can-
cers had significantly lower iso-b-value and tumor ADC than
primary Gleason grade 3 cancers (a,b). The iso-b-value boxplots
showed less overlap in discriminating primary Gleason grade 4/
5 from primary Gleason grade 3 cancers than those of tumor
ADC.

TABLE 3. Comparison of Several Clinical and Imaging Variables Between Primary Gleason Grade 3 and 4/5
Cancers

Primary Gleason grade

Variables 3 4/5 P value

No. of patients 20 (36.4%) 35 (63.6%)

Age (years) 65.5 (62–71.5) 67 (63-71) 0.48

Initial PSA (ng/mL) 8.30 (6.23–9.42) 8.80 (6.29-13.8) 0.056

Area of cancer ROI (mm2) 25.8 (8.7–104.1) 33.4 (6.0–123.5) 0.68

Tumor ADC (31023 mm2/s) 0.67 (0.51–0.97) 0.62 (0.37–0.97) 0.030

Area of ROI set in nonmalignant
peripheral zone (mm2)

123.0 (34.4–236.9) 133.8 (36.8–404.7) 0.47

ADC of nonmalignant peripheral
zone (31023 mm2/s)

1.17 (1.04–1.21) 1.06 (1.00–1.15) 0.038

Iso-b-value (s/mm2) 737 (597–995) 550 (306–712) <0.001

FIGURE 3: ROC analysis for discriminating primary Gleason
grade 4/5 cancer from primary Gleason grade 3 cancer for iso-
b-value and tumor ADC. The AUC of iso-b-value was 0.94 (95%
CI: 0.88–1.00), which was significantly higher than that of
tumor ADC of 0.68 (95% CI: 0.54–0.82) (P < 0.001).
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technique can generate calculated diffusion-weighted images

at any b-value, and allows us to observe sequential altera-

tions in DWI signal with changing b-value. We showed the

associations of both iso-b-value and tumor ADC with histo-

logical aggressiveness of prostate cancer. Surprisingly, iso-b-

value was found to be superior to tumor ADC in predicting

primary Gleason grade 4/5 cancer, although both parameters

were derived from the same DWI dataset that was acquired

with only two b-values of 0 and 1000 s/mm2. The explana-

tion for this interesting finding is currently unclear, but may

be related to the use vs. nonuse of reference tissue. Tumor

ADC is calculated based on the pixels of the tumor only,

and it can be affected by shimming quality or local SNR.

On the other hand, iso-b-value takes into account both the

pixels of the tumor and those of the adjacent nonmalignant

peripheral zone, both of which should be similarly affected

by shimming quality and local SNR. Besides the different

physical and mathematical underpinnings between tumor

ADC and iso-b-value, complex differences in water diffusivi-

ty between tumor and adjacent nonmalignant peripheral

zone may also play a role. Further investigations are neces-

sary to determine which physical, mathematical, and biolog-

ical mechanisms have led to the observed different

diagnostic values in tumor grading between tumor ADC

and iso-b-value.

DWI provides functional information based on the

degree of water mobility within tissue. DWI is increasingly

used for depicting cancerous lesions, on the basis of its high

contrast compared with nonmalignant tissue. Higher diffu-

sion weightings can provide higher lesion-to-background

contrast, and thus improve tumor detection, as has been

shown in various types of tumors including prostate can-

cer.24–26 However, higher b-value settings under the time

constraint in clinical practice could cause severe image dis-

tortion and reduce SNR, which results in a marked

degradation of image quality with increasing b-values. The

cDWI technique can generate extrapolated high-b-value

diffusion-weighted images without additional scan time,

based on a DWI dataset that contains at least two different

b-values. The generated cDWIs provide improved contrast

and better SNR compared to acquired DWI datasets, and

could improve the detection of prostate cancer, as shown by

several recent studies.20–23 Yet cDWI has not been applied

to evaluate prostate cancer aggressiveness.

Although significant correlations between Gleason

score and ADC measurements have been reported by several

studies, the clinical application of ADC measurements still

remains difficult because of a large overlap in ADC values

between different Gleason scores.13,14,27,28 This large over-

lap may result from a significant variability in ADC values

depending on DWI acquisition circumstances (vendor, coil

systems, imager, acquisition protocols, and noise)15,16 and

individual patient differences (age, glandular atrophy, cellu-

lar density, fibrosis, and alterations in the water content of

prostate tissue).29–31 Some trials have been performed to

mitigate this limitation. The utility of standardization of

ADC measurements by taking the ratio between the ADC

values of cancer and normal reference tissue was reported.

Some studies have shown a favorable impact,32–34 but others

did not find any incremental value in using the ADC

ratio.35–37

The iso-b-value is essentially calculated from the signal

differences between prostate cancer and normal peripheral

zone tissue at low b-value DWI and the signal attenuation

differences between these two tissues at higher b-value

DWI. Accordingly, “iso-b-value" incorporates the informa-

tion of DWI signals and ADC values of both cancer and

surrounding normal tissue. Incorporating these factors may

neutralize the interpatient variation in ADC measurements.

Furthermore, background variation of normal peripheral

TABLE 4. Univariate and Multivariate Analysis of Preoperative Characteristics in Predicting Primary Gleason
Score 4/5 Cancers

Univariate Multivariate

Full model Reduced model

Variables P value P value P value

Age (years) 0.48 0.30

PSA (ng/mL) 0.10 0.11

Abnormal digital rectal examination 0.068 0.96

Tumor ADC 0.036 0.61

ADC of nonmalignant peripheral zone 0.074 0.29

Iso-b-value 0.001 0.002 0.001

PSA: prostate-specific antigen; ADC: apparent diffusion coefficient.
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zone tissue composition has been reported to have a signifi-

cant impact on the tumor ADC value, as reported by Lit-

jens et al.32 Of interest, in the present study a nearly

significant relationship between the nonmalignant peripheral

zone ADC and primary Gleason grade was observed. In this

regard, iso-b-value has the potential to surpass the utility of

tumor ADC value in predicting the aggressiveness of pros-

tate cancer.

For optimal visualization of prostate cancer, a b-value

higher than 1000 s/mm2 is recommended to adequately

suppress benign prostate tissue background signals.24 For

tumor characterization of prostate cancer, it has also been

proposed to select an appropriate b-value.25,26,38 However,

no consensus or recommendation exists with regard to the

best b-value for visually assessing prostate cancer aggressive-

ness at DWI. The current analysis proposed the optimal b-

value from the sequential alteration of cDWI signal contrast

between prostate cancer and nonmalignant prostate tissue.

The iso-b-values provided good separation between primary

Gleason grade 4/5 cancer and primary Gleason grade 3 can-

cer, with only small overlap between both groups. The opti-

mal cutoff iso-b-value was found to be 700 s/mm2 in this

study. In the current cohort, 97.1% of primary Gleason

grade 4/5 cancers showed higher signal intensities than the

surrounding nonmalignant tissue, while 70.0% of the pri-

mary Gleason grade 3 cancers showed lower signal intensi-

ties when employing this iso-b-value of 700 s/mm2.

Comparing the signal of prostate cancer with nonmalignant

prostate tissue on actually acquired DWI at b 5 700 s/mm2

might be a clinically useful simple method to detect aggres-

sive prostate cancer.

We proposed a novel imaging biomarker for character-

izing peripheral zone prostate cancer. In the current study,

the application of this technique to transition zone cancer

was not investigated, which can be regarded as a limitation

of the study. However, evaluation of DWI signal in the

transition zone is problematic because of stromal nodules of

benign prostate hyperplasia. Moreover, the use of b 5 0 s/

mm2 (along with a high b-value of 1000 s/mm2) for gener-

ating ADC maps and cDWI datasets was a possible study

limitation. The appropriate conditions for generating ADC

maps and cDWI datasets to determine prostate cancer

aggressiveness remain unclear. Nevertheless, considering the

least amount of time required to acquire DWI with b 5 0 s/

mm2 compared to other b-values, generating cDWIs from

b-values including b 5 0 s/mm2 would be a feasible option

for clinical application. Furthermore, we used a single com-

bination of repetition and echo time. Because of maximum

gradient strength and slew rate limitations of the current

system, and clinical scan time constraints, there was little to

no opportunity to vary these parameters. In the future, we

may be able to compute not only the b-value but also the

echo time by acquiring at least two echo times, which could

potentially enhance the utility of this method. Other study

limitations are the relatively small sample size, the single-

center and retrospective design, and possible selection bias.

A prospective study in a larger cohort is needed to confirm

the current findings.

In conclusion, cDWI with iso-b-value-based semiquan-

titative analysis was found to be useful for predicting the

aggressiveness of prostate cancer and may potentially outper-

form tumor ADC measurements in this setting. Further

prospective studies are required to confirm these findings.
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