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A B S T R A C T

Purpose: To prospectively assess the feasibility of diffusional kurtosis (DK) imaging for distinguishing prostate
cancer(PCa) from benign prostate hyperplasia (BPH) in comparison with standard diffusion-weighted (DW)
imaging, as well as low-from high-grade malignant regions.
Materials and methods: 147 consecutive patients with suspected PCa underwent multi-parametric 1.5-TMR.
Diffusion kurtosis imaging was acquired with with 5 b values (0,600,800,1600,and 2400sec/mm2).Region of
interest (ROI)-based measurements were performed on ADC, D, and K map by two radiologists. Data were
analyzed by using mixed-model analysis of variance and receiver operating characteristic curves. Correlations
among the three parameters (ADC,D and K) in all patients, and correlations between three parameters with the
tumor Gleason score (GS) in PCa group were analyzed using Pearson's correlation coefficient in peripheral zone
(PZ) and transiton zone(TZ).
Results: 58 patients were proved with PCa (9 GS 3+3[PZ/TZ=4/5], 49 GS≥7 [PZ/TZ=26/23]), and 89
patients were with BPH. ADC,D and K were able to distinguish benignance from tumor tissue both in PZ and TZ
(P＜0.01), but performed poorly in neither differentiating low-(GS 3+ 3) from high-grade (GS≥3+4) disease,
nor GS(3+ 4) from GS(4+ 3).There was a weak correlation between the GS and ADC, D (PZ:ADC r=-0.113, D
r=-0.139; TZ:ADC r=-0.104,D r=-0.103), while a moderate correlation between the GS and K(PZ:K r= 0.492;
TZ:K r= 0.433, P＜0.01).K had significantly greater area under the curve for differentiating PCa from BHP than
ADC both in PZ and TZ.
Conclusion: DK model may add value in PCa detection and diagnosis, but none can differentiate low-from high-
grade PCas (including GS=3+4 from GS=4+3).

1. Introduction

Prostate cancer (PCa) is the second most common cancer among
men, and its incidence rate invariably remains high in many countries
worldwide [1]. PCa is the second leading cause of cancer death among
men in 2012 [2].

The most popular method to a diagnosis of initial PCa is used by
prostate specific antigen(PSA) testing, but it is still controversial due to
considerable overdiagnosis and overtreatment [3]. Patients with benign
prostatic hyperplasia(BPH), as an example, may also demonstrate ele-
vated PSA level [4].

At present, the standard procedure to make a diagnosis of this dis-
ease depends on the systematic transrectal ultrasonography(TRUS)-

guided biopsy, but it is invasive with possible unpleasant adverse ef-
fects and is prone to incorrect cancer localization and inaccurate
Gleason score [5,6].Therefore, there is an urgent clinical need for im-
proved tests for PCa diagnosis.

Multiparametric magnetic resonance imaging (MRI) manifests a
great promise for the diagnosis of PCa. Traditional T2-weighted MR
imaging (T2WI) provides tissue’s anatomic information but can’t pre-
cisely discriminate PCa from other benign diseases such as prostatitis
and BPH [7]. Diffusion-weighted imaging (DW), MR spectroscopy and
dynamic contrast-enhanced (DCE) MR imaging possess the potential to
complement T2WI [8,9]. Of all MR imaging modalities, diffusion-
weighted imaging (DWI) is with its unique sensitivity to the micro-
scopic structure of the tissue that influences tissue-water mobility.
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Hence, DWI offers great potential value as a noninvasive diagnostic
probe for cancer pathology.

Most previous studies have used a simple monoexponential model
to describe signal decay with a range of increasing b-values. Apparent
diffusion coefficient(ADC) obtained from DWI is characteristically
lower in PCas than that in benign prostate tissues [10–12].The standard
DWI model is that this approach assumes Gaussian behavior of water
diffusion. However, signal decay is no longer monoxeponential with b-
values, as demonstrated by a number of studies [13,14]. Diffusion
kurtosis(DK) imaging, as an extension of traditional DW imaging, treats
water diffusion as non-Gaussian in behavior and can better describe
complex tissue microstructure [15–17].This technique provides a
measure of the excess DK of tissue, which quantifies the deviation of
tissue diffusion from a Gaussian pattern, as well as a diffusion coeffi-
cient that is corrected to account for this non-Gaussianity.

The purpose of this study is to prospectively assess the feasibility of the
DK imaging model for distinguishing PCa from BPH in comparison with a
standard DW imaging model, by using biopsy as the reference standard.

2. Material and methods

2.1. Patients

This study was approved by our institutional review board with a
waiver of the requirement for written informed consent. Between May
2016 and October 2018, a total of 204 consecutive male patients (mean
age:58.1 years; age range:53–88 years) with suspected PCa were referred
for MR imaging. Patients with elevated serum PSA level (range,
1.28–5637.9 ng/mL) were included in this study. All cases were reviewed
by a multidisciplinary team, including radiologists, urologists, and on-
cologists, and all the clinical information was available prior to the de-
cision to undertake TRUS-guided biopsy or radical prostatectomy.

The inclusion criteria were as follows (Fig.1):(ⅰ)DICOM datasets
with a multiple b-value DWI sequence; (ⅱ)image quality without

significant artifacts;(ⅲ)without any prior treatment such as an endo-
crine therapy and/or a radiation treatment;(ⅳ)definite pathological
records and clinical records. Of these, 57 patients were excluded, a final
cohort of 147 patients remained (mean age, 69.4years± 8.5[sd]), and
the mean preoperative prostate-specific antigen level was 10.5 ng/mL
(range 1.42–5637.9 ng/mL).

The MRIs were prospectively interpreted by one of two experienced
uroradiologists in prostate MRI reporting experience (no less than 10
years). Images were analysed according to PI-RADS version described in
PI-RADS version 2. Interpretation was based on a Likert scale: 1, no
suspicious area; 2, cancer unlikely; 3, indeterminate; 4, cancer likely; 5,
cancer highly likely [18,19]. A Likert score(≥3) was defined as the
positive lesion.

2.2. MR imaging technique

All patients underwent prostate MRI with a 1.5-Tesla MR scanner
(Magnetom Aera; Siemens Healthcare, Erlangen, Germany) by using a 48-
channel body-coil phased array for excitation and signal reception. Image
acquisition details were summarized in Table 1 (standard DWI, b values=0,
800 s/mm2; DKI, five b-values=0, 600,800, 1600 and 2400s/mm2).

2.3. Prostate biopsy

All biopsies (134 cases) and prostatectomy patients (13 cases) were
performed after MRI. TRUS-guided biopsies, performed by two urolo-
gists with 6 years’ experience of transperineal biopsy using 18-
Gneedles, were obtained in each case. Targets were prospectively
drawn referring to T2W as primary and ADC as secondary source
images. For the targets, two or three biopsy cores were taken.

Each sample was histologically analyzed by two experienced geni-
tourinary pathologists (10 and 15 years of experience, respectively)
who were blinded to the MRI data. The criteria for the dominant lesion
was the most aggressive focus for that patient (on the basis of Gleason

Fig. 1. Flow chart of patient population in current study.
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score[GS]). All biopsies were Gleason-graded by a specialist ur-
opathologist, following ISUP 2005 recommendations [20].

2.4. Analysis of ADC and DKI data

The primary datasets were transferred to a personal computer and
were processed by using previously described in house software pro-
grammed in Matlab ( MathWorks, Natick,Mass) [21].

The software performs a voxel-by-voxel analysis that fits signal in-
tensities (SI) from the DWI sequence as a function of b value by using
the equation: S=S0 exp(-b·D+b2·D2·K/6).Here the K is a phenom-
enological parameter, providing excellent mathematical fitting of the SI
decay plot at very high b-values [22]. The K is on behalf of the excess
kurtosis compared with a monoexponential model; K equals 0 sig-
nifying a perfectly Gaussian diffusion, and a larger K represents greater
deviation of diffusion from perfectly Gaussian behavior. D is a corrected
ADC that accounted for this non-Gaussianity.

The standard ADC is also calculated for each voxel by using a
conventional monoexponential model with the equation S=S0·exp
(-b·ADC). Therefore, the software produces three separate parametric
maps (ADC,D, and K)for each patient. We used b= 0 images and T2WI
images as an anatomical reference and drew regions of interest (ROIs)
manually. The hypointense foci on T2WI should be carefully included,
and a great attention was paid to avoid hemorrhage (T1WI may offer
great potential value), necrosis, or calcification.

During the review, two distinct regions (Transition Zone [TZ] and
Peripheral Zone[PZ]) on the parametric maps for each case were
identified by radiologists, which manifested the most abnormal signal
intensity in terms of a visual reduction in ADC or D or a visual elevation
in K. The ROIs were drawn by two experienced radiologists in prostate
imaging in consensus.

The ROI was chosen to ensure the area, as closely as feasible, histo-
pathologically confirmed by targeted biopsy (or whole prostatectomy).The
ROI was subsequently transferred to DKI parametric map and ADC map to
calculate the DKI parameters of D, K and ADC. The size of ROIs
(mean,0.43 ± 0.12cm2; range,0.27–1.15 cm2) was separately traced
around the margin of each identified region. For DKI, the noise-only
images were used to reduce and partially compensate for noise-floor bias.
Measurement was repeated three times and the mean value for the ROIs
was recorded (Figs.2,3 .)

2.5. Statistical analysis

Differences between BPHs and PCas in the parameters (ADC,D and
K)were assessed using a mixed model analysis of variance (ANOVA)
with patients as a random effect, and tumor grades(low, imtermeidate/
high) both in the PZ and TZ. To assess supplementary information
provided by the non-Gaussian model, Pearson correlation coefficients
were calculated to assess relationships among the three parameters
(ADC,D and K) in all patients, and between three parameters with the

tumor GS. In addition, receiver operating characteristic (ROC) analyses
were performed to evaluate the diagnostic performance of the para-
meters to discriminate PCas from BHPs.

Interobserver agreement analysis with k statistic was performed to
determine consistency between the two radiologists for detection of
lesion for the different MR imaging modalities (ADC, D and K map). A k
value of 0-0.19 was considered poor agreement; 0.20–0.39, fair
agreement; 0.40–0.59, moderate agreement; 0.60–0.79, substantial
agreement; and 0.80–1.00, excellent agreement. The reproducibility of
K as compared to ADC in diagnosis efficiency was assessed by using the
discrepancies based on Bland Altman plots.

Comparisons were two sided and considered statistically significant
when P＜0.05. Statistical analyses were performed by using software
MedCalc version 12.5(MedCalc Software,Ostend, Belgium).

3. Results

3.1. Biopsy findings

On the basis of histopathologic examination, the final pathology of
dominant lesion was identified as PCa in 58 patients. The mean post-
operative Gleason score of the patients in this work was 8(range 6−9)
including the peripheral zone (PZ) and in the transition zone (TZ).9
patients were with a Gleason score of 6 (9 Gleason 3+ 3 lesions, TZ vs.
PZ= 5/4), and 49 patients were with a Gleason score greater than or
equal to 7 (9 Gleason 3+4 lesions[TZ vs.PZ=5/4], 11 Gleason 4+3
lesions [TZ vs.PZ=6/5], 10 Gleason 4+4 lesions [TZ vs.PZ=4/6],
10 Gleason 4+5 lesions [TZ vs.PZ=4/6], and 9 Gleason 5+4 lesions
[TZ vs.PZ=4/5]). And the remainging 89 patients were diagnosed as
BHPs (TZ vs.PZ= 68/21)

3.2. Kurtosis metrics

A summary of the metrics ADC,D, and K was demonstrated(Table 2
and Fig.4). All values were presented with Mean ± SD(standard de-
viation).

For all measured parameters, there was a significant difference be-
tween the BPH group and the tumor group (PZ and TZ, all P＜0.01).
The ability of the parameters to distinguish low (GS 3+3) from in-
termediate/high-grade group high-grade (GS≥ 7) was assessed, and GS
3+4 vs. GS 4+ 3 was also did. All measured parameters were poor at
separating low-and intermediate/high-grade for both PZ (p= 0.16-
0.78) and TZ (p= 0.25-0.53), and GS 3+4 vs.GS 4+3 (PZ, p = 0.23-
0.82; TZ, p= 0.46-0.88). There was no significantly different in the
value of three parameters between the PCa group (GS 3+ 3) and the
PCa group (GS≥7), neither between the PCa group of GS 3+ 4 and
the PCa group of GS 4+3.

The values of ADC and D were both significantly lower in the PCa
group (including GS 3+ 3, GS 3+4 GS 4+3 and GS≥7) than those
of the BPH group (PZ,ADC:0.76–0.89 ± 0.12–0.29× 10−3mm2/s vs.

Table 1
MR Image Acquisition Parameters.

Sequence, Imaging Plane TR TE ST FOV Matrix PIF SA ISG
and Sequence Type (ms) (ms) (cm) (mm) (cm) (n) (n) (mm)

Axial T1-weighted turbo spin echo imaging 500 8.6 3 200×200 320×240 2 2 0
Axial T2-weighted turbo spin-echo imaging 4970 112 3 200×200 320×240 2 2 0
Coronal T2-weighted turbo spin-echo imaging 6510 93 3 250×250 320×272 2 2 0.5
Sagittal T2-weighted turbo spin-echo imaging 3860 93 3 250×250 320×240 2 2 0.9
Axial DWI fat suppressed single-shot spin-EPI 3100 52 3 258×258 192×133 2 2 0
Axial DKI fat suppressed single-shot spin-EPI 3100 52 3 258×258 192×133 2 6 0

Note.—EPI=Echo planar imaging, TR=Repetition time, TE=Echo time, ST =Section thickness, FOV=Field of view, PIF=Parallel imaging factor, SA=Signals
acquired, ISG=Intersection gap.
DKI was acquired by using three orthogonal motion-probing gradient directions separately with the following b values (0,600,800,1600,and 2400sec/mm2). For
acquisition of standard DWI, b values were of 0 and 800 s/mm2.
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1.27 ± 0.48×10−3mm2/s; D:1.07–1.35 ± 0.31–0.75× 10−3mm2/
s vs. 2.03 ± 0.74×10−3mm2/s, P＜0.01; TZ, ADC:0.81-
0.93 ± 0.15-0.22× 10−3mm2/s vs. 1.14 ± 0.34×10−3mm2/s;
D:0.98–1.17 ± 0.27-0.58×10−3mm2/s vs. 1.64 ± 0.51×
10−3mm2/s, P＜0.01, respectively). K was significantly higher in the
PCa group than those of the BPH group (PZ,0.71–0.94 ± 0.14–0.20 vs.
0.55 ± 0.12, P＜0.01; TZ,0.92–1.05 ± 0.13–0.26 vs. 0.68 ± 0.14, P
＜0.01, respectively).

There was a weak correlation between the Gleason score and kur-
tosis parameters-ADC and D (PZ, ADC r=-0.113, D r=−0.139 P＞0.05;
TZ, ADC r=−0.104,D r=−0. 103, P＞0.05,respectively), while a
moderate correlation between the Gleason score and kurtosis para-
meters-K(PZ, K r=0.492 P＜0.01; TZ, K r= 0.433,P＜

0.01,respectively). And there was also a negative correlation between
parameters D and K (PZ, r=−0.432˜−0.760,p＜0.01; TZ,
r=−0.360˜−0.647, p＜0.01), ADC and K (PZ, r=−0.556˜−0.720, p
＜0.01 ;TZ, r=-0.304˜−0.566, p＜0.01). Meanwhile, ADC showed a
strong overall correlation to D (PZ, r= 0.839–0.887,p＜0.01; TZ,
r= 0.811–0.896, p＜0.01). Table 3

3.3. Summary of receiver operating characteristic analyses

The results of the receiver operating characteristic analyses of the
ADC, D and K for distinguishing PCa from BPH were presented (Table 4
and Fig. 5).

There was significant difference between the AUC(area under curve)

Fig. 2. A 73-year-old man with Gleason 9 (4+ 5) prostate cancer in the right midgland PZ at a whole prostatectomy biopsy. ROI was manifested on C and D. The
lesion was manifested in the right midgland PZ (solid arrow). A. Axial T2WI, and the boundary of the tumor was determined on fusional T2WI and K map. B. DWI at
b=800, constructed by using a standard Gaussian model, and C. corrected diffusion coefficient(or D map). D. K map. E. Tissue processing of the resected specimen.
F. DKI-processing.

Fig. 3. A 66 year-in-old man with BPH, the lesion was manifested in the left midgland TZ (solid arrow),indicated by the white arrow: A. T2WI; B. DW image at b=0,
constructed by using a standard Gaussian model; C. D map; D. K map. E. DKI-processing.
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among the three parameters in PZ (from 0.796 to 0.955, P＜0.01), and
the AUC of ADC vs. K(0.753-0.928, P＜0.01), D vs. K in TZ
(0.770–0.928, P＜0.01). But there was no statistical difference between
the AUC of ADC vs. D in TZ (0.753–0.770, P=0.65)

The AUC for ADC was 0.796 (0.702–0.871) with 95% confidence in
PZ and 0.753 (0.064–0.835) in TZ, and using 1.285×(10−3mm2/s) and
0.1.104×(10−3mm2/s) as ADC cutoff value between benign and ma-
lignant lesions, in PZ the sensitivity and specificity was 100% and
61.8%; 8 cases (38.2%) were misclassified as PCa, and in TZ the sen-
sitivity was 89.3% and specificity was 57.4%; 29 cases (42.7%) were
misclassified as PCa.

The AUC for D was 0.861(0.776-0.922) with 95% confidence in PZ and
0.770 (0.673-0.850) in TZ, and using 2.048(×10−3mm2/s) and
1.398(×10−3mm2/s) as D cutoff value between benign and malignant le-
sions, the sensitivity and specificity was 96.7% and 60.3%; 8 cases (39.3%)
were misclassified as PCa in PZ, and in TZ the sensitivity and specificity was
85.7% and 72.1%; 19 cases (27.9%) were misclassified as PCa.

For K, the AUC was 0.955 (0.894–0.987) with the 95% confidence
interval in PZ and 0.928(0.857–0.971) in TZ, and using 0.695 and
0.871 as K cutoff value between benign and malignant lesions, the

sensitivity and specificity was 90.0% and 92.7%; 2 cases (7.4%) were
misclassified as BPHs in PZ, and in TZ the sensitivity and specificity was
82.1% and 92.7%; 2 cases (7.4%) were misclassified as BPHs.

3.4. Inter-observer reliability and the reproducibility of K as compared to
ADC

There was fair to substantial agreement for detection of lesions (TZ,
k= 0.41 for ADC, k=0.64 for D, and k=0.76 for K; PZ, k= 0.63 for
ADC, k=0.68 for D, and k= 0.81 for K).

In PZ, matching data difference of 51 cases was
0.245 ± 0.621(mean ± sd), 95%CI of limits of agreement was as
follows: lower limit, −0.971, 95%CI(−1.271˜−0.671); upper
limit,1.46, 95%CI(1.161 ˜1.762), and 3.9% (2/51) of the points was
outside the 95%CI of mean of differences. Within the scope of it, the
difference of maximum absolute value of the K and ADC detection value
was 0.49, the result of two ways in diagnosis of prostatic lesion was
with an average of 0.25. Meanwhile In TZ, matching data difference of
96 cases was 0.253 ± 0.479(mean ± sd), 95%CI of limits of agree-
ment was as follows: lower limit, −0.687,95%CI(−0.854˜−0.521);

Table 2
ADC, D, and K for Various Tissue Types.

Parameter BPH
(PZ/TZ=21/68)

PCa (N=58) p† p‡ p₤

(GS 3+3, PZ/TZ=4/5) (GS 3+4, PZ/TZ=4/5) (GS 4+3, PZ/TZ=6/5) (GS＞7, PZ/TZ=16/13)

ADC(×10−3mm2/s)
PZ 1.27 ± 0.48 0.89 ± 0.20 0.78 ± 0.29 0.76 ± 0.12 0.79 ± 0.23 ＜0.01 0.78 0.27
TZ 1.14 ± 0.34 0.93 ± 0.15 0.91 ± 0.18 0.87< ±0.20 0.81 ± 0.22 ＜0.01 0.25 0.88
D(×10−3mm2/s)
PZ 2.03 ± 0.74 1.35 ± 0.52 1.22 ± 0.75 1.07 ± 0.31 1.11 ± 0.48 ＜0.01 0.36 0.23
TZ 1.64 ± 0.51 1.10 ± 0.27 0.98 ± 0.29 1.17 ± 0.58 1.13 ± 0.51 ＜0.01 0.53 0.71
κ
PZ 0.55 ± 0.12 0.71 ± 0.14 0.83 ± 0.20 0.89 ± 0.18 0.94 ± 0.18 ＜0.01 0.16 0.82
TZ 0.68 ± 0.14 0.92 ± 0.26 1.05 ± 0.13 1.03 ± 0.17 1.02 ± 0.15 ＜0.01 0.43 0.46

Note.—Data are means ± standard deviations. p < 0.05 is with statistically significant differences.
BPH= Benign prostate hyperplasia, PCa=Prostate cancer. PZ= Peripheral zone, TZ= Transition zone.GS= Gleason score. P† : P-value of BHP vs.PCa; P‡ : P-value
of PCa(GS 3+3) vs.PCa (GS＞7), p₤: P-value of PCa(GS 3+4) vs.PCa (GS 4+3).

Fig. 4. Boxplot statistical distributions of ADC(×10−3mm2/sec), D (×10−3mm2/sec) and K in BPH,PCa(GS3+ 3), PCa(GS3+4), PCa(GS4+ 3) and PCa≥7 in the
PZ and the TZ. A. PZ, B. TZ. The top and bottom of each box is the 25th and 75th percentile, respectively; line in the middle represents median value. Whiskers extend
to the most extreme data points but are still within1.5 times the interquartile range from the top or bottom of the box; outliers beyond this range are represented by °.
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upper limit,1.193, 95%CI(1.1027˜1.360), and 2.0% (2/96) of the points
was outside the 95%CI of mean of differences. Within the scope of it,
the difference of maximum absolute value of the K and ADC detection
value was 0.50, the result of two ways in diagnosis of prostatic lesion
was with an average of 0.25.(Fig.6)

4. Discussion

In this study we assessed the potential added value of non-Gaussian
diffusion kurtosis imaging to conventional mpMRI sequences for the
detection of prostate cancer in a biopsy (using targeted transperineal
biopsy) or whole prostatectomy as the reference standard. All three
measured parameters were able to distinguish benign from tumor tissue
both in PZ and TZ(P＜0.01), but performed poorly at neither differ-
entiating low-(GS 3+3) from high-grade (GS≥3+4) disease, nor GS
(3+4) from GS(4+ 3). ADC and D manifested a weak correlation with
GS both in PZ and TZ(P＞0.01), interesting K demonstrated a moderate
correlation with GS(P＜0.01). Both in PZ and TZ, ADC and D demon-
strated a strong negative correlation with K within tumors, and mean-
while ADC manifested a positive correlation with D.

Many previous studies have pay attention to the ability of DKI to
differentiate tumor grade compared to standard diffusion-weighted
imaging with mono-exponential modeling.

ADC was demostrated to decrease as tumor Gleason grade increases,
Albeit with a degree of overlap in values between tumor grades [23,24].
However, the concordance between ADC and Gleason grade has re-
cently been questioned [25], with the demonstration that Gleason
3+3 tumors can have low ADC values [26]. Our study support this
opinion, the ADC values do not manifest a Linear gradient among PCas
(GS=3+3, GS 3+ 4, GS 4+ 3 and GS＞7). We have a hypothesis
this may relate to the relatively small sample size.

DKI parameters have repeatedly been manifested to distinguish
benign from tumor tissue, and suggested that the kurtosis metric K
outperforms ADC for differentiating low-and high-grade tumors
[27,28]. Our results did not entirely conform to these views, Three
measured parameters could distinguish benign from tumor both in PZ
and TZ(p＜0.01), but they neither differentiate low grade (GS=3+3)
from high grade (GS＞3+4, p= 0.16-0.78), nor GS=3+4 from
GS=4+3(p=0.23-0.88) both in PZ and in TZ. We conjecture that
cellularity is partly contributing to these metrics, whilst their divergent
values are attributing to other factors.

As noted previously, stromal, epithelial and glandular compart-
ments may induce multi-exponential diffusion response in prostate
tissue [29]. Benign prostate tissues possess rich glandular units and
glandular tubes, and acini are radially arranged along the urethra, and
as a result this branching duct-acinar glandular architecture retains a
high freedom of water diffusion [30]. In comparison, PCa cells pro-
liferation and hence cellularity rise, consequently decreasing extra-
cellular space; nucleoplasm ratio increases and intercellular space
constricts. These disrupted duct-acinar structures impede water diffu-
sion, thus leading to a decreased molecular motion of water. Ad-
ditionally at higher Gleason grades, the glandular structure of the
prostate is progressively disrupted with increased cellularity and a re-
duction in the stromal matrix and luminal space [31].

Due to increased cellular density, higher-grade prostate cancer is
expected to result in an increased number of intracellular bound water
molecules [32]; however, this is counteracted by a breakdown of the
normal extensive extracellular matrix [33].This increased hetero-
geneity can therefore contribute to explain a trend for higher K values
in tumors. These competing processes may provide an explanation for
the divergence between DWI and DKI in tumors. [34]

Recent studies have shown that DKI offers a method to evaluate the
non-gaussian diffusion behavior in complex biological tissues in brain
diseases, breast tumors and abdominal organs [35–37]. In particular,
DKI can potentially augment conventional diffusion techniques for
better tumor lesion characterization.Ta
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The results of ROC analysis were suggestive of significant difference
in the AUC for detection of PCa by using the three metrics in PZ(P＜
0.01). ADC noted the highest sensitivity(100%) and a high specificity,
from this point of view, ADC either outperformed or performed simi-
larly to K, we must acknowledged that ADC map is a convenient and
effective tool for clinical routine application, but the use of K led to a
higher specificity and lower percentage for misclassification than ADC
and D did in benign and malignant prostatic lesions, indicating a better
diagnostic performance (Table 4 and Fig. 5). While in TZ, there was no
statistical difference between the AUC of ADC vs. D (P= 0.65). ADC
and D were concordant in the sensitivity of detection than K did, si-
milarly ADC was sufficient for tumor detection, but K also manifested a
good differentiating diagnostic efficiency.

We speculate that the organizational complexity may account for
this. Compared with the PZ, the tissue structure of lesions may be more

complexity in TZ. Another explanation may be the longer echo time
(TE) used in the DKI sequence to achieve the diffusion weighting, which
reduces the intrinsic SNR of the D obtained using lower b-values [14].
ADC is derived by using a monoexponential fit that does not account for
the deviation from a Gaussian distribution occurring at very high b
values. K is associated with tissue complexity and may therefore reflect
tissue microstructure [28]. Thus by our work, these are good grounds
for believing that DKI may add valuable indications of microstructural
changes to conventional diffusion techniques for the characterization of
prostatic tumors.

Microcirculation-induced dephasing or intravoxel incoherent mo-
tion effects associated with tumor angiogenesis may lead to biexpo-
nential DW signal decay in prostatic tumor tissue at lower diffusion
weighting (b<200 s/mm2) [38–40]. The perfusion component within
tissues is, accounting for a dominant influence, more than diffusion,

Table 4
Receiver Operating Characteristic Analysis of ADC, D, and K for Discriminating PCa from BPH.

Measure AUC (95% CI) Cutoff Value Sensitivity(%) Specificity(%)

ADC×10−3mm/s
PZ 0.796(0.702–0.871) ≤1.285 100% 61.8%
TZ 0.753(0.654–0.835) ≤1.104 89.3% 57.4%
D×10−3mm/s
PZ 0.861(0.776–0.922) ≤2.048 96.7% 60.3%
TZ 0.770(0.673–0.850) ≤1.398 85.7% 72.1%
κ
PZ 0.955(0.894–0.987) > 0.695 90.0% 92.7%
TZ 0.928(0.857–0.971) > 0.871 82.1% 92.7%

Note— Optimal threshold of each parameter was selected to maximize average of sensitivity and specificity. Data in parentheses are numbers used to calculate
percentages.
K showed the greatest sensitivity and specificity for detecting PCa among three parameters. AUC = Area under the curve, PCa = Prostate cancer, BPH= Benign
prostate hyperplasia.

Fig. 5. Receiver operating characteristic curve
for ADC,D and K values used as predictors of
PCa in PZ (A) and TZ (B). There was significant
difference between the AUC(area under curve)
among ADC,D and K in PZ (from 0.796 to
0.955,P＜0.01), and in TZ the AUC of ADC vs.
K(0.753-0.928, P＜0.01), D vs. K (0.770-0.928,
P＜0.01). But there was no statistical differ-
ence between the AUC of ADC vs. D in TZ
(0.753-0.770, P= 0.65). Gray line= chance
diagonal.

Fig. 6. Diffuse parameter: Difference (ADC-K)
versus average of values measured by observer
ADC and K with 95% limits of agreement. A.
leisons in the PZ, B. lesions in the TZ. The
upper and lower horizontal lines represent the
upper and lower limits of the 95% agreement
to this plot, the middle solid line represents the
mean of the difference, and the dotted line
represents the mean of the difference (Y=0).
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and as a result, the obtained ADC is not only associated with pure
diffusion [10].This mechanism should been considered in prostate
cancer tissue [41,42],thus in our study the high b values was used to
minimize microcirculation effects in favor of microstructural informa-
tion. In the case of b-values higher than 2000sec/mm2, the SNR de-
creases and image quality is often a concern, which may affect the
accuracy of the results [29]. There was the range of b-values
(0,600,800,1600, and 2400s/mm2) in our work, low b-values
(b< 600 s/mm2) were not included to avoid perfusion as much as
possible and a high b-value (b= 2400s/mm2) was applied to ensure
adequate imaging of kurtosis. This range was similar to that applied in
the study by Rosenkrantz et al [13]. The SNR for DW images
(b= 2400s/mm2) obtained in our study was satisfactory. When high b-
values were lower than 2500–3000 s/mm2, the K was a phenomen-
ological parameter, providing excellent mathematical fitting of the SI
decay plot [22].

There are several limitations in our work. Firstly, compared to the
more robust gold standard of prostatectomy, our targets biopsies were
TRUS-guided prospectively depending on visual inspection of MRI
(T2WI and ADC) as source images, and these metrics for the match of
cancerous sites between pathology and MRI, the placement of ROI
within PCas and BPHs, may result in sampling error and a selection bias
to the measurements and subsequently influence our observations [43].
This may have led to a bias towards lesions with restricted diffusion and
low ADC, particularly within the PZ where this is considered the key
diagnostic sequence. Secondly,in our examination the samples in the
PCa group were relatively small, so that the role of DK imaging metrics
was poor in assessment of high-and low-grade PCas, where further sub-
division became necessary. At last, all of the PCas and BPHs on MRI
were performed on 1.5 T scanner not 3.0 T, which was probably to lead
to image quality degradation and inaccurate localization.

In conclusion, DKI can provide better changes of the cellularity,
stromal matrix, and luminal space in BPH and PCa than ADC does. ADC
and DKI readily distinguish benign tissue from tumor, but none of the
parameters differentiate low-from high-grade PCas(including GS=3+4
from GS=4+3). And K demonstrates a greater relative specificity for
PCa. Therefore, DKI may not only offer difference but potentially com-
plementary information on the tumor microstructural complexity.
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