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ARTICLE INFO Abstract

Objective: To investigate the characterization of breast lesions using diffusion 
kurtosis model-based imaging. 

Methods: This prospective study included 120 consecutive patients underwent 
preoperative DCE-MRI examinations and multi-b-value diffusion-weighted imaging 
(DWI). 88 maligant lesions and 44 benign lesions were found and 56 normal 
fibroglandular breast tissue were selected as normal control. Conventional apparent 
diffusion coefficient (ADC) as well as DKI-based parameters mean kurtosis (MK) and 
mean diffusivity (MD) were analyzed by lesions types and histological subtypes using 
one-way ANOVA and receiver operating characteristic (ROC) curve.

Results: 

a) The malignant group showed significantly lower ADC and MD (1.07±0.32 ×10-3 
and 1.30±0.40 ×10-3 mm2/s, respectively) and higher MK（0.87±0.18）than the benign 
group(1.29±0.26 ×10-3, 1.62±0.31 ×10-3 mm2/s and 0.67±0.18,respectively) and normal 
control(1.67±0.33 ×10-3, 2.24±0.28 ×10-3 mm2/s and 0.52±0.08) (all P<0.001). 

b) Area under the curve (AUC) for diagnosing malignant lesions was 0.936 
for MD, 0.911 for MK and 0.897 for ADC. The AUC for MD was significantly higher 
than that for ADC(P=0.015).The optimal cut-off values, sensitivity, specificity, 
positive predictive value, negative predictive value and accuracy were as follow: 
ADC=1.18×103mm2/s,78.3%,93.2%,81.2%, 81.6%,81.4%;MD=1.48×103mm2/s, 82.2%, 
98.3%, 84.4%, 87.8%, 86.2%; MK=0.78, 91.5%, 85.3%, 89.0%, 85.8%, 87.2%.

c) Invasive ductal carcinoma (IDC), ductal carcinoma in situ (DCIS) and mucinous 
adenocarcinoma showed significantly different ADC, MD and MK values (all P<0.05). 
Conclusions: MR-DKI parameters enable to improve breast lesion characterization and 
have diagnostic potential in different pathological subtypes of breast cancers.

Key Points

a) Quantitative analysis of diffusion kurtosis imaging helps breast lesion 
characterization

b) Analysis of non-Gaussian distribution model is superior to Conventional ADC

c) MD can improve lesion differentiation showing the higher specificity and MK 
showing the higher sensitivity than ADC

d) DKI parameters have potential ability in differentiating pathological subtypes in 
breast cancer.
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Introduction

Breast cancer has become the most common form of tumors 
in women [1], and Dynamic contrast enhanced (DCE) magnetic 
resonance imaging (MRI) is an rather sensitive technique method 
for early detection and identification of benign and malignant 
breast lesions. However, diagnostic difficulty may exist in 
identification of benign and malignant breast lesions due to the 
overlap of time intensity curves of benign and malignant lesions. 
MR diffusion-weighted imaging (DWI) is of value in diagnosing of 
benign and malignant breast lesions, and its apparent diffusion 
coefficient (ADC) can improve the specificity of dynamic contrast-
enhanced (DCE) MRI in the diagnosis of malignant breast lesions 
[2-4]. However, there is also a substantial overlap in ADC values 
for benign and malignant lesions. The traditional DWI is based 
on the assumption that the diffusion of water molecules (random 
Brownian motion) within tissues is in accordance with a Gaussian 
distribution, whereas restrictions imposed by cell membranes, 
organelles, shrunked intercellular spaces due to cell proliferation 
and complex structures in tumor tissues result in the diffusion 
of water molecules deviating from a Gaussian distribution. 
Acknowledging this problem, Jensen et al. [5,6] introduced a 
diffusion kurtosis imaging (DKI) model which is an extension of 
Difussion Tenser Imaging (DTI) to quantitatively describe the 
displacement of water molecular diffusion that deviated from 
a Gaussian distribution. Mean kurtosis and mean diffusion co-
effcients are calculated from this model. 

Mean Kurtosis, which is a dimensionless metric, quantifies the 
deviation of water molecular diffusion from a Gaussian distribution 
and can potentially be sensitive to some tissue properties, such as 
heterogeneity [6]. Mean diffusivity is the diffusion co-effcient with 
correction of non-Gaussian bias. Researches have been conducted 
with DKI model on different organs such as brain [7-10], neck [11, 
12], kidney [13,14], prostate [15, 16], and breast [17,18]. These 
studies showed DKI parameters are able to improve performance of 
differentiating malignant from benign lesions than traditional DWI 
and to allow differentiation among tumor grades such as cerebral 
glioma. Given that DKI provides information about diffusion that 
is closer to the actual state, its clinical utility might be superior to 
that of traditional DWI. However, studies of the accuracy of this 
model and the correlation between the DKI-derived parameters 
and different pathologic subtypes are lacking. Therefore, this 
present prospective study was designed to investigate the ability of 
DKI to differentiate between benign and malignant breast lesions, 
and to assess different pathological subtypes of breast cancer and 
different grades of invasive ductal carcinoma (IDC) [19].

Materials and Methods 

Subjects

This prospective study was approved by the institutional ethics 
committee of xxx hospital and written informed consents were 
obtained from all patients. Consecutive patients with suspected  

 
breast disease who underwent preoperative DCE-MRI and multi-b-
value DWI from February 2016 to December 2017 were recruited. 
The major exclusion criteria were: 

a) DWI image artifact might affect image observation and 
analysis

b) lesion showing low signal in DWI images and lesion with 
a diameter less than 8 mm

c) lesions showing line enhancement on DCE

d) breast biopsy, chemoradiotherapy or surgical treatment 
had been performed before MRI examination. The diagnosis of 
all lesions was confirmed by surgical pathology. The final sample 
included 120 individuals (1 male, 119 females) aged 22–82 years 
(average age, 46.7 ± 15.9 years).Surgical pathology confirmed 39 
benign cases (3 cases had 2 ipsilateral lesions, and 1 case had 3 
bilateral lesions) with 44 lesions (17 with fibroadenoma, 4 with 
intraductal papilloma, 10 with mastopathy and 13 with acute or 
chronic granulomatous inflammation) and 81 malignant cases (6 
cases had 2 ipsilateral lesions, and 1 case had 2 bilateral lesions) 
with 88 lesions (59 cases of IDC, 16 cases of ductal carcinoma in situ 
(DCIS), 4 cases of solid papillary carcinoma with invasion, 4 cases 
of mucinous carcinoma, 2 cases of borderline phyllodes tumor, 1 
case of invasive lobular carcinoma, 1 case of lymphoma and 1 case 
of metastatic tumor). 56 cases of normal contralateral tissue were 
randomly selected as control group.

MRI Examination

MRI examinations were performed in a prone position on a 
1.5T MRI system (Aera, Siemens, Germany) with a dedicated four-
channel bilateral breast coil in the axial orientation. The scanning 
protocol was as follows: 

i. A routine scan was performed using a fat-suppressed 
T2WI sequence (repetition time [TR]= 5600 ms; echo time [TE]= 
65 ms; inversion time [TI]= 170 ms) and a three-dimensional fast 
low angle shot imaging (FLASH-3D) T1WI sequence (TR= 8.7 ms; 
TE= 4.76 ms; layer thickness= 4 mm; flip angle [FA]= 20º). 

ii. Conventional DWI was performed using a single shot echo 
planar imaging (EPI) sequence with short time inversion recovery 
(STIR) as the fat-suppression (b values of 50 and 1000 s/mm2; 
TR= 4200 ms; TE= 65 ms; layer thickness= 4 mm; interval=1 mm; 
matrix= 192×144). 

iii. DKI was performed using an EPI sequence with STIR (5 
b-values of 0, 600, 1200, 1800 and 2400 s/mm2; TR=6200 ms; TE= 
100 ms; layer thickness= 4 mm; layer spacing= 4.8 mm; matrix= 
192×72; number of excitations (NEX)= 3 times). The generalized 
auto-calibrating partially parallel acquisition (GRAPPA) technique 
was adopted and the acceleration factor was 2. 

iv. A dynamic enhanced scan was performed using a FLASH-
3D fat-suppressed T1WI sequence (TR= 4.55 ms; TE= 1.55 ms; 
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layer thickness= 3 mm; no spacing; FA=10º; matrix= 336×448; 
scan time= 30 s; number of scans= 9), and the contrast agent was 
injected at the end of the first scan. Gadolinium-diethylene triamine 
pentacetate (Gd-DTPA; Consun Pharmaceutical Group Limited, 
Guangzhou, China) was used as the contrast agent (0.2 mmol/kg 
body weight). Gd-DTPA was injected at a rate of 3 ml/s with a high-
pressure syringe and was followed by the injection of 10 mL saline 
at the same rate.

Image Analysis and Processing

Image analysis was performed by two radiologists with 5 years 
and 10 years experiences in breast imaging field. The DCE images 
were analyzed by using the Breast Imaging Reporting and Data 
System(BI-RADS) MR imaging lexicon and were taken as reference. 
ADC maps were automatically generated from conventional mono-
exponential model with b values of 50 and 1000 s/mm2. The multi-
b-value DWI datasets were imported into in-house developed 
software program developed in MATLAB software and pseudo-color 
parametric maps of mean kurtosis (MK), mean diffusivity (MD) and 
mean DWI parametric maps were calculated. A ROI was manually 
set on the mean DWI image including as much of the parenchymal 
part of the lesion as possible and avoid areas of necrosis, vessels and 
dominant ducts as well as interference from surrounding normal 
tissue or adipose tissue. The ROI was then synchronously copied to 
the ADC, MK and MD maps. The parameter values were recorded 
and means of 3 measurements were obtained. The mean ROI area 
was 67 mm2 (range, 15–206 mm2). Values for each parameter of 
normal contralateral gland tissue without enhancement or with low 
intensity on enhanced images were also measured. As much of the 
glandular tissue was included as possible, and gland edges, vessels 
and dominant ducts were avoided. The average ROI area was 115 
mm2 (range, 60–200 mm2), and mean values were acquired from 3 
measurements made in the same layer.

Pathology

In order to ensure that the area measured in the MRI images was 
consistent with the area examined postoperatively in pathological 
sections, the upper, lower and inner edges of the lesion were 
labeled during surgery, and the tumor was completely resected. 
According to the lesion location in the body, the lesion specimens 
in vitro were stereo-positioned based on the intraoperative labels, 
and transverse pathological sections were obtained. The size, 

pathological type and histological grade of the tumor were recorded. 
Semi-quantitative evaluation and classification were performed 
using the histological grading system described by Elston and Ellis 
[6]. Glandular formation, nuclear polymorphism and mitotic count 
were each scored I to III, and the grade was determined from the 
overall score: grade I, 3-5; grade II, 6-7; and grade III, 8-9.

Statistical Analysis

SPSS 19.0 (IBM Corp., Armonk, NY, USA) was used for the 
statistical analysis. Measurement data are presented as means 
± standard deviations (SDs) and were assessed for single sample 
Levene normality and homogeneity of variance. One-way analysis 
of variance (ANOVA) was used to compare ADC, MD and MK values 
between groups, and the least significant difference (LSD) test 
(homogeneity of variance) or Dunnett T3 method (heterogeneity 
of variance) was used for post-hoc pairwise comparisons. The 
correlation of MK with MD and ADC was assessed by Pearson 
correlation analysis. SigmaPlot (SyStat Software, San Jose, CA, 
USA) was used to construct receiver operating characteristic 
(ROC) curves, and the areas under the curves (AUC) were analyzed 
using the Delong statistical method [20] in order to compare the 
diagnostic efficacies of these parameters for the diagnosis of 
malignant breast lesions. The optimal diagnostic cut-off value for 
each parameter was determined according to the Youden index, 
and the corresponding sensitivity, specificity, positive predictive 
value, negative predictive value and accuracy were obtained for the 
diagnosis of malignant breast lesions. One-way ANOVA was used 
to compare each parameter between different histological types of 
breast cancer and between different grades of IDC. P < 0.05 was 
regarded as statistically significant difference.

Results

Comparison of Each Parameter Between Normal, Benign 
and Malignant Groups

There were significant differences in ADC, MK and MD values 
between normal, benign and malignant groups (P < 0.001). In 
pairwise comparisons, ADC and MD were significantly lower in the 
malignant group than in the benign and normal groups, whereas 
MK was significantly higher in the malignant group than in the 
benign and normal groups (Table 1 and Figures 1–3). The MK value 
was highly negatively correlated with MD and ADC (r values of 
-0.895 and -0.835, respectively; P < 0.01; Figures 4 and 5).

Table 1: Comparisons of ADC, MK and MD between malignant, benign lesions and normal tissue.

Parameter
Normal 
Group  

(N = 56)

Benign Group 
(N = 44)

Malignant 
Group  

(N = 88)
F Value P Value

P Value 
Normal Vs. 

Benign

P Value 
Normal Vs. 
Malignant

P Value 
Benign Vs. 
Malignant

ADC 1.67 ± 0.33 1.29 ± 0.26 1.07 ± 0.32 64.640 < 0.001 < 0.001 < 0.001 < 0.001

MD 2.24 ± 0.28 1.62 ± 0.31 1.30 ± 0.40 127.728 < 0.001 < 0.001 < 0.001 < 0.001

MK 0.52 ± 0.08 0.67 ± 0.18 0.87 ± 0.18 82.399 < 0.001 < 0.001 < 0.001 < 0.001
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Figure 1: Fibroadenoma of the right breast in the same patient. 
a) Image at the early dynamic enhanced stage. There was enhancement of the lesion (hyperintensity). 
b) DWI image. The lesion was hyperintense. 
c) ADC image. The lesion had a homogenous slightly low signal (ADC = 1.22×10-3 mm2/s). 
d) MK image. The lesion had a homogenous signal (MK = 0.68). 
e) MD image. The lesion had a homogenous, slightly low signal (MD = 1.53×10-3 mm2/s). 
f) Pathological image routinely stained with hematoxylin-eosin (×100), showing mammary glands, ductal hyperplasia and 
surrounding fibrous tissue hyperplasia.

Figure 2: Invasive ductal carcinoma of the left breast in the same patient.
a) Image at the early dynamic enhanced phase showing heterogeneous, annular enhancement of the lesion without 
enhancement of the central necrotic area. 
b) DWI image. The lesion had a heterogeneous, annular high signal with a slightly higher signal in the center. (c) ADC 
image. The lesion had an annular low signal with a high signal in the center (ADC = 1.30×10-3 mm2/s when the central area 
with a high signal was eliminated from the ROI). 
c) MK image. The lesion had a heterogeneous, slightly high signal with hypointensity in a small area in the center (MK = 
0.96 in the solid part). 
d) MD image. The lesion had a heterogeneous, low signal with a small necrotic area with a high signal (MD = 1.28×10-3 
mm2/s in the solid part).
e) Pathological image routinely stained with hematoxylin-eosin (×100) showing invasive growth of the cancer tissue, 
glandular-like and dense nest-like structures, nuclear hyperchromatism and atypia in cancer cells, and surrounding fibrous 
tissue hyperplasia.
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Figure 3: Compound box plot showing the distributions of the ADC, MD and MK values in the three groups. ADC and MD 
decreased from the normal to benign to malignant group, while MK increased. The differences were statistically significant (P 
< 0.001).

Figure 4: Scatter plot showing the correlation between MK and ADC (r = -0.835). 

Figure 5: Scatter plot showing the correlation between MK and MD (r = -0.895).
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The Diagnostic Efficacy of Each Parameter for The 
Diagnosis of Malignant Breast Lesions

The AUC for diagnosing malignant breast lesions was 0.936 for 
MD, 0.911 for MK and 0.897 for ADC (Figure 6); the only significant 

difference was for MD vs. ADC (P = 0.015). The sensitivity, specificity, 
positive predictive value, negative predictive value and accuracy of 
each parameter for the diagnosis of malignant breast lesions were 
shown in Table 2.

Figure 6: ROC curves for ADC, MD and MK in the diagnosis of malignant breast lesions.

Table 2: Diagnostic efficacy of each parameter for the diagnosis of malignant breast lesions.

ADC MK MD

AUC 0.897 0.911 0.936

Threshold 1.178×10-3 mm2/s 0.775 1.475×10-3 mm2/s

Sensitivity 78.3% 91.5% 82.2%

Specificity 93.2% 85.3% 98.3%

Positive predictive value 81.2% 89.0% 84.4%

Negative predictive value 81.6% 85.8% 87.8%

Accuracy 81.4% 87.2% 86.2%

Comparison Of ADC, MD and MK Between Different 
Pathological Subtypes of Breast Cancer and Different 
Grades of IDC

ADC and MD value increased from IDC to DCIS to mucinous 
breast adenocarcinoma (MBC), while MK decreased (P < 0.05 for 
all pairwise comparisons; Table 3 and Figures 7-9). There were 
significant differences between IDC and solid papillary carcinoma 
of the breast (SPC) in MD (P = 0.001) but not ADC or MK. All three 
parameters differed significantly between SPC and MBC (ADC, 
P = 0.033; MD, P = 0.006; MK, P = 0.003), whereas none of the 
parameters differed between DCIS and SPC. Among the 53 cases of 
IDC for which histological grade had been determined, there were 
no cases of grade I, 13 cases of grade II and 40 cases of grade III. 
There were no significant differences between grade II IDC and 
grade III IDC in ADC (0.96 ± 0.17 vs. 0.94 ± 0.23 ×10-3 mm2/s), MD 
(1.14 ± 0.17 vs. 1.13 ± 0.24 ×10-3 mm2/s) or MK (0.94 ± 0.15 vs. 0.93 
± 0.13). 

Table 3: Comparison of ADC, MD and MK values between 
different pathological types of breast cancer. 

ADC MD MK

IDC (n = 59) 0.95 ± 0.20 1.14 ± 0.22 0.93 ± 0.13

DCIS (n = 16) 1.22 ± 0.21 1.52 ± 0.22 0.78 ± 0.16

MBC (n = 4) 1.92 ± 0.45 2.51 ± 0.43 0.50 ± 0.09

SPC (n = 4) 1.12 ± 0.10 1.52 ± 0.17 0.80 ± 0.08

P value

IDC vs. DCIS < 0.001 < 0.001 < 0.001

IDC vs. MBC < 0.001 < 0.001 < 0.001

IDC vs. SPC 0.119 0.001 0.060

DCIS vs. MBC 0.048 0.017 0.003

DCIS vs. SPC 0.349 0.974 0.831

MBC vs. SPC 0.033 0.006 0.003

Note: Units for ADC and MD: ×10-3 mm2/s. Unit for MK: none. 
DCIS, ductal carcinoma in situ; IDC, invasive ductal carcinoma; 
MBC, mucinous breast adenocarcinoma; SPC, solid papillary 
carcinoma of the breast
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Figure 7: Invasive ductal carcinoma of the left breast in the same patient. 
a) 7a Image at the early dynamic enhanced phase showing heterogeneous enhancement of the lesion without enhancement 
of the necrotic area. 
b) 7b DWI image. The circular lesion had a heterogeneous, ring-like high signal with a relatively low signal in the center. 
c) 7c ADC image. The left breast lesion had a heterogeneous, low signal with a high signal in some small areas (ADC = 
1.10×10-3 mm2/s). 
d) 7d MK image. The lesion had a heterogeneous, slightly high signal with a low signal in some small areas of necrosis (MK 
= 0.82 when the central necrotic area was eliminated from the ROI).
e) 7e MD image. The lesion had a heterogeneous, low signal with a high signal in a small necrotic area (MD = 1.36×10-3 
mm2/s). 
f) 7f Pathological image routinely stained with hematoxylin-eosin (×100) showing cancer cell infiltration, glandular and 
funicular structure, nuclear hyperchromatism and atypia of cancer cells, and surrounding fibrous tissue hyperplasia.

Figure 8: Ductal carcinoma in situ in the right breast of the same patient. 
a) Image at the early dynamic enhanced phase showing heterogeneous enhancement of the lesion. 
b) DWI image. The lesion had a heterogeneous, slightly high signal.
c) ADC image. The right breast lesion had a heterogeneous, low signal (ADC = 1.26×10-3 mm2/s). 
d) MK image. The lesion had an even and slightly high signal (MK = 0.68). 
e) MD image. The lesion had a heterogeneous, low signal (MD = 1.66×10-3 mm2/s).
f) Pathological image routinely stained with hematoxylin-eosin (×100) showing intraductal carcinoma tissue, cell 
aggregation, the formation of sieve-like structures and necrotic tissue in some ducts.
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Figure 9: Mucinous adenocarcinoma of the right breast in the same patient. 
a) T2WI showing that the lesion was orbicular-ovate with a smooth edge and a hyperintense signal. 
b) Image at the early dynamic enhanced stage. The lesion was heterogeneously enhanced. 
c) Image at the late dynamic enhanced stage. The lesion was persistently enhanced with an unenhanced division within it. 
d) DWI image. The lesion had a high signal.
e) ADC image showing the high signal of the lesion (ADC = 2.23×10-3 mm2/s). 
f) MK image. The lesion had a low signal (MK = 0.44). 
g) MD image. The lesion was hyperintense (MD = 2.75×10-3 mm2/s). 
h) Pathological image routinely stained with hematoxylin-eosin (×100) showing invasive growth of tumor tissue, 
a large mucous lake, a floating heterotypic cell mass on the mucous lake, adenoid-like structure in some regions, nuclear 
hyperchromatism and atypical heterocysts, and surrounding fibrous tissue hyperplasia.

Discussion

The malignant lesions possess lower MD value and higher MK 
value than benign lesions and normal tissues, which are consistent 
with the results of Nogueira et al. and Sun et al. [18,21]. An increase 
in the cell density of the tissue within the voxel caused by active 
mitosis and vigorous proliferation of malignant tumor cells and 
a decrease in extracellular space volume [22] would result in 
limitation of the motion of water molecules. Meanwhile, necrotic 
components and inflammatory cells in the extracellular space of a 
tumor would lead to an increase in the viscosity of intercellular fluid 
resulting in further restriction of water diffusion [23]. Compared to 
benign lesions, higher MK value in malignant lesions means that 
complex voxel microstructure in heterogeneous breast cancers 
results in a more heterogeneous diffusion distribution of water 
molecules and a larger deviation from a Gaussian distribution. 
These differences are consistent with expectations. However, 

the MD value obtained from the non-Gaussian model was higher 
than the ADC value, indicating that the ADC value obtained from a 
conventional mono-exponential model may not provide a complete 
description of the diffusion characteristics. Thus, differences in 
MK and MD between benign and malignant breast tumors may 
reflect microstructural differences between these lesion types, and 
this could potentially be exploited to allow their identification by 
analyzing MK and MD values. 

We found that the diagnostic efficacy for malignant breast 
lesions was higher for DKI model than for ADC and MK, which 
showed higher sensitivity and MD showed higher specificity. 
However, our results were different from those of Wu et al. [24]. 
Conventional mono-exponential model neglects heterogeneous 
diffusion distribution of water molecules in tissue resulting in 
great overlap in ADC values for benign and malignant lesions. 
However, the DKI model provides a quantitative description of 
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the extent to which water molecule diffusion deviates from a 
Gaussian distribution, hence may reflect the complexity of the voxel 
microstructure, which is a more realistic reflection of the state of the 
body. This might explain why DKI model is superior to conventional 
DWI in diagnostic efficacy. The MD value was higher than ADC 
value in our study and sensitivity and specificity of MD were higher 
than ADC, which suggests that some important information may 
be implied by MD. Wu et al. [24] reported that the sensitivity and 
specificity of MK for distinguishing between benign and malignant 
breast lesions was higher than that of MD, and the misdiagnosis rate 
was lower. Nevertheless, the results of our study showed that the 
AUC of MD (0.936) in the diagnosis of malignant breast lesions was 
numerically (but not significantly) higher than that of MK (0.911) 
and significantly higher than that of ADC (0.897). The specificity of 
MD was very high (98.3%), and the sensitivity, positive predictive 
value, negative predictive value and accuracy of MD were higher 
than those of ADC. These results suggest that DKI may provide 
more valuable information than conventional DWI with regard to 
microstructural changes. Thus, both MK and MD values may have 
important clinical utility in the differential diagnosis of benign 
and malignant breast lesions. The MK value had higher sensitivity, 
while the MD value had higher specificity, which would improve the 
differentiation of these lesions.

The findings of our study demonstrated that the MD value 
increased successively from IDC to DCIS to MBC. Adversely, the 
MK value successively decreased. The differences between these 
pathological subtypes were significant. Previous studies showed 
that ADC value increased in turn from IDC to DCIS to MBC [25-
28], which MD value in our study is consistent with that. The 
carcinomatous ductal epithelium of DCIS is restricted in situ and 
does not break through the basement membrane, whereas IDC 
disrupts the basement membrane through proteolytic activity and 
extensively invades and spreads across the mesenchyme. On the 
other hand, proteolysis-induced chronic inflammatory infiltration 
promotes the proliferation of connective tissue and leads to a 
further decrease in the extracellular space and a higher density of 
cells [28]. As a result, ADC and MD are lower for IDC than for DCIS. 
The MK value for IDC is higher than DCIS. It suggests that DCIS 
and IDC could be identified preoperative according to the MD and 
MK values and provides clinician with decision reference to avoid 
overtreatment. MBC tumors contain a large amount of extracellular 
mucus components with a very low cell density [27,29] and have 
a simple tissue structure with low restriction of water molecule 
diffusion. Previous investigations have demonstrated that the 
ADC value was higher for MBC than for benign tumors and other 
malignant tumors [27]. This study showed that the performance 
characteristics of MD, an averaged diffusion co-efficient in each 
direction after calibration for a non-Gaussian distribution, were 
similar to those of ADC. The MD value of MBC was higher than that 
of IDC, DCIS and benign lesions, while the MK value was lower. SPC 
is an intraductal lesion, and there were no significant differences 

in all parameters between SPC and DCIS. SPC is characterized by 
a compact arrangement and expansive growth, is rich in cellular 
nodules, has a fibrovessel axis, and is often accompanied by 
mucinous carcinomas and/or neuroendocrine carcinomas [30, 31], 
making it heterogeneous. As a result, it is difficult to distinguish 
between SPC and IDC. Our study found that SPC and IDC showed no 
differences in ADC and MK but a significant difference in MD. This 
suggests that the MD value, which is based on the complexity of the 
biological tissue microstructure, may provide additional valuable 
information for breast lesions with similar ADC values.

This study revealed that there was no correlation between 
DKI-model parameters and histological grade of IDC, which is 
inconsistent with the results of Sun et al. [21]. Sun reported that 
the MK and MD values of grade III IDC were significantly different 
from those of grades I and II. Sun also suggested that the MK value 
was positively related to histological grade, and MD was negatively 
related to the histological grade of IDC. Although no cases of grade 
I in this group of randomly selected cases may result in analysis 
bias, grades I and II were integrated into lower grade group in 
Sun’s analysis. Thus, the results should be interpreted with caution. 
Studies [32,33] have shown that attenuation of the MR signal in 
highly perfused tissues results from the combined effects of water 
molecule diffusion and microvascular perfusion. Attenuation of 
the DW signal by microvascular perfusion is due to spin dephasing 
induced by false blood diffusion within the blood capillary of the 
voxel, with intravoxel incoherent motion. However, blood perfusion 
mainly exhibits false diffusion at low b-values, and because of this, 
higher b-values (600, 1200, 1800 and 2400 s/mm2) were used 
in this study to fit the attenuation of the DW signals for kurtosis 
imaging analysis so as to minimize the spurious diffusional effect 
of blood perfusion. Moreover, the scan time was only 70s, which 
is acceptable for most patients. Therefore, it would be feasible to 
apply this model of DKI to clinical practice.

The mammary glands gradually atrophy is replaced by adipose 
tissue with increasing age. Adipose tissues in mammary glands 
can produce a significantly lower diffusion co-efficient [34], and 
a poor effect of fat suppression might lead to overestimation of 
the MK value. Thus, Multi-b value DWI with STIR was performed 
in this study in order to acquire better fat-suppression uniformity. 
This study has some limitations which need to be pointed out. First, 
this study did not evaluate the effects of menopausal status and the 
menstrual cycle on the utility of DKI parameters for the assessment 
of breast tumor tissues. It has been reported that the ADC value 
of a tumor does not vary with different stages of the menstrual 
cycle but is significantly lower in postmenopausal women than in 
premenopausal women [35]. Second, different mammary gland 
types may have an influence on the DKI parameters, and the MD 
value of heterogeneous dense glands may be higher than that of 
glands containing more adipose tissue. In this study, the influence 
of gland type on DKI parameters in the normal breast group was 
also not evaluated.
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In conclusion, the diagnostic efficacies of the DKI parameters, 
MK and MD, were higher than that of ADC obtained with a 
conventional mono-exponential model, hence the use of MK and 
MD could improve differentiation between malignant and benign 
breast lesions. MD and MK could also potentially be used in the 
differential diagnosis of IDC, DCIS, MBC, IDC and SPC.
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