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A B S T R A C T

Background: Diffusion weighted magnetic resonance imaging (DWI) is known to differentiate between malignant
and benign lesions via the apparent diffusion coefficient (ADC). Here, the value of diffusion kurtosis imaging
(DKI) for differentiation and further characterization of benign and malignant breast lesions and their subtypes
in a clinically feasible protocol is investigated.
Material and methods: This study included 85 patients (with 68 malignant and 73 benign lesions) who underwent
3 T breast DWI using three b values (50, 750, 1500 s/mm2), with a total measurement time<5min. ADC maps
were calculated from b values 50, 750 s/mm2. The diffusion kurtosis model was fitted to the diffusion weighted
images, yielding in each lesion the average kurtosis-corrected diffusion coefficient DK and mean kurtosis K.
Histopathology was obtained of radiologically suspicious lesions; follow-up scans were used as a standard of
reference for benign appearing lesions. Receiver operating characteristic curves were used to evaluate the
parameters' diagnostic performance for differentiation of lesion types and grades. The difference in diffusion
parameters between subgroups was analysed statistically using the Wilcoxon rank sum test and Kruskal-Wallis
test, applying a Bonferroni correction for multiple testing where necessary.
Results: ADC, DK and K showed significant differences between malignant and benign lesions (p < 10−5). All
parameters had similar areas under the curve (AUC) (ADC: 0.92, DK: 0.91, K: 0.89) for differentiation of ma-
lignant and benign lesions. Sensitivity was highest for ADC (ADC: 0.96, DK: 0.94, K: 0.93), as well as specificity
(ADC: 0.85, DK: 0.82, K: 0.82). ADC and DK showed significant differences between tumor histologic grades (p=
6.8⋅10−4, p= 6.6 · 10−5, respectively), whereas K did not (p=0.99). All three parameters differed significantly
between subtypes of benign lesions (ADC: p < 10−5, DK: p< 10−5, K: p=4.1·10−4), but not between subtypes
of malignant lesions (ADC: p=0.21, DK: p=0.25, K: p=0.08).
Conclusion: DKI parameters and conventional ADC can differentiate between malignant and benign lesions.
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Differentiation performance was best for ADC. Different tumor grades were significantly different in ADC and
DK, which may have an impact on therapy planning and monitoring. In our study, K did not add value to the
diagnostic performance of DWI in a clinical setting.

1. Introduction

Breast cancer is the most common cancer in women [1]. For women
with high risk of breast cancer, intensified early diagnosis is re-
commended, including annual magnetic resonance imaging (MRI)
[2–4]. MRI is also used for risk assessment and treatment planning in
patients with breast cancer [5–7]. Currently used MRI protocols include
dynamic contrast-enhanced (DCE) T1-weighted imaging [8–10], but the
ongoing discussion about gadolinium deposition in the brain [11–14]
stresses the need for alternative contrast-agent-free techniques.

Diffusion weighted imaging (DWI) is such a technique. It allows
measurement of water molecular displacements, which can be used for
detection and classification of breast lesions [15,16]. Several studies
showed that low apparent diffusion coefficient (ADC) values indicate
malignant lesions [17–21]. However, the ADC values for benign and
malignant lesions overlap, which suggests that more sophisticated
metrics might be better suited for data characterization [22]. The ADC
does not take into account the fact that diffusion in tissue is non-
Gaussian because it is restricted by cell structures. Diffusion kurtosis
imaging (DKI) is one of the most prominent approaches for non-Gaus-
sian diffusion mapping. In DKI, the excess kurtosis K describes the de-
viation from Gaussian diffusion and thereby the cellularity of the tissue
[23]. Additionally, a kurtosis-corrected diffusion coefficient DK can be
measured [23]. Previous studies found DK to be significantly lower in
malignant breast lesions than in benign lesions and K to be significantly
higher [22,24–29]. Several studies reported that the diagnostic per-
formance (AUC) for differentiation of malignant and benign lesions is
higher for DKI parameters than for conventional ADC [25,27,30,31].

Further imaging-based classification of breast lesions could accel-
erate patient care, e.g. by differentiation between subgroups of lesions
like histologic type and grade. So far, only few studies on breast DKI
have reported on subgroup differentiation: Suo et al. found DK to be
significantly lower and K to be higher in invasive cancer than in in situ
cancer (p<0.05) [24]. Contrary to this, Iima et al. reported no statis-
tically significant difference in DK and K between molecular subtypes of

breast cancer [25]. Furthermore, Sun et al. and Huang et al. reported
that DKI parameters correlate with lesion grading [27,30]. In-
vestigating benign lesions, Nogueira et al. found that only K differed
significantly between two subtypes (fibroadenomas and fibrocystic
changes), but DK did not [28].

The aim of this work was to apply clinically feasible DKI and DWI
protocols with measurement time< 5min to patients with benign and
malignant breast lesions in order to further investigate the power of
ADC, DK and K for differentiation of malignant and benign breast le-
sions. Furthermore, it was investigated if ADC, DK and K can differ-
entiate between histologic subtypes of malignant and benign lesions
and between tumor grades.

2. Material and methods

2.1. Patients

This study was performed in accordance with the Declaration of
Helsinki and received approval by the local institutional review board.
Written informed consent was obtained from the patients prior to ex-
amination. A total of 382 patients with various indications underwent
breast MRI with the study protocol between April 2017 and February
2018. Indications for the MRI exam included suspicious or inconclusive
sonography or mammography, screening of women with high risk for
breast cancer or history of breast cancer. The patients were examined
with the DKI sequence in addition to the standard clinical breast MRI
protocol. Exclusion criteria for this study were: no lesion present and
breast implants. Ultimately, 85 patients were included in this study.
One patient was subsequently excluded from the study because of poor
image quality in the DWI. In 40 patients, more than one lesion per
subject was included in the study. Histopathology was used as reference
standard for all radiologically suspicious lesions. It was obtained by
core-needle biopsy, vacuum biopsy, and/or surgery. Lesions without
histological verification were defined as benign if they were stable from
previous or follow-up examinations for >12months or if they were

Table 1
Imaging protocol.

Parameter DWI/DKI T2-weighted DCE

Sequence Single-shot echo planar T2 STIR T1 Dixon
Orientation Transversal Transversal Transversal
Repetition time (ms) 6290–9065 3570–4060 5.97
Echo time (ms) 66 70 TE1: 2.46, TE2: 3.69
Voxel size (mm3) 1.4× 1.4× 4.0 0.8× 0.8× 4.0 0.8× 0.8× 1.5
Fat suppression Inversion recovery (TI= 220ms) Inversion recovery (TI= 230ms) –
Field of view (mm2) (350×218)–(430×268) (340×340)–(399×399) (360×360)–(379×379)
Matrix 128×128 (160×256) 448×448 (448×358) 448×448 (448×385)
Slice thickness (mm) 4.0 4.0 1.5
No. of slices 34–49 34–49 112
Multi-slice mode Interleaved Interleaved Sequential
Parallel imaging GRAPPA GRAPPA GRAPPA
Acceleration factor 2 2 3
Bandwidth (Hz/pixel) 2298 248 800
Acquisition time (min) 3:34–4:56 3:29–4:30 6:21
b values (s/mm2) 50, 750, 1500
Averages 3, 8, 20
Diffusion mode 3D diagonal
Diffusion scheme monopolar
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sonographically classical cysts [32]. This classification was performed
by experienced radiologists as part of the clinical routine. For the car-
cinomas, histologic subtype and grade were determined from histo-
pathologic reports. For one mucinous carcinoma (Muc), one invasive
ductal carcinoma (NST), and three ductal carcinomas in situ (DCIS),
grading was not available from the pathological report.

2.2. MRI exam

All patients were examined with a standard clinical breast MRI
protocol at a 3 T MR scanner (MAGNETOM Skyra, Siemens Healthcare,
Erlangen, Germany). In addition, for DWI and DKI, a non-product se-
quence with inversion recovery fat saturation was applied. The subjects
were scanned in prone position using a dedicated 16-channel bilateral
breast coil. The parameters of the sequences used are stated in Table 1.

2.3. Image analysis

All evaluated lesions were larger than 5mm in diameter. Lesion
location was double checked on the DCE image (second subtraction) for
the quantitative evaluation of contrast-enhancing malignant and benign
lesions. Regions of interest (ROIs) were placed manually on the b1500
image of the slice with the largest lesion area, excluding the most
peripheral parts of the lesion and necrotic regions. All non-contrast-
enhancing benign lesions (cysts and haematomas) were delineated only
on the DK map, also placing the ROI in the slice with the largest lesion
area. The ROIs were checked by a radiologist with 15 years of experi-
ence in breast MRI. The mean ROI size was 60mm2 (range
8–1083mm2). Mean ADC values of the ROIs were calculated from the
signal intensity at b values 50 and 750 s/mm2. K and DK of the ROI were
calculated using three b values (50, 750, 1500 s/mm2). A least-squares
fit to the following equation was performed using self-written Matlab
code (The MathWorks, Inc.):

= +S b
S

bD b D K( )
(0)

exp 1
6

,K K
2 2

where S(b) stands for the signal intensity in dependency of the b value
and S(0) is the signal without diffusion weighting. No image filter was
applied before fitting the data. The fit was performed voxel by voxel to
obtain maps of DK and K. Moreover, the fit was performed on the ROI-
averaged signal for the quantitative evaluation.

2.4. Statistical analysis

ADC, DK and K were compared between subgroups of lesions using
the Wilcoxon rank sum test (in case of 2 groups) and the Kruskal-Wallis

test (in case of >2 groups). Bonferroni correction was applied to correct
for multiple testing. A p-value lower than 0.05 was considered to in-
dicate a significant difference. Statistical analyses were performed in
Matlab and R [33].

In order to assess the diagnostic performance of the parameters
ADC, DK and K, a ROC analysis was performed. Sensitivity and speci-
ficity were calculated based on the Youden index. The AUCs of the three
parameters were compared using the method developed by DeLong
et al. [34] and the p-values of the AUCs were calculated with the pROC
tool in R (R Foundation for Statistical Computing) [35].

3. Results

Out of all 141 lesions, 68 were histologically categorized as malig-
nant. The carcinomas comprised 44 NST, 17 invasive lobular carci-
nomas (ILC), 4 DCIS, 2 encapsulated papillary carcinomas
(IntrCystPap), and 1 Muc. The 73 benign lesions were categorized as 41
cysts (including 2 complex cysts), 19 fibroadenomas (FA), 5 haema-
tomas, 4 fibrocystic changes, 2 fat necroses, 1 papilloma, and 1 adenosis
tumor.

For all lesions in this study, the ranges of quantitative values were:
for malignant lesions ADC [0.44; 2.50] μm2/ms, DK [0.51; 2.85] μm2/
ms, K [0.15; 3.05] and for benign lesions ADC [0.62; 2.93] μm2/ms, DK

[0.72; 4.09] μm2/ms, K [0.13; 1.47]. Medians are listed in Table 2 in
combination with 25th and 75th percentile for benign and malignant
lesions. For malignant lesions, values are subclassified in grading and
histological subtypes.

Representative images of two contrast-enhancing spiculated carci-
nomas (NST, G2) of the left breast are shown in Fig. 1. As an example
for benign lesions, a fibroadenoma in the left breast of a different pa-
tient is shown in Fig. 2. In comparison to Fig. 1b, contrast is reduced
between the lesion and healthy breast tissue in the DCE image (Fig. 2b).
DK is higher and K is lower than in the malignant lesions of Fig. 1. The
benign lesion appears more homogeneous on the K map and more
heterogeneous on the DK map compared to the carcinoma in Fig. 1.

Fig. 3 shows boxplots of ADC values of all lesions grouped into
malignant and benign lesions (Fig. 3a) and lesion subtypes (Fig. 3b–d).
ADC values for benign and malignant lesions differed significantly (p<
10−5). For different histologic grades of the malignant lesions (Fig. 3b),
a significant difference in ADC between the grades was found (p =
6.8 ⋅10−4). Higher grades had lower ADC values. Grade 1 lesions dif-
fered significantly in ADC from higher grade lesions (G2 and G3)
(p=8.2⋅10−3). ADC values of the four subtypes of benign lesions
(haematomas, cysts, FA, and others) were significantly different (p <
10−5) (Fig. 3c). Cysts had a higher ADC than FA (p=4.3⋅10−5).
Comparing the histologic subtypes of malignant lesions (Fig. 3d), ADC

Table 2
Diffusion parameters (median, 25th percentile, 75th percentile).

Parameter ADC in μm2/ms DK in μm2/ms K

Malignant (n=68) 0.96 (0.7, 1.14) 1.19 (0.94, 1.40) 1.03 (0.88, 1.37)
Histologic grade
Grade 1 (n=10) 1.08 (1.00, 1.22) 1.44 (1.30, 1.60) 1.01 (0.95, 1.52)
Grade 2 (n=38) 0.98 (0.79, 1.14) 1.20 (0.95, 1.42) 1.04 (0.90, 1.33)
Grade 3 (n=15) 0.77 (0.68, 0.86) 0.87 (0.76, 1.07) 1.08 (0.83, 1.51)

Histologic subtype
Muc (n= 1) 2.50 (−) 2.85 (−) 0.33 (−)
IntrCystPap (n=2) 1.51 (1.00, 2.03) 1.88 (1.17, 2.59) 0.79 (0.63, 0.95)
NST (n=44) 0.96 (0.79, 1.13) 1.20 (0.90, 1.38) 1.02 (0.88, 1.22)
DCIS (n= 4) 1.02 (0.80, 1.21) 1.23 (1.03, 1.44) 1.22 (0.79, 1.66)
ILC (n=17) 0.88 (0.66, 1.05) 1.05 (0.83, 1.35) 1.31 (0.97, 1.55)

Benign (n=73) 2.04 (1.60, 2.38) 2.37 (1.86, 2.79) 0.51 (0.37 0.64)
Haematomas (n=5) 2.78 (2.65, 2.92) 3.18 (3.06, 3.23) 0.29 (0.24, 0.34)
Cysts (n=41) 2.22 (2.03, 2.44) 2.58 (2.31, 2.87) 0.45 (0.29, 0.54)
Fibroadenomas (n=19) 1.61 (1.36, 1.83) 1.85 (1.62, 2.17) 0.58 (0.52, 0.90)
Other (n=8) 1.32 (1.06, 1.52) 1.47 (1.32, 1.79) 0.67 (0.47, 1.11)
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Fig. 1. Two breast cancers (NST, Grade 2) in different MR contrasts a) T2-weighted image, b) contrast-enhanced second subtraction (arrow: NST, arrowhead: NST
with central necrosis), c) diffusion-weighted image, b = 1500 s/mm2, d) ADC map in μm2/ms, e) DK map in μm2/ms, f) kurtosis map (unitless). The lesion closer to
the nipple (arrowhead) exhibits central necrosis. The kurtosis map is heterogeneous in both lesions, with low values in the necrotic area. DK is higher in the central
necrosis. The smaller lesion (arrow) also has low DK values that correspond to high values on the K map.

Fig. 2. Example of a benign lesion (fibroadenoma) in different MR contrasts a) T2-weighted image, b) contrast-enhanced second subtraction, c) diffusion-weighted
image, b = 1500 s/mm2, d) ADC map in μm2/ms, e) DK map in μm2/ms, f) kurtosis map (unitless).
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ranges of DCIS, ILC, and NST overlapped. There was no significant
difference between the malignant subtypes' ADC values (p=0.21). The
Muc had a higher ADC than all other malignant lesions.

The results for DK values of all lesions grouped into malignant and
benign lesions (Fig. 4a) and lesion subtypes (Fig. 4b–d) are similar.
Apart from two outliers (1 Muc and 1 IntrCystPap), all lesions with DK

>1.81 μm2/ms were benign. DK values for benign and malignant le-
sions differed significantly (p < 10−5). With regard to the histologic
grading of the malignant lesions (Fig. 4b), a significant difference in DK

between the grades was found (p = 7.6 ⋅ 10−5). Higher grades were
accompanied by lower DK values. Grade 1 lesions differed significantly
in DK from higher grade lesions (G2 and G3) (p=1.4⋅10−3). DK values
of the four subtypes of benign lesions (haematomas, cysts, FA, and

others) were significantly different (p < 10−5) (Fig. 4c). Cysts had a
higher DK than FA (p=1.5⋅10−4). Comparing the histologic subtypes
of malignant lesions (Fig. 4d), DK ranges of DCIS, ILC, and NST over-
lapped. There was no significant difference between the malignant
subtypes' DK values (p=0.25). The Muc had a higher DK than all other
malignant lesions.

The kurtosis of benign lesions was found to be significantly lower
than that of malignant lesions (p< 10−5) (Fig. 5a). Unlike the diffusion
coefficients ADC and DK, K only showed a weak dependency on tumor
grade (Fig. 5b). The differences in K between the tumor grades were not
significant (p=0.99), nor could Grade 1 lesions be differentiated from
higher grade lesions (p=0.93) based on K. The kurtosis values of be-
nign lesions behaved inversely compared to their ADC and DK values

Fig. 3. Boxplots of the ADC values of lesion subgroups a) malignant and benign lesions, b) grading of malignant lesions, c) types of benign lesions, d) histologic
subtypes of malignant lesions. The red line indicates the median of the data. Blue boxes show the 25th and 75th percentile; whiskers indicate minimum and maximum
values except for outliers. Data points are plotted as well, also indicating the outliers. The plot shown in b) contains fewer data points than in a) because grading was
not available for 1 Muc and 3 DCIS. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 5c). For example, cysts and haematomas had high DK but low K
values. K differed significantly between all benign subgroups
(p=4.2⋅10−4). Considering cysts and FA specifically, the difference in
K was also significant (p=9⋅10−3). Among the malignant lesions, NST
had a lower median K value than ILC and DCIS, while their K value
ranges overlapped. K did not differ significantly between malignant
subtypes (p=0.08). The single Muc had a lower kurtosis value than
any other malignant lesion apart from one NST outlier.

Fig. 6 shows the ROC curves of ADC, DK and K for differentiation of
benign from malignant lesions, FA from malignancies, FA from ILC and
NST, and ILC from NST. None of the AUC values differed significantly
between ADC, DK and K (p ≥ 0.24 for all AUCs).

The performance in differentiating between malignant and benign
lesions was almost the same for ADC, DK and K (AUC=0.92, 0.91 and
0.89, p ≥ 0.46, sensitivity= 0.96, 0.94 and 0.93, specificity= 0.85,
0.82 and 0.82).

Looking only at FA versus malignancies, ADC and DK slightly out-
performed K in terms of AUC (0.88, 0.87 vs 0.85). Again, none of the
differences in AUC were significant (p ≥ 0.45). ADC and DK had a
higher specificity than K (0.79, 0.79 vs 0.68) and ADC and K had a
higher sensitivity than DK (0.94, 0.94 vs 0.91).

The same principal picture holds for the differentiation of FA from
ILC and NST. The AUC (0.91, 0.90 vs 0.87) and specificity (0.79, 0.79 vs
0.68) were higher for ADC and DK than for K and the sensitivity was

Fig. 4. Boxplots of the DK values of lesion subgroups a) malignant and benign lesions, b) grading of malignant lesions, c) types of benign lesions, d) histologic
subtypes of malignant lesions. The red line indicates the median of the data. Blue boxes show the 25th and 75th percentile; whiskers indicate minimum and maximum
values except for outliers. Data points are plotted as well, also indicating the outliers. The plot shown in b) contains fewer data points than in a) because grading was
not available for 1 Muc and 3 DCIS. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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highest for ADC and K compared to DK (0.97, 0.97 vs 0.93). No sig-
nificant differences were found between the AUCs (p ≥ 0.24).

For distinguishing between ILC and NST, ILC was defined as the
positive class in the ROC. All three diffusion parameters were close to
random performance, with K better than ADC and DK (AUC=0.66 vs
0.59 and 0.58, sensitivity= 0.53 vs 0.59 and 0.65, specificity= 0.82 vs
0.64 and 0.55). The AUCs did not differ significantly (p ≥ 0.29).

The optimum cut-off values for all tasks that involved differentia-
tion between malignant and benign lesions were similar (ADC: 1.36,
1.28 and 1.28 μm2/ms, DK: 1.68, 1.60, and 1.60 μm2/ms, K: 0.69, 0.66,
and 0.66, for malignant vs benign, FA vs malignancies, FA vs ILC and
NST, respectively). For distinguishing ILC from NST, the cut-off values

for K and DK were in a different range (ADC: 0.89 μm2/ms, DK:
1.18 μm2/ms, K: 1.31, Fig. 5d).

4. Discussion

4.1. Summary and interpretation of results

All three diffusion parameters showed significant differences be-
tween malignant and benign lesions. ADC and DK behaved similarly,
which is expected as DK is the kurtosis-corrected diffusion coefficient.
The malignant outliers in ADC and DK were one Muc and one
IntrCystPap, which both have reportedly false negative ADCs [36–38].

Fig. 5. Boxplots of the K values of lesion subgroups a) malignant and benign lesions, b) grading of malignant lesions, c) types of benign lesions, d) histologic subtypes
of malignant lesions. The red line indicates the median of the data. Blue boxes show the 25th and 75th percentile; whiskers indicate minimum and maximum values
except for outliers. Data points are plotted as well, also indicating the outliers. The plot shown in b) contains fewer data points than in a) because grading was not
available for 1 Muc and 3 DCIS. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Both lesions had low K values, which is expected given the inverse
relationship between the diffusion coefficients and K. In terms of dif-
ferentiation performance (malignant vs benign), ADC had a higher AUC
than DK and K, although the difference was not significant.

ADC and DK differed significantly between the grades of malignant
lesions, while K did not. Higher-grade lesions generally had a lower
diffusion coefficient and higher K values, which presumably reflects a
higher cell density. Neither ADC, DK nor K were able to differentiate
between histologic subtypes of malignancies.

These results indicate that DKI parameters can differentiate between
malignant and benign breast lesions. However, the conventional ADC
performed better than DKI parameters in every differentiation task

between malignant and benign lesion. Thus, in a clinical setup, the
quantitative tissue information provided by the ADC suffices to reduce
unnecessary biopsies or follow-ups for benign lesions. DKI with three b
values in a short clinical protocol adds little value to the diagnostic
process.

4.2. Literature comparison

Comparing our findings on the differentiation performance of DKI
parameters and ADC to those reported in the literature, there is a dis-
crepancy. One possible explanation is that the studies that reported
higher AUCs for DKI parameters than for ADC used long protocols with

Fig. 6. ROC curves for differentiation of lesion subgroups: a) benign versus malignant lesions, b) fibroadenoma versus malignant lesions, c) fibroadenoma versus ILC
and NST, d) ILC versus NST.
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5 or more b values up to b = 3000 s/mm2 for DKI, while the ADC was
calculated from 2 b values≤ 1000 s/mm2. They all have in common
that they used more b values for DKI measurements than for DWI
[25,27,30,31]. In our study, we investigated how well a DKI protocol
with the minimum number of b values performs. The acquisition time
was <5min, which is lower than in [30,31] but not than in [25,27].

Iima et al. reported that DKI parameters determined from a limited
MRI protocol using few b values (5, TA 3:30min, bmax = 2500 s/mm2)
were not statistically different from DKI parameters obtained via a
protocol with many b values from the same range (16, TA: 3:55min)
[39]. In our study, DKI parameters have a lower differentiation per-
formance than conventional ADC when using three b values ≤ 1500 s/
mm2. A study by Suo et al. found that using the same number and range
of b values for DKI and DWI, ADC is superior to DKI parameters in terms
of differentiation between malignant and benign lesions [24]. Taking
all these results into consideration, it could be argued that while re-
ducing the number of b values DKI, loss of diagnostic performance
could possibly be avoided by maintaining the highest b value at
>1500 s/mm2. In order to further investigate how the number and
range of b values change the DKI parameters and whether these changes
affect the differentiation performance in this study, an extended DKI
protocol was used for additional measurement and simulations (see
Appendix).

The wide spread of reported mean/median values, AUC, and cut-off
values in the literature presumably originates from the variance in
measurement parameters (b values, TE, B0), patient cohorts, and eva-
luation methods [22,24–31]. For example, voxel-based fitting of the
data was performed in most of the studies [24,26,27,29–31], whereas
the others fitted the ROI mean signal intensity (our study, [22,25,28]).
Some studies used 3D ROIs [24,27,29], while others evaluated only one
slice (our study, [22,25,26,28,30,31]). These differences can cause
discrepancies in the reported values, and stress the need for harmoni-
zation of protocols and post-processing procedures.

In agreement with this study, Sun et al. and Huang et al. found a
negative correlation of DK and histologic grade for invasive cancer
[27,30]. The other correlation found in our study between tumor his-
tologic grade and ADC is supported by findings by Rahbar et al. [40],
who reported significantly higher ADC in low- and moderate-grade
DCIS than in low-grade DCIS or normal tissue. Furthermore, Sun et al.
and Huang et al. found K to positively correlate with grading, which
was not the case in this study. Contrary to this, Suo et al. found no
significant difference in DK and K between grades 1, 2 and grade 3 [24].

4.3. Biases and limitations

The study was limited by the patient selection, as all included
subjects had specific indications for an MRI scan (suspicious sono-
graphy or mammography, familiar risk, or history of breast cancer).
Thus, the patient cohort cannot be considered equivalent, for example,
to a screening population. Another limitation is that only a few benign
lesions were analysed histologically (6/19 fibroadenomas, 2/41 cysts,
0/5 haematomas, 4/8 other benign lesions) as for ethical reasons, it was
deemed unnecessary for the patients to undergo biopsy when no ma-
lignancy was suspected from the imaging results. However, follow-up
scans after 12months were consulted for classification of the lesions,
which is an accepted approach in recent literature (e.g. [41]). Fur-
thermore, the number of DCIS, Muc, and IntrCystPap lesions was small
compared to the number of ILC and NST, and a larger patient cohort
would be needed to verify the respective cut-off and differentiation

performance values.
Importantly, the inclusion of cysts and haematoma as benign lesions

can lead to an overestimation of the parameters' differentiation ability.
Containing mostly free fluids, these lesions are easily identifiable on
DWI and DKI sequences. We addressed this problem by separately
evaluating the differentiation of malignant lesions from fibroadenomas,
which are solid benign lesions. This provides a clinically more relevant
differentiation performance. The resulting AUCs were lower in total
than when all benign lesions were included, but the trend that ADC
performed better than DK and K remained.

Owing to the limited fit stability, DK and K values were calculated
from the mean signal intensities of the ROI. Measuring more b values
could help to achieve more reliable DK and K values (see Appendix).
This would, however, increase the measurement time. The protocol
used in this study was intentionally set up to take <5min at maximum.
This ensures that the protocol can be easily implemented into clinical
routine.

For the calculation of the lesions' mean diffusion parameters, only a
small ROI in one slice was used, excluding necroses and avoiding par-
tial-volume effects. As the tumors can be heterogeneous, the chosen
area is not necessarily representative of the whole lesion [42–44].
Segmenting the tumor in 3D could improve the meaningfulness of the
median values [45].

5. Conclusions

We evaluated the diffusion metrics ADC, DK and K in malignant and
benign breast lesions in a short protocol with three b values ≤1500 s/
mm2 and TA<5min. All three metrics were well-suited for differ-
entiation between malignant and benign lesions. Different tumor grades
were significantly different in ADC and DK, which may have an impact
on therapy planning and monitoring. However, the more sophisticated
DKI parameters brought no increase in diagnostic performance.
Therefore, our data indicate that the commonly used ADC suffices as a
diagnostic tool in a clinical context.
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Appendix A

Fig. A1. Comparison of DK and K values measured with the original and the full protocol. Malignant lesions are marked by blue circles, benign lesions by orange
triangles. The dashed line indicates the bisector.
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Fig. A2. Simulation fit results for original and full protocol. In 1000 lesions, signal values are simulated up to the second order of the cumulant expansion. Noise level
5 %, averaged over 14 pixels per ROI. Input parameters (indicated by dashed lines): benign: DK,true=2.37 µm2/ms, Ktrue=0.51; malignant: DK,true=1.19 µm2/ms,
Ktrue=1.03.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.mri.2019.08.007.
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