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Intravoxel incoherent motion magnetic resonance imaging
for breast cancer: A comparison with benign lesions and
evaluation of heterogeneity in different tumor regions
with prognostic factors and molecular classification

MING ZHAO', KUANG FU', LEI ZHANG?, WENHUI GUO', QIONG WU',
XUE BAI', ZIYAO LI?, QIANG GUO? and JIAWEI TIAN?

Departments of 'MRI Diagnosis and 2Ultrasound, The Second Affiliated Hospital of Harbin Medical University,
Harbin, Heilongjiang 150086, P.R. China

Received December 4, 2017; Accepted May 22, 2018

DOI: 10.3892/01.2018.9312

Abstract. The objective of the present study was to compare
the differentiation between breast cancer and benign breast
lesions and study regional distribution characteristics in
various subtypes of breast cancer using intravoxel incoherent
motion (IVIM) parameters. This retrospective study involved
119 patients with breast cancer and 22 patients with benign
breast lesions, who underwent 3.0T breast magnetic resonance
imaging examinations. The apparent diffusion coefficient
(ADC) and IVIM parameters (slow ADC, fast ADC and frac-
tion of fast ADC) were obtained from patients with breast
cancer and benign lesions using diffusion-weighted imaging
(DWI) with b-values of 0, 50, 100, 150, 200, 400, 500, 1,000
and 1,500 sec/mm?. Compared with patients with benign breast
lesions, patients with breast cancer exhibited decreased ADC
(P<0.001), slow ADC (P<0.001) and fast ADC (P<0.001) values,
and higher fraction of fast ADC (P<0.001) values. Tumors with
metastatic axillary lymph nodes demonstrated increased frac-
tion of fast ADC values (P<0.001) and decreased slow ADC
values (P<0.001) compared with tumors without metastatic
axillary lymph nodes. The Fast ADC values of tumor tissues
in estrogen receptor (ER) and progesterone receptor (PR) nega-
tive groups were higher than in positive groups (P<0.001), and
the slow ADC values of tumor tissues were lower in ER and
PR negative groups than positive groups (P<0.001). Luminal
B (HER2- negative) tumor (P<0.001) and peritumor (P<0.001)
tissues exhibited decreased fraction of fast ADC values, in
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comparison with other subtypes. Triple-negative breast cancer
(TNBC) tumor tissue exhibited increased fast ADC (P<0.001)
and fraction of fast ADC values (P<0.001), and decreased slow
ADC values (P<0.001), when compared with other subtypes.
The TNBC tumor edge tissues had increased fraction of fast
ADC values compared with other subtypes (P<0.01) and TNBC
tumor tissues (P<0.05). Therefore, the IVIM parameters of
tumor, tumor edge and peritumor tissues in various subtypes of
breast cancer may be useful for differentiation of breast cancer
subtypes and to assess the invasive extent of the tumors.

Introduction

Breast cancer is a common disease in females with diverse
histological subtypes and therapeutic approaches (1-3). It is
important to diagnose breast cancer based on its intrinsic
biological subtype (4,5). Gene expression profiling may be used
to classify breast cancer into molecular subtypes. However, it
is not always feasible to obtain gene expression information,
and different molecular subtypes of breast cancer are often
evaluated by estrogen receptor (ER), progesterone receptor
(PR), human epidermal growth factor receptor 2 (HER2) and
Ki-67 labeling indexes using immunohistochemical methods.
Tissue biopsies may provide an answer to clinical questions
and provide clarity to patients, however, biopsy procedures
may result in anxiety and suffering for patients. Therefore, it is
necessary to differentiate various tumor subtypes with noninva-
sive methods (6,7). Mammography is commonly used to detect
breast cancer. Mammography has a low sensitivity for dense
breast tissue, but an acceptable sensitivity for mixed tissue and
fatty tissue (8). Ultrasound (US), with its convenience and low
cost, is becoming a common examination method for patients
with breast cancer (9). It is difficult to diagnose non-mass
breast cancer using US. Magnetic resonance imaging (MRI)
as noninvasive method is an important radiological method
for the assessment of breast cancer (10). Previous studies have
demonstrated diffusion weighted imaging (DWI) to be effective
at reflecting tumor cellularity and tissue organization (11-13). In
aggressive tumors, increased cellularity leads to the restriction
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of water molecule movement by decreasing the extracellular
space, which results in restricted diffusion in malignant tumors.
Therefore, the apparent diffusion coefficient (ADC) has become
a widely accepted index to assess cellularity (14-19).

Intravoxel incoherent motion (IVIM) is a useful imaging
technique which can separate perfusion from diffusion via a
biexponential model analysis using multiple b-values (20,21).
Since Le Bihan er al (21) proposed the method of IVIM, a
number of studies have confirmed the effects of microcapillary
perfusion using DWI (22-25). When DWT is used with multiple
b-values (usually between 0 and 1,500 sec/mm? for body
imaging), the signal intensity at low b-values (0-200 sec/mm?)
reflects microcirculation within capillaries. Alternatively, at
higher b-values (>200 sec/mm?), the signal intensity is more
reflective of tissue diffusivity (24,26). The IVIM method is
able to obtain a variety of quantitative parameters, including
slow ADC, fast ADC and fraction of fast ADC values, which
reflect the perfusion and diffusion information of the tissues.
The ADC value achieved by the traditional DWI method does
not exclude the effect of microcirculation which results in
inaccurate measurement. Since the slow ADC value excludes
the influence of blood perfusion, it is able to reflect the true
diffuse state of water molecules, which is a more accurate
measure than the traditional ADC value.

Heterogeneity is a known trait of cancer which confounds
treatment planning and influences treatment efficacy (27,28).
Breast cancer is a heterogeneous tumor that may be observed
clearly (29). It would be of benefit to the therapeutic treatment
of breast cancer to quantitatively analyze the heterogeneous
tumor microenvironment using IVIM parameters and study
their correlation with breast cancer histological features.
Previous studies have demonstrated that IVIM metrics may
distinguish malignant and benign lesions (23,30,31), establish
a correlation between one subtype of breast cancer and IVIM
parameters (25,32-34) and predict the neoadjuvant treatment
response in patients with breast cancer (35). However, to the
best of our knowledge, very little research has reported on the
associations between IVIM parameters and the characteristics
of tumor, tumor edge and surrounding tissues in different
subtypes of breast cancer. Investigating the characteristics of
tumor heterogeneity in the distinct regions of breast cancer
may help physicians to evaluate tumors with increased accu-
racy. The objective of the present study is to compare IVIM
parameters and the characteristics of tumor, tumor edge and
surrounding tissues with regard to the histopathology and
subtypes of breast cancer. An improved understanding of
IVIM parameters and tumor characteristics may help identify
clinically useful biomarkers to evaluate the distinct subtypes
of breast cancer via noninvasive imaging.

Patients and methods

Patients. The present retrospective study was approved by the
Institutional Research Board of Harbin Medical University
(Harbin, China) and the requirement for informed consent was
waived. A total of 141 patients underwent breast MRI at 3.0T
at the Second Affiliated Hospital of Harbin Medical University
between June 2015 and November 2017. Of these, 119 patients
were positive for breast cancer (age range, 22-76 years; mean
age, 50.2+10.5 years) and 22 patients for benign lesions
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(age range, 30-62 years; mean age, 46.3+11.7 years) (Table I).
The patient inclusion criteria were as follows: i) Patients had
newly diagnosed, pathologically confirmed breast cancer
diagnosed using FNA. Final histopathology diagnosis was
confirmed using surgically excised specimens. ii) Patients were
not receiving neoadjuvant systemic treatment. iii) Follow-up
for all benign lesions was performed >2 years and the size of
lesions had not markedly changed and no new lesions were
identified within the follow-up periods. iv) Breast lesions had a
unifocal mass and the tumor diameter was >1 cm.

MRI. Imaging was performed on a 3.0 T system (Discovery
MR750; GE Healthcare, Chicago, IL, USA) using the breast
coil as a transmitter and a dedicated 8-channel phased-array
receiver coil. The following scanning sequences were
performed: i) A conventional scanning sequence consisting of
axial T1-weighted fast-field-echoes [repetition time (TR)/echo
time (TE), 492/2.3 ms; matrix, 320x256; number of signals
averaged (NSA), 1; flip angle, 111°7; a sagittal T2-weighted
fast-field-echoes with fat saturated (TR/TE, 3000/85 ms;
matrix, 288x192; NSA, 1; flip angle, 111°); an axial T2-weighted
fast-field-echoes ideal with array spatial sensitivity encoding
technique (TR/TE, 3901/85 ms; matrix, 320x256; NSA, 1;
flip angle, 111°); ii) Axial DW single-shot dual spin echo
sequence with echo-planar imaging readout at 9 b-values
(b=0, 50, 100, 150, 200, 400, 500, 1,000 and 1,500 sec/mm?);
iii) a Dyn axial volume image breast assessment gradient echo
(TR/TE, 6.4/2.3 ms; matrix, 220x320 NSA, 2; flip angle, 117;
dynamics number, 8). At the second dynamic time acquisition,
0.2 mmol/kg body weight of gadolinium (gadodiamide and
omniscan; GE Healthcare) was administered intravenously
with a power injector at a rate of 2.5 ml/s, followed by a bolus
injection of 20 ml saline flush.

Histopathological analysis. Immunohistochemistry analyses
were performed for ER, PR and HER2 expression, and the
Ki-67 labeling index. Tissues were cut and fixed in 10% neutral
buffered formalin (Beijing Yili Fine Chemicals Co., Ltd.;
Beijing, China) atroom temperature for 24 h. Paraffin-embedded
tissue sections (4 pm) were deparaffinized at 58°C for 120 min
and then with 100% dimethylbenzene at room temperature for
10 min three times; after that the sections were rehydrated with
100% alcohol at room temperature for 5 min twice and then
95% alcohol at room temperature for 5 min twice, and finally
80% alcohol at room temperature for 5 min once. Antigen
retrieval was performed by heating the sections in a 95°C
water bath in the presence of EDTA in a microwave for 5 min.
Tissue sections were treated with 0.3% hydrogen peroxide
in methanol (Beyotime Institute of Biotechnology, Inc.,
Haimen, China) for 15 min at room temperature, to eliminate
endogenous peroxidase activity. Following three washes of
5 min with phosphate-buffered saline (PBS; Beyotime Institute
of Biotechnology, Inc.), the tissue sections were incubated with
rabbit anti-human ER polyclonal antibody (1:400 dilution;
cat. no. AA110; Beyotime Institute of Biotechnology, Inc) at
room temperature for 60 min. Following three washes of
5 min with PBS, the slides were incubated with an horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:50 dilution; cat.
no. A0208; Beyotime Institute of Biotechnology, Inc) at 37°C
for 30 min. Following three washes of 5 min with PBS, a
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Table I. Clinical data for patients enrolled in this study.

Clinical characteristics Number of patients

Benign 22
Cancer 119
Total 141

Histopathological features and
molecular prognostic factors

Lymph node metastases

Positive 89

Negative 30
Ki-67

>14% 86

<14% 33
ER

Positive 72

Negative 47
PR

Positive 60

Negative 59
HER2

Positive 33

Negative 86
Molecular subtype

Luminal A 22

Luminal B (HER2+) 30

Luminal B (HER2-) 20

HER2 22

TNBC 25

ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth
factor receptor 2; TNBC, triple-negative breast cancer.

3,3'-diaminobenzidine detection kit (PV9000; ZSGB-BIO,
Beijing, China) was used for color development, according
to the manufacturer's protocol. Images were captured and
analyzed by K-Viewer software (version 1.5.2.5, KFBIO Co.,
Nigbo, China; http://www.kfbio.cn). Immunohistochemistry
processes for PR, HER2 and Ki-67 were similar to that of ER,
and relative specific antibodies including rabbit anti-human
PR polyclonal antibody (1:200 dilution; cat. no. AF0165;
Beyotime Institute of Biotechnology, Inc), rabbit anti-human
HER?2 polyclonal antibody (1:200 dilution; cat. no. AF0177,
Beyotime Institute of Biotechnology, Inc), rabbit anti-human
Ki-67 polyclonal antibody (1:100 dilution; cat. no. AF1738;
Beyotime Institute of Biotechnology, Inc) at room temperature
for 60 min. ER or PR was defined as positive if the positive cell
percentage was =10%, and as negative if it was <10%. HER2
expression was analyzed according to the American Society of
Clinical Oncology (ASCO)/College of American Pathologists
HER?2 test guidelines (36). Immunohistochemical analyses
were performed by experienced breast pathologist in pathology
center of the Second Affiliated Hospital of Harbin Medical
University. HER2 expression was scored as 0, 1+, 2+, or 3+ by
immunohistochemical analysis. According to the American
Society of Clinical Oncology (ASCO)/College of American
Pathologists HER?2 test guidelines (36), scores of 0 and 1+ were
considered as HER2 negative, and scores of 3+ were considered
as positive. For samples with HER?2 expression graded 2+, gene
amplification by fluorescence in sifu hybridization (FISH) was
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used to determine HER?2 status. In the present study, FISH
analysis was used to analyze HER2 DNA in breast tumor
tissues using a (HER-2 DNA probe kit, 06N46, VYSIS; Abbott
Pharmaceutical Co. Ltd., Lake Bluff, IL, USA). The procedures
were conducted according to the manufacturer's protocol.
The paraffin-embedded tissue sections (4 ym) were baked
overnight at 56°C. Subsequently, the paraffin was removed
from the sections with a 10 min washing in 100% Hemo-De
(cat. no. C14634100, Shanghai Haling Biotechnology Co., Ltd.)
at room temperature twice. The sections were dehydrated twice
in 100% ethanol for 5 min and then dried at room temperature.
The sections were digested by proteinase (C122917; ShangHai
Rebiosci Biotechnology Co., Ltd) which concentration was
100 pug/ml at 37°C for 45 min. The sections were washed with
a stringency of 2X saline sodium citrate (SSC) for 5 min and
then dried. Next, 10 ul PathVysion® probe in HER-2 DNA
probe kit was applied to the sections. The sections were
coverslipped, sealed with rubber cement, and the sections were
then denatured for 5 min at 73°C and allowed to hybridize
overnight at 37°C. The coverslip was carefully removed in a 2X
SSC/0.3% NP-40 solution (included in the HER-2 DNA probe
kit), and the sections were washed in 2X SSC/0.3% NP-40 for
5 min. The sections were carefully incubated in a 2X SSC/0.3%
NP-40 solution at 73°C for 2 min, and then washed in 2X
SSC/0.3% NP-40 solution for 5 min at room temperature. The
sections were air-dried in the dark and then counterstained with
10 pl 4',6-diamidino-2-phenylindole (DAPI; cat. no. C1002;
Beyotime Institute of Biotechnology, Inc.) for 15 min at room
temperature. According to the American Society of Clinical
Oncology (ASCO)/College of American Pathologists HER2
test guidelines (36), gene amplification was evaluated as
present when the HER2/CEP17 ratio was =2. In the evaluation
of the Ki-67 labeling index, nuclei of =14% were considered
as a high value (3). Breast cancer subtypes were defined
by clinicopathological criteria using molecular prognostic
factors including ER, PR, HER?2 and Ki-67 states. Luminal A
was defined as ER and/or PR positive, HER2 negative,
Ki-67 low; Luminal B (HER2-negative) was defined as ER
and/or PR positive, HER2 negative, Ki-67 high. Luminal B
(HER2-positive) was defined as ER and/or PR positive, HER2
overexpressed. HER2+ was defined as HER2 over-expressed,
ER and PR negative. Triple-negative breast cancer (TNBC) was
defined as ER, PR and HER?2 negative (4).

Microvessel density (MVD) result determination. Left
and right orientation marks were made once the tumor was
resected. The largest section of the tumor in the left and right
direction was selected to make a pathological section, which
was consistent with the MRI as far as possible. The mass was
immunohistochemically stained. Tissues were cut and fixed in
10% neutral buffered formalin (Beijing Yili Fine Chemicals
Co., Ltd.; Beijing, China) at room temperature for 24 h.
Paraffin-embedded tissue sections (4 ym) were deparaffinized,
at 58°C for 120 min and then with 100% dimethylbenzene
at room temperature for 10 min three times; after that the
sections were rehydrated with 100% alcohol at room tempera-
ture for 5 min twice and then 95% alcohol at room temperature
for 5 min twice, finally 80% alcohol at room temperature for
5 min. Antigen retrieval was performed by heating the sections
in a 95°C water bath in the presence of EDTA in a microwave
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for 5 min. Tissue sections were treated with 0.3% hydrogen
peroxide in methanol (Beyotime Institute of Biotechnology,
Inc., China) for 15 min at room temperature, to eliminate
endogenous peroxidase activity. Following three washes of
5 min with phosphate-buffered saline (PBS; Beyotime Institute
of Biotechnology, Inc.), the tissue sections were incubated with
rabbit anti-human CD34 polyclonal antibody (1:300 dilution;
cat. no. AF0102; Beyotime Institute of Biotechnology, Inc)
at room temperature for 60 min. Following three washes of
5 min with PBS, the slides were incubated with an horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:50 dilution; cat.
no. A0208; Beyotime Institute of Biotechnology, Inc) at 37°C
for 30 min. Following three washes of 5 min with PBS, a
3,3'-diaminobenzidine detection kit (PV9000; ZSGB-BIO,
China) was used for color development, according to the
manufacturer's protocol. Images were captured and analyzed
by K-Viewer software (version 1.5.2.5; KFBIO; http://www.
kfbio.cn). A double-blind analysis was performed by expe-
rienced pathologists in the pathology center of the Second
Affiliated Hospital of Harbin Medical University. If they
were in disagreement, consultations were performed to draw
a consensus conclusion as to the final results. The MVD count
standard was based on the method reported by Weidner (37).
Weidner (37) reported brown-staining cytoplasm or cell
membrane, clearly separate from connective tissue elements,
rather than low background staining were treated as the
criteria for positive endothelial cells. According to the method
described by Weidner (37), endothelial cell clusters forming
lumen or vessels were counted as individual microvessels.
However, a luminal area larger than the sum of the diameters
of 8 erythrocytes, or a blood vessel with a thick muscular layer
were not counted as microvessels. The pathological sections
were observed using a low magnification light microscopy
(magnification, x100) to find three areas of high blood vessel
density where more stained vessels were presented as a hotspot
area. These areas were consisted with the same direction of
the MRI at the largest section of the tumor in the left and right
direction to the maximum extent. In addition, the high blood
vessel density areas were selected in both pathological sections
and MRI which also made the results objectively. Subsequent
to finding the hotspot area, the number of blood vessels stained
with CD34 was counted using a high magnification light
microscopy (magnification, x200). Finally, the mean value of
MVD in the three hot spots was calculated as the MVD value
of the tumor.

IVIM analysis and region of interest (ROI) selection. All
images were reviewed by a breast radiologist (a member of
research group) who was blinded to the histopathological
results. The IVIM data were analyzed using a GE AW4.6
workstation (version 9.4.05; GE Healthcare), using the biex-
ponential model of Le Bihan er al (21,23). The equation used
was as follows:

Si/Sy=(1-f) exp (-bD)+f exp [-b (D"+D)]

Where S, is the signal intensity in the pixel with diffu-
sion gradient b, S, is the signal intensity without diffusion
gradient, D is the true diffusion which is expressed by slow
ADC in this study, D* which is expressed by fast ADC is
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the pseudo-diffusion coefficient and f which is expressed
by fraction of fast ADC is the perfusion fraction associated
with microcirculation. The IVIM parameters were calculated
based on the assumption that D* was significantly larger than
D and the effects of D* on the signal decay at large b-values
(>200 sec/mm?) can be neglected (38). That is the signal inten-
sity at low b-values (0-200 sec/mm?) reflects microcirculation
within capillaries and higher b-values (>200 sec/mm?), the
signal intensity is more reflective of tissue diffusivity (24,26).
This study selected b-values (0, 50, 100, 150, 200, 400, 500,
1,000 and 1,500 sec/mm?), which were used to assess breast
lesions. The more b-values were selected, the longer examina-
tion times were spent. According to literature (24), the choice
of muti-b values which we chosen is not only acceptable for
examination times, but also can be evaluated for lesions.

The region of interest (ROI) was drawn on the slice with
the largest area of breast cancer or benign lesion enclosing the
entire lesion. The ROI was also placed on the highest fraction
of fast ADC area at the edge of breast cancer [ROI area, <one
third of tumor diameter]. The ROI of the surrounding peri-
tumor area was measured three times at the largest area of the
tumor and the mean value was calculated 1-2 cm away from
the margin of the tumor entity with an area <10 mm?. A region
of ipsilateral fibroglandular tissue was sampled away from the
tumor as far as possible while avoiding gross fat.

Statistical analysis. Statistical analyses were performed
using SPSS software (version 21; IBM Corp., Armonk, NY,
USA). Data are presented as the mean + standard deviation.
Comparison of IVIM parameters between cancer and benign
lesions, and peritumor and ipsilateral distance fibroglandular
tissues were performed using a Mann-Whitney U test. The
receiver operating characteristic (ROC) curve was used to
compare the sensitivities and specificities of different IVIM
parameters between patients with breast cancer and benign
breast lesions, with the area under the ROC curve (AUC)
computed and the threshold values determined by the Youden
Index. Mann-Whitney U tests and Kruskal-Wallis H tests
were used to compare molecular subtypes of breast cancer or
molecular prognostic factors (positive versus negative) with
IVIM parameters measured by eachimaging. Nemenyi's test was
used to compare IVIM parameters between different subtypes
and different regions of breast cancer following Kruskal-Wallis
H tests. The ROC curve was used to compare the diagnostic
efficacy of IVIM parameters in different subtypes of breast
cancer. The Spearman's correlation coefficient analysis was
used to analyze the correlation between molecular prognostic
factors and IVIM parameters. Comparisons of MVD between
different ER and HER?2 status in tumor tissues of breast cancer
were performed using unpaired t-tests. P<0.05 was considered
to indicate a statistically significant difference.

Results

Patients and histopathology. Clinical data for patients are
summarized in Table I. The 119 patients with breast cancer
consisted of 10 ductal carcinoma in situ (DCIS) cases,
9 invasive lobular carcinoma cases, 26 invasive carcinomas of
no special type with DCIS, and the remaining 74 were invasive
carcinomas of no special type. Benign lesion classifications
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Table II. Comparison of ADC and intravoxel incoherent motion parameters in
breast cancer and benign breast lesions.

Parameter Cancer Benign lesion P-value
ADC (x107° mm?/sec) 0.89+0.33 1.69+0.42 <0.001
Slow ADC (x10° mm?*sec) 0.75+0.38 1.51+0.31 <0.001
Fast ADC (x10° mm?/sec) 41.01£20.63 54.20+21.25 <0.001
Fraction of fast ADC (%) 33.05+11.53 17.76£7.74 <0.001

ADC, apparent diffusion coefficient.

Table III. The AUC, threshold, sensitivity and specificity of ADC, slow ADC,
fast ADC and fraction of fast ADC values to differentiate breast cancer from

benign lesions.

Parameter AUC  Threshold  Sensitivity — Specificity
ADC (x107° mm?*sec) 0.900 1.15 0.857 0.893
Slow ADC (x10° mm*sec) ~ 0.920 1.09 0.929 0.880
Fast ADC (x10° mm%sec)  0.674 43.18 0.714 0.547
Fraction of fast ADC (%)  0.885 20.30 0.857 0.893

AUC, area under the curve; ADC, apparent diffusion coefficient.

included fibrocystic change (n=8), intraductal papilloma
(n=4), fibroadenomas (n=6), and other benign lesions (n=4).
Histopathological features, molecular prognostic factors and
molecular subtypes were used for evaluating breast cancer.

Benign lesions vs. cancer. Comparisons of ADC and IVIM
parameters between patients with breast cancer and benign
breast lesions are listed in Table II. Compared with benign
breast lesions, the ADC, slow ADC and fast ADC values
were significantly decreased for patients with breast cancer
(P<0.001). Patients with breast cancer also exhibited a
significantly increased fraction of fast ADC value compared
with those with benign breast lesions (P<0.001). The AUC
sensitivity and specificity threshold values to distinguish
breast cancer from benign breast lesions using the ADC, slow
ADC, fast ADC and fraction of fast ADC values are presented
in Table III. The slow ADC value was revealed to have the
highest AUC (0.920).

Histopathological features comparison. The ADC, slow ADC,
fast ADC and fraction of fast ADC values of tumor, tumor edge
and peritumor tissues in different histopathological features are
listed in Table I'V. Tumor tissues with metastatic axillary lymph
nodes exhibited significantly increased fraction of fast ADC
values (P<0.001) and decreased slow ADC values (P=0.006),
compared with tumor entities without metastatic axillary
lymph nodes. The Fast ADC values of tumor entities in ER
and PR negative groups were increased compared with positive
groups (P<0.001), and the slow ADC values of tumor entities
were lower in ER and PR negative groups compared with posi-
tive groups (P<0.001). The present study demonstrated that
HER?2 positive tumor tissues exhibited an increased fraction
of fast ADC value compared with the HER2 negative group
(P<0.001), whereas compared with the HER2 negative group, a
significant decrease was observed in the fraction of fast ADC
values of HER?2 positive tumor edge (P=0.006) and peritumor

Table IV. Comparison of ADC, slow ADC, fast ADC and fraction of fast ADC values of tumor entity, tumor edge and peritumor area with regard to different histopathological features.

P-value PR+ PR- P-value HER2+ HER2- P-value Ki67luen Ki67<14%  P-value LN+ LN- P-value

ER-

ER+

ADC (x10* mm?*/sec)

0.290

0.96+0.37

1.11£0.48 0.008*  0.87+0.32
1.04+0.33

1.05+0.25
1.58+0.33

0.81+0.21

0.104
0.174
0.028*

091+041

0.87+0.06
1.01+0.18
1.71+0.33

0.004*
0.754
0.054

0.77+0.16

1.01£041
1.13+0.43

1.59+0.32

0.093

0.79+0.16

0.96+0.40

Tumor
Edge

ONCOLOGY LETTERS 16: 5100-5112, 2018

0.002*
0.869

1.33+0.48

1.64+0.37

0.946
0.281

1.14+0.43
1.66+0.30

1.17+0.46
1.60+0.29

1.10+0.35
1.69+0.30

0.024*
0.001*

1.04+0.36

1.75+0.28

1.16+0.40
1.57+0.31

1.64+0.29

Peritumor
Slow ADC (x10° mm?*/sec)

0.006*
0.392

0.93+0.43
0.76+0.48
1.33-+0.59

<0.001*  0.69+0.34
0.62+0.28
0.99+0.39

0.92+0.36
0.73+0.18

0257  0.69+0.37
0.63+0.39

0.80+0.46
0.67+0.41

0.67+0.13
0.64+0.19

<0.001*

0.57+0.20
0.59+0.31

0.94+0.42
0.73+0.38
1.08+0.49

<0.001*

0.58+0.20
0.58+0.30

0.87+0.45
0.71+0.37
1.11+0.51

Tumor
Edge

0.047*

0.194

0.925

0.077

0.070

0.005*

1.16+0.46

0.832 1.19+0.47 1.01+0.47 0.082 1.04+0.48

0.463 1.07+0.46

1.01+0.39

Peritumor
Fast ADC (x10°* mm?/sec)

0.927

42.35+2348 40.56+19.71

0.026*
0.009*
0.001*

43.23+20.62 35.24+19.83

0.288

44 .86+22.13 38.91%19.61

3091+20.57 51.28+14.96 <0.001*

374242773  46.17+26.48

33.52+20.04 52.48+15.83 <0.001*

43.86+31.85 38.54+18.98

Tumor
Edge

0.774

42.08+27.35 40.81+28.51

52.70+32.17 35.79+22.72  0.003* 45.40+27.34 32.27+26.07

49.38+37.22  46.94+40.68

0.026

0.991

50.25+39.20 40.56+39.56  0.199

52.97+37.65 34.34+41.05

0.065

36.67+3548 64.86+39.20 <0.001* 30.94+32.82 64.95+38.22 <0.001*

Peritumor
Fraction of fast ADC (%)

23.03+10.06 <0.001*

36.43+9.97

0.887

33.72+10.84 31.32+13.21

<0.001*

23.61+8.03

32.61+10.50 41.34+13.08

38.20+9.78

0.949
0.559
0.496

32.73+13.50 33.38+9.24

0.557

322041298 34.36+8.85

Tumor
Edge

0406 4143+17.38 37.19+10.89 0.134

0.831

37.70+13.99 39.73+9.47

0.006*
0.001*

0.888 39.09+13.12 37.42+12.70

38.42+13.69 38.01x11.69

34.84+15.66 44.51+12.88 41331505 40.48+13.61 4444+13.39 31.15+13.74 <0.001*

0.084 4095+14.75 41.24+14.60

39261629 4391x11.17

Peritumor

ADC, apparent diffusion coefficient; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; LN, lymph node. *P<0.05.
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Table V. Immunohistochemical differences of MVD in tumor tissues with distinct histopathological features.
ER+ ER- P-value HER2+ HER2- P-value
MVD, number 23.52+17.08 31.57+11.23 0.002¢ 33.48+22.32 23.16+14.28 0.003*

“P<0.05. MVD, microvessel density; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2.

Figure 1. MVD of ER and HER?2 status in breast cancer tumor tissues. (A) MVD of ER positive and HER2 negative breast cancer; (B) MVD of ER negative
and HER?2 positive breast cancer. (Magnification, x200) MVD, microvessel density; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2.

tissues (P=0.001). The slow ADC value of tumor tissues was
decreased (P<0.001) and the fast ADC value of tumor tissues
was increased (P=0.026) in the high Ki-67 group, compared
with the low Ki-67 group. Immunohistochemical analysis of
the ER and HER?2 status in tumor tissues of breast cancer are
presented in Table V and Fig. 1.

The slow ADC value of tumor tissues exhibited a negative
correlation (r=-0.332, P<0.001) and fraction of fast ADC of
tumor entities demonstrated a positive correlation (r=0.309,
P=0.009) with Ki-67 expression (Table VI). The fast ADC
value of tumor entities identified a negative correlation with
ER (r=-0.506, P<0.001) and PR (r=-0.552, P<0.001) positive
samples (Table VI).

Subtypes comparison. Comparison of the ADC, slow
ADC, fast ADC and fraction of fast ADC values of tumor,
tumor edge and peritumor tissues with distinct subtypes are
presented in Tables VII-IX and Fig. 2. Luminal A tumor tissue
demonstrated increased slow ADC (P<0.001) and decreased
fast ADC (P<0.001) values compared with other subtypes.
The ROC curve used to distinguish between Luminal A
and non-Luminal A cancer using the ADC, slow ADC and
fast ADC values of tumor entity is presented in Fig. 3. The
AUC of sensitivity and specificity threshold values for ADC,
slow ADC and fast ADC values of tumor tissues are listed in
Table X. Luminal B (HER2-negative) samples demonstrated
decreased fraction of fast ADC values compared with other
subtypes in tumor (P<0.001) and peritumor (P<0.001) tissues.
The ROC curve that used to distinguish between Luminal
B (HER2-negative) and Luminal B (HER2-positive) using
the fraction of fast ADC value of tumor tissues is presented
in Fig. 3. With a threshold value of 28.15, the AUC using
the fraction of fast ADC to distinguish between Luminal B

(HER2-negative) and Luminal B (HER2-positive) was 0.800,
the sensitivity was 0.800 and the specificity was 0.667. TNBC
tumor tissue demonstrated a decreased slow ADC value
(P<0.001), increased fast ADC value (P<0.001) and increased
fraction of fast ADC value (P<0.001) compared with other
subtypes. The tumor edge tissue of TNBC demonstrated an
increased fraction of fast ADC value compared with other
subtypes (P=0.001) and TNBC tumor tissue (P=0.015). The
peritumor tissue of TNBC exhibited an increased fast ADC
value compared with other subtypes (P=0.001). The ROC curve
that was used to distinguish between TNBC and non-TNBC
using ADC, slow ADC, fast ADC and fraction of fast ADC of
tumor tissues is presented in Fig. 3. The AUC sensitivity and
specificity threshold values for ADC, slow ADC, fast ADC and
fraction of fast ADC of tumor tissues are listed in Table XI.
Representative images are presented in Fig. 4 for Luminal B
(HER2-positive) cancer. There were significant differences
in IVIM parameters between the peritumor area tissues and
ipsilateral distance fibroglandular tissues (Table XII). There
were no significant differences in IVIM parameters between
ipsilateral distance fibroglandular tissues of different subtypes
breast cancer (P>0.05).

Discussion

The present study illustrated the spatial heterogeneity observed
in angiogenesis and cellularity through IVIM parameters,
which were able to classify subtypes of breast cancer and
distinguish malignant tumors from benign lesions. The IVIM
parameters of tumor, tumor edge and peritumor tissues were
investigated with regard to distinct histopathological features
and subtypes. The results demonstrated IVIM technology was
a useful method to differentiate a number of breast cancer
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Table VI. Spearman's correlation between the ADC, slow ADC, fast ADC and fraction of fast ADC values of tumor tissues and the histopathological features.

ADC (x10* mm?*/sec) Slow ADC (x10° mm?sec) Fast ADC (x10”° mm?sec) Fraction of fast ADC (%)
Variable R-value P-value R-value P-value R-value P-value R-value P-value
Ki-67 -0.243 0.008* -0.332 <0.001* 0.182 0.119 0.309 0.009*
ER+ 0.154 0.094 0.370 <0.001* -0.506 <0.001* -0.054 0.559
PR+ 0.264 0.004* 0.504 <0.001* -0.552 <0.001* -0.006 0.949
HER2+ -0.150 0.105 -1.040 0.258 0.098 0.290 -0.625 <0.001*
“P<0.05. ADC, apparent diffusion coefficient; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2.
A ADC tumor B Slow ADC tumar
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Figure 2. Box plots of ADC, slow ADC, fast ADC and fraction of fast ADC values of tumor, tumor edge and peritumor tissues in breast cancer subtypes.
(A) ADC. (B) Slow ADC. (C) Fast ADC. (D) Fraction of fast ADC. The top and bottom lines of the box represent the 25-75th percentile values, the line in
the box represents the median value, the lines outer bars represent maximum and minimum values and circle represent possible outlier value. ADC, apparent
diffusion coefficient; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer.

subtypes, assess the invasive extent of the tumor and distin-
guish malignant tumors from benign lesions. To the best of our
knowledge, this is the first study demonstrating that the IVIM
parameters of tumor edge and peritumor tissues were able to
differentiate breast cancer subtypes and assess the invasive
extent of tumors.

The present study demonstrated that ADC and slow
ADC values were significantly increased and the fraction of
fast ADC value was decreased in benign lesions compared
with breast cancer, which was consistent with most previous
studies (30,31,39). This was used to distinguish breast

cancer from benign breast lesions using ADC. It has been
demonstrated that cellularity and microcirculation influence
ADC measurements (31). Breast cancer exhibited high
cellularity (low diffusivity) and high vascularity (high
perfusion) (32). The slow ADC value achieved by IVIM avoids
the influence of microcirculation, thus quantifying cellularity
more precisely. There was a difference between the ADC and
slow ADC values which indicated that the microcirculation
may also contribute to the ADC value. Breast cancer is more
cellular and vascular than benign lesions, thus breast cancer
tumors exhibit decreased slow ADC and increased fraction of
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Table IX. Comparison of ADC, slow ADC, fast ADC and fraction of fast ADC values of different subtypes between different tumor regions.

Fraction of fast ADC (%)

Fast ADC (x10” mm?sec)

Slow ADC (x10°* mm?/sec)

ADC (x107 mm?*/sec)

1vs.3 2vs.3

(P-value)

1vs.2
(P-value)

1vs.3 2vs.3 1vs.2 1vs.3 2vs.3
(P-value) (P-value) (P-value)

(P-value)

1vs.2
(P-value)

1vs.3 2vs.3
(P-value)

(P-value)

1vs.2
(P-value)

(P-value)

(P-value)

Type

0.003* <0.001* 0.015* 0.956 0.017* 0.005* 0.239 0.296 0.888 0.005* 0.007*
0.008* 0.009*
0.018*

<0.001*

0.322
0.001*
<0.001*

Luminal A

na
0.005*
<0.001*

na
0.503

na
0.001*

0.965

na

<0.001*
<0.001*
<0.001*

na

<0.001*
0.003*

<0.001*

Na
0.964

0.005*
0.002*
<0.001*
<0.001*

Luminal B (HER2-)
Luminal B (HER2+)

HER2

0.704

0.047*

<0.001*

<0.001*
0.034*

na na 0.174
<0.001* 0.015*

0.746

na
<0.001*

0.375
0.697

<0.001*
<0.001*

0.465

0.256

0.005*

TNBC
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“P<0.05. ADC, apparent diffusion coefficient; TNBC, Triple-negative breast cancer; 1, Tumor tissue; 2, Tumor edge tissue; 3, Peritumor tissue; na, comparison not performed.

Table X. The AUC, threshold, sensitivity and specificity of ADC, slow ADC
and fast ADC values of tumor tissues to distinguish between Luminal A and

non-Luminal A cancer.

Parameter AUC  Threshold  Sensitivity  Specificity
ADC (x10* mm*/sec) 0.731 0.85 0.727 0.526
Slow ADC (x10° mm%sec) ~ 0.774 0.79 0.773 0.711
Fast ADC (%) 0.605 26.77 0.682 0.598

AUC, area under the curve; ADC, apparent diffusion coefficient.

Table XI. The AUC, threshold, sensitivity and specificity of ADC, slow ADC,
fast ADC and fraction of fast ADC values of tumor entity to distinguish
between TNBC and non-TNBC.

Parameter AUC  Threshold  Sensitivity  Specificity
ADC (x10”* mm?*/sec) 0.742 0.80 0.760 0.777
Slow ADC (x10° mm?/sec)  0.858 0.59 0.760 0.819
Fast ADC (x10° mm?sec)  0.869 47.85 0.800 0.851
Fraction of fast ADC (%) 0.784 39.15 0.760 0.723

AUC, area under the curve; ADC, apparent diffusion coefficient; TNBC,
triple-negative breast cancer.

Table XII. Comparison of ADC, slow ADC, fast ADC and fraction of fast

ADC values of peritumor area and ipsilateral distance fibroglandular tissue.

Parameter Peritumor Fibroglandular tissue ~ P-value
ADC (x10* mm*/sec) 1.64+0.31 2.24+2.04 <0.001*
Slow ADC (x10° mm%sec) ~ 1.07+0.47 1.26+0.52 0.007°
Fast ADC (x107° mm%sec)  47.80+39.47 66.25+53.59 <0.001*
Fraction of Fast ADC (%) 41.09+14.62 35.79+11.53 0.002°

“P<0.05. ADC, apparent diffusion coefficient; fibroglandular tissue, ipsilateral
distance fibroglandular tissue.

fast ADC values compared with benign lesions. Fast ADC was
identified to be decreased in breast cancer tissues compared
with benign breast lesions; a result which was consistent
with previous studies (23,39,40). The fast ADC value was
considered proportional to the average blood velocity and
capillary segment length, and it has been demonstrated that
the fraction of fast ADC value reflects vascular density (41).
Compared with benign lesions, the fast ADC value of breast
cancer was decreased which may be associated with a reduced
blood flow owing to increased cellular proliferation. IVIM
parameters can reflect microcirculation and cellularity of
the tumor, which can provide a more accurate differential
diagnosis than DWI. The ROC curve analysis demonstrated
that significant differentiation between breast cancer and
benign breast lesions was provided by the slow ADC and
fraction of fast ADC values with more accuracy than ADC
alone.

In the present study, certain parameters observed by
IVIM exhibited significant differences between various tumor
subtypes, categorized via distinct ER, PR and HER2 expression
levels. Previous studies have reported the associations between
ADC values and prognostic factors in breast cancer (31,42,43).
The present results indicated that increased slow ADC and
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Figure 3. ROC curves were used to compare the sensitivities and specificities of different parameters in breast cancer. ROC discriminated the tumor tissue
(A) between Luminal A and non-Luminal A cancer (AUC, 0.731 for ADC; 0.774 for slow ADC; 0.605 for fast ADC); (B) between Luminal B (HER2-negative)
and Luminal B (HER2-positive) cancer (AUC, 0.800 for fraction of fast ADC); (C) between TNBC and non-TNBC cancer (AUC, 0.742 for ADC; 0.858 for
slow ADC; 0.869 for fast ADC; 0.784 for fraction of fast ADC). ROC, receiver operating characteristic; AUC, area under the curve; ADC, apparent diffusion
coefficient; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer.

decreased fast ADC values in ER positive tumors may be
associated with a decreased perfusion contribution. It has also
been reported that MVD and the vascular endothelial growth
factor (VEGF) status of tumors were markedly associated
with tumor angiogenesis, infiltration of vessels and tissues
by tumor cells, and the recruitment of existing vessels by
the tumor (44,45). These factors provide a suitable founda-
tion for the infiltration and transfer of the tumor (46). It has
been suggested that positive ER expression may inhibit tumor
angiogenesis by lowering VEGF levels (47). The present study
confirmed that ER negative tumors exhibited increased tumor
angiogenesis compared with ER positive tumors using MVD.
These results indicated that ER positive tumors also have a
decreased fast ADC value compared with ER negative tumors,
and a negative correlation was identified between fast ADC
and ER expression. It was also identified that the fast ADC
value was correlated negatively with PR expression (Table I'V).
PR, which is produced by ER acting on the chromosome, was
regulated by ER (48). PR expression demonstrated a negative
correlation with the fast ADC value (Table V). An ER posi-
tive tumor could be treated by endocrine, which has higher
survival rates and an improved treatment responses than an

ER negative tumor. The present study suggests that slow ADC
and fast ADC values have the potential to provide a measure of
ER expression through non-invasive MRI examination.

HER?2, a prognostic factor for breast cancer, is an impor-
tant index of breast cancer growth and transfer via inhibiting
apoptosis, promoting proliferation, increasing the invasiveness
of the tumor, and promoting tumor angiogenesis and lymphan-
giogenesis. The present study demonstrated that HER2
positive tumors exhibited an increased fraction of fast ADC
value compared with HER2 negative tumors which suggested
that HER?2 positive tumors experienced more angiogenesis
than HER?2 negative tumors. Markedly, the fraction of fast
ADC value of HER?2 positive tumor edge tissue was decreased
compared with HER?2 negative tissue. This may be associated
with decreased perfusion in the center of TNBC on account of
necrosis. The fraction of fast ADC value may be a potential
marker of HER2 expression, measured using IVIM.

A previous study demonstrated that the slow ADC value
was negatively correlated with Ki-67 expression, which is
consistent with the present results (49), suggesting that the slow
ADC and Ki-67 values may be used as an improved measure
to assess the cell density and proliferation status. These results
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Figure 4. Magnetic resonance images of a 49-year-old female with Luminal B (HER2-positive) type invasive ductal carcinoma in the right breast. The
malignant mass is presented as (A) an ADC map, (B) a slow ADC map, (C) a fast ADC map and (D) a fraction of fast ADC map. ADC, apparent diffusion

coefficient; HER2, human epidermal growth factor receptor 2.

indicated that an increased cell proliferation indicated by high
Ki-67 expression levels may lead to an increased cell density
indicated by a decreased ADC value (25). The present results
demonstrated that the fraction of fast ADC value was posi-
tively correlated with Ki-67 expression, indicating that tumor
proliferation was associated with increased angiogenesis. The
slow ADC and fraction of fast ADC values may be useful for
assessing Ki-67. The present study also identified that tumors
tissues with axillary metastasis had increased fraction of fast
ADC and decreased slow ADC values compared with those
without axillary metastasis.

The present study demonstrated that IVIM parameters
were significantly different between different tumor
subtypes. Luminal A cancer exhibited increased slow ADC
and decreased fast ADC compared with other subtypes. It
has previously been established that Luminal B cancers have
a poorer prognosis and a distinctive response to systemic
therapy, compared with Luminal A cancers (50). In the case
of ER positive or PR positive tumors, the slow ADC and fast
ADC values may be of use to distinguish Luminal B from
Luminal A cancer. Luminal B (HER2-negative) tumor and
peritumor tissues exhibited decreased fraction of fast ADC
values compared with other subtypes. Gene amplification by
fluorescence in situ hybridization was used to determine the
HER?2 status in tumors with a 2+ score, which is a lengthy
procedure. A measurement of the fraction of fast ADC may

be useful to distinguish Luminal B (HER2-positive) from
Luminal B (HER2-negative) cases. TNBC is associated
with poor prognosis, unresponsiveness to usual endocrine
therapy, and a shorter survival period (51). TNBC samples
exhibited increased fast ADC and fraction of fast ADC
values compared with other subtypes, which suggests that
this type cancer undergoes increased tumor angiogenesis.
It has been reported that TNBC also exhibited increased
MVD compared with other subtypes of cancer (52). The
tumor edge tissues from TNBC samples exhibited increased
fraction of fast ADC values compared with other tissue types,
including TNBC tumor tissue which may be associated with
increased blood supply to the tumor and the internal necrosis
of the tumor. A previous study demonstrated that circular
strengthening was characteristic of TNBC, which was due
to internal necrosis (51). Notably, the peritumor TNBC tissue
exhibited increased fast ADC values when compared with
other subtypes of breast cancer. This result indicated that
TNBC cancer is a highly invasive cancer, and these changes
in peritumor area of tumors may provide some assistance
for the clinical evaluation of the invasive extent of tumors.
However, a greater range of peritumor tissues are needed to
investigate the change of parameters derived from IVIM.
The present study demonstrated that the fraction of fast ADC
value of the peritumor area was increased compared with
that of the tumor tissue, which may be associated with the
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high b value (b>1,000). With the maximum b value selected
from the sequence of b-values used, the fraction of fast ADC
value increased compared with lower b-values. Additionally,
this may be associated with proportion of perfusion, which is
greater than the diffusivity, the software, or the curve-fitting
method selected. In summary, the reasons for this association
remain unresolved and require further study.

The present study has a number of limitations. A selection
bias of ROI may be present in the present study, since the ROI
selection did not cover the entire volume of tumor, tumor edge
and peritumor areas. The ROI was drawn on the slice with the
largest tumor area and a small ROI was drawn on the edge
of slices with high fraction of fast ADC at the largest area of
tumor. The ROI of peritumor area was measured three times
at the largest area of tumor and the mean value was calculated.
The selection of these ROIs was to reflect the large range
of tumor characteristics. Secondly, ROC analysis was not
performed between all the different subtypes of breast cancer.
Furthermore, an increased sample size would be necessary
to perform a proper comparison and provide thresholds for
distinct subtypes of breast cancer.

The objective of the present study was to compare the
regional distribution between different subtypes of breast
cancer using [VIM parameters. The IVIM method is important
to predict the efficacy of chemotherapy in patients with breast
cancer. The next step will be to evaluate the chemotherapy
efficacy of different subtypes of breast cancer by IVIM.

IVIM is a valuable technique that may be useful to
differentiate breast cancer subtypes, assess the invasive extent
of the tumor and differentiate breast cancer from benign breast
lesions. Understanding breast cancer characterization through
IVIM parameters provides a new approach for appraising
breast cancer accurately, which may contribute to selection of
an appropriate therapeutic approach.
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