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Abstract

Background: Breast cancer is a heterogeneous disease with diverse prognoses. The main prognostic determinants are lymph node status,
tumor size, histological grade, and biological factors, such as hormone receptors, human epidermal growth factor receptor 2 (HER2), Ki-67
protein levels, and p53 expression. Diffusion-weighted imaging (DWI) can be used to measure the apparent diffusion coefficient (ADC) that
provides information related to tumor cellularity and the integrity of the cell membranes.

Objectives: The goal of this study was to evaluate whether ADC measurements could provide information on the prognostic factors of
breast cancer.

Patients and Methods: A total of 71 women with invasive breast cancer, treated consecutively, who underwent preoperative breast MRIs
with DWI at 3.0 Tesla and subsequent surgery, were prospectively included in this study. Each DWI was acquired with b values of 0 and
1000 s/mm?2. The mean ADC values of the lesions were measured, including the entire lesion on the three largest sections. We performed
histopathological analyses for the tumor size, lymph node status, histological grade, hormone receptors, human epidermal growth factor
receptor 2 (HER2), Ki-67, p53, and molecular subtypes. The associations with the ADC values and prognostic factors of breast cancer were
evaluated using the independent-samples t test and the one-way analysis of variance (ANOVA).

Results: A low ADC value was associated with lymph node metastasis (P < 0.01) and with high Ki-67 protein levels (P=0.03). There were no
significant differences in the ADC values among the histological grade (P = 0.48), molecular subtype (P = 0.51), tumor size (P = 0.46), and
p53 protein level (P=0.62).

Conclusion: The pre-operative use of the 3.0 Tesla DWI could provide information about the lymph node status and tumor proliferation
for breast cancer patients, and could help determine the optimal treatment plan.
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1. Background

Breast cancer is a heterogeneous disease with distinct
molecular subtypes (luminal A, luminal B, HER2 posi-
tive, and triple-negative), which have diverse clinical out-
comes and treatment responses. The luminal B subtype
shows a higher proliferation of tumor cells and poorer
prognosis than the luminal A subtype (1). The HER2 posi-
tive and triple-negative breast cancers are associated
with a worse prognosis when compared to the luminal
subtypes (2). Moreover, the lymph node status, tumor
size, and histological grade are the three main prognos-
tic determinants in breast cancer. Based on these clinical
and histological factors, the biological factors, such as the
hormone receptors and human epidermal growth factor
receptor 2 (HER2), Ki-67 protein levels, and p53 expression
are strongly associated with the prognosis and outcomes

in breast cancer (3). These are major considerations in the
management of patients with breast cancer.

The diagnosis and preoperative staging of breast cancer
are made on the basis of mammography, ultrasonogra-
phy, and dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI). Diffusion-weighted imaging
(DWI) has become a helpful tool in providing additional
information for the characterization of the lesions de-
tected by breast MRIs (4-6). DWI can be used to measure
the apparent diffusion coefficient (ADC), a quantitative
measure of the diffusivity of water, which provides in-
formation related to tumor cellularity and the integrity
of the cell membranes (7). Several studies have evalu-
ated the associations of the ADC value with those of the
lymph node status, tumor size, histological grade, and
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biological factors, but their results were inconclusive (8-
12). Recently, a few studies reported their results for the
ADC value and prognostic factors of breast cancer, using
an ultra-high-field (3.0 Tesla) MRI (9, 13); however, to our
knowledge, there has been no prospective study of the di-
agnostic value of the ADC measurements from a 3.0 Tesla
MRI in determining the prognosis of breast cancer.

2. Objectives

The purpose of this study was to evaluate the ADC values
of invasive breast cancer, and to investigate whether the
use of DWI for these measures could provide information
about the prognostic factors in breast cancer, including
the lymph node status, tumor size, histological grade,
hormone receptors, and HER2, Ki-67, and p53 protein ex-
pressions.

3. Patients and Methods

3.1. Patients

This prospective study was approved by the institu-
tional review board, and informed consent was waived.
A total of 112 women with biopsy-proven breast cancer
scheduled to undergo surgery were enrolled in our study,
between July 1, 2013 and April 30, 2014. The patients were
examined using DWIs with b values of 0 and 1000 s/mm?
added to the conventional DCE-MRI. Only the largest di-
ameter lesion per patient was evaluated.

Patients that met any of the following criteria were ex-
cluded from this study: pure ductal carcinoma in situ (n
=10), lesion size < 5 mm (n = 1), motion artifact in DWI
(n =5), undergoing neoadjuvant chemotherapy (n =16),
excisional biopsy prior to MRI (n = 5), and not undergo-
ing surgery (n=3). One patient was excluded because the
percutaneous biopsy determined that the lesion was an
invasive ductal carcinoma, but surgery confirmed it to be
an adenomyoepithelioma.

3.2. MR Image Acquisition

A breast MRI was performed by using a 3.0 Tesla MRI
system (Achieva 3.0T TX; Philips Healthcare, Andover,
MA), with a dedicated phased-array breast coil, and the
subjects in the prone position. The DWI was acquired in
the transverse plane, covered both breasts, and a spin-
echo single-shot echo planar imaging sequence with
a diffusion-sensitizing gradient was applied orthogo-
nally. These images were used to synthesize the isotopic
transverse images (repetition time (ms)/echo time (ms):
5417/72; b values: 0,1000 s/mm?; image matrix: 96 x 126;
field of view: 320 x 320 mm; section thickness: 3 mm;
section gap: 0 mm; 3-signal acquired; acquisition time:
80 s). We chose the b value of 1000 s/mm? on the basis
of the recommendations of the expert groups. After the
DWI, T2-weighted fat spin-echo transverse images were
also obtained, using the following image parameters:

repetition time (ms)/echo time (ms): 5727/70; flip angle:
90°; image matrix: 620 x 309; field of view: 581 x 342 mm;
section thickness:3 mm;and section gap: 0 mm.

A 3-dimensional T1-weighted fast-spoiled gradient-echo
sequence was also performed, with the transverse imag-
ing of one pre-contrast and six post-contrast dynamic
series, using Gadoterate meglumine (Dotarem; Guerbet,
Villepinte, France) as a contrast agent, immediately after
and at 60,120, 180, 240, and 300 s after the contrast injec-
tion. The image parameters were: repetition time (ms)/
echo time (ms): 6/3; flip angle: 0°; image matrix: 436 x
436; field of view: 330 x 340 mm; section thickness:3 mm;
and section gap: 1.5 mm. Gadoterate meglumine was in-
jected at 0.1 mL per kilogram of body weight, from an an-
tecubital vein using a power injector (Spectris; Medrad,
Indianola, PA), at a rate of 2 mL/s. For the DCE-MRI, we per-
formed post-processing, including early subtraction by
subtracting the pre-contrast images from the first post-
contrast images, calculation of time-intensity curves of
enhancing regions, and generation of maximum inten-
sity projection images.

3.3. DWI and ADC Analysis

The ADC maps were constructed using software pro-
vided by the MRI system manufacturer (Phillips Medical
Systems, Andover, MA) and the following equation:

o) ADC= Z?:lﬁ

Where, b; is the diffusion gradient value and

b=12G22(A~2)

3

Where, y is the gyromagnetic ratio; G, the gradient
strength; 3, the diffusion gradient duration; and A4,
the time between the diffusion gradient pulses (S is
the first acquired image [with b = 0], and S, is the ith
image). After a hypointense lesion was identified on
an ADC map, the regions of interest (ROIs) were drawn
manually to cover the entire tumor in the three largest
cross-sections, by using the DCE-MRI information for
reference purposes, via CAD stream imaging software
version 5.2 (Merge Healthcare, Chicago, IL). If the lesion
was small, to identify it in the three different cross-sec-
tional planes, ROIs were drawn repetitively in the larg-
est plane. We took care to avoid the regions of high T2
within a lesion, such as cyst, hematoma, necrosis, nor-
mal breast parenchyma, or fat. The mean ADC of each
ROI was determined, and an average ADC was calculated
for each lesion (Figure 1).

To evaluate the intraobserver variability, the radiologist
re-measured the ADC values in 30 cases in random order,
9 weeks after the first measurements, and the Kappa sta-
tistics were evaluated.
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Figure 1. Measuring the ADC value in breast cancer using the CAD system. A, Axial contrast-enhanced Ti-weighted subtraction MR image showing en-
hanced mass in the right breast (arrows); B, Axial ADC map (b values: 0 and 1000 s/mmz) showing the same lesion (arrows) with restricted diffusion; C,On
the axial ADC map, three regions of interest were manually drawn to include the entire tumor in the three largest cross-sectional planes, and the mean

ADC value was calculated.

3.4. Histopathological Analysis

The histological grades and details of the estrogen re-
ceptors (ER), progesterone receptors (PR), and HER2 ex-
pressional statuses were obtained from post-operative
histopathological reports. The histopathological findings
were reviewed by two pathologists specializing in mam-
mary tissue, in consensus. The histological grades were as-
sessed using the numerical scoring system for the tubule
formation, pleomorphism, and mitotic counts described
by Elston and Ellis (14). The total score could range from 3
to 9, with a scores 3 to 5 representing grade 1, scores 6 and 7
were grade 2, and 8 and 9 were grade 3. Following Black et
al.(15), the statuses of the ER and PR were considered using
the Allred scoring system, and the results of the HER2 ex-
pression were recorded as 0, 1+, 2+, or 3+, according to the
manufacturer’s recommendations. Tumors with HER2 ex-
pressions of 0 or 1+ were classified as negative, and 3+ was
positive. The tumors with an HER2 expression of 2+ were
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studied by fluorescent in situ hybridization to determine
the HER2 gene amplification.

According to the receptor status, the immunohisto-
chemical tumor subtype was classified into luminal A, lu-
minal B, HER2 positive, and triple negative breast cancer.
The Ki-67 protein expression was evaluated by using the
percentage of immunoreactive cells from 1000 tumor
cells in the hot spots, and the mean percentage was used
as arepresentative value. The Ki-67 index was determined
to be positive if the expression was > 14%, and p53 was
considered to be positive if the expression was > 10%.
The presence of axillary lymph node metastasis was also
recorded. The lymph node specimens were obtained by
sentinel lymph node dissection, and if the sentinel lymph
node was positive, immediate axillary lymph node dis-
section was also performed. The presence of metastasis,
including micrometastasis, was regarded as a positive
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finding, while the presence of isolated tumor cells in the
lymph nodes was regarded as a negative finding.

3.5. Statistical Analysis

To determine whether the ADC values followed a nor-
mal distribution, the Kolmogorov-Smirnov test was per-
formed. The ADC values were compared according to the
histological type; lymph node status; tumor size; ER, PR,
and HER?2 statuses; Ki67 index; and p53 expression, using
the independent-samples t test. For the statistical analy-
sis, the tumor sizes were measured by DCE subtraction
MRI and classified into two categories ( =2 cmor<2cm).
We also compared the ADC values according to the histo-
logical grade and immunohistochemical type, using the
one-way analysis of variance (ANOVA). Statistical software
(SPSS, IBM Corp., Released 2011, IBM SPSS Statistics for
Windows, Version 20.0. Armonk, NY) was used for all data
analyses, and a P value of less than 0.05 was considered to
be a significant difference.

4. Results

4.1. Clinical Data

Seventy-one women met our inclusion and exclusion
criteria, and the mean+SD age of these patients was 54411
years (age range: 32 - 74 years). Of the 71 patients, 54 (76%)
were diagnosed with invasive ductal carcinoma not oth-
erwise specified, and 17 (24%) had special types of invasive
ductal carcinomas (invasive lobular carcinoma, 4; inva-
sive micropapillary carcinoma, 3; mucinous carcinoma,
2; medullary carcinoma, 2; cribriform carcinoma, 2; neu-
roendocrine carcinoma, 2; metaplastic carcinoma, 1; and
tubular carcinoma, 1). The lesion sizes ranged from 0.6 to
10.1 cm (mean * SD: 2.0 £ 1.4 cm). For 24 (34%) of 71 tumors,
the patients underwent mastectomy, and 47 (66%) were
treated with breast-conserving therapy.

4.2. ADC Values and Prognostic Factors

According the Kappa statistics, perfect intraobserver
agreement was demonstrated (P = 0.97). The mean ADC
value of the 71 tumors was 0.91% 0.20 x 10° mm?/s (range:

0.58 -1.44 x 103 mm?[s). The mean ADC values of those in-
vasive ductal carcinomas not otherwise specified, and the
special types of invasive ductal carcinoma were not sig-
nificantly different (0.89 £ 0.16 x 103 mm?/s versus 0.98 +
0.23 x 102 mm?/s, P = 0.08). The mean ADC value was not
statistically different between histologic grade and tumor
size subgroups (Ps=0.19 and 0.46 respectively). Moreover,
there was no significant differences among the mean ADC
values of different subgroups determined by ER, PR and
HER?2 status (Ps =0.93, 0.88 and 0.85 respectively).

The mean ADC of the invasive breast cancers with lymph
node metastasis was 0.83 + 0.13 X102 mm?[s,and that of the
invasive breast cancers without lymph node metastasis
was 0.94 + 0.21 x 103 mm?/s. The mean ADC of the invasive
carcinomas with lymph node metastasis was significantly
lower than that of the invasive carcinomas without lymph
node metastasis (P < 0.01) (Figures 2 and 3). The mean ADC
of the high Ki-67 cancers was significantly lower than that
of the Ki67-negative cancers (0.85 * 0.15 x 103 mm?[s versus
0.96 +0.22 x103 mm?[s, P=0.03) (Figure 4 and 5).
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Figure 2. Graph showing the mean ADC values of invasive breast can-
cers according to lymph node status. The mean ADC value of the invasive
breast cancer with lymph node metastasis (0.83 + 0.13 x 103 mmZ/s) was
significantly lower than that without lymph node metastasis (0.94 + 0.21
x 103 mmzls; P < 0.01). The two extreme values in the graph (asterisks)
were the ADC values of the mucinous carcinomas with no axillary lymph
node metastasis.

Figure 3. Findings in the left breast of a 74-year-old woman with a diagnosis of left breast cancer. A, Axial contrast-enhanced Ti-weighted subtraction MR
image of the left breast showing irregular enhancing mass (arrows), 10 x 9 mm in size; B, Diffusion-weighted image (b value: 1000 s{mmz); C, Axial ADC

map (b values: 0 and 1000 sj/mm*) showing correlated lesion (arrows) with restricted diffusion, and an ADC value of 0.85 x 10

3 mm /s. There was no de-

tected abnormal axillary lymphadenopathy on the preoperative MR image; however, metastasis was present in the lymph node specimen after surgery.
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Figure 4. Findings in the right breast of a 44-year-old woman with a diagnosis of left breast cancer. A, Axial contrast-enhanced T1-weighted subtraction
MR image of the left breast showing an enhancing mass with an irregular margin (arrows), 19 x 14 mm in size; B, Diffusion-weighted image (b value: 1000
s/mmz); C, Axial ADC map (b values: 0 and 1000 s/mmz) showing correlated lesion (arrows) with restricted diffusion; the ADC value was 1.08 x 103 mm2/s;
D, Axial TI-weighted MR image showing a lymph node with cortical thickening in the left axilla. Metastasis was suspected, but there was no metastasis in
the lymph node specimen after excision.

The mean of the p53-positive cancers was higher than that  type had the highest mean ADC value (mean: 0.99 * 0.19 x
of p53-negative cancers, but there was no significant differ- 10> mm?/s); however, the ADC values were not significantly
ence (P=0.62).Of the molecular subtypes, the HER2 positive ~ different among the molecular subtypes (P =0.51) (Table 1).
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Table 1. ADC Values and Prognostic Factors in 71 Breast Cancer Patients (n =71)

Prognostic Factor Subgroup Lesions? ADC (x1073 mm?/s) PValue
Mean 95% CI

Lymph node status <0.01
Metastasis 21(30) .83 0.77,0.89
No metastasis 50(70) 94 0.89,1.00

Histological type 0.19
IDC NOS 54 (76) .89 0.84,0.93
Non IDC 17 (24) .98 0.85,1.12

Histological grade 0.48
Grade1 26(37) .95 0.85,1.04
Grade 2 18 (25) .88 0.84,0.94
Grade 3 27(38) .89 0.82,0.96

Size 0.46
<2cm 39 (55) .90 0.82,0.97

>2cm 32(45) .93 0.88,0.98

ER 0.93
Positive 48(67) .88 0.85,0.97
Negative 23(33) .91 0.84,0.98

PR 0.88
Positive 44 (62) 91 0.84,0.97
Negative 26(38) .92 0.85,0.98

HER2 0.85
Positive 19 (27) .90 0.81,0.99
Negative 52(73) .88 0.84,0.95

Ki-67 0.03
Positive 32(45) .85 0.84,0.98
Negative 39 (55) .96 0.85,0.97

p53 0.62
Positive 33(46) .93 0.84,0.98
Negative 38(54) .90 0.82,0.97

Immunohistochemical type 0.51
Luminal A 35 (49) .93 0.86,1.00
Luminal B 13 (18) .86 0.78,0.95
Triple negative 17 (24) .88 0.80,0.95
HER2 positive 6(9) 99 0.79,1.19

Abbreviations: HER2, human epidermal growth factor receptor; IDC, invasive ductal carcinoma; NOS, not otherwise specified.

dData are presented as No. (%).
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Figure 5. Graph showing the mean ADC values of invasive breast cancers
with high proliferation versus low proliferation. The mean ADC value of
those with high proliferation (Ki-67: > 14%; 0.85 * 0.13 x 10> mm?s) was
significantly lower than those with low proliferation (Ki-67: <14%; 0.96 +
0.22 x 10~ mm*/s; P = 0.03). The two extreme values in the graph (aster-
isks) were the ADC values of mucinous carcinomas.

5.Discussion

Our prospective study examined consecutively treated
patients on whom we performed identical DWIs using a
single 3.0 Tesla MR scanner. We found that the ADC is a
useful method for the quantitative measurement of the
DWI to detect microstructural tumor characteristics. The
ADC values were influenced not only by the microscopic
motion from diffusion, but also from perfusion, which
could be increased due to tumor angiogenesis (16, 17). The
perfusion effects were decreased for the higher b values,
and diffusion had a more prominent influence on the
ADC value (4, 18). Many factors can affect the ADC value,
including imaging parameters factors, such as magnetic
susceptibility, spatial resolution, and the signal-to-noise
ratio (6). Therefore, it is important to perform DWIs using
a single MR scanner with identical imaging parameters.

Lymph node metastasis is one of the most important
prognostic factors in breast cancer patients. Patients
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with lymph node metastasis have about a 4 to 8 times
higher mortality rate than those without nodal involve-
ment (18). For the preoperative evaluation of the axilla,
several methods, including ultrasound, ultrasound-guid-
ed fine-needle aspiration or core biopsy, breast MRI, and
positron emission tomography (PET), have been used.
In recent years, patients with a negative sentinel lymph
node can avoid a complete axillary lymph node dissec-
tion, because sentinel lymph node biopsy has been prov-
en to be fairly accurate in predicting axillary metastasis
with high sensitivity; however, a false negative result of
5% has been reported (19).

In this study, the tumors with axillary lymph node me-
tastasis had significantly lower ADCs than those without
axillary lymph node metastasis, and the axillary lymph
node status was independently associated with the ADC
value. These findings are consistent with another pro-
spective study by Razek et al. (10) using a 1.5 Tesla MR scan-
ner. Although some authors have observed no significant
relationship between the ADC values and axillary lymph
node metastasis (17, 20), this approach could contribute
to the preoperative detection of axillary lymph node me-
tastasis. Further investigation is necessary to assess the
additional roles of DWI in improving the detection rates
of axillary lymph node metastases, as well as how to com-
bine imaging modalities for more accurate diagnoses.

A high proliferation rate with a high Ki-67 labeling in-
dexwas also associated with alow ADC value in this study.
The tumor proliferation rate is a key prognostic factor;
however, the results obtained in previous studies using
different methods of ADC measurement have varied (8,
12,19). A recent study by Mori et al. (20) evaluated the as-
sociation of the Ki-67 labeling index in the luminal type
of invasive ductal carcinoma, and found that a high Ki-67
labeling index was associated with the ADC value, regard-
less of how it was measured.

This study showed no significant association between
the ADC values and the ER, PR, and HER2 statuses. One
previous study reported that the ER expression affected
the ADC value via the inhibition of the angiogenic path-
way and a decrease in perfusion (15). Soerjomataram et al.
reported that the ER-positive cancers showed high cellu-
larity (21), while Bogner et al. found that HER2 overexpres-
sion increased angiogenesis by the induction of the vas-
cular endothelial growth factor (18). Other recent studies,
however, have reported inconclusive results on the corre-
lation between the immunohistochemical markers and
ADCvalues. Moreover, Choi et al. using a 1.5 Tesla MRI with
b values of 0 and 1000 s/mm?, reported that a low ADC
was associated with a positive expression of ER and PR,
but that the expression of HER2 was not significantly as-
sociated with the ADC value (8). Jeh et al. used both a 1.5
Tesla MRI with b values of 0 and 1000 sj/mm2 and 3.0 Tesla
MRI with b values of 0 and 750 s/mm?, and found that the
low ADC value was related to the positive expression of
ER and negative expression of HER2 (22). A more recent
study using a 3.0 Tesla MRI with b values of 0 and 1000 s/
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mm? reported that only the HER2 status was associated
with the ADC value (18). However, all of these studies used
retrospective study designs with variable b values, which
might have influenced the ADC values.

Tumor size is also an important prognostic factor, and
is associated with long-term survival from breast cancer.
Larger tumors generally have more positive lymph nodes
and are associated with a poorer prognosis (21). Razek et
al. observed that the mean ADC value was 1.16 x 103 mm?s
in those tumors measuring 1 to 2 cm, 1.01 x 10> mmz2/s in
those measuring 2 to 5 cm, and 0.95 x 10> mm?[s in those
measuring > 5 cm (P = 0.001) (10). Park et al. reported
that the mean ADC value was 0.91 x 103 mm?[s in those
tumors measuring <2 cm, 0.84 x 103 mm?/s in those of 2
to 5 cm, and 0.97 x103 mm?[s in those =5 cm (P=0.003)
(9). These studies (9,10) reported that the tumor size was
significantly associated with the ADC value; however, the
results for the mean ADC values of the tumors larger than
5 cm were different.

Our study found that the larger tumors ( > 2 cm) had
higher mean ADC values (0.93 + 0.15 x 103 mm?[s) than
the smaller tumors (< 2 cm, 0.90 + 0.23 x 103 mm?/s),
without a statistically significant difference, while Choi
et al. (8) found no significant association with the tumor
size and mean ADC value: the mean ADC value of the
larger tumors (> 2 cm, 0.89 x 103 mm?[s) was lower than
that of the smaller tumors (<2 cm, 0.92 x103 mm?[s). The
differences in the outcomes may be attributed to the dif-
ferent histopathological types of tumors and different
study methods. Most of these studies have concentrated
on 1.5 Tesla MRI scanners (8,10, 22); however, 3.0 Tesla MRI
scanners provide greater lesion delineation in DWI, and
small cancers are more clearly visible in DWI at 3.0 Tesla
than at 1.5 Tesla (23). Further, our study included patients
with invasive cancers of a variety of histopathological
types, while Park et al. (9), who did use a 3.0 Tesla scanner,
included only invasive ductal carcinomas.

Tumor cellularity is an important index of tumor grade
(9); however, the histological grade of breast cancer is as-
sessed by the degree of differentiation by using the Not-
tingham histological scoring system (3). Some authors
have demonstrated an association between the tumor
cellularity and ADC values (4,17), but a direct relationship
between the tumor cellularity and histological grade
has not been proven. Previous studies reported that the
histologic grade of breast cancer was not significantly as-
sociated with the ADC value (8, 9, 22), which corresponds
with our results, although a recent study by Cipolla et al.
(11) found an association between a low ADC value and a
high grade of invasive breast cancer.

There were several limitations in this study. First, we ex-
cluded patients undergoing neoadjuvant chemotherapy.
Therefore, those patients with advanced breast cancer
were not included, and selection bias might be present.
Second, breast cancer lesions smaller than 5 mm were
excluded. Although the 3.0 Tesla MRI has greater resolu-
tion than the 1.5 Tesla, it was difficult to measure the ADC



Park EK et al.

value accurately for lesions less than 5 mm without inter-
cepting adjacent normal tissue or fat.

In conclusion, a low ADC is associated with lymph node
metastasis, and a high Ki-67 labeling index in preop-
erative breast MRIs. The ability of DWI to preoperatively
evaluate lymph node status and tumor proliferation in
breast cancer, may further improve patient care and help
develop a more effective treatment plan. The preopera-
tive assessment of ADC using the 3.0 Tesla DWI may also
help reduce false negative diagnoses in lymph node me-
tastasis.
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