What shear wave elastography parameter
best differentiates breast cancer and
predicts its histologic aggressiveness?
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Purpose: This study aimed to identify useful shear wave elastography (SWE) parameters for
differentiating breast cancer and predicting associated immunohistochemical factors and
subtypes.

Methods: From November 2018 to February 2019, a total of 211 breast lesions from 190
patients who underwent conventional breast ultrasonography and SWE were included. The
Breast Imaging Reporting and Data System categories and qualitative and quantitative SWE
parameters for each lesion were obtained. Pathologic results including immunohistochemical
factors were evaluated. The diagnostic performance of each parameter and its correlation
with histological characteristics, immunohistochemical factors, and subtypes of breast cancer
were analyzed using analysis of variance, the independent t test, the Fisher exact test, logistic
regression analysis, and the DelLong method.

Results: Among 211 breast lesions, 82 were malignant, and 129 were benign. Of the SWE
parameters, Emax showed the highest area under the curve (AUC) for differentiating malignant
from benign lesions (AUC, 0.891; cut-off>50.85). Poor tumor differentiation and progesterone
receptor-negativity were correlated with higher SDmean and Emax (P<0.05). Ki-67-positive
breast cancer showed higher SDmean and a heterogeneous color distribution (P<0.05). Ki-67
and cytokeratin 5/6-positive breast cancers showed higher Emax/Efat ratios (P<0.05). Luminal
B, human epidermal growth factor receptor 2—enriched, and triple-negative (non-basal) subtypes
showed somewhat higher SDmean values than the luminal A and triple-negative (basal) subtypes
(P=0.028).

Conclusion: Emax is a reliable parameter for differentiating malignancies from benign breast
lesions. In addition, high stiffness and SDmean values in tumors measured on SWE could be used
to predict poorly differentiated, progesterone receptor-negative, or Ki-67-positive breast cancer.
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Introduction

Breast cancer is a heterogeneous disease with various
immunohistochemical subtypes. Immunohistochemical factors can
affect the clinical course, treatment response, and prognosis of
breast cancer patients [1]. Estrogen receptor (ER) and progesterone
receptor (PR) are useful markers when selecting patients for
hormone therapy. Human epidermal growth factor receptor 2
(HER2) is a valuable immunohistochemical predictor of response
to trastuzumab [2]. Ki-67 is another immunochistochemical factor
associated with cell proliferation, which is known to be a poor
prognostic factor. Several studies have revealed that measuring
Ki-67-positive cells during treatment can improve predictions of
treatment efficacy in both antihormonal therapy and chemotherapy
[3,4]. In addition, the pre-treatment Ki-67 index has been found to
be associated with the survival rate after neoadjuvant chemotherapy
and with the response to neoadjuvant chemotherapy [5,6].

Breast elastography has been used to evaluate breast lesions
by tissue elasticity with high sensitivity and specificity [7]. Shear
wave elastography (SWE) is a quantitative technique that can
calculate tissue elasticity by measuring the velocity of shear waves
propagating in the tissue [8]. Unlike strain elastography, SWE can
quantitatively and reproducibly measure tissue stiffness without
examiner-dependence [9,10]. Therefore, SWE can produce more
objective measurements, making it more useful for determining
tissue characteristics [11]. Some studies have shown that
breast cancers tend to be stiffer on SWE, which can be used in
differentiating malignant from benign lesions [12].

Recently, associations between tumor stiffness and
immunohistochemical profiles have been investigated using SWE.
Ganau et al. [13] reported that there appeared to be a trend
toward lower Emax and Emean values in tumors with aggressive
phenotypes such as HER2 overexpression. In contrast, Youk et al. [14]
found no significant correlations between mean elasticity values
and the immunohistochemical profile. Chang et al. [15] found that
tumors with HER2-positive and triple-negative immunohistochemical
profiles were stiffer than ER-positive subtypes. Denis et al. [16] also
reported that the Ki-67 proliferation index and histological grade
were factors that influenced mean elasticity when differentiating
between luminal subtypes.

Building upon these previous studies, we analyzed various SWE
parameters in breast lesions. The objective of this study was to
identify useful SWE parameters for differentiating breast cancer and
predicting its immunohistochemical factors and subtypes.
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Materials and Methods

Patient Selection

This study was approved by our Institutional Review Board, and the
requirement for informed consent was waived. This retrospective
study included patients with breast lesions of Breast Imaging
Reporting and Data System (BI-RADS) category 3 or above that
were scheduled for biopsy, who underwent conventional breast
ultrasonography (US) and SWE from November 2018 to February
2019. Initially, 237 breast lesions from 216 patients were included
as subjects of this study. However, 26 lesions from 26 patients
were excluded for the following reasons: failure to obtain proper
SWE images (skin or superficial lesion, n=4; subareolar lesion, n=3;
bulging mass larger than 2 cm, n=5; and axillary lesion, n=2) or
absence of pathologic results (n=12). In total, 211 lesions from
190 patients were ultimately enrolled. All malignant lesions were
surgically resected and benign lesions were biopsied or surgically
resected.

US Examinations

Breast lesions were examined using a Toshiba Aplio i700 device
(Toshiba Medical Systems Europe BV, Zoetermeer, The Netherlands)
equipped with a PLT-705BT probe (a linear probe with a frequency
range of 3-11 MHz). Examinations were performed by three expert
radiologists specializing in breast imaging, each with at least 7
years of experience in breast US and a 2-month learning period
for consensus in this SWE study. Consecutive breast lesions were
evaluated by gray-scale US for BI-RADS categorization. SWE was
consecutively performed on lesions with a BI-RADS category of
over 3, and qualitative and quantitative parameters were assessed.
Images of two orthogonal planes (axial and sagittal planes) were
obtained and a representative image with minimal anisotropy
artifacts was selected. The color distribution pattern of the lesion,
one of the qualitative parameters of SWE, was determined
according to the Tozaki classification [17], which contains four
patterns: pattern 1 (coded blue homogeneously), pattern 2 (vertical
stripe pattern artifacts), pattern 3 (a localized colored area at the
margin of the lesion), and pattern 4 (heterogeneously colored
areas in the interior of the lesion). Patterns 3 and 4 are defined as
a heterogeneous color distribution. The quantitative parameters
of SWE analyzed in this study included the mean elasticity value
(Emean) and its standard deviation (SDmean), the maximum
elasticity value (Emax) and its standard deviation (SDmax), and
the elasticity ratio between the lesion and the adjacent fat lobule
(Emean/Efat ratio and Emax/Efat ratio). Emean was obtained by
delicately drawing the region of interest (ROI) along the margin of
the entire mass and then calculating the mean elasticity value of
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the lesion (Figs. 1, 2). The ROI was drawn along the margin of the
lesion, which is the edge of the hypoechoic area in a hypoechoic
mass, so that it did not focus or necessarily include the stiff rim area
outside the lesion. Emax was obtained by placing a small (2-3 mm)
round ROl on the hardest region of the mass as determined by a
visual assessment (Figs. 1, 2).

Immunohistochemical Factors

Pathologic reports of biopsy or surgical specimens were reviewed
to determine tumor size, depth, histologic type and grade,
lymph node metastasis, and immunohistochemical subtypes. The
following biomarkers were evaluated as immunohistochemical
factors: ER, PR, HER2, Ki-67, epidermal growth factor receptor
(EGFR), and cytokeratin (CK) 5/6. ER, PR, HER2, Ki-67, and EGFR
immunohistochemical staining was performed on an automated
Ventana BenchmarkXT slide stainer (Ventana, Tucson, AZ, USA),

Ave.T1 137.1 kPa

Ratio1 4.48
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using primary antibodies against ER (prediluted, SP1, Ventana),
PR (prediluted, 1E2, Ventana), HER2 (prediluted, 4B5, Ventana),
Ki-67 (prediluted, MIB-1, Ventana), and EGFR (prediluted; 3C6,
Ventana). CK5/6 (1:200, D5/16 B4, Dako, Carpinteria, CA, USA)
immunohistochemical staining was performed on a Dako Omnis
device (Dako). A cut-off value of >1% was used to define ER
and PR positivity. The intensity of HER2 expression was scored
semiquantitatively as 0, 1, 2, or 3. Tumors with a score of 3 were
classified as HER2-positive and those with a score of 0 or 1 were
classified as HER2-negative. Gene amplification was used to
determine HER2 status for tumors with a score of 2 [18]. Positive Ki-
67 expression was defined as Ki-67 positivity in >14% of cancer cell
nuclei. A cut-off value of >1% was used to define EGFR and CK5/6
positivity. The immunohistochemical subtypes were categorized into
the following types according to the 2013 St. Gallen International
Breast Cancer Conferences [19]: luminal A (ER or PR+, HER2-,

Ave.T1 85.9 kPa
SD.T1 32.5kPa

Fig. 1. A 63-year-old woman with a right breast mass (1-0'clock
position, invasive ductal carcinoma, moderate differentiation,
ER-, PR-, HER2-, Ki-67+: triple negative) underwent shear wave
elastography.

A. Transverse scan of ultrasonography shows a 2.3-cm oval
hypoechoic mass with a microlobulated margin at 1-0'clock position
of the right breast, suggesting category 4C (suspicious abnormality)
(depth, 1.7 cm). B. The parameters of shear wave elastography
are as follows: Color pattern=4, Emean=85.9, SDmean=32.5. C.
The parameters of shear wave elastography are as follows: Emax,
137.1; SDmax, 27.3; Efat, 30.6; Emean/Efat, 2.8; Emax/Efat, 4.5.
ER, estrogen receptor; PR, progesterone receptor; HER2, human
epidermal growth factor receptor 2.
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and Ki-67 low), luminal B (ER or PR+, HER2+, and/or Ki-67 high),
HER2+ (ER-, PR-, and HER2+), triple-negative basal-like (ER-,
PR-, HER2-, and EGFR or CK5/6+), and triple-negative non-basal
like (ER-, PR-, HER2-, EGFR-, and CK5/6-).

Statistical Analysis

All statistical analyses were performed using SAS version 9.4 (SAS
Institute, Cary, NC, USA). A P-value below 0.05 was considered
to indicate statistical significance. The SWE parameters were
compared between malignant and benign tumors using analysis of
variance (ANOVA), the independent t test, or the Fisher exact test.
Immunohistochemical factors and subtypes of breast cancer were
correlated with SWE parameters using ANOVA, the Fisher exact
test, and logistic regression analysis. The area under the receiver
operating characteristic curve (AUC) using logistic regression
analysis was plotted to assess the cut-off value for each SWE
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Ave.T1  26.7 kPa
SD.T1 9.0 kPa

Fig. 2. A 51-year-old woman with a right breast mass (12-0'clock
position, fibroadenoma) underwent shear wave elastography.

A. Sagittal scan of ultrasonography shows a 1.2-cm oval hypoechoic
mass with a partial angular margin in the 12-oclock position of
the right breast, suggesting category 4A (suspicious abnormality)
(depth=1.6 cm). B. The parameters of shear wave elastography
are as follows: Color pattern, 1; Emean, 26.7; SDmean, 9.0. C. The
parameters of shear wave elastography are as follows: Emax, 37.5;
SDmax, 7.3; Efat, 16.9; Emean/Efat, 1.6; Emax/Efat, 2.2.

parameter. Diagnostic performance was calculated by obtaining
AUC, sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV). Associations between malignancy
and baseline variables were determined by logistic regression
analysis. The DeLong method was used to analyze the AUC of SWE
parameters according to category classification, depth, and size [20].

Results

Baseline Characteristics

The baseline characteristics of the patients and lesions of interest are
summarized in Table 1. The mean age was 48.0+11.2 years (range,
20 to 81 years). Of the 211 breast lesions, 82 were malignant,
including 66 invasive ductal cancers, 13 ductal carcinomas in situ,
two invasive lobular carcinomas, and one malignant phyllodes tumor.
The other 129 were benign lesions, including fibroadenoma (n=50),
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fibrocystic change (n=47), intraductal papilloma (n=10), sclerosing
adenosis (n=4), chronic inflammation (n=4), benign phyllodes
tumor (n=3), hamartoma (n=2), atypical ductal hyperplasia (n=2),
stromal fibrosis (n=2), tubular adenoma (n=1), fat necrosis (n=1),
columnar cell hyperplasia (n=1), usual ductal hyperplasia (n=1),
and mucocele-like lesion (n=1). The mean size was 18.3+8.6 mm
for the 82 malignant lesions and 12.4+6.8 mm (P<0.001) for the
129 benign lesions. The mean depth was 14.0+3.8 mm for the
malignant lesions and 12.0+4.5 mm (P<0.001) for the benign
lesions. None of the BI-RADS category 3 lesions were confirmed
as malignant, and all 82 malignant lesions were BI-RADS category
4A or above. With a cut-off value of >category 4A, the sensitivity,
specificity, PPV, and NPV between malignant and benign lesions
were 100%, 50.4%, 56.2%, and 100%, respectively. With a cut-off
value of >category 4B, these values were 86.6%, 96.1%, 93.4%,
and 91.1%, respectively (Table 1).

Diagnostic Performance of SWE Parameters
The AUC and cut-off value for each SWE parameter were assessed.

Table 1. Baseline characteristics of the breast lesions

Total Benign Malignancy P-value
No. 211 129 82
Age (year) 48.0£11.2 44.7+£9.6 53.1£11.6  <0.001
Depth (mm) 12.8+4.4 12.0+4.5 14.0£3.8 0.001
Size (mm) 14.748.1 124468 183486 <0.001
Category <0.001
a 65 (30.8) 65 (50.4) 0
C4a 70(33.2) 59 (45.7) 11(13.4)
C4b 19(9.0) 539 14(17.1)
C4c 23(109) 0 23(28.1)
G 34(16.1) 0 34 (415)
Values are presented as meanzstandard deviation or number (%).

ULTRASONOGRAPHY

The diagnostic performance of each SWE parameter to differentiate
malignant from benign lesions are summarized in Table 2. Among
qualitative and quantitative SWE parameters, a color pattern of
3 or 4 showed the highest sensitivity (92.7%) and NPV (94.2%).
However, it had a low specificity (76.0%). Emean showed the
highest specificity (86.8%), with a PPV of 77.9% and a low
sensitivity of 73.2% (AUC, 0.859; cut-off>42.08 kPa). Emax showed
the highest accuracy in differentiating malignant from benign lesions
(AUC, 0.891; cut-0ff>50.85 kPa). Moreover, Emax had the highest
AUC regardless of depth or size. In contrast, the color pattern was
affected by the depth of the lesion (Table 3).

Association between SWE Parameters and Immunohistochemical
Factors

The associations between immunohistochemical factors and SWE
parameters of the malignant tumors were analyzed and are shown
in Table 4. Ki-67-positive lesions showed statistically significant
differences in some parameters. Of the 60 Ki-67-positive lesions, 59
(98.3%) had a color pattern of 3 or 4, while 17 (77.3%) of the 22
Ki-67-negative lesions showed a color pattern of 3 or 4 (P=0.005).
The SDmean of Ki-67-positive lesions was significantly higher
than that of Ki-67-negative lesions (P=0.017). The Emean and
Emax of Ki-67-positive lesions were higher than the corresponding
values in Ki-67-negative lesions, although the differences were
not statistically significant (P=0.090 and P=0.052, respectively).
However, the Emax/Efat ratio of Ki-67-positive lesions was
significantly higher than that of Ki-67-negative lesions (P=0.027).
Poor tumor differentiation was correlated with higher SDmean
(P=0.004) and Emax (P=0.021) values. PR negativity was also
correlated with higher SDmean (P=0.003) and Emax (P=0.004)
values, and HER2 positivity showed significant associations with
higher SDmean and SDmax values (P=0.011 and P=0.023,
respectively). CK5/6-positive tumors showed higher values of the
Emax/Efat ratio than CK5/6-negative tumors (P=0.038). Luminal B,

Table 2. Diagnostic performance of qualitative and quantitative SWE parameters

Malignant vs. benign

Cut-off Sensitivity (95% Cl, %) Specificity (95% Cl, %) PPV (95% Cl, %) NPV (95% Cl, %) AUC (95% Cl)
Color 1,2vs.3,4 92.7 (84.8-97.3) 76.0 (67.7-83.1) 71.0(61.5-79.4) 94.2 (87.9-97.9) 0.843 (0.797-0.890)
Emean >42.08 kPa 73.2(62.2-82.4) 86.8 (79.7-92.1) 77.9 (67.0-86.6) 83.6 (76.2-89.4) 0.859 (0.807-0.911)
SDmean 11.10 kPa 84.2 (74.4-91.3) .1(71.0-85.7) 71.9 (61.8-80.6) 88.7 (81.5-93.8) 0.880 (0.832-0.929)
Emax >50.85 kPa 854 (75.8-92.2) 82.2 (74.5-884) 75.3 (65.2-83.6) 89.8 (82.9-94.6) 0.891 (0.843-0.941)
SDmax >8.60 kPa 85.4(75.8-92.2) 82.2(74.5-884) 75.3 (65.2-83.6) 89.8 (82.9-94.6) 0.882(0.833-0.931)
Emean/Efat >1.89 82.9(73.0-90.3) 55.0 (46.0-63.8) 54.0 (44.9-62.9) 83.5(73.9-90.7) 0.744 (0.676-0.811)
Emax/Efat >3.54 72.0 (60.9-81.3) 77.5 (69.3-84.4) 67.1(56.2-76.7) 81.3(73.3-87.8) 0.814 (0.754-0.873)

SWE, shear wave elastography; Cl, confidence interval; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the curve.
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Table 3. AUC of SWE parameters according to category classification, depth, and size

Malignant vs. benign

Category Depth Size
>4a >4b P-value <lcm >1cm P-value <lcm >1cm P-value
Color (3, 4) 0.709 0.586 0333 0933 0.824 0.009* 0.815 0.820 0.944
Emean 0.697 0.758 0.699 0.924 0.848 0.152 0.835 0.841 0.950
SDmean 0.688 0.792 0454 0.948 0.866 0.074 0.818 0.868 0.607
Emax 0.680 0.717 0.859 0.948 0.875 0.110 0.854 0.880 0.780
SDmax 0.717 0.738 0.880 0912 0.872 0.502 0.812 0.875 0.497
Emean/Efat 0.359 0.778 <0.001* 0410 0.751 0.006* 0.635 0.755 0.183
Emax/Efat 0.617 0.730 0.338 0.786 0.810 0.782 0.733 0814 0313
AUC, area under the curve; SWE, shear wave elastography.
*P<0.05.

HER2-enriched, and triple-negative (non-basal) subtypes showed
somewhat higher SDmean values than luminal A and triple-negative
(basal) subtypes (P=0.028) according to ANOVA.

Discussion

We found that Emax was the most predictive diagnostic parameter
of SWE for differentiating malignant from benign lesions. In
addition, SWE parameters were correlated with tumor differentiation
and pathologic features related to tumor aggressiveness.

Many studies have revealed that quantitative SWE parameters
can improve diagnostic performance, but each study used different
cut-off values for the SWE parameters [21]. Park et al. [21] reported
optimal cut-off values of 145.7 kPa and 89.1 kPa for Emax and
Emean. Au et al. [22] reported optimal cut-off values of 46.7 kPa
for Emax and 42.5 kPa for Emean. Chang et al. [15] used a cut-
off value of 80.17 kPa for Emean in their study. Our cut-off values
of quantitative SWE parameters for differentiating between benign
and malignant lesions were 50.85 kPa and 42.08 kPa for Emax
and Emean, respectively. The cut-off values derived in our data set
are somewhat lower than those of other studies. The US system
used in our study was different from the machine that previous
studies [15,21,22] used, and in their studies, the SWE parameters
of maximum, mean, and minimum stiffness values were derived
by a single measurement at the stiffest portion of the mass. In our
system, Emax values were measured at the stiffest portion of the
mass using a fixed ROI, and the Emax and SDmax were the average
and SD values of a fixed ROI. However, Emean and SDmean were
measured by delicately drawing the ROl along the margin of the
whole mass and then calculating the average elasticity value of the
lesion and standard deviation. For this reason, evaluating Emax was
simpler and took less time than assessing Emean. Moreover, our
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results showed that Emax was less affected by the depth or size of
the lesion.

Our study investigated associations between immunohistochemical
factors of breast cancer and various qualitative and quantitative
parameters of SWE. Higher SDmean values were significantly
correlated with poor tumor differentiation (P=0.004), Ki-67 positivity
(P=0.017), PR negativity (P=0.003), and HER2 positivity (P=0.011).
Furthermore, Ki-67-positive breast cancer was more likely to show a
heterogeneous color distribution than Ki-67-negative breast cancer
(P<0.05).

The Emax/Efat ratio was also significantly higher in Ki-67-positive
and CK5/6-positive tumors. PR negativity was correlated with higher
Emax (P=0.004). Moreover, the luminal B, HER2-enriched, and triple-
negative (non-basal) subtypes showed somewhat high SDmean
values than the luminal A and triple-negative (basal) subtypes
(P=0.028), although the logistic regression analysis showed no
significant difference. Thus, if the tumor has a heterogeneous shear
wave and color distribution with a higher Emax value, we can predict
that it is relatively likely to be poorly differentiated with a more
aggressive immunohistochemical subtype, although a prospective
validation study with a larger study population is needed for future
research.

A high SDmean indicates internal elastic heterogeneity of the
tumor. In other words, a more aggressive cancer not only becomes
stiffer overall, but also has a heterogeneous distribution of stiffer
regions within the tumor. In a fludeoxyglucose-positron emission
tomography/computed tomography study using texture analysis,
tumor heterogeneity was higher in invasive breast cancer with
pathological factors predicting a poor prognosis [23]. This may
be because more aggressive tumors exhibit various stages of
histological heterogeneity, including proliferative tissue, hypoxic
areas, and necrotic portions. Leek et al. [24] suggested that rapidly
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growing aggressive tumors have regions with hypoxic changes
due to a lack of vascular supply, which leads to necrosis within the
tumor [24].

This study has several imitations. First, our research was
conducted using a relatively small sample size at a single center.
Second, operator variability may have been a relevant factor, as in
other US studies. For example, the fat lobule elasticity value was
subjectively measured by three radiologists. In addition, there was
no standardized location or method of measuring the elasticity
value of fat the lobule. This could have resulted in some degree of
inconsistency. To decrease operator variability, only expert breast
radiologists with a 2-month learning period to achieve consensus
for this SWE study evaluated the US examinations.

In conclusion, Emax is a relatively simple, reliable, and useful
parameter for differentiating malignant from benign breast lesions.
In addition, poor differentiation, PR-negative, and Ki-67-positive
breast cancers were found to be associated with high stiffness and
tumor heterogeneity. Thus, higher values of SDmean, Emax, and the
Emax/Efat ratio could be used to predict these immunohistochemical
factors. In such cases, more aggressive treatment plans can be
considered.
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