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Abstract 

Background: This study is to examine the feasibility of shear wave elastography (SWE) anisotropy in assessing the 
prognosis of breast cancer.

Methods: We enrolled 119 breast cancer patients from January 2017 to October 2019. SWE was performed before 
operation. Emax (maximum elasticity value), Emean (average elasticity value), Esd (standard deviation of the lesion 
elasticity value), Eratio (elasticity value of adipose tissue), anisotropy coefficient and difference were recorded. After 
operation, we collected clinical pathological data, and performed immunohistochemistry and real-time PCR tests on 
CD44, CD24, E-cadherin, β-catenin, vimentin and N-cadherin. Finally, we analyzed the correlation among parameters 
of SWE, anisotropy and clinicopathology, and markers of CSCs (cancer stem cells) and EMT (epithelial-mesenchymal 
transition).

Results: Emax, Emean and Esd of the cross section were higher than those of the longitudinal section. Breast cancer 
with a higher elastic modulus was often accompanied by a hyperechoic halo, which was manifested as mixed echo 
and post-echo attenuation, and was accompanied by a higher BI-RADS (breast imaging reporting and data system) 
classification. When breast cancer had hyperechoic halo and weakened posterior echo, SWE of the lesion showed 
more obvious anisotropy. In addition, larger diameter of the longitudinal section indicated higher stiffness of the 
cross section. Correlation analysis showed that E-cadherin was negatively correlated with SWE in longitudinal section. 
CD44, N-cadherin, β-catenin were positively correlated with SWE in longitudinal and cross sections. Vimentin and 
CD24 had no correlation with SWE parameters.

Conclusion: SWE of breast cancer is anisotropic. The cross-sectional SWE is better than the longitudinal SWE, Emax is 
better than Emean, the anisotropy of SWE is better than SWE, and the anisotropy factor is better than the anisotropy 
difference.
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Background
Studies [1, 2] have shown that tumor stiffness is deter-
mined by the stiffness of the matrix. The extracellular 
matrix is composed of a network of biopolymerized fib-
ers. The density of extracellular matrix is determined 
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by the collagen content, fiber thickness, internal fiber 
cross-linking degree, and the porosity of the extracel-
lular matrix, which further determine the mechanical 
properties and rheological properties of the extracellular 
matrix [3]. With the abnormal deposition and cross-link-
ing of the extracellular matrix, as well as the increase in 
matrix stiffness, the mechanical properties of the tumor 
microenvironment will change [4], causing the stiff-
ness of tumor tissue [5]. Tumor stiffness can be reflected 
on ultrasonic images. However, ultrasonic images are 
affected by uncertainties and/or inaccuracies of vari-
ous kinds which, among other things, determine an 
extremely low quality grayscale image contrast. This con-
trast has been treated by using fuzzy techniques precisely 
[6, 7]. Among them, shear wave elastography (SWE) is a 
stable ultrasonic elastic technology with high repeatabil-
ity and is independent of external pressure, which reflects 
the stiffness of the tissue to a certain extent [8]. By excit-
ing and precisely controlling the propagation and capture 
of shear waves in the human body, SWE presents the 
elastic modulus of the tissue in real time. However, breast 
cancer is a highly heterogeneous tumor. In clinical prac-
tice, we observe that SWE of breast cancer is anisotropic. 
SWE quantitative parameters can quantify anisotropy 
and have certain research value. With the occurrence and 
development of breast cancer, its physical and chemical 
properties will change [9]. It is found that the anisotropy 
of breast lesions may be related to the degree of tumor 
malignancy [10], which is only limited to diagnostic eval-
uation. In clinic, a method to non-invasively assess the 
prognosis of breast cancer before surgery is needed.

Although the clinicopathological features of tumor 
size, pathological type, axillary lymph node involve-
ment and molecular subtypes of breast cancer are all 
related to the prognosis, studies have shown that cancer 
stem cells (CSCs) and epithelial-mesenchymal transition 
(EMT) can better reflect the prognosis of breast cancer 
than clinicopathological features [11], and they are the 
key regulators of breast cancer aggressiveness [12]. CSCs 
of breast cancer have self-renewal and multidirectional 
differentiation capabilities, which are closely related to 
tumor occurrence, proliferation, metastasis, and drug 
resistance [12]. EMT causes epithelial cells to lose tight 
junctions and polarity, and acquire the characteristics of 
mesenchymal cells, which is always accompanied by up-
regulation of N-cadherin and down-regulation of E-cad-
herin, and is closely related to tumor invasion, metastasis 
and treatment resistance [13].

One previous study has quantitatively assessed the 
relationship between breast cancer ultrasound character-
istics and biological characteristics through automated 
imaging omics methods, which showed that the accu-
racy of ultrasound in predicting breast cancer hormone 

receptor expression level was 67.7% [14]. This indicates 
that tumor features at the genetic and cellular level could 
be reflected through ultrasound imaging. In this study, 
through correlation analysis, we aim to use SWE to pre-
dict the prognostic characteristics of breast cancer at the 
cellular and molecular levels. We analyzed the aniso-
tropic quantitative parameters of SWE reflecting tumor 
stiffness and analyzed their correlation with prognostic 
factors. We measured the expression of CSCs and EMT 
markers in breast cancer tissues, as well as their correla-
tions with SWE parameters. Our findings may guide the 
assessment the clinical prognosis of breast using a non-
invasive and convenient imaging method.

Methods
Subjects
We included patients who underwent breast cancer sur-
gery at the Department of Breast Surgery of Xinjiang 
Cancer Hospital from January 2017 to October 2018 
and were confirmed to have breast cancer by pathologi-
cal examination after the operation. All patients under-
went routine ultrasound and SWE examinations before 
surgery, and clinical pathological data were collected 
after surgery. The exclusion criteria were: (1) patients had 
undergone neoadjuvant chemotherapy or radiotherapy; 
(2) patients had recently received a needle biopsy; (3) 
patients had a history of prosthesis implantation dur-
ing pregnancy or lactation; (4) patients had a history 
of surgery on the ipsilateral breast, and had scar tissue 
adjacent to the lesion; (5) patients with non-mass lesions 
(such as simple diffuse calcification) on ultrasound; (6) 
patients with incomplete histopathological data; (7) 
patients with lesions that cannot be covered by the SWE 
sampling frame. Finally, 119 patients with breast can-
cer were included as the study cohort. The age range of 
the patients was 25–84 years old, with an average age of 
48.75 ± 12.12 years old. Tumor samples were obtained by 
puncture.

Written informed consent was obtained from every 
patient and the study was approved by the ethics review 
board of the Affiliated Tumor Hospital of Xinjiang Medi-
cal University (No.: G-202102).

Conventional ultrasound and SWE
SuperSonic Imagine’s Aixplorer (SuperSonic Imagine, 
Aix-en-Provence, France), which had built-in real-time 
SWE, and was with L1 5–4 linear array probe and fre-
quency 4–15 MHz, was used. After the patients’ bilateral 
breast and axilla were fully exposed, we performed con-
tinuous radial scans centered on the nipple to observe 
in detail the tumor size, shape, internal echo, bounda-
ries, borders, intralesional calcification, posterior echo 
attenuation, and blood flow. First, we acquired the best 
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conventional ultrasound image, and then switched 
to SWE mode (default range 0–180  kPa, "STD" mode 
(standard mode)). When the lesion was larger or the 
site was deeper, we adjusted the ultrasound to the "PEN" 
mode (penetration mode) to perform qualitative and 
quantitative SWE observation of the lesion. Subsequently, 
the probe was rotated along the center of the lesion to the 
vertical section (longitudinal section) of the largest diam-
eter section, and the previous operation was repeated. 
Finally, we accessed three independent SWE images in 
the horizontal and vertical sections, respectively, with 
the built-in "Q-Box" quantitative software. The sam-
pling frame included the entire lesion and the adjacent 
hard areas as much as possible. The maximum elasticity 
value (Emax), the average elasticity value (Emean) and 
the standard deviation of the lesion elasticity value (Esd) 
of the entire lesion were recorded. The ratio of the aver-
age elasticity value of the hardest part of the lesion to the 
elasticity value of adipose tissue (Eratio) was calculated. 
The anisotropy coefficient for each quantitative parame-
ter, including anisotropic difference (AD) and anisotropy 
factor (AF), is calculated as follows: AD = (cross-section 
elasticity value) − (longitudinal-section elasticity value); 
AF = [(cross-section elasticity value) − (longitudinal-sec-
tion elasticity value)]2.

Immunohistochemistry
The tumor tissues were sliced and immunohistochemi-
cally stained by Envision two-step method to detect EMT 
markers, including E-cadherin, β-catenin, vimentin, 
N-cadherin, and CSCs markers CD44 and CD24. Briefly, 
after antigen retrieval, the endogenous peroxidase was 
inactivated with 3%  H2O2. Then, the primary antibod-
ies of anti-E-Cadherin (ab40772, Abcam), anti-β-catenin 
(ab32572, Abcam), anti-Vimenti (ab8978, Abcam), anti-
N-cadherin (ab76011, Abcam), anti-CD44 (ab157107, 
Abcam), and anti-Human CD24 (12-0247-42, Thermo) 
were added and incubated at 4  °C overnight. On the 
second day, the sample was incubated with secondary 
antibody for 1  h at room temperature. After that, the 
samples were washed 3 times with PBS and developed for 
20  min at room temperature. Five fields were randomly 
observed, and 100 tumor cells were counted. The staining 
intensity and the percentage of tumor cells with positive 
staining were used for scoring. Among them, the staining 
intensity was divided into four levels: negative (no stain-
ing), weakly positive (light yellow), positive (brown yel-
low), and strongly positive (tan) staining. In addition, the 
percentage of positive tumor cells was also divided into 
four grades: < 5% (0 points), 5–25% (1 points), 25–50% (2 
points), 50–75% (3 points), and > 75% (4 points). Finally, 
according to the score, the staining results were divided 

into negative (−), very weak positive (±), weak positive 
(+), positive (+++), and strong positive (+++) staining.

Real‑time PCR
Total RNAs were extracted from breast cancer tissues 
with TRLZOL (Transgene, ET111) and reverse tran-
scribed into cDNA with TransScript One-Step gDNA 
Removal and cDNA Synthesis SuperMix (Transgene, 
AT311). The real-time PCR was performed with Quan-
tiNava SYBR Green Kit (208,054, Qiagen, USA) and on 
ABI7500 (ABI, USA). The primer sequences for E-cad-
herin, β-catenin, vimentin, N-cadherin, CD44, CD24 
and actin were shown in Table  1. The reaction system 
was: 2 × SYBR Green Select Mix (5 μl), Forward Primer 
(0.7  μl), Reverse Primer (0.7  μl), ROX (0.05  μl), cDNA 
(1  μl), and RNase-free Water (Up to 10  μl). The reac-
tion conditions were pre-denaturation at 95 °C for 2 min; 
denaturation at 95  °C for 30  s, annealing/extension at 
60 °C for 30 s, 40 cycles. The  2−ΔΔCt method was used to 
calculate the relative expression of each gene.

Statistical analysis
Data analysis was performed using SPSS21.0 software, 
and P < 0.05 was considered as statistically significant. All 
data are expressed as mean ± standard deviation (SD). If 
the data conforms to the normal distribution, one-way 
analysis of variance was used for multiple comparisons 
followed by the Sidak method (uniform variance) or the 
Tamhane method (non-uniform variance). If the data 
do not conform to the normal distribution, logarithmic 
transformation of the data was first performed to nor-
malize the data, and then one-way analysis of variance or 

Table 1 Real-time PCR primer sequences

Genes Primers Sequence (5’ to 3’) Product (bp)

E-cadherin Forward CGA GAG CTA CAC GTT CAC GG 119

Reverse GGG TGT CGA GGG AAA AAT AGG 

β-catenin Forward AGC TTC CAG ACA CGC TAT CAT 98

Reverse CGG TAC AAC GAG CTG TTT CTAC 

Vimentin Forward AGT CCA CTG AGT ACC GGA GAC 98

Reverse CAT TTC ACG CAT CTG GCG TTC 

N-cadherin Forward AGC CAA CCT TAA CTG AGG AGT 136

Reverse GGC AAG TTG ATT GGA GGG ATG 

CD44 Forward CTG CCG CTT TGC AGG TGT A 109

Reverse CAT TGT GGG CAA GGT GCT ATT 

CD24 Forward CTC CTA CCC ACG CAG ATT TATTC 166

Reverse AGA GTG AGA CCA CGA AGA GAC 

hsa actin Forward ACA GAG CCT CGC CTT TGC C 250

Reverse GAG GAT GCC TCT CTT GCT CTG 



Page 4 of 16Leng et al. BMC Medical Imaging          (2021) 21:171 

the Wilcoxon rank sum test was used. Pearson’s correla-
tion analysis was used for correlation analysis.

Results
The SWE of breast cancer is anisotropic
In order to clarify whether there is anisotropy in SWE 
of breast cancer, we first explored the difference of SWE 
parameters in longitudinal and cross sections. The results 
showed that the Emax, Emean and Esd of all the cross-
section lesions were significantly higher than the longitu-
dinal section (P < 0.05), in which Emax: (139.87 ± 92.64) 
kPa vs. (133.28 ± 90.80) kPa, P = 0.001; Emean: 
(45.22 ± 26.54) kPa vs. (42.65 ± 24.92) kPa, P = 0.001; Esd: 
(15.971 ± 9.096) kPa vs. (18.806 ± 14.482) kPa, P = 0.0161. 
However, there was no statistically significant difference 
in Eratio between the cross section and the longitudinal 
Sect. (11.40 ± 7.79 vs. 10.96 ± 7.50, P = 0.075). As shown 
in Fig. 1, the breast cancer lesion had anisotropy of SWE 
parameters, and the SWE elastic modulus in the cross 
section was significantly higher than that in the longitu-
dinal section. The above results indicate that breast can-
cer SWE is anisotropic, and the elastic modulus value of 
the cross section is higher than that of the longitudinal 
section.

The SWE and anisotropy parameters of breast cancer have 
a strong relation with conventional ultrasound signs
In order to clarify whether breast cancers with differ-
ent ultrasound characteristics have different SWE ani-
sotropies, we then analyzed the differences between 
SWE parameters, conventional ultrasound features and 
BI-RADS (breast imaging reporting and data system) 

classification (Table  2). The results showed that SWE 
parameters were significantly related with breast cancer 
boundary, internal echo, posterior echo and BI-RADS. 
This indicates that breast cancer with higher elastic mod-
ulus tends to be accompanied by hyperechoic halo, show-
ing mixed echo and posterior echo attenuation, and has 
a higher BI-RADS classification. Among them, the rela-
tion of Emax and Emean with conventional ultrasound 
signs was stronger than that of Esd and Eratio. The elastic 
modulus of the cross and longitudinal sections of breast 
cancer had obvious relation with the boundary of the 
lesion, internal echo, and posterior echo. However, the 
relation between the elastic modulus of the cross sec-
tion and the BI-RADS classification was better than that 
of the longitudinal section. In addition, the anisotropy 
parameters of breast cancer were significantly related to 
conventional ultrasound signs. When there were hyper-
echoic halo and attenuated posterior echoes in breast 
cancer lesion, the SWE of the lesions presented more 
obvious anisotropy, the blood supply of the lesion was 
less, and the anisotropy of SWE was more obvious. How-
ever, the anisotropy of SWE was not related to internal 
echo and BI-RADS classification. In addition, the anisot-
ropy parameters of Admax, Admean, Adsd, Afratio were 
positively correlated with the distance between the mass 
and skin (Table  3). However, the Young’s modulus val-
ues of SWE were not related to the distance of the mass 
surface and body surface (Table 4). In addition, Admax, 
Admean, ADratio, Afmax, Afmean had a significant 
positive correlation with the maximum diameters of the 
ultrasonic cross section and longitudinal section. Each 
SWE parameter of the cross and longitudinal sections 

Fig. 1 The anisotropy of SWE of breast cancer on cross section and longitudinal section on ultrasound. The representative ultrasound images of 
a patient of 66 years old with triple-negative breast cancer were shown. The size of the lesion was about 1.9 × 1.1 cm, with histological grade 3 
and clinical stage 1. The cross section of SWE had a higher elastic modulus value than the longitudinal section, showing anisotropy. A: The elastic 
modulus parameters Emax, Emean, Esd, Eratio of breast cancer on cross section of breast cancer SWE. B: The elastic modulus parameters Emax, 
Emean, Esd, Eratio of on the longitudinal section of breast cancer SWE
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was positively correlated with their respective maximum 
diameter. However, the SWE parameters of the cross sec-
tion were also positively correlated with the largest diam-
eter of the longitudinal section (Table  4). These results 
indicate that the larger the lesion, the harder the breast 
cancer and the more obvious the anisotropy. Moreover, 
the larger the diameter of the longitudinal section, the 
higher the stiffness of the cross section.

The SWE and anisotropy parameters of breast cancer are 
related to clinicopathological features
We further analyzed the difference between cross and 
longitudinal SWE anisotropy parameters in different 
clinicopathological characteristics of breast cancer. The 
results showed that the elastic modulus of breast cancer 
has no correlation with the patient’s age, menopausal 
status, presence or absence of intraductal cancer, lymph 
node metastasis and different hormone receptors. How-
ever, breast cancers with different clinical stages or dif-
ferent histological grades had significant differences in 
elastic modulus. Moreover, the higher the clinical stage 
of breast cancer, the higher the cross-sectional Emax, 
Emean, and Esd. However, there were no statistically sig-
nificant differences in Emax, Emean, and Esd of breast 
cancer in different clinical stages (Table  5). Therefore, 
breast cancer with higher clinical stage and histological 
grade also has higher elastic modulus.

Moreover, the anisotropy parameters of SWE of breast 
cancer were significantly related to histological grade 

(Fig. 2A and B), indicating that breast cancer with higher 
histological grade has obvious SWE anisotropy.

Immunohistochemistry and real‑time PCR analysis of CSCs 
and EMT markers in breast cancer
Taking adjacent tissues as a control, immunohistochemi-
cal results showed that breast cancer tissues had sig-
nificantly high expression of CD44 and significantly low 
expression of CD24 (Fig.  3 and Table  6). In addition, 
the expression of N-cadherin, β-catenin, and vimentin 
was high (p < 0.05). However, the expression of E-cad-
herin in cancer and adjacent tissues was not statistically 
significant (p > 0.05, Table  6). Real-time PCR showed 
that CD44, N-cadherin, and β-catenin mRNAs were 
highly expressed in cancer tissues, while CD24 mRNAs 
were low in expression compared with adjacent tissues 
(P < 0.05) (Fig.  4 and Table  7). There was no statistically 
significant difference in the expression of Vimentin and 
E-cadherin mRNAs between cancer and adjacent tis-
sues (Fig. 4 and Table 7). Both the immunohistochemical 
results and real-time PCR results showed that breast can-
cer tissues showed the characteristics of CSCs and EMT.

The SWE and anisotropy are related to CSCs and EMT
In order to further clarify the prognostic value of SWE 
and anisotropy, we conducted correlation analysis on 
SWE modulus, anisotropy, and markers of CSCs and 
EMT (Table  8). The results showed that mRNA level 
of E-cadherin was negatively correlated with Emax, 
Emean, Esd, and Eratio on the longitudinal section, 

Table 4 Correlation between SWE anisotropy parameters and lesion measurement diameter (r)

*P < 0.05; **P < 0.01

Items Emax 
(cross 
section)

Emax 
(longitudinal 
section)

Emean 
(cross 
section)

Emean 
(longitudinal 
section)

Esd (cross section) Esd 
(longitudinal 
section)

Eratio 
(cross 
section)

Eratio 
(longitudinal 
section)

Distance between 
mass and skin

0.051  − 0.170 0.014  − 0.181 0.053  − 0.199 0.112 0.101

Maximum diameter 
of ultrasonic cross 
section

0.453** 0.182 0.501** 0.177 0.507** 0.152 0.360** 0.006

Maximum diameter 
of ultrasonic longitu-
dinal section

0.169 0.341** 0.430* 0.372** 0.388** 0.296** 0.474** 0.155

Items Admax Admean ADratio Adsd Afmax Afmean Afratio Afsd

Distance between 
mass and skin

0.256* 0.236* 0.034 0.277* 0.142 0.064 0.252*  − 0.062

Maximum diameter 
of ultrasonic cross 
section

0.295** 0.359** 0.391** 0.214 0.272* 0.237* 0.121 0.068

Maximum diameter of 
ultrasonic longitudinal 
section

0.271* 0.301** 0.471** 0.104 0.304** 0.279* 0.117 0.135
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negatively correlated with Eratio on the cross section, 
and negatively correlated with Afmean. These results 
indicated that the higher the stiffness of the longitu-
dinal section, the lower expression of E-cadherin in 
epithelial cells. In addition, β-catenin mRNA was posi-
tively correlated with Emax, Emean, and Esd of the 
cross section, and positively correlated with Admean 
and Adsd. These results indicated that the higher the 
stiffness of the cross section, the higher the expres-
sion of the epithelial phenotype β-catenin. N-cadherin 
mRNA was positively correlated with Emax, Emean, 
and Esd of the longitudinal and cross sections, and was 
also positively correlated with the maximum diameter 
of the lesions on the cross and longitudinal sections, 
indicating that the increases of stiffness of the longi-
tudinal section and the cross section, and the lesion 
enlargement were always accompanied by the increase 
of N-cadherin. In addition, Admean and N-cadherin 
mRNA were positively correlated, indicating that the 
greater difference in stiffness between the longitu-
dinal section and the cross section, the more obvious 
the interstitial phenotype. CD44 mRNA was positively 
correlated with Emax, Emean, Esd, and Eratio of lon-
gitudinal and cross sections, and was positively cor-
related with all anisotropy factors of Afmax, Afmean, 
Afratio, and Afsd, indicating that the greater the differ-
ence in stiffness between the longitudinal section and 
the cross section, the more obvious the phenotype of 
CSCs. However, the expression of Vimentin and CD24 
mRNAs had no correlation with SWE parameters.

Discussion
Anisotropy of SWE
Anisotropy is a term describing directional depend-
ence, which exists in fiber-rich biological tissues. Previ-
ous study has confirmed the anisotropy of shear waves 
in skeletal muscle, myocardium, tendons, and other 
tissues [15]. Recent study has suggested that the elas-
tic characteristics of normal breast and adipose tis-
sue were also anisotropic [16]. In this study, SWE was 
used to confirm the anisotropy of breast cancer. The 
cross section elastic quantitative parameters of breast 
cancer, such as Emax, Emean, and Esd, were signifi-
cantly higher than the longitudinal section, suggesting 
that the stiffness of breast lesions is anisotropic in two 
perpendicular sections, and the elastic modulus of the 
cross section is more sensitive than that of the longi-
tudinal section. This may be caused by the shrinkage 
of tumor cells and the arrangement of collagen fibers 
at the boundary of the lesion. The tumor invades along 
the direction of the collagen fiber structure, and then 
metastasizes, and the largest diameter of the tumor is 
formed [17], which indirectly explains why the shear 
wave may spread faster in the growth direction of the 
tumor. Tumor stiffness is related to the connective tis-
sue proliferative response around the tumor, stromal 
edema around the tumor, internal tumor fibrosis, cal-
cification, and necrosis [18, 19]. The increase in SWE 
parameters is caused by compression and reduction of 
the extracellular space, which is caused by the prolif-
eration of tumor cancer cells and tumor stromal cells 
[20]. The increase in SWE parameters is also derived 

Fig. 2 Differences in SWE anisotropy indexes of breast cancer with different histological grades. A The difference of SWE anisotropy in different 
histological grades. B The difference of SWE anisotropy factor in different histological grades
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from the abnormality of the breast cancer nuclei, that 
is, the shrinkage of the intracellular space caused by the 
increase and enlargement of the tumor cell nuclei [21]. 
The stiffness of the tumor increases, and the SWE elas-
tic modulus value of breast cancer also increases, which 
may lead to more obvious the difference in stiffness in 
mutually perpendicular sections. This may because 
the speed of the pulse wave emitted by SWE in the 

direction perpendicular to the tumor stroma is obvi-
ously different from the direction parallel to the tumor 
stroma.

SWE anisotropy is reflected in its correlation 
with conventional ultrasound
In this study, the SWE parameters of breast cancer with 
better correlation with conventional ultrasound were 

Fig. 3 Representative immunohistochemical staining results. Magnification: × 200. CD44 was strongly positively expressed in the cell membrane 
and cytoplasm of cancer cells (+++). CD24 was weakly positively expressed in the cytoplasm of cancer cells (+). E-cadherin was weakly positively 
expressed in the cell membrane and cytoplasm of cancer cells (+). N-cadherin was strongly positively expressed in the cell membrane of cancer 
cells (+++). β-catenin was positively expressed in the cell membrane of cancer cells (++). Vimentin was strongly positively expressed in the 
cytoplasm of the tissue surrounding the cancer nest (+++)

Table 6 Immunohistochemical scores of CSCs and EMT in breast cancer tissues (n = 119)

Groups CD24 CD44 E‑cadherin N‑cadherin β‑catenin Vimentin

Cancer tissue 1.333 ± 1.047 2.931 ± 1.241 2.600 ± 1.242 2.017 ± 1.235 2.586 ± 1.200 3.431 ± 0.797

Paracancer tissue 2.259 ± 1.278 1.533 ± 1.060 2.948 ± 1.343 0.200 ± 0.561 1.533 ± 1.125 1.933 ± 0.961

Z  − 2.531  − 3.828  − 1.284  − 4.634  − 2.984  − 4.681

P 0.011  < 0.001 0.199  < 0.001 0.003  < 0.001
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cross section Emax, longitudinal section Emax, and cross 
section Emean. The SWE anisotropy parameters of breast 
cancer that had a good correlation with conventional 
ultrasound included Admax, Admean, and Adsd. These 
results indicate that the SWE value of the cross-section 
has a higher correlation with the ultrasound character-
istics, and Emax has the highest diagnostic efficiency 
among the indicator of SWE. Studies [9, 22] have shown 
that breast cancer with malignant features on conven-
tional ultrasound usually has a higher stiffness in the 
cross section, and the stiffness difference between the 
longitudinal section and the cross section is also greater. 
This is because the characteristics of the invasive growth 
of breast cancer, which lead to increased necrosis and 
repair around the lesion, and result in increased fibrous 
components, adhesions, and the formation of the sur-
rounding interstitial infiltration zone [23]. The intersti-
tial infiltration zone corresponds to the hyperechoic halo 
in conventional ultrasound. The dense arrangement of 
fibrous components in the breast cancer can cause the 

posterior echo attenuation, and liquefaction and necro-
sis in the breast cancer can form a mixed echo. These all 
lead to a decrease in elasticity and an increase in stiffness 
of the aggressive breast cancer [23]. This study showed 
that there was no statistical correlation between blood 
flow and elastic modulus values. However, the blood 
flow was correlated with anisotropic factors, suggesting 
that the amount of blood supply does not affect the stiff-
ness of breast cancer, but the SWE anisotropy of breast 
cancer with poor blood supply is more obvious. This also 
suggests that a large number of abnormally function-
ing, disorderly arranged new blood vessels may affect 
the compactness of the structure of the tumor stroma, 
thereby affecting the anisotropy [24]. Most of the param-
eters of SWE in this study had good correlation with BI-
RADS, which also confirms that SWE may have a good 
diagnostic value for breast lesions. However, there was 
no statistical correlation between the anisotropy param-
eter and BI-RADS, which indicates that its value in 
breast cancer diagnosis may be not as good as the elastic 

Fig. 4 The mRNA levels of CSCs and EMT related genes. Real-time PCR was used to detect mRNA levels of each CSCs and EMT marker gene. 
*P < 0.05; **P < 0.01

Table 7 The relative mRNA level of each gene (n = 63)

Compared with normal, ΔP < 0.05

Groups E-cadherin β-catenin Vimentin N-cadherin CD44 CD24

Normal 1.013 ± 0.179 1.015 ± 0.194 1.009 ± 0.143 1.010 ± 0.155 1.011 ± 0.155 1.017 ± 0.205

Breast cancer 0.844 ± 0.304 1.178 ± 0.184Δ 0.948 ± 0.300 1.237 ± 0.308Δ 1.250 ± 0.216Δ 0.861 ± 032.2Δ
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modulus value. The correlation between the anisotropy 
parameters of SWE and the measured diameter of the 
lesions indicates that the anisotropy parameters are more 
likely to be affected by the size and depth of the mass 
than the Young’s modulus value. Studies [25, 26] have 
shown that the larger the lesion, the harder the breast 
cancer, and the more obvious the anisotropy. However, 
the larger the diameter of the longitudinal section, the 
higher the stiffness of the cross section. This is because 
larger breast cancers often have obvious peripheral con-
nective tissue proliferative responses, interstitial edema 
around the tumor, internal tumor fibrosis, calcification, 
and necrosis, making the heterogeneity of the tumor 
more obvious [27]. The tumor grows along the direction 
of the collagen fiber structure, that is, the longitudinal 
section, and the tumor cells on the cross section face the 
barrier of the collagen fiber structure, which causes the 
compression and reduction of the extracellular space to 
form a higher stiffness.

The anisotropy of SWE is reflected in its correlation 
with clinicopathological manifestations
SWE modulus and anisotropy are determined by breast 
cancer tumor stroma, and the formation and develop-
ment of breast cancer tumor stroma affects the mor-
phology, proliferation, migration, invasion and EMT 
of tumor cells [28]. In this study, we confirmed that the 
SWE parameters and anisotropy parameters of the cross 
and longitudinal sections were correlated with some clin-
icopathological manifestations. When the histological 
grade is higher, breast cancer has greater stiffness and 
more obvious SWE anisotropy. The higher the histo-
logical grade, the higher the rate of DNA aneuploidy in 
the nucleus reflecting the growth and differentiation of 
tumor cells. The tumor’s ability to infiltrate the surround-
ing structures and the range of infiltration also increase; 
the proliferative activity and cell density of tumor cells 
also increase; the tumor cell nucleus and nucleolus also 
increase; the stiffness of the tissue increases; and, the 
interstitial fiber framework of the tumor also tends to 
be perfect, all of which may lead to more obvious ani-
sotropy in SWE [29]. Breast cancer with a higher clini-
cal stage has a higher modulus of elasticity in the cross 
section, but there is no such correlation in the longitu-
dinal section, which also indicates that the tumor stiff-
ness in the cross section can better reflect the prognosis 
than the longitudinal section [30, 31]. In this study, there 
was no difference in SWE between patients with or with-
out ductal carcinoma in situ. The main reason might be 
due to the complexity of ductal carcinoma in  situ. One 
study has shown that the average Young’s modulus value 
of ductal carcinoma in situ of medium and high nuclear 
grade is higher than that of ductal carcinoma in  situ of 

low nuclear grade, which is lower than that of normal 
glands [32].

SWE anisotropy is related to the markers of CSCs and EMT
Here, we showed that the E-cadherin was negatively 
correlated with the longitudinal section stiffness, while 
β-catenin was positively correlated with the cross sec-
tion stiffness. These results also confirmed that the ani-
sotropy of stiffness was related with the expression of 
epithelial phenotype makers. The N-cadherin and CD44 
had correlations with most SWE parameters, and also 
showed the best correlation with the anisotropy of differ-
ent cross-sectional stiffness, indicating that the greater 
the stiffness of breast cancer, the greater the difference in 
the stiffness of the cross section. The high expression of 
CSCs and EMT markers also indicate the worse progno-
sis of breast cancer. Some study believed that the change 
in matrix stiffness can trigger the collective migration of 
cells by promoting the transformation of epithelial cells 
to mesenchymal cells [33], which also confirms that the 
increase in tumor stiffness can strengthen the EMT and 
anisotropy of breast cancer and other tumors. EMT 
allows differentiated breast epithelial cells to acquire the 
characteristics of CSCs and breast CSCs often differen-
tiate into cells with different heterogeneities in many 
ways, and the structure of tumor mesenchyme is also 
more complicated [34], which makes the heterogeneity of 
tumor structure more obvious. Different areas and differ-
ent planes may have different tumor stiffness. The most 
intuitive imaging manifestation of this stiffness heteroge-
neity is that there are different Young’s moduli of SWE in 
different areas. The quantitative parameters of SWE can 
reflect the tumor heterogeneity of breast cancer stiffness 
at the same level, and the anisotropy parameters of SWE 
can also reflect the tumor heterogeneity of breast cancer 
at different levels. The stiffness and anisotropy of breast 
cancer tumors can be directly displayed through the 
macroscopic images of SWE, which indirectly predicts 
the CSCs and EMT of breast cancer.

Conclusions
In conclusion, this study believes that each parameter 
of SWE has prognostic value. The cross-sectional SWE 
parameter is better than the longitudinal SWE param-
eter. Emax is better than Emean. The anisotropy param-
eter of SWE is better than the SWE parameter, and the 
anisotropy factor is better than the anisotropy difference. 
Our research is helpful to guide the clinical assessment of 
breast cancer prognosis through non-invasive and con-
venient imaging.
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