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Background: This study investigated the relationship between Shear Wave Elastography (SWE), TGF-β1/MAPK signaling mole
cules, and epithelial-to-mesenchymal transition (EMT) in breast lesions, exploring the feasibility of SWE in early EMT identification 
for breast cancer.
Methods: 117 breast lesions in 107 patients from July to November 2023 were consecutively enrolled. SWE was performed 
preoperatively, and elastic parameters were documented. Immunohistochemistry (IHC) assessed the expression levels of TGF-β1, 
p38 MAPK, p-p38 MAPK, ERK1/2, p-ERK1/2, ERK5, p-ERK5, JNK, p-JNK, E-cadherin, β-catenin, N-cadherin, and Vimentin. 
Correlations between SWE parameters and biomarkers were analysed, and their diagnostic efficacy for axillary lymph node metastasis 
(LNM) was evaluated.
Results: Among 117 breast lesions, 53 were classified as benign and 64 as malignant (25 exhibiting axillary LNM). Optimal SWE 
thresholds for distinguishing benign from malignant lesions were Emax = 106.7 kPa, Emean = 62.9 kPa, Emin = 22.5 kPa, Eratio = 
3.4, and Esd = 21.2 kPa. For LNM prediction, cut-offs were Emax = 170.1 kPa, Emean = 118.5 kPa, and Eratio = 10.5. TGF-β1 and 
E-cadherin showed significant predictive value for LNM (AUCs: 0.774 and 0.704, respectively). E-cadherin negatively correlated with 
SWE parameters, while TGF-β1 and MAPK molecules (p38 MAPK, p-p38 MAPK) showed positive correlations. Lesions with “stiff 
rim sign” had significantly lower E-cadherin expression but elevated levels of TGF-β1 (P<0.001). Additionally, Vimentin, p38 MAPK 
and p-p38 MAPK levels were higher in the occurrence of the “stiff rim sign” (P all <0.05).
Conclusion: TGF-β1, p38 MAPK, and E-cadherin demonstrated strong diagnostic capabilities and correlated with SWE parameters. SWE 
offers a promising non-invasive approach for assessing prognosis by identifying EMT characteristics at an earlier stage in breast cancer.
Keywords: breast lesions, shear wave elastography, SWE, epithelial-to-mesenchymal transition, EMT, TGF-β1, MAPK signaling 
molecules, axillary LNM

Introduction
Breast cancer has emerged as the leading malignancy identified in women, constituting a major contributor to mortality 
rates in the female patients.1 Patients diagnosed with metastatic breast cancer generally exhibit a poorer prognosis, as 
indicated by a 5-year survival rate of only 27%.2 Axillary lymph node metastasis (LNM) is a crucial prognostic risk 
factor, substantially affecting the likelihood of disease recurrence and overall survival rates.3 Shear Wave Elastography 
(SWE) is a non-invasive ultrasound imaging technique noted for its excellent reproducibility, which leverages the 
velocity of shear wave propagation through tissues. SWE calculates the elastic modulus, ultimately generating elasticity 
maps that enable the quantitative assessment of lesion stiffness. Prior investigations have highlighted the impressive 
discriminatory accuracy of SWE in identifying breast lesion malignancy.4,5

Epithelial-to-mesenchymal transition (EMT) represents a biological process characterized by transformation of 
epithelial cells into a mesenchymal phenotype. During EMT, breast tumour epithelial cells epithelial cells relinquish 
their cellular polarity and intercellular adhesion, thereby acquiring migratory and invasive traits that are characteristic of 
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the process.6,7 And these changes are often accompanied by the modelling of the extracellular matrix and an increase in 
stiffness.8 EMT is orchestrated by various molecules, chief among them transforming growth factor β1 (TGF-β1), as it 
serves as a principal inducer of EMT in cancer.9 The MAPK Pathway serves as a vital signaling route within cells, 
regulating various physiological and pathological effects such as cell growth, differentiation, and stress responses through 
a cascade of phosphorylation processes. This pathway encompasses four primary sub-pathways: ERK, p38 MAPK, JNK, 
and ERK5.10 TGF-β1 often mediates this signaling cascade, and its aberrant activation has been linked to unfavourable 
prognoses and drug resistance in breast cancer.11,12 The interplay among TGF-β1, MAPK, and EMT is complex, with 
each component exerting influence over the others throughout the initiation and progression of breast cancer. Aberrant 
TGF-β1 expression may promote breast cancer advancement by triggering the MAPK signaling cascade and initiating 
EMT, with these biological alterations potentially reflected in the stiffness changes of breast tissue.

However, there is currently a lack of literature exploring the correlation between SWE and TGF-β1, MAPK, and 
EMT in breast cancer. This research sought to explore potential associations between SWE and these biological factors in 
breast lesions, thereby offering a novel perspective and methodology for clinical diagnosis, monitoring therapeutic 
efficacy, and predicting prognosis.

Methods
Patients
Ultrasound and SWE data were prospectively and consecutively collected on 117 breast lesions from 107 female patients 
treated at our institution between July and November 2023 before surgical resection. The pathological findings were 
regarded as the definitive “gold standard”. Exclusion criteria for patients included: 1. Prior treatment with radiotherapy or 
neoadjuvant chemotherapy before the SWE assessment; 2. Concurrent diagnosis of other malignant tumours; 3. Presence 
of breast implants, such as prostheses; 4. Incomplete clinical and pathological information.

The study complied with the revised 2013 helsinki Declaration and secured ethical clearance from the Ethics Review Board 
of the Chinese PLA General Hospital (No. S2023-423-02). All individuals provided their voluntary and informed consent.

SWE Examination
The AixPlorer ultrasound system from SuperSonic Imagine (Aix-en-Provence, France) was utilized for SWE, equipped 
with an L14-5 linear array transducer operating within a frequency range of 4–15 MHz, following a conventional 
ultrasound examination. Examinations were performed by four sonographers, each of whom had undergone professional 
training with a minimum of 3 years of expertise in breast SWE, including one senior radiologist with expertise in this 
domain. Patients were positioned supine, with both breasts exposed, for an initial conventional ultrasound examination. 
After an optimal two-dimensional image was obtained, the system was switched to the SWE mode to acquire the cross- 
sectional plane of the lesion’s maximum diameter. The operator applied minimal scanning pressure to reduce the 
influence of manual compression and maintains the probe stationary for 10 seconds. Patients were instructed to hold 
their breath to minimize artifacts and enable stable imaging. A region of interest (ROI) was then set, adjusted to 
encompass the stiffest part of the lesion or adjacent tissue. Elasticity parameters (Emax, Emin, Emean, Esd) were 
measured, and an Eratio was calculated by comparing an ROI of equivalent size and depth with normal tissue. This 
process was repeated thrice for averaging.

Immunohistochemistry
The specimens underwent fixation in formalin, followed by embedding in paraffin, and were subsequently sectioned into 
slices with a thickness of 4 micrometres. IHC assessment was conducted to express the levels of TGF-β1, MAPK 
molecules and their phosphorylated forms (including p38 MAPK, p-p38 MAPK, ERK1/2, p-ERK1/2, ERK5, p-ERK5, 
JNK and p-JNK), E-cadherin, β-catenin, N-cadherin, and Vimentin. The IHC staining was analysed using Image-Pro Plus 
6.0 software (Media Cybernetics, Rockville, MD, USA). For each sample, five random ROIs were selected and captured 
at a magnification of 200×. The integrated optical density (IOD) and the area were measured, and the average optical 
density AOD (IOD/area) was calculated to quantify the expression levels of the target proteins.
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Statistical Analysis
Statistical analysis was performed using SPSS 26.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 9.5 (GraphPad 
Software, Inc., San Diego, CA, USA). Quantitative data were presented as mean ± SD and analysed using independent 
t-tests, while qualitative data were reported as percentages and analysed with chi-square tests or their corrected variants. 
Receiver operating characteristic (ROC) curves were generated for each variable, assessing the area under the curve 
(AUC), cut-off values, sensitivity, and specificity. Additionally, Spearman rank correlation tests were utilized for 
correlation assessments. Significance was set at P<0.05.

Results
Clinicopathological Characteristics
This study analysed 117 breast lesions from patients with a mean age of 48±12 years (ranging from 24 to 77 years). The 
average lesion size was 2.0±1.3 cm (spanning 0.2 to 6.3 cm). Postoperative pathological results identified 53 lesions as 
benign and 64 as malignant (Figure 1). The malignant lesions were further categorized as negative LNM group (LNM-, 
n=39) and positive group (LNM+, n=25). The benign lesions comprised 26 fibroadenomas, 9 adenoses, 15 intraductal 
papillomas, 2 florid adenoses and 1 sclerosing adenosis. The malignant lesions comprised 41 invasive ductal carcinomas, 
10 cases of invasive ductal carcinomas combined with ductal carcinoma in situ (DCIS), 2 mucinous adenocarcinomas, 1 
malignant phyllodes tumour, and 10 DCIS cases.

Analysis of SWE Parameters of Breast Lesions
The SWE parameters for the three groups are presented in Table 1, as well as Figures 2 and 3. Notably, the values of 
Emax, Emean, Emin, Eratio, Esd, and the “stiff ring sign” rate were markedly elevated in malignant breast lesions 
compared to benign lesions (P all <0.001). However, no significant differences were observed in Emin (P=0.104) and 
Esd (P=0.100) between the LNM- and LNM+ groups. The ROC curves for the elasticity parameters utilized in 
differential diagnosis are illustrated in Figure 4, Tables 2 and 3. The distinguishing thresholds for Emax, Emean, 
Emin, Eratio, and Esd in benign vs malignant breast lesions were established as exceeding 106.7 kPa, 62.9 kPa, 22.5 
kPa, 3.4, and 21.2 kPa, respectively, with corresponding AUC of 0.933 (95% CI 0.887–0.979), 0.934 (95% CI 
0.889–0.980), 0.892 (95% CI 0.829–0.955), 0.906 (95% CI 0.850–0.962), and 0.911 (95% CI 0.852–0.970).

Figure 1 Flowchart of patient enrolment.
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Figure 4A and 4B depict the LNM- and LNM+ groups, respectively. Among the various elastic parameters 
assessed, Emax, Emean, and Eratio exhibited superior diagnostic efficacy in determining the presence of axillary 
LNM, with cut-off values established at 170.1 kPa, 118.5 kPa, and 10.5 for Emax, Emean, and Eratio. And the 
AUCs for these parameters were recorded as 0.812 (95% CI 0.697–0.926), 0.723 (95% CI 0.593–0.853), and 0.709 
(95% CI 0.567–0.851), respectively.

Expression Levels of TGF- β1, MAPK Signaling Molecules and EMT Markers
The expression levels of biomarkers of the three groups were shown in Table 4, Figures 5 and 6. Notably, the expression 
of E-cadherin demonstrated a significant decline among the three groups (P<0.001), whereas Vimentin exhibited an 
increasing trend (P=0.006). IHC staining revealed significantly elevated TGF-β1 level and phosphorylated MAPK 
molecules in malignant lesions compared to benign ones (P all <0.05). The AUC values for differentiating benign 
from malignant breast lesions were calculated as 0.811 (95% CI 0.734–0.889) for TGF-β1, 0.797 (95% CI 0.716–0.877) 
for E-cadherin, 0.764 (95% CI 0.678–0.850) for p-p38 MAPK, 0.727 (95% CI 0.636–0.818) for p38 MAPK, and 0.719 
(95% CI 0.626–0.811) for p-ERK1/2, respectively, with optimal cut-off AOD values of 0.1015, 0.0963, 0.1006, 0.0904, 
and 0.1683 (Figure 7 and Table 5). Additionally, we observed that an AOD greater than 0.1087 for TGF-β1 and less than 
0.0957 for E-cadherin were significant predictors of axillary LNM, the AUC values were 0.774 (95% CI 0.655–0.894) 
and 0.704 (95% CI 0.578–0.830), respectively (Table 6).

Correlation Analysis
We conducted correlation analysis on SWE modulus, EMT markers, TGF-β1 and MAPK signaling molecules (Table 7 and 
Table 8 and Figure 8). The Spearman correlation test revealed a negative association between E-cadherin expression and the 
parameters Eratio, Emean, Emin, Emax, and Esd in breast lesions, and the correlation coefficients were −0.398, −0.474, 
−0.376, −0.536, and −0.474, respectively (P<0.01). Conversely, TGF-β1 expression exhibited a positive correlation with 
Eratio, Emean, Emin, Emax, and Esd (correlation coefficients = 0.480, 0.624, 0.441, 0.651, and 0.535, P<0.01). Additionally, 

Table 1 Comparison of Elastic Parameters Between Benign and Malignant Breast Lesions

Parameters Benign (n=53) Malignant (n=64) F/χ2 P value

LNM –(n=39) LNM+(n=25)

Emax(kPa) 48.674±37.869 139.285±49.836 194.377±53.958 96.709 <0.001

Emean(kPa) 32.134±25.670 96.747±41.694 128.769±46.498 69.691 <0.001
Emin(kPa) 17.934±15.897 42.011±18.304 49.213±17.901 36.942 <0.001

Eratio 2.324±2.199 5.952±2.585 10.452±6.986 39.173 <0.001

Esd(kPa) 9.750±8.862 33.105±14.415 38.2875±15.006 62.333 <0.001
Stiff rim sign [n (%)] 4(7.4%) 26(63.4%) 18(78.2%) 56.793 <0.001

Figure 2 SWE images of breast lesions. (A)Benign. (B) Malignant with LNM-. (C) Malignant with LNM+. 
Abbreviations: SWE, shear wave elastography; LNM, lymph node metastasis.
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Figure 4 The ROC curve of elastic parameters in the differential diagnosis. (A) The ROC curve of elastic parameters in the differential diagnosis of benign and malignant 
groups.(B) The ROC curve of elastic parameters in the differential diagnosis of LNM- and LNM+ groups. 
Abbreviations: ROC, receiver operating characteristic; LNM, lymph node metastasis; Emax, maximum elasticity modulus; Emean, mean elasticity modulus; Emin, minimum 
elasticity modulus; Eratio, elasticity ratio of the lesions to the peripheral tissue; Esd, elasticity standard deviation.

Figure 3 Pairwise comparison of elasticity parameters in three groups. Data are presented as mean ± standard deviation (SD). The bars represent the mean values, and the 
whiskers indicate the SD of the data. ****P<0.0001; ***P<0.001. 
Abbreviations: ns, non-significant; LNM, lymph node metastasis; Emax, maximum elasticity modulus; Emean, mean elasticity modulus; Emin, minimum elasticity modulus; 
Eratio, the elasticity ratio of the lesions to the peripheral tissue; Esd, elasticity standard deviation.
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several MAPK signaling molecules demonstrated a similar positive correlation with the elasticity modulus, particularly p38 
MAPK and p-p38 MAPK. Notably, p-p38 MAPK was positively correlated with Eratio, Emean, Emin, Emax, and Esd 
(correlation coefficient=0.383, 0.449, 0.376, 0.453 and 0.312, P<0.01).

These IHC biomarkers expression exhibited significant variations in breast lesions characterized by the “stiff rim 
sign”. Specifically, E-cadherin levels were significantly lower (P < 0.001), while TGF-β1 levels were markedly higher 
(P < 0.001) in lesions with the “stiff rim sign”. Additionally, Vimentin (P = 0.037), p38 MAPK (P = 0.023), and p-p38 
MAPK (P = 0.001) were significantly elevated in these lesions.

Table 2 The Diagnostic Efficacy of Elastic Parameters for Benign and 
malignant Breast Lesions

Parameters Cut-off Value Sensitivity (%) Specificity (%) AUC

Emax(kPa) ≥106.7 85.9 92.2 0.933

Emean(kPa) ≥62.9 85.9 90.6 0.934

Emin(kPa) ≥22.5 92.2 73.6 0.892
Eratio ≥3.4 87.5 84.9 0.906

Esd(kPa) ≥21.2 84.4 92.5 0.911

Table 3 The Diagnostic Efficacy of Elastic Parameters in Malignant Breast 
Lesions With or Without Axillary Lymph Node Metastasis

Parameters Cut-off Value Sensitivity (%) Specificity (%) AUC

Emax(kPa) ≥170.1 80.0 82.1 0.812

Emean(kPa) ≥118.5 68.0 76.9 0.723

Eratio ≥10.5 48.0 100.0 0.709

Table 4 Comparison of Expression Levels of EMT, TGF-β1 and MAPK Signaling Molecules 
Between Benign and Malignant Breast Lesions

Factors (AOD) Benign(n=53) Malignant(n=64) F/χ2 P value

LNM –(n=39) LNM+(n=25)

E-cadherin 0.1031±0.0119 0.9329±0.0111 0.0850±0.0089 24.347 <0.001
β-catenin 0.0942±0.0085 0.0946±0.0104 0.0944±0.0099 0.013 0.987

N-cadherin 0.1010±0.0100 0.1061±0.0176 0.1078±0.0144 2.619 0.077

Vimentin 0.1055±0.0082 0.1099±0.0074 0.1120±0.0117 5.424 0.006
TGF-β1 0.0929±0.0556 0.1029±0.0137 0.1216±0.0197 43.975 <0.001

ERK1/2 0.0940±0.006 0.0955±0.0130 0.0982±0.0155 1.443 0.241

p-ERK 1/2 0.0991±0.135 0.1091±0.0140 0.1105±0.0167 7.835 0.001
p38 MAPK 0.0932±0.0126 0.1037±0.0183 0.1132±0.0229 12.206 <0.001

p-p38 MAPK 0.0964±0.0121 0.1073±0.0139 0.1166±0.0186 18.405 <0.001

JNK 0.1037±0.0105 0.1054±0.0675 0.1057±0.0083 0.658 0.520
p-JNK 0. 0824±0.0076 0.0873±0.0112 0.0885±0.0106 4.675 0.011

ERK5 0.0866±0.0099 0.0871±0.0103 0.0879±0.0093 0.144 0.866

p-ERK5 0.1543±0.0083 0.1580±0.0125 0.1606±0.0096 3.567 0.031
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Figure 5 The IHC staining of EMT markers, TGF- β1 and MAPK signaling molecules in three groups. Scale bars: 50 µm. 
Abbreviations: LNM, lymph node metastasis; IHC, Immunohistochemistry.
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Discussion
The application of SWE in breast diseases diagnosis has become increasingly widespread. By measuring the elastic 
differences of tissues in real-time and quantitatively, SWE can quantify the stiffness of lesions, manifesting excellent 
diagnostic value for benign-malignant differentiation of breast lesions.5,13,14 However, opinions on the diagnostic 
significance of elastic modulus parameters remain varied in current literature.15–17 In this study, SWE exhibited great 
diagnostic value in distinguishing benign vs malignant breast lesions and predicting axillary LNM. Previous literature has 
extensively reported that among the SWE parameters, Emax demonstrates the best diagnostic performance.18–20 In terms 
of Emax, irrespective of the dimensions of the region of interest (ROI), the most rigid segment within the tissue is 
consistently included, and its absolute measurement is unaffected by the size of the ROI. Although Emean is influenced 
by the ROI size and lesion depth,21 Au et al22 employed Emean as the evaluation criterion, Emean positively correlating 
with the aggressiveness, histological grade and degree of vascular invasion in invasive breast cancer. Whereas Youk 
et al23 contended that Eratio exhibited the best diagnostic efficacy, significantly correlating with larger tumour diameters, 

Figure 6 Pairwise comparison of the expression levels of EMT markers, TGF- β1 and MAPK signal molecules in three groups. Data are presented as mean ± standard 
deviation (SD). The bars represent the mean values, and the whiskers indicate the SD of the data. ****P<0.0001; ***P<0.001; **P<0.01; *P<0.05. 
Abbreviations: ns, non-significant; LNM, lymph node metastasis; EMT, epithelial to mesenchymal transition; AOD, Average optical density.
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ER and PR negative statuses, and higher Ki-67 indices. Our findings were consistent with these reports, particularly with 
Emax, Emean and Eratio in LNM assessment according to the AUC of 0.812, 0.723, 0.709 and 0.906, respectively. The 
optimal cut-off values were 170.1kPa, 118.5kPa and 10.5 of Emax, Emean and Eratio. Higher SWE elasticity parameters 
are more commonly observed in malignant lesions, which may be related to the increased tissue stiffness caused by 
fibromatous stroma hyperplasia and increased cell density within the malignant carcinoma.

TGF-β1, a multifunctional cytokine, contributes to the advancement and metastasis of cancer, particularly in its later 
stages. It plays a crucial role in the remodelling of the extracellular matrix in breast cancer by modifying the stiffness and 
composition of this matrix. This is achieved through the enhancement of collagen synthesis, secretion, and cross-linking, 
along with other matrix proteins. Such alterations have a profound effect on the microenvironment surrounding breast cancer 
cells, influencing their proliferation, migration, and invasive potential.24 In this study, when the AOD value of TGF-β1 

Figure 7 The ROC curve of IHC biomarkers in the differential diagnosis. (A) The ROC curve of IHC biomarkers in the differential diagnosis of benign and malignant groups. 
(B) The ROC curve of IHC biomarkers in the differential diagnosis of LNM- and LNM+ groups. 
Abbreviations: ROC, receiver operating characteristic; LNM, lymph node metastasis; IHC: Immunohistochemistry.

Table 5 The Diagnostic Efficacy of IHC Biomarkers for Benign and malignant 
Breast Lesions

Factors (AOD) Cut-off Value Sensitivity (%) Specificity (%) AUC

TGF-β1 ≥0.1015 59.4 96.2 0.811

E-cadherin ≤0.0963 76.6 75.5 0.797
p-p38 MAPK ≥0.1006 78.1 66.0 0.764

p38 MAPK ≥0.0904 78.1 60.4 0.727

p-ERK1/2 ≥0.1683 20.3 100 0.719

Table 6 The Diagnostic Efficacy of IHC Biomarkers in Malignant Breast 
Lesions With or Without Axillary Lymph Node Metastasis

Factors (AOD) Cut-off Value Sensitivity (%) Specificity (%) AUC

TGF-β1 ≥0.1087 68.0 79.5 0.774

E-cadherin ≤0.0957 96.0 41.0 0.704
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exceeded a specific threshold (>0.1087), it showed a high AUC of 0.774 (95% CI 0.655–0.894) in predicting axillary LNM. 
Additionally, a positive correlation was identified between TGF-β1 levels and SWE parameters (correlation coefficient=0.651 
with Emax, P<0.01), suggesting that elevated TGF-β1 levels were linked to increased tissue stiffness.

In breast cancer, the dysregulation of the MAPK signaling pathway can trigger abnormal cell proliferation and 
malignant transformation, leading to drug resistance.12,25 The MAPK signaling pathway, primarily activated by TGF-β1, 
mainly includes several subtypes such as ERK, p38, JNK and ERK5, and their expression in breast cancer is closely 
related to the patient’s clinical pathological characteristics and prognosis.10,26,27 Our study demonstrated the diagnostic 
potential of p-p38 MAPK, p38 MAPK, and p-ERK1/2 in differentiating benign from malignant breast lesions, with AUC 
values of 0.764 (95% CI 0.678–0.850), 0.727 (95% CI 0.636–0.818), and 0.719 (95% CI 0.626–0.811), respectively. 
Furthermore, p38 MAPK and its phosphorylated form, p-p38 MAPK, positively correlated with SWE parameters and 
showed higher expression in lesions displaying “stiff rim sign” (P=0.023 and P=0.001). This indicated that the activation 
of the p38 MAPK pathway may contribute to an increase in the stiffness of malignant lesions. It is important to note that 

Table 7 Comparison of Expression Levels of EMT, TGF-β1 and MAPK 
Signaling Molecules in Breast Lesions With and Without “Stiff Rim Sign” (X±s)

Factors (AOD) Stiff rim sign t(t’) P value

Yes(n=65) No(n=52)

E-cadherin 0.0850±0.0089 0.9329±0.0111 −4.574 <0.001
β-catenin 0.0944±0.0099 0.0946±0.0104 −1.402 0.163

N-cadherin 0.1078±0.0144 0.1061±0.0176 0.997 0.321

Vimentin 0.1120±0.0117 0.1099±0.0074 2.107 0.037
TGF-β1 0.1216±0.0197 0.1029±0.0137 5.726 <0.001

ERK1/2 0.0982±0.0155 0.0955±0.0130 1.208 0.229

p-ERK1/2 0.1105±0.0167 0.1091±0.0140 1.548 0.124
p38 MAPK 0.1132±0.0229 0.1037±0.0183 2.306 0.023

p-p38 MAPK 0.1166±0.0186 0.1073±0.0139 3.344 0.001

JNK 0.1057±0.0083 0.1054±0.0675 0.503 0.616
P-JNK 0.0885±0.0106 0.0873±0.0112 0.879 0.381

ERK5 0.0879±0.0093 0.0871±0.0103 0.247 0.806

p-ERK5 0.1606±0.0096 0.1580±0.0125 0.989 0.324

Table 8 Correlation of SWE Elastic Modulus and EMT Markers, 
TGF-β1 and MAPK Signaling Molecules

Factors Eratio Emean Emin Emax Esd

TGF-β1 0.480** 0.624** 0.441** 0.651** 0.535**
E-cadherin −0.398** −0.474** −0.376** −0.536** −0.474**

N-cadherin 0.085 0.142 0.190* 0.126 0.121

Vimentin 0.129 0.143 0.182* 0.105 0.090
β-catenin −0.176 −0.119 −0.073 −0.159 −0.154

ERK1/2 −0.091 −0.132 −0.068 −0.159 −0.153

p-ERK1/2 0.197* 0.256** 0.309** 0.236* 0.255**
p38 MAPK 0.317** 0.315** 0.150 0.327** 0.289**

p-p38 MAPK 0.383** 0.449** 0.376** 0.453** 0.312**

JNK −0.033 −0.002 0.063 −0.059 −0.078
p-JNK 0.059 0.057 0.117 0.064 0.024

ERK5 −0.048 0.006 0.047 −0.008 −0.055
p-ERK5 0.035 0.118 0.135 0.080 0.025

Note: *P<0.05, **P<0.01.
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the AUC values for MAPK molecules in this study were relatively lower, potentially due to the fact that the MAPK 
pathway can also be activated in benign conditions, such as inflammation.

E-cadherin, a vital protein facilitating adhesion among epithelial cells, serves as a pivotal biomarker for EMT.28 The 
reduced expression of E-cadherin frequently correlates with tumour dedifferentiation and heightened invasiveness.29 In 
our study, the predictive value of E-cadherin for axillary LNM with AUC of 0.701 (95% CI 0.578–0.830) also 
underscored its importance in the prognostic assessment of breast cancer. Lesions exhibiting the “stiff rim sign” were 
associated with increased TGF-β1 level and decreased E-cadherin expression. This sign in malignant lesions stems from 
a desmoplastic response, featuring cancer cell infiltration into surrounding tissues, increasing lesion stiffness.30 It is often 
correlated with the malignancy of the carcinoma. Decreased E-cadherin expression and elevated TGF-β1 levels can 
instigate alterations in the tumour microenvironment, leading to diminished cell adhesion, enhanced infiltration, and 
modified stroma, suggesting potential mechanisms underlying the formation of the ‘stiff rim sign’.

Our study provided evidence for the interaction between the biomechanical properties of breast lesions assessed by 
SWE and markers of TGF-β1, MAPK signaling molecules and EMT biomarkers. These results hold considerable 
importance for the non-invasive evaluation of cancer and may inform future inquiries into the influence of these 
molecular markers on the advancement of breast cancer and its therapeutic responses. Nevertheless, the present study 
still has certain limitations. For instance, the sample size may not be able to fully reveal all the variations and 
complexities of breast lesions. Additionally, the study was conducted at a single medical centre, the general applicability 
of its results may be limited. The efficacy of SWE and biomarkers in this study did not explore the dynamic changes of 
these factors nor analyse their potential impact on long-term disease prognosis. Consequently, Large-scale and multi- 
centre studies to further corroborate these findings are needed, as well as for more in-depth explorations of the 
mechanisms underlying the relationships between SWE and the identified biomarkers.

Conclusions
TGF-β1, p38 MAPK molecules, and EMT biomarkers effectively differentiate breast lesions and predict LNM, 
correlating well with SWE. The application of SWE as a non-invasive modality may offer valuable insights into breast 
cancer prognosis by detecting EMT features at their initial stages.

Figure 8 (A) Correlations of TGF-β1, E-cadherin, p-p38 MAPK expression with Emax; (B) Correlations of TGF-β1, E-cadherin, p-p38 MAPK expression with Emean. 
Abbreviations: Emax, maximum elasticity modulus; Emean, mean elasticity modulus.
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Abbreviations
SWE: Shear wave elastography; US: Ultrasound; EMT: Epithelial-mesenchymal transformation; TGF-β1: Transforming 
growth factor β1; LNM: Lymph node metastasis; LNM-: Negative axillary lymph node metastasis; LNM+: Positive axillary 
lymph node metastasis; Emax: Maximum elasticity modulus; Emin: Minimum elasticity modulus; Emean: Mean elasticity 
modulus; Eratio: Elasticity ratio of the lesions to the peripheral tissue; Esd: Elasticity standard deviation; IHC: 
Immunohistochemistry; IOD: Integrated optical density; AOD: Average optical density; ROC: Receiver operator character
istic curve; ROI: Region of interest; AUC: Area under the curve; Cl: Confidence interval; DCIS: ductal carcinomas in situ.
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