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Introduction

The accurate preoperative identification of invasive breast 
cancers (IBCs) with lymph node metastasis (LNM) could 
not only minimize the need for clearing axilla after breast 
surgery but also influence the use of systemic treatment, 
such as neoadjuvant therapy. Among several imaging 

methods, ultrasound (US) is more routinely used to 
diagnose LNM preoperatively. Shear wave elastography 
(SWE), which uses acoustic radiation force induced by 
US beams, induces shear waves to propagate transversely 
in the tissue and has been commonly used to differentiate 
between benign and malignant tumors (1). It is thought that 
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the stromal reaction that occurs due to invasive behavior 
results in abnormal tumor-associated collagen deposition, 
potentially leading to increased SWE values in IBC (2). 
Studies have shown that Emean, one elasticity index of 
SWE, could be useful for predicting the nodal status of IBCs, 
but the optimal cutoff value to diagnose LNM along with 
the pathological basis and possible molecular mechanism 
for lymphatic metastasis prediction, are still unknown (3).

S100A4 is a member of the S100 protein family, 
which is well known for its significant role in promoting 
cancer progression and metastasis (4). Many studies have 
shown that S100A4 plays an important role in epithelial-
mesenchymal transition (EMT), which is associated with 
tissue fibrosis by stimulating the deposition of collagen in 
nontumor pathophysiologies, such as rheumatoid arthritis 
and systemic sclerosis (5,6). However, whether S100A4 
plays a regulatory role in collagen deposition in tumors 
is unknown. Therefore, we hypothesized that S100A4 
simultaneously promotes metastasis and hardens primary 
IBCs by remodeling cancer-associated collagen deposition.

To test this, our study aimed to both determine the 
optimal cutoff values of SWE for diagnosing LNM and 
to investigate the pathological basis and key molecules 
involved.

Methods

We prospectively observed 126 hospitalized women with 
a postoperative pathological diagnosis of IBC in the 
Harbin Medical University Cancer Hospital. Specialist 
ultrasonographers examined preoperative USs in our 
ultrasound department, and then the subjects were scanned 
in another room using SWE by the same doctor (with 
4 years of SWE experience). A dedicated pathologist 
oversaw immunohistochemical staining of all included 
pathological slides. The doctors were blinded to each other. 
To determine the best cutoff values of SWE for diagnosing 
LNM, we further expanded the sample size to include 223 
IBC patients in the cohort.

Patients

The inclusion criteria were new hospitalized women with 
a suspicious diagnosis of IBC who had US and SWE 
examinations before biopsy. The exclusion criteria included 
the following: biopsy before US and/or SWE, undergoing 
neoadjuvant chemotherapy before surgery, carcinoma in situ 
or benign postoperative pathological diagnosis, and patients 
with pathologically multifocal IBCs. The included samples 
were divided into LNM+ and LNM– groups depending 
on the presence or absence of axillary LNM as defined by 
postoperative pathology. The study flow chart is shown in 
Figure 1. In total, 126 patients with a surgical diagnosis of 
IBC (65 patients in the LNM+ group and 61 patients in 
the LNM– group) were included in the previous phase for 
pathology basis and possible key molecular investigation. 
In the later phase, 97 consecutive patients (44 patients in 
the LNM+ group and 53 patients in the LNM– group) 
were filtered into the cohort according to the inclusion 
and exclusion criteria, for a more reliable calculated cutoff 
value. Consequently, an expanded sample size with 223 
patients (109 patients in the LNM+ group and 114 patients 
in the LNM– group) were included for SWE cutoff value 
determination, along with US and clinicopathological 
statistical analysis in this study.

All procedures performed in studies involving human 
participants were in accordance with the ethical standards 
of the institutional and/or national research committee 
and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. The present 
study was reviewed and approved by the Ethics Committee 
of the Harbin Medical University Cancer Hospital. Written 

Figure 1 The study flow chart. IBC, invasive breast cancer; US, 
ultrasound; SWE, shear wave elastography; LNM, lymph node 
metastasis.
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informed consent was obtained from each patient.

Preoperative US and SWE examination

US and SWE examinations were conducted preoperatively 
using a SuperSonic Imagine ultrasound system (Aixplorer, 
Aixen Provence, France) equipped with an SL10-2 linear-
array transducer of 2–10 MHz. Ultrasonographic features 
were recorded according to the 5th American College of 
Radiology Breast Imaging Reporting and Data System (BI-
RADS) lexicon (7). For the SWE examination, the display 
scale of the elasticity color image was set as 0–180 kPa. 
The region of interest (ROI) on the SWE display included 
the mass and a small amount of surrounding breast tissue. 
A Q-Box 2 mm in diameter was placed, and elasticity 
parameters, including Emax (the maximum stiff value), 
Emean (the mean stiff value), and EmeanR (the ratio of 
Emean between mass and parenchyma) were all obtained 
after the elastogram was stable for 3–5 seconds.

Bioinformatics analysis

To investigate whether S100A4 is more highly expressed 
in primary IBCs that are LNM+ than in those that are 
LNM–, we searched the gene expression omnibus (GEO). 
First, “S100A4” was input into the GEO profiles as a 
keyword, with 3,741 chip results being the output. There 
were 42 chips correlated with tumor metastasis, only 1 of 
which contained data concerning the metastasis of breast 
carcinoma: it showed no difference between the S100A4 
expression in primary lesions with metastasis and without 
metastasis. Then, the keywords “S100A4” and “breast 
cancer or carcinoma metastasis” were input into the GEO 
datasets, and 1,204 data points were output. GSE9893 was 
selected randomly to be further processed. The difference 
of S100A4 expression level between the primary lesions with 
metastasis and lesions without metastasis was calculated 
using 2 independent samples Student’s t-test.

Sirius red and immunohistochemical staining

All the pathological slides included were fixed in 4% 
buffered paraformaldehyde, decalcified in 50 mM 
ethylenediaminetetraacetic acid (EDTA), embedded 
in paraffin, and sectioned at 5 μm thickness. Sirius red 
staining was used to assess collagen composition, and 
immunohistochemical staining was used to examine the 
expression of S100A4. Five high-power fields (×200) were 

selected and imaged randomly on each slide. Collagen 
volume fraction (CVF) and average optical density of 
S100A4 (AODS100A4) in each field were quantitatively 
calculated using ImageJ software version 1.51 (http://
rsb.info.nih.gov/ij/). Collagen deposition and S100A4 
expression are shown as average values for CVF and 
AODS100A4 in 5 fields, respectively.

Statistical analysis

Correlations of collagen deposition with SWE parameters 
and S100A4 expression were evaluated by Pearson 
correlation analysis, and the coefficients were defined as 
follows: <0.40 indicated poor reliability; 0.40-0.75 indicated 
good reliability, and >0.75 indicated excellent reliability (8). 
The comparisons of clinicopathological characteristics, US 
features, SWE values, and collagen and S100A4 expression 
in IBCs between the LNM+ and LNM– groups were 
performed using 2 independent samples Student’s t-test 
or χ2 tests according to the presence of measurement or 
enumeration data. Receiver operating characteristic (ROC) 
curve analysis was performed to evaluate the diagnostic 
performance of SWE for diagnosing axillary lymphatic 
metastasis. All analyses in this study were performed using 
SPSS version 22.0 (SPSS Inc., Chicago, IL, USA) with 
P<0.05 as the threshold for statistical significance.

Results

S100A4 expression, collagen deposition and SWE

GSE9893 in GEO exhibited more increased S100A4 
expression in primary IBCs that were LNM+ than in those 
that were LNM– [P=0.0008232, log2 (fold change) =0.35]. 
In our cohort, there were 65 tissue samples in the LNM+ 
group and 61 in the LNM– group consecutively included 
for S100A4 immunohistochemical staining and collagen 
staining. S100A4 expression levels were significantly 
higher in the LNM+ group than in the LNM– group 
(AODS100A4: 10.15±6.64 vs. 3.33±2.01, respectively, P<0.001). 
Mean collagen deposition of the 65 primary LNM+ IBC 
tissue samples was higher compared to that of the 61 
primary LNM– IBC tissue samples (CVF: 25.65±8.83 
vs. 16.39±6.08, respectively, P<0.001). Collagen staining 
and S100A4 immunohistochemical staining of included 
LNM+ and LNM– samples are shown in Figure 2. The 
SWE parameters were positively correlated with CVF in 
primary IBC (r-Emax =0.789, P<0.001; r-Emean =0.674, 
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Figure 2 The comparison of SWE (A,D), S100A4 immunohistochemical staining (B,E: ×200) and collagen Sirius staining (C,F: ×200) of 
IBC between the LNM– (A,B,C) and LNM+ (D,E,F) groups. SWE, shear wave elastography; IBC, invasive breast cancer; LNM, lymph 
node metastasis.

B

E

C

F

A

D

P<0.001; r-EmeanR =0.443, P<0.001), which indicated 
collagen deposition was higher in stiff masses with higher 
SWE values. Furthermore, collagen composition was 
positively correlated with S100A4 expression levels (r=0.793, 
P<0.001), inferring that S100A4 expressed higher in masses 
with more collagen composition. Correlations of elasticity 
indexes and CVF, along with CVF and AODS100A4, are shown 
in Figure 3.

Clinicopathological characteristics

In total, 223 women pathologically diagnosed with IBC 
were included for analysis to determine the optimal cutoff 
value of SWE in this study. The median age was 55 years 
and ranged from 31 to 78 years. There were 109 patients 
(48.88%) with axillary lymphatic metastasis in the LNM+ 
group and 114 patients (51.12%) in the LNM– group. Of 
the 223 cases, 51.6% (115 patients, including 98 in the 
LNM+ group and 17 in the LNM– group) were treated with 

modified radical mastectomy, 36.3% (81 patients, including 
5 in the LNM+ group and 76 in the LNM– group) were 
treated by mastectomy with sentinel lymph node dissection, 
and 12.1% (27 patients, including 6 in the LNM+ group 
and 21 in the LNM– group) underwent breast-conserving 
surgery. A total of 115 (51.6%) experienced preoperative 
needle biopsy on suspicious lymph nodes, 94 cases (42.1%) 
were treated with intraoperative sentinel lymph node 
biopsy, and both of the above biopsy methods treated 14 
(6.3%, 5 in the LNM+ group and 9 in the LNM– group) 
cases. A comparison of clinicopathological characteristics 
between the LNM+ and LNM– groups is shown in Table 1. 
As presented, the mean tumor size in the LNM+ group was 
significantly larger than that in the LNM– group (P=0.018). 
Samples with lymphovascular invasion in the LNM+ group 
were also significantly increased compared to the LNM– 
group (P<0.001). Furthermore, Ki-67 expression levels 
were increased in the LNM+ group compared to those in 
the LNM– group (P=0.016). No significant differences 
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were observed between the two groups concerning tumor 
type, intrinsic subtype, or expression of estrogen receptor 
(ER), progesterone receptor (PR), human epidermal growth 
factor receptor 2 (HER2), p53, CK5/6, and E-cadherin, or 
for the biological markers CA153 and CEA.

US and SWE features

Comparisons of US features and SWE elasticity indexes 
of IBC between the LNM+ and LNM– groups are shown 
in Table 2. For features of conventional US, masses in 
the LNM+ group were characterized by irregular shape 
(P=0.001). Most IBCs in the LNM+ group presented 
shadowing or no posterior features, while the posterior 
features in the LNM– the group were variable (P=0.033). 
There were no differences in orientation, margin, 
calcification, or vascularity features between the two groups. 
For SWE, elasticity indexes, including Emax, Emean, and 
EmeanR, were all significantly higher in the LNM+ group 
than in the LNM– group (P<0.01).

The best cutoff values of SWE for diagnosing lymphatic 
metastasis were as follows: 111.05 kPa for Emax, 79.80 kPa 
for Emean, and 6.89 for EmeanR. The ROC curve is shown 
in Figure 4. The area under the curve (AUC), sensitivity 
(Sen), specificity (Spe), positive predictive value (PPV), 
negative predictive value (NPV), and diagnostic accuracy 
(ACC) with optimal cutoff values are shown in Table 3.

Discussion

Considering that preoperative knowledge of axillary lymph 
node status is crucial for both the use of neoadjuvant 
chemotherapy and appropriate surgical management, 
there is a need for the development of imaging tools 
specifically for LNM diagnosis (9). While there has always 
been a debate about the need for clearance of all positive 
axillary lymph nodes, efforts to preoperatively diagnose 
every malignant lymph node are being discouraged by 
some surgeons (10). As such, more reliable indicators for 
preoperative positive lymph node assessment are needed. 
One study has shown lesion stiffness to be a predictor of 
cervical lymphatic metastasis in papillary thyroid carcinoma 
(PTC), and reported that the optimal cutoff values of Emax 
and Emean for the prediction of central LNM were 138 
kPa and 124 kPa respectively, and the optimal cutoff values 
of Emin for the prediction of lateral LNM was 63 kPa (11).  
Evans et al. reported that mean stiffness at SWE is an 
independent predictor of axillary LNM in women with  
IBC (3). Although they did not show the optimal cutoff 
value of SWE, they described in detail the mean of mean 
stiffness values of IBC with 3 nodal statuses: 114 kPa for 
the negative node group, 141 kPa for the 1–3 nodes positive 
group, and 156 kPa for the 4 or more nodes positive 
group. Compared with the mean stiffness values, whether 
IBC with positive nodes or IBC with negative nodes, the 
corresponding Emean values in our study were lower 
(101.16±38.91 kPa for LNM+ and 65.41±25.26 kPa for 
LNM–). The difference may result from the following 3 
factors: the included patients (who underwent neoadjuvant 
chemotherapy before surgery were excluded in our study); 
the setting of the instrument, including the probe, the 
display scale, ROI, and Q-Box (information for which 
was absent in Evan’s report); and the operator-dependent 
variations. Furthermore, convincing pathological and 
molecular data supporting these indicators are needed.

Collagen remodeling resulting from the invasive 
behavior of tumor cells into the stroma periphery cause 
normally flexible fiber to become stiff, which is thought 

Figure 3 The correlations of Emax, Emean, EmeanR, and 
AODS100A4 with CVF shown by the scattered maps. Y-axis is CVF 
of primary IBC, and X-axis is the values of both elasticity index 
and AODS100A4 in primary IBC. The graph shows that both the 
elasticity and the S100A4 expression are positively correlated with 
collagen deposition, which means that collagen deposition was 
higher in stiff masses with higher elasticity parameters, as well as in 
those masses with higher S100A4 expression. Emax, the maximum 
stiff value; Emean, the mean stiff value; EmeanR, the ratio of 
Emean between mass and parenchyma; AODS100A4, the average 
optical density of S100A4; CVF, collagen volume fraction; IBC, 
invasive breast carcinoma.
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Table 1 Comparisons of clinicopathological characteristics in IBCs between the LNM– and LNM+ groups

Clinicopathological features LNM– (n=114) LNM+ (n=109) P value

Age (years) 55.06±10.24 55.10±10.24 0.984

Size (mm) 23.93±10.39 27.17±9.82 0.018

Tumor type 0.735

Classified 89.47% (n=102) 90.83% (n=99)

Specified 10.53% (n=12) 9.17% (n=10)

Lymphovascular invasion <0.001

Present 13.16% (n=15) 34.86% (n=38)

Absent 86.84% (n=99) 65.14% (n=71)

ER 0.259

Positive 75.44% (n=86) 81.65% (n=89)

Negative 24.56% (n=28) 18.35% (n=20)

PR 0.259

Positive 75.44% (n=86) 81.65% (n=89)

Negative 24.56% (n=28) 18.35% (n=20)

HER2

Positive 38.60% (n=44) 33.03% (n=36) 0.386

Negative 61.40% (n=70) 66.97% (n=73)

Ki-67 0.016

<14% 32.46% (n=37) 18.35% (n=20)

≥14% 67.54% (n=77) 81.65% (n=89)

Intrinsic subtypes 0.887

Luminal A 11.40% (n=13) 13.76% (n=15)

Luminal B 67.54% (n=77) 68.81% (n=75)

HER2 8.77% (n=10) 7.34% (n=8)

Basal like 12.28% (n=14) 10.09% (n=11)

p53 0.169

Present 71.05% (n=81) 62.39% (n=68)

Absent 28.95% (n=33) 37.61% (n=41)

CK5/6 0.588

Present 19.30% (n=22) 16.51% (n=18)

Absent 80.70% (n=92) 83.49% (n=91)

E-cadherin 0.108

Present 92.11% (n=105) 85.32% (n=93)

Absent 7.89% (n=9) 14.68% (n=16)

CA153 (ng/mL) 11.72±7.05 11.21±4.70 0.68

CEA (ng/mL) 3.96±7.83 2.11±2.07 0.143

IBC, invasive breast cancer; LNM, axillary lymph node metastasis; ER, estrogen receptor; PR, progesterone receptor; HER2, human 
epidermal growth factor receptor 2.
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Table 2 Comparisons of US features and SWE values in IBCs between the LNM– and LNM+ groups

Imaging features LNM– (n=114) LNM+ (n=109) P value

Shape 0.001

Irregular 86.84% (n=99) 98.17% (n=107)

Regular 13.16% (n=15) 1.83% (n=2)

Orientation 0.742

Parallel 87.72% (n=100) 86.24% (n=94)

Not parallel 12.28% (n=14) 13.76% (n=15)

Margin 0.31

Circumscribed 5.26% (n=6) 1.83% (n=2)

Not circumscribed 94.74% (n=108) 98.17% (n=107) 0.839

Indistinct 27.78% (n=30) 20.56% (n=22)

Angular 20.37% (n=22) 20.56% (n=22)

Microlobulated 29.63% (n=32) 29.91% (n=32)

Spiculated 22.22% (n=24) 28.97% (n=31)

Posterior features 0.033

No features 30.70% (n=35) 36.70% (n=40)

Enhancement 18.42% (n=21) 11.01% (n=12)

Shadowing 40.35% (n=46) 49.54% (n=54)

Combined pattern 10.53% (n=12) 2.75% (n=3)

Calcifications 0.627

Absent 49.12% (n=56) 45.87% (n=50)

Present 50.88% (n=58) 54.13% (n=59)

Vascularity 0.089

Absent 7.89% (n=9) 2.75% (n=3)

Present 92.11% (n=105) 97.25% (n=106) 0.344

Adler 1 32.38% (n=34) 33.02% (n=35)

Adler 2 50.48% (n=53) 56.60% (n=60)

Adler 3 17.14% (n=18) 10.38% (n=11)

SWE values

Emax (kPa) 97.59±30.06 152.32±54.33 <0.001

Emean (kPa) 65.41±25.26 101.16±38.91 <0.001

EmeanR 5.42±4.00 9.02±6.39 <0.001

IBC, invasive breast cancer; LNM, axillary lymph node metastasis; US, ultrasound; SWE, shear wave elastography.

to be the chief pathological basis for SWE, and this 
differentiates malignant lesions from the benign ones (12). 
We correlated SWE indexes with collagen deposition in 

126 primary IBC tissue samples, and all three parameters 
were positively correlated with CVF, with Emax showing 
excellent reliability, followed by Emean and EmeanR. The 
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IBC masses are mostly heterogeneous and the normal 
breast parenchyma is varied, so Emean and EmeanR are 
secondary indicators compared to Emax. Also, the mean 
CVF of 65 tissue samples from primary IBCs that were 
LNM+ was significantly higher than that in the 61 LNM– 
samples, indicating a greater extent of collagen remodeling 
and greater cancer-associated collagen composition in 
the LNM+ group. Obviously, the discrepancy in collagen 
deposition of primary IBC between the LNM+ and 
LNM– groups was quantitatively well presented by SWE. 
Therefore, we initially investigated if there are molecules 
playing a key role in regulating cancer-associated collagen 
deposition that simultaneously promotes metastasis.

S100A4, encoded by S100A4 and located on a frequently 
rearranged gene cluster on chromosome 1q21 in humans, is 
best known as a metastasis-associated protein in malignant 

tumors (13). The expression of S100A4 is positively 
correlated with cancer progression and metastasis in many 
cancer tissues, including breast, prostate, ovarian, and other 
cancers (14-18). Therefore, we searched GEO datasets to 
examine whether there is a difference in S100A4 expression 
between primary IBCs that are LNM+ and those that are 
LNM–. As expected, S100A4 expression was significantly 
higher in the LNM+ group. Next, 65 IBC tissue samples 
that were LNM+ and 61 IBC tissue samples that were 
LNM– were validated for immunohistochemical analysis; 
the mean AODS100A4 of samples in the LNM+ group was 
significantly higher than that in the LNM– group. Also, 
we examined the correlation between AODS100A4 and CVF 
in the tissue samples, and the results revealed an excellent 
reliable correlation between these parameters, indicating 
that S100A4 may represent a positive regulatory factor 
promoting cancer-associated collagen deposition. Studies 
have reported that S100A4 plays a vital role in various 
nontumor diseases, such as fibrosis, inflammation, immune 
response, and neuroprotection, where it regulates tissue 
fibrosis via different signaling pathways and stimulates 
fibroblasts to secrete collagen, inducing collagen deposition 
(19-24). These results suggest that S100A4 may regulate 
collagen deposition in tumor disorders via other signaling 
pathways; we have begun to investigate the possible 
signaling mechanisms using in vivo and in vitro methods.

Further, 223 patients with IBC were prospectively 
observed and were divided into the LNM+ group containing 
109 women and the LNM– group containing 114 
women. SWE elasticity indexes, including Emax, Emean, 
and EmeanR of primary IBC lesions, were compared, 
presenting significantly higher values in the LNM+ group 
than in the LNM– group. The best cutoff values of the 
SWE parameters for diagnosing lymphatic metastasis were 
calculated as follows: 111.05 kPa for Emax, 79.80 kPa for 
Emean, and 6.89 for EmeanR. According to ROC analysis, 
Emax exhibited the best diagnostic performance with an 
AUC [95% confidence interval (CI)] of 0.82 (0.76–0.87), 

Figure 4 The ROC curve of SWE for diagnosing IBC lymphatic 
metastasis. The ROC curve shows that Emax exhibited the best 
diagnostic performance with the largest AUC, followed by Emean 
with the second-largest AUC and EmeanR with the smallest 
AUC. ROC, receiver operating characteristic; SWE, shear wave 
elastography; IBC, invasive breast carcinoma; AUC, the area under 
the curve.
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Table 3 The diagnostic performance of SWE for predicting axillary lymphatic metastasis with the best cutoff values

SWE Cutoff value AUC (95% CI) P value Sen Spe ACC, % PPV, % NPV, %

Emax 111.05 kPa 0.82 (0.76–0.87) <0.001 0.78 0.72 74.88 73.04 76.85

Emean 79.80 kPa 0.78 (0.72–0.84) <0.001 0.67 0.77 72.20 73.74 70.97

EmeanR 6.89 0.73 (0.66–0.79) <0.001 0.57 0.78 67.71 71.26 65.44

SWE, shear wave elastography; AUC, area under the curve; CI, confidence interval; Sen, sensitivity; Spe, specificity; ACC, accuracy; PPV, 
positive predictive value; NPV, negative predictive value.
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following by an Emean of 0.78 (0.72–0.84) and an EmeanR 
of 0.73 (0.66–0.79). In addition to the shape and posterior 
features on the US, the SWE elasticity indexes could 
supply nodal status, a powerful imaging method, although 
the ACC, as well as Sen and Spe, were lower than those 
previously reported for benign and malignant breast tumor 
differentiation (25). As a reference, the US of the axilla 
with the biopsy of abnormal lymph nodes is diagnostic 
for no more than 50% of positive node patients (26). For 
clinicopathological characteristics in this study, most of the 
features exhibited no difference between the two groups 
except for tumor size, lymphovascular invasion, and Ki-
67 expression, and these 3 variables are well-established as 
unfavorable prognostic factors, consequently presenting in 
higher levels in the LNM+ group.

This study has some limitations. When analyzing the 
pathology basis and possible key molecules, we excluded 
samples for undergoing neoadjuvant chemotherapy before 
surgery, which might have introduced bias into case 
selection. The second limitation is that the samples in this 
study used for determining diagnostic cutoff values of SWE 
were relatively small in number, and additional data should 
be included in future studies. Furthermore, the mechanism 
of the “SWE-collagen-S100A4-LNM” chain needs 
further validation in molecular biological experiments. 
An important final limitation is linked to the operator-
dependent variations related to the use of SWE.

In conclusion, high SWE elasticity indexes, especially 
for Emax and Emean, could indicate axillary LNM of IBCs. 
Collagen deposition should be the pathological basis for 
SWE diagnosis, and S100A4 may be a regulatory molecule 
that simultaneously promotes metastasis and increases the 
stiffness of primary tumors.
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