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Objective: It is not clear which procedure is most optimal for axilla after neoadjuvant therapy (NAT) in node-positive breast cancer
patients. Accurately identifying patients with axillary pathologic complete response (pCR) is crucial to minimize the overtreatment of
axilla. This study was designed to develop a risk stratification model for axillary pCR.
Methods: In this multicenter, prospective, observational study, node-positive breast cancer patients who received NAT followed
by axillary lymph node dissection (ALND) were enrolled between June 2021 and April 2024. We assessed the performance of
breast shear wave elastography (SWE) utilizing virtual touch imaging quantification in determining axillary status across ultrasound
(US) nodal stages following NAT. A predictive model incorporating axilla US nodal stage and breast SWE was developed using
multivariate logistic regression analysis. Last, a simplified risk score was developed based on the calculated prediction probability
from this model and validated in the external test cohort.
Results: The axillary pCR rates were 52.53% in the training cohort (n = 257) and 51.79% in the external test cohorts (n = 195).
Approximately 21.67% of US N0 cases were false negatives; 42.35% of US N1 cases were false positives. With SWE, the false
negative rate was 11.53% in US N0 patients and false positive rate was 22.22% in US N1 patients. The model based on dual-
modality US demonstrated strong discriminatory ability (AUC, 0.93), precise calibration (slope of calibration curve, 0.99), and
practical clinical utility (probability threshold, 4.5–94.5%); the percentages of accuracy, sensitivity, and specificity were 87.94%,
88.52%, and 87.41%, respectively. Patients scoring 1 demonstrated a low axillary non-pCR rate (5.21%–6.97%), potentially
reducing unnecessary ALND rate (17.12%–24.10%).
Conclusions: The risk stratification model integrating axilla US and breast SWE demonstrated good performance for assessing
axillary status after NAT in node-positive breast cancer and might provide guidance for less aggressive management for specific
individuals.
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Introduction

For breast cancer patients with lymph node (LN) metastasis,
neoadjuvant therapy (NAT) can reduce the tumor burden in
both breast tumors and axillary LNs[1]. Approximately half of
these patients achieve a pathologic complete response (pCR) in
the axillary LNs and experience improved prognosis after
NAT[2]. For patients who achieve axillary pCR following
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NAT, the omission of axillary lymph node dissection (ALND)
can be considered. Less radical modalities can serve as alterna-
tive surgical methods to restage axillary LNs following NAT,
which can decrease ALND-associated morbidity and
complications[3]. However, the overall false negative rate of
sentinel LN biopsy (SLNB) after NAT in node-positive cases is
12%–15%[2,4,5]. In addition, targeted axillary dissection (TAD)
is increasingly being considered, but challenges still persist in
terms of the identification rate and false negative rate[5-8].
Furthermore, the criteria to select candidates for less radical
management as an alternative to ALND after NAT have not
been firmly established. Consequently, there has been consider-
able heterogeneity in surgical approaches to the axilla following
NAT in breast cancer patients with confirmed positive LNs[4-10].

Accurate preoperative assessment of nodal response to NAT
is crucial in guiding the management of the axilla. According to
the American College of Radiology Appropriateness Criteria
guidelines, ultrasound (US) is the optimal method to evaluate
axillary status following NAT[11]. However, in breast cancer
patients with confirmed positive LN, axilla US has limitations
in accurately determining residual axillary LN metastasis fol-
lowing NAT[12]. Ultrasonic elastography, a US technology that
assesses biomechanical characteristics, holds promise in diag-
nosing axillary LNs before treatment and assessing breast
tumor response to NAT[12-16]. In a meta-analysis of studies on
eight imaging modalities for the preoperative detection of axil-
lary LN metastasis in breast cancer patients, elastography exhib-
ited the best performance[17]. However, only a limited number of
studies have confirmed the effectiveness of elastic imaging in
assessing axillary LNs after NAT[18,19].

Shear wave elastography (SWE) is a recently developed techni-
que that applies acoustic radiation force impulse (ARFI) to generate
shear waves. This technique is a highly reproducible method for
evaluating the elasticity of breast masses[20]. Virtual touch imaging
quantification (VTIQ) is a two-dimensional SWE based on ARFI
technology. It not only provides quantitative and qualitative char-
acterization of tissue elasticity but also includes a quality map to
assess the reliability of SWE data. SWE based on VITQ has been
proven effective in characterizing tumor cellularity and extracellu-
lar matrix properties in both breast tumors and axillary LNs
following NAT, thereby offering promise in assessing residual
disease in these areas after NAT[18]. Nevertheless, the overall false
negative of SWE interpretations was 12%–31%, which is unac-
ceptably high for clinical application[18].

Given the varying significance of SLNB in breast cancer
patients with different clinical nodal stages, and the current
recommendation of axilla conservation after NAT, specifically
for cN1 cases[2], we hypothesized that SWE may also exhibit
diverse performance across different nodal stages. Thus, the
objective of this study was to investigate the value of SWE in
determining axillary status in breast cancer patients with different
nodal stages observed on US after NAT. We further developed
a US risk stratification model using axilla US and breast SWE to
predict the probability of residual axillary LN metastasis.

Methods

Study design

This multicenter, prospective, observational study was approved
by the ethics committee of the institutional review board

(number: B2022-373-X01) and registered in the Chinese
Clinical Trial Registry http://www.chictr.org/cn/, number:
ChiCTR2400085035). Written informed consent for study par-
ticipation was obtained from all patients. The study has been
reported in accordance with the STARD (Standards for the
Reporting of Diagnostic Accuracy Studies) criteria[21].

The overall design of this study is shown in Fig. 1. The
pathological outcomes of axillary LNs stratified across US
nodal stage following NAT was examined. Then, the efficacy
of breast SWE in predicting axillary status across various US
nodal stages was evaluated. Following this, a predictive model
incorporating axilla US nodal stage and breast SWE was formu-
lated and evaluated. Finally, based on the probability of residual
axillary LN metastasis, a risk stratification system was devel-
oped and externally validated.

Study population

A flowchart of the selection of the study population is shown in
Figure 2. We consecutively recruited breast cancer patients with
confirmed axillary LN metastasis undergoing NAT from center
A (Sun Yat-Sen University Cancer Center). The patient inclusion
and exclusion workflow are shown in Supplementary eMethod
1 http://links.lww.com/JS9/E116. Finally, a total of 257 patients
from center A were included as the training cohort between
June 2021 and July 2023, which was utilized for data analysis
and model development.

Between May 2023 and April 2024, patients were prospec-
tively recruited from center B (Sun Yat-Sen Memorial Hospital)
and center C (The Second Affiliated Hospital of Guangzhou
Medical University). After applying the same inclusion and exclu-
sion criteria, 195 patients were identified as the external test
cohort for prospectively testing the risk stratification model to
assess its performance and generalizability to other populations.

Image acquisition and interpretation

After the completion of NAT and 1 or 2 days before surgery,
patients underwent US examinations, including conventional US
and SWE. During the US examination, suspicious US features of

HIGHLIGHTS

● Shear wave elastography (SWE) using virtual touch ima-
ging quantification could improve the diagnosis of axil-
lary lymph node (LN) in breast cancer patients with
ultrasound (US) nodal stage of N0-1 after neoadjuvant
therapy (NAT).

● The predictive model based on the odds of SWE and US
nodal stage demonstrated good discrimination ability,
precise calibration, and practical clinical utility for asses-
sing axillary status after NAT in patients with node-posi-
tive breast cancer.

● Patients with a risk score of 1 (US N0 with SWVmean

<2.77 m/s or US N1 with SWVmean <1.92 m/s) were least
likely to have residual axillary metastasis and may be
candidates for less radical management, which could
potentially reduce the rate of unnecessary axillary LN
dissection and increase the rate of final benefit.
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axillary LNs and the number of positive LNs on US were
recorded[22]. The nodal stage on axilla US was defined with refer-
ence to the AJCC pathological nodal staging criteria[23]. Following
the conventional US examination, SWE based on VTIQ was per-
formed three times at the plane of the breast tumor’s maximal

diameter. First, a quality map was first obtained to assess the
reliability of the shear wave data. Second, a velocity map was
obtained to measure shear wave velocity (SWV) values. Average
SWV value was obtained for subsequent analysis[18,24,25]. The
detailed procedures for image acquisition and interpretation are

Figure 1. Overview of the study design. (A) Accurately predicting axillary pCR in breast cancer patients before surgery can help clinicians minimize overtreatment
of the axilla after NAT. (B) Our hypothesis was that SWE may show varying performance across different nodal stages, and we aimed to create a predictive model
using axilla US and breast SWE. (C) We evaluated the discrimination, calibration, and clinical utility of this predictive model. (D) Based on the probability of residual
axillary lymph node metastasis following NAT calculated from this predictive model, a risk stratification system was developed and externally tested.
Abbreviations: pN+, pathologically positive node; NAT, neoadjuvant therapy; pCR, pathological complete response; ALND, axillary lymph node dissection;
US, ultrasound; SWE, shear wave elastography.

Figure 2. Flowchart of the study population. Abbreviations: NAT, neoadjuvant therapy; LN, lymph node; ALND, axillary lymph node dissection.
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provided in Supplementary eMethod 2 http://links.lww.com/JS9/
E116.

Pathological evaluation

Prior to NAT, breast cancer and axillary LN metastasis were
confirmed through pathological examination of samples
obtained via core needle biopsy. Hormone receptor (HR) includ-
ing estrogen receptor (ER) status and progesterone receptor (PR)
status, human epidermal growth factor receptor 2 (HER2) sta-
tus, and Ki-67 proliferation index were determined by immuno-
histochemistry and fluorescence in situ hybridization[26]. Based
on the above receptor status, all the patients were categorized
into three molecular subtypes as follows: (i) HR+HER2−; (ii)
HR±HER2+; (iii) HR−HER2−[27].

Following the completion of NAT, all included patients
received ALND in conjunction with either mastectomy or
breast-conserving surgery. During ALND, LNs in axillary levels
I/II were routinely removed; for patients with extensive axillary
LNs involvement or evident invasion of axillary level II/III LNs,
dissection of axillary level III LNs was performed. All axillary
LN specimens were stained with hematoxylin and eosin for the
detection of malignant cells and identification of pathologically
positive LNs. The location and number of positive LNs were
recorded in the pathological report. An axillary pCR was
defined as the absence of malignant cells in all surgically resected
axillary LNs from a patient. The pathological results of ALND
were considered as the gold standard for evaluating the accuracy
and effectiveness of the model developed in this study.

Data collection

Clinicopathological data, including age, menopausal status,
clinic tumor and nodal stage before treatment, ER status, PR
status, HER2 status, Ki-67 proliferation index, and surgical-
pathologic results, were obtained from medical records. The
nodal stage following NAT observed on axilla US was collected
from imaging records. The average SWV value was calculated
from breast SWE images[18,24,25].

Statistical analysis

Continuous quantitative variables were compared using either
a t-test or Mann–Whitney U test. Categorical variables were ana-
lyzed using either the χ2 test or Fisher exact test. The Spearman’s
rank test was used to evaluate the intra-observer agreement and
inter-observer agreement of both axilla US nodal stage and breast
SWE. Receiver operating characteristic (ROC) curve analysis was
performed to evaluate the discriminative ability of breast SWE in
predicting axillary status after NAT; the specific SWE perfor-
mances for different US nodal stages were assessed. A multivariate
logistic regression (LR) analysis with forward selection (entry
P-value = 0.05; removal P-value = 0.10) was performed to identify
independent risk factors associated with axillary response to NAT.
These factors were integrated to develop a predictive model for
residual axillary LNs metastasis. The model incorporated axilla US
nodal stage and breast SWE measurement. The formula for this
combined predictive model was

log P
1� P

� �
¼ � 6:749þ 1:650 �N1 Yes ¼ 1; No ¼ 0ð Þ þ 3:539
�N2 Yes ¼ 1; No ¼ 0ð Þ þ 4:296 �N3 Yes ¼ 1;No ¼ 0ð Þ

þ1:931 � SWVmean

P represents the estimated probability of residual metastasis in
axillary LNs after NAT.

The discriminatory ability of the predictive model was assessed
by ROC curve analysis. The DeLong test was used for pairwise
comparison of the area under the ROC curve (AUC).
A calibration curve was developed to show the association
between the predictions and observations. The clinical practic-
ability of the model was evaluated using decision curve analysis.
Based on the LR formula derived from this predictive model, the
risk probability was calculated and categorized into five simpli-
fied risk scores[28]. A risk stratification system was subsequently
developed to estimate the axillary non-pCR rate for each risk
score, enabling a more precise assessment of residual disease like-
lihood. Sample size was estimated using PASS version 2024
(Supplementary eTable 1 http://links.lww.com/JS9/E116). The
other statistical analyses were performed using SPSS version
25.0, MedCalc version 19.8, and Python version 3.12.1.

Results

Clinicopathologic characteristics

The clinicopathological characteristics of the study population are
listed in Table 1. A total of 452 eligible patients were included in
this study. The average patient age was 47.19 ± 10.51 years (range:
25–74 years). All included patients received ALND, with the num-
ber of cleared axillary LNs ranging from 9 to 38 (mean ± SD,
17.86 ± 7.54). Among them, 257 were assigned to the training
cohort, with a mean age of 46.39 ± 10.26 years (range: 25–
70 years). In the training cohort, 135 (52.53%) achieved axillary
pCR and 122 (47.47%) had residual metastasis in axillary LNs
following NAT. The external test cohort consisted of 195 patients,
with a mean age of 48.25 ± 10.78 years (range: 27–74 years). In the
test cohort, a total of 101 (51.79%) achieved axillary pCR and 94
(48.21%) had residual metastasis. There was no significant differ-
ence in age, breast cancer histologic type, ER expression, HER2
expression, molecular subtype or axillary response between the
training cohort and the external test cohort. However, significant
difference was observed in clinical stage pre-NAT, PR, and Ki-67
expression between the two cohorts (P < 0.05).

As shown in Supplementary eTable 2 http://links.lww.com/
JS9/E116, in the training cohort, compared with patients with
axillary pCR, patients with residual nodal metastasis had
a significantly higher clinical nodal stage at the initial diagnosis,
positive expression of ER, negative expression of HER2, and
low expression of Ki-67. Similar to results in the training cohort,
patients with residual nodal metastasis in the test cohort had
significantly higher clinical nodal stage, positive ER, negative
HER2, and low Ki-67 expression.

Agreement for axilla US and breast SWE

The intraclass correlation coefficient (ICC) values for axilla US
nodal stage were 0.91 (95% confidence interval (CI), 0.77–0.94)
for intra-observer agreement and 0.84 (95% CI, 0.72–0.90) for
inter-observer agreement (P < 0.001), indicating high levels of
both intra- and inter-observer agreement. The intra-observer
agreement for breast SWVmean value (ICC, 0.90; 95% CI,
0.75–0.93) was excellent, and the inter-observer agreement for
breast SWVmean value (ICC, 0.82; 95% CI, 0.73–0.88) was good
(P < 0.001).
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Subgroup analysis stratified across US nodal stages

The overall accuracy of axilla US in diagnosing axillary status
after NAT was 73.93% (95% CI, 65.37%–81.32%), with
a sensitivity of 78.69% (95% CI, 70.43%–85.62%) and
a specificity of 69.63% (95% CI, 61.13%–77.24%). The

surgical-pathological results for different US nodal stages fol-
lowing NAT are presented in Table 2. The axillary pCR rate
for cases with US stage of N0 was 78.33% (94/120), and false
negative results were identified in 21.67% (26/120) of
patients. Among patients staged as N1 with US, 57.65% (49/
85) had pathology-confirmed residual axillary LNs metastasis,
and 42.35% (36/85) had false positive results. For patients
with US stages of N2 and N3, the axillary pCR rates (false
positive results) were 12.90% (4/31) and 4.76% (1/21),
respectively.

SWE performance stratified across US nodal stages

The quantitative VTIQ parameter used to assess residual axil-
lary LN disease is the SWVmean value of breast lesion in our
study. The AUC of breast SWE in determining axillary status
after NAT was 0.88 (95% CI, 0.84–0.92), yielding an overall
accuracy of 80.94% (95% CI, 77.43%–87.16%), a sensitivity
of 87.70% (95% CI, 80.52%–93.04%), and a specificity of
74.81% (95% CI, 66.61%–81.90%). As presented in Table 3,
in patients with US N0 after NAT, the use of breast SWE
reduced the false negative rate to 11.54% (3/26). For patients
with US N1 after NAT, the false positive rate decreased to
22.22% (8/36) with breast SWE. For patients with US N2
following NAT, the reduction in false positive results was
offset by an increase in false negative results (n = 4). For
patients with US N3 following NAT, breast SWE resulted in
false positive results (n = 1) and two cases with false negative
results.

Performance of predictive model based on dual-modality
US

The odds of residual metastasis in axillary LNs following
NAT were significantly improved for cases with higher US

Table 2
Surgical-pathological results for different US nodal stages after
NAT (n = 257)

US nodal
stage

No. of
patients

Axillary
pCR, n (%)

Axillary non-
pCR, n (%)

No. of
false

negative
cases

No. of
false

positive
cases

N0 120 94 (78.33) 26 (21.67) 26 0
N1 85 36 (42.35) 49 (57.65) 0 36
N2 31 4 (12.90) 27 (87.10) 0 4
N3 21 1 (4.76) 20 (95.24) 0 1

Abbreviations: US, ultrasound; NAT, neoadjuvant therapy; pCR, pathologic complete response.

Table 3
SWE performance stratified across US nodal stages (n = 257)

US nodal stage No. of patients Accuracy (%) Sensitivity (%) Specificity (%)
No. of false

negative cases
No. of false

positive cases

N0 120 76.67 (92/120) 88.46 (23/26) 73.40 (69/94) 3 25
N1 85 83.53 (71/85) 87.76 (43/49) 77.78 (28/36) 6 8
N2 31 87.10 (27/31) 85.19 (23/27) 100.00 (4/4) 4 0
N3 21 85.71 (18/21) 90.00 (18/20) 0.00 (0/1) 2 1

Abbreviations: SWE, shear wave elastography; US, ultrasound.

Table 1
Clinicopathological characteristics of the study population

Characteristics Total

Training
cohort

External test
cohort

P value(n = 257) (n = 195)

Age, years
(mean ± SD)

47.19 ± 10.51 46.39 ± 10.26 48.25 ± 10.78 0.063

Histologic type, n (%) 0.299
Invasive ductal
carcinoma

420 236 (56.19) 184 (43.81)

Others 32 21 (65.63) 11 (34.38)
cT stage, n (%) 0.005

1 45 33 (73.33) 12 (26.67)
2 240 135 (56.25) 105 (43.75)
3 95 59 (62.11) 36 (37.89)
4 72 30 (41.67) 42 (58.33)

cN stage, n (%) <0.001
1 239 98 (41.00) 141 (59.00)
2 132 83 (62.88) 49 (37.12)
3 81 76 (93.83) 5 (6.17)

ER, n (%) 0.820
Negative 137 79 (57.66) 58 (42.34)
Positive 315 178 (56.51) 137 (43.49)

PR, n (%) 0.015
Negative 182 116 (63.74) 66 (36.26)
Positive 270 141 (52.22) 129 (47.78)

HER2, n (%) 0.262
Negative 239 130 (54.39) 109 (45.61)
Positive 213 127 (59.62) 86 (40.38)

Ki-67, n (%) 0.011
≤14% 55 40 (72.73) 15 (27.27)
>14% 397 217 (54.66) 180 (45.34)

Molecular subtype, n (%) 0.439
HR+HER2− 188 103 (54.79) 85 (45.21)
HR±HER2+ 212 127 (59.91) 85 (40.09)
HR−HER2− 52 27 (51.92) 25 (48.08)

Axillary response, n (%) 0.877
Axillary pCR 236 135 (57.20) 101 (42.80)
Axillary non-pCR 216 122 (56.48) 94 (43.52)

Data are shown as n (%) unless otherwise indicated.
Abbreviations: cT, clinic tumor; cN, clinic node; ER, estrogen receptor; PR, progesterone receptor;
HER2, human epidermal growth factor receptor 2; HR, hormone receptor; pCR, pathologic complete
response.
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nodal stage, with odds ratio (OR) of 5.21 (95% CI, 2.28–
11.93), 34.42 (95% CI, 8.86–70.73) and 73.40 (95% CI,
8.10–155.46) for N1, N2 and N3, respectively, and a higher
breast SWVmean with OR of 6.90 (95% CI, 3.95–12.04). The
predictive model was developed using multivariate LR ana-
lysis, incorporating US nodal stage and breast SWVmean as
key variables, and it showed good discrimination ability
(AUC, 0.93; 95% CI, 0.90–0.96), with an overall accuracy of
87.94% (95% CI, 80.93%–93.00%), sensitivity of 88.52%
(95% CI, 81.5%–93.6%), and specificity of 87.41% (95%
CI, 80.6%–92.5%). This model significantly outperformed
axilla US or breast SWE alone (P < 0.01, Delong’s test), as
depicted in Figure 3. The P-value obtained using the Hosmer–
Lemeshow goodness-of-fit test was 0.062, indicating a good fit
of the model. Calibration curve analysis showed good agree-
ment between the observations and predictions for axillary LN
status after NAT (Fig. 4A). Decision curve analysis showed that
clinical decision making according to the risk model offered
superior overall benefit to the all-or-none strategy when the
probability threshold was between 4.5% and 94.5% (Fig. 4B).

The performance of the predictive model integrating axilla US
nodal stage and breast SWE stratified by US nodal stages is

shown in Table 4. Compared with axilla US diagnosis, the
predictive model demonstrated markedly improved accuracy
for cases with US N0 (from 78.33% to 88.33%) and cases
with US N1 (from 57.65% to 85.88%). For cases with US N2–
3, the predictive model showed comparable performance to
axilla US.

Prediction of residual metastasis by risk stratification
system based on dual-modality US

Table 5 displays the pathologic results of axillary LNs after
NAT stratified by the simplified risk score calculated form this
predictive model based on dual-modality US. Lower risk scores
indicate a lower probability of residual axillary LNs metastasis.
The axillary non-pCR rate was only 5.21% (5/96) for cases with
a risk score of 1, and it increased to 92.59% (75/81) for cases
with a risk score of 5. Based on the predictive probability
calculated using multivariate LR formula, a risk score of 1 was
assigned to cases classified as US N0 with SWVmean <2.77 m/s
or as US N1 with SWVmean <1.92 m/s. This risk stratification
system was tested using the external test cohort, as shown in
Table 6. The axillary non-pCR rate was only 6.97% (4/58) for
cases with a risk score of 1, while it was 91.23% (52/57) for
cases with a risk score of 5. The effectiveness of the predictive
model is illustrated in Supplementary eFigure 1 and eFigure 2
http://links.lww.com/JS9/E116.

Figure 5 and Figure 6 illustrate the clinical benefit of identify-
ing cases scoring 1 as suitable candidates for avoiding ALND.
Among patients who underwent ALND in both the training and
external test cohort, the rate of unnecessary ALND ranged from
51.79% to 52.53%, and the final benefit rate ranged from
47.47% to 48.21%. Utilizing the risk stratification system
based on dual-modality US, patients scoring 1 may safely
avoid ALND, significantly reducing unnecessary ALND rate of
17.12%–24.10% and increasing final benefit rate of 73.84%–
80.94%. Only 1.95%–2.05% of patients were incorrectly pre-
dicted to have axillary pCR by the risk stratification system.

Assessment of risk stratification system stratified across
molecular subtype

It is widely recognized that molecular subtype serves as a robust
predictor of response to NAT. Therefore, we conducted

Figure 3. ROC curves of axilla US nodal stage, breast SWE, and the predictive
model based on dual-modality US for predicting axillary residual disease
following NAT in breast cancer patients. Abbreviations: ROC, receiver operat-
ing characteristic; US, ultrasound; SWE, shear wave elastography; NAT,
neoadjuvant therapy.

Figure 4. Calibration curve (A) and decision curve (B) for the predictive model based on dual-modality US. Abbreviations: US, ultrasound.
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a subgroup analysis of the risk stratification system based on
molecular subtypes. As shown in Supplementary eTable 3, 4,
and 5 http://links.lww.com/JS9/E116, the probability of residual
axillary LNs metastasis after NAT varied across different mole-
cular subtypes at each risk score. For the HR+HER2− subtype,
patients scoring 1 exhibited a higher axillary non-pCR rate of
20.00% (4/20) in the training cohort and 16.67% (2/12) in the
external test cohort. For the HR±HER2+ subtype, patients scor-
ing 1 demonstrated 1.54% (1/65) and 2.44% (1/41) in the train-
ing and external test cohorts, respectively. For the HR+HER2+
subtype, the two rates were 0.00% (0/11) and 20.00% (1/5).

Discussion

This study demonstrated that, compared with conventional
axilla US, breast SWE exhibited superior diagnostic perfor-
mance for axillary LNs after NAT, particularly in cases with
nodal stage of N0–1 observed on axilla US. Breast SWE signifi-
cantly reduced the numbers of false negatives among cases with
US N0 and false positives among cases with US N1. A predictive
model incorporating axilla US nodal stage and breast SWE
showed good performance for detecting residual axillary LN
metastasis. Patients with a risk score of 1 could potentially
avoid ALND after NAT, especially those with HR±HER2+
subtype. This model has the potential to assist clinicians in
making surgical decisions regarding the axilla, thereby optimiz-
ing the overall treatment of patients.

There is currently no consensus on the optimal approach for
axillary management after NAT in patients with node-positive
breast cancer. The accurate diagnosis of axillary LNs on imaging
following NAT is critical to minimize surgical overtreatment of
the axilla in breast cancer patients with nodal involvement[29]. US
is the primary approach for the non-invasive assessment of resi-
dual disease in axillary LNs after NAT[11]. However, previous

studies have reported inconsistent and suboptimal performance of
conventional axilla US for this application[28,30]. Our findings
further demonstrated that false negatives were prevalent in cases
with US N0 stage, while false positives were common in cases
with US N1 stage. Notably, when axilla US staging indicated N2
or N3 stages, most cases were found to have residual metastasis in
axillary LNs. Therefore, it is important to acknowledge that the
limitations of axilla US following NAT predominantly affect
breast cancer patients with US N0–1 stages.

In this context, our results indicate that breast SWE has pro-
mise in diagnosing axillary LNs following NAT in patients with
node-positive breast cancer, particularly in those with US N0–1
stages. In recent years, the development of ultrasonic elastogra-
phy, particularly SWE based on VTIQ, has yielded supplementary
data http://links.lww.com/JS9/E116 for LN characterization and
has improved the diagnostic accuracy of US in assessing axillary
LNs[15-18]. A recent research has demonstrated that SWV value
obtained through VITQ can be utilized to characterize patholo-
gical features such as tumor cell density and collagen volume
fraction following NAT[18]. Furthermore, in comparison with
SWE conducted on axillary LNs, breast SWE exhibits superior
performance in predicting axillary pCR[18]. However, similar to
previous study[18], our results suggested that the overall perfor-
mance of breast SWE in evaluating axillary LNs after NAT in
breast cancer with nodal involvement is still unsatisfactory for
clinical application. Considering the varying utility of less radical
restaging methods following NAT in patients with different clinic
nodal stages[2], we hypothesize that SWE may also exhibit diverse
performance in assessing axillary LNs in breast cancer patients
with different nodal stages. Our results suggested that breast SWE
can overcome the challenges with false negatives for cases with US
N0 stage and false positives for cases with US N1 stage after
NAT. However, breast SWE did not provide added diagnostic
value for assessing axillary LNs in US N2–3 cases.

Table 4
The performance of the predictive model based on dual-modality US stratified across US nodal stages (n = 257)

US nodal stage No. of patients Accuracy (%) Sensitivity (%) Specificity (%)
No. of false

negative cases
No. of false

positive cases

N0 120 88.33 (106/120) 69.23 (18/26) 93.62 (88/94) 8 6
N1 85 85.88 (73/85) 87.76 (43/49) 83.33 (30/36) 6 6
N2 31 87.10 (27/31) 100.00 (27/27) 0.00 (0/4) 0 4
N3 21 95.24 (20/21) 100.00 (20/20) 0.00 (0/1) 0 1

Abbreviation: US, ultrasound.

Table 5
Surgical-pathologic results of axillary LNs after NAT stratified
across simplified risk score based on the predictive model in
the training cohort (n = 257)

Risk score
No. of
patients

Axillary
pCR, n

Axillary
non-pCR, n

Axillary
non-pCR rate (%)

1 96 91 5 5.21
2 32 24 8 25.00
3 24 10 14 58.33
4 24 4 20 83.33
5 81 6 75 92.59

Abbreviations: LN, lymph node; NAT, neoadjuvant therapy; pCR, pathologic complete response.

Table 6
Surgical-pathologic results of axillary LNs after NAT stratified
across simplified risk score based on the predictive model in
the external test cohort (n = 195)

Risk score
No. of
patients

Axillary
pCR, n

Axillary
non-pCR, n

Axillary
non-pCR rate (%)

1 58 54 4 6.97
2 47 3s1 16 34.04
3 14 6 8 57.14
4 19 5 14 73.68
5 57 5 52 91.23

Abbreviations: LN, lymph node; NAT, neoadjuvant therapy; pCR, pathologic complete response.
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In view of the significant differences in axillary pCR rates
across different US nodal stages following NAT and the varied
performance of breast SWE in patients with varying US nodal
stages, we speculated that integrating US nodal stage as a risk
factor with breast SWE would provide substantial predictive
value. We then developed a predictive model using US nodal
stage and breast SWE. The performance of this predictive model
(AUC, 0.93) was better than those of models that included US
characteristics, with previously reported AUC values between
0.70 and 0.90[27,28,31-34]. Additionally, compared with the false
negative rates of SLNB after NAT observed in several clinical
trials[2,4], our predictive model based on dual-modality US
demonstrated a comparable overall performance, with an over-
all false negative rate of 11.48%. A false negative rate of less
than 10% could be considered acceptable for omitting
ALND[2,4,28]. When using this predictive model to calculate the
probability of residual metastasis in axillary LNs for developing
a risk stratification system, the rate of axillary non-pCR was
only 5.21%–6.97% in cases with a risk score of 1, indicating
a reduction in false negative results if cases scoring 1 are identi-
fied as axillary pCR[28]. The risk stratification system based on
dual-modality US provides clinicians with more detailed refer-
ences regarding the selection of axilla management for specific
individuals after NAT. Patients with a risk score of 1 (US N0
with SWVmean <2.77 m/s or US N1 with SWVmean <1.92 m/s)
may be appropriate candidates for less radical management to
avoid unnecessary ALND and its complications. The reduction
in unnecessary ALND rate and the increase in benefit rate

demonstrate its clinical applicability. Furthermore, only
1.95%–2.05% of patients were incorrectly predicted to have
axillary pCR, indicating the safety of this risk stratification
system.

While the developed risk stratification system demonstrated
excellent overall performance in evaluating residual axillary LNs
metastasis after NAT, varying risk probabilities were observed
across different molecular subtypes. Patients with HR+HER2−
breast cancer showed a higher axillary non-pCR rate compared
to other subtypes. Surprisingly, even patients scoring 1 had
a high non-pCR rate between 16.67% and 20.00%. This could
be attributed to the relative insensitivity of the HR+HER2−
subtype to NAT. In contrast, patients with the HR±HER2+
subtype scoring 1 indicated a low axillary non-pCR rate from
1.54% to 2.44%. Therefore, patients with HR±HER2+ scoring
1 might be better candidates for axilla conservation post-NAT.
In cases of HR- HER2- breast cancer, the axillary non-pCR rates
could not be robustly assessed due to the limited sample size.

In this multicenter, prospective, observational study, the pre-
dictive model incorporating both axilla US nodal stage and
breast SWE exhibited excellent predictive ability. A simplified
risk score generated from this predictive model could help per-
sonalize treatment strategies and reduce unnecessary interven-
tions. This model serves as a practical and convenient tool for
clinicians, as the variables it uses are readily accessible and do
not require additional interventional procedures. Furthermore,
decision curve analysis indicated that the model provides satis-
factory clinical utility in facilitating individualized strategies for

Figure 5. Clinical benefit assessment of risk stratification system based on dual-modality US in the training cohort (n = 257). (A) Recommendation for ALND
according to risk stratification system based on dual-modality US after NAT in patients with node-positive breast cancer. A risk score of 1 was established as
a reliable predictor of axillary pCR. Only 1.95% of patients were incorrectly predicted to have axillary pCR by the risk stratification system. (B) Rate of unnecessary
ALND assessed in two scenarios: if all patients underwent ALND, an unnecessary ALND rate of 52.53% was observed; if ALND was performed only in patients
with risk score of 2-5, a reduced unnecessary ALND rate of 17.12% was observed. (C) Rate of benefit assessed in two scenarios: if all patients underwent ALND,
a final benefit rate of 47.47% was observed; if ALND was performed only in patients with risk score of 2-5, an increased final benefit rate of 80.94% was observed.
Abbreviations: US, ultrasound; ALND, axillary lymph node dissection; NAT, neoadjuvant therapy; pCR, pathologic complete response.
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axilla LNs after NAT in breast cancer patients with nodal invol-
vement. Despite encouraging findings, this study has several
limitations. First, both SWE and US have limitations in terms
of depth of penetration, which may impact their ability to accu-
rately assess deeper LNs, potentially missing important informa-
tion. Second, SWE may not be universally available in all
healthcare settings due to cost constraints or limited access to
specialized equipment, which could limit their widespread
applicability. Third, the variability in SWE measurements from
different vendors remains a problem that needs to be addressed
in future studies. Fourth, while longitudinal imaging data during
NAT could enhance the predictive performance for nodal
response[31,35], SWE data prior to treatment were not obtained
in this study. Finally, the pathological findings from the ALND
were used as the gold standard in this study, ensuring that the
results were based on definitive histopathological evidence and
providing a reliable benchmark for outcome assessment.
However, several patients who underwent less radical surgical
procedures were excluded, potentially introducing selection
bias. Given that SLNB with dual mapping and TAD may offer
greater clinical benefits, patients undergoing these procedures
will be included in future studies to enhance the clinical rele-
vance and generalizability of the findings.

Conclusion

Breast SWE is effective in assessing axillary LNs after NAT in
patients with node-positive breast cancer, especially for those with

US N0–1 stage. A predictive model incorporating axilla US nodal
stage and breast SWE showed good performance for identifying
residual axillary LN metastasis. The risk stratification system
derived from this predictive model was capable of estimating the
probability of residual metastasis, thereby serving as a valuable
reference for individualized management strategies. Patients with
a risk score of 1 could potentially benefit from a less aggressive
axillary management approach, particularly for those diagnosed
with HR±HER2+ breast cancer. Future studies with a larger sam-
ple size and more external test sets would provide more convin-
cing evidence for clinical application of this model.
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