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Abstract: Objectives: Human epidermal growth factor receptor 2 (HER2)-positive breast cancer is an aggressive 
subtype; however, neoadjuvant therapy (NAT) can improve patient outcomes. Accurate prediction of pathological 
complete response (pCR) is crucial for guiding treatment adjustments. This study aimed to evaluate the predictive 
value of ultrasound elastography features for pCR in patients with HER2-positive breast cancer undergoing NAT. 
Methods: This retrospective study included 80 patients with HER2-positive breast cancer who received NAT and 
were evaluated for pCR by histopathological examination. Ultrasound elastography features, including strain ratio 
and strain difference, were compared between patients achieving pCR (n = 36) and those without pCR (n = 44). 
Logistic regression and receiver operating characteristic curve analyses were performed. An external validation 
cohort of 72 patients was used to assess model robustness. Results: Posterior shadowing on ultrasound and lower 
strain ratio and difference at six weeks were significantly associated with higher pCR rates. Logistic regression 
identified posterior shadowing (OR = 6.634, P = 0.008), strain ratio (OR = 0.064, P = 0.022), and strain difference 
(OR = 0.678, P < 0.001) as independent predictors of pCR. The combined predictive model demonstrated excel-
lent performance, with an area under the curve of 0.871 in the primary cohort and 0.884 in the validation cohort. 
Conclusion: Ultrasound elastography features, particularly posterior shadowing and changes in strain metrics, are 
independent predictors of pCR in patients with HER2-positive breast cancer receiving NAT.

Keywords: HER2-positive breast cancer, neoadjuvant therapy, pathological complete response, ultrasound elas-
tography, shear wave elastography, predictive biomarkers

Introduction

Breast cancer remains a major global health 
challenge, with approximately 15-20% of cases 
classified as human epidermal growth factor 
receptor 2 (HER2)-positive. HER2-positive bre- 
ast cancer is characterized by an aggressive 
clinical course; however, the advent of targeted 
therapies has significantly improved the prog-
nosis of this subgroup [1, 2]. Neoadjuvant ther-
apy (NAT) plays a pivotal role in managing 
HER2-positive breast cancer by reducing tumor 
burden, thereby enhancing surgical outcomes 
and providing an early indication of therapeu- 
tic efficacy. Achieving a pathological complete 
response (pCR) after NAT is strongly associated 

with improved long-term outcomes, including 
disease-free survival and overall survival [3, 4].

In recent years, predicting pCR has attracted 
increasing attention because of its potential to 
individualize treatment strategies and improve 
patient outcomes. Although traditional imaging 
modalities are valuable, they often fall short in 
the early prediction of therapeutic response. 
This limitation highlights the need for novel 
diagnostic approaches that can provide reliable 
and timely indicators of treatment effective-
ness. Advances in ultrasound (US) technology, 
particularly elastography, offer a promising ave-
nue to enhance the predictive accuracy of 
response assessment in breast cancer man-
agement [5, 6].

http://www.ajtr.org
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US elastography, a noninvasive imaging tech-
nique, enables real-time assessment of tissue 
elasticity. It is based on the principle that ma- 
lignant tissues are typically stiffer than their 
benign or normal counterparts. Elastography 
provides quantitative measures such as strain 
ratio and strain difference, which were indica-
tive of tissue stiffness and can reflect early  
biological changes in tumors responding to 
NAT. The integration of shear-wave elastogra-
phy with conventional sonography has further 
expanded the diagnostic capabilities of US, 
offering additional data that may help deter-
mine pathological status after treatment [7-9].

Recent studies have investigated the utility of 
US elastography in distinguishing malignant 
from benign breast lesions. However, its spe-
cific application in predicting pCR in patients 
with HER2-positive breast cancer undergoing 
NAT remains insufficiently explored. Identifying 
elastographic features that correlate with pCR 
could serve as a valuable tool for tailoring treat-
ment strategies [10, 11].

Despite its potential, challenges remain in the 
standardized application and interpretation of 
US elastography. Variability in measurement 
techniques, operator dependency, and limited 
understanding of the biological mechanisms 
linking elastographic changes to histopatho- 
logical outcomes continue to pose significant 
obstacles [12, 13].

This study aims to address this gap by evaluat-
ing the predictive value of US elastography-
derived features for assessing pCR in patients 
with HER2-positive breast cancer undergoing 
NAT.

Materials and methods

Ethics statement

This study was approved by the Institutional 
Review Board and Ethics Committee of The 
Fourth Hospital of Shijiazhuang. As a retros- 
pective analysis using only de-identified patient 
data, the requirement for informed consent 
was waived. The waiver was granted because 
the study posed no risk of harm or impact on 
patient care and was conducted in accordance 
with applicable regulatory and ethical guide-
lines for retrospective research.

Study design

This study included 80 patients with HER2-
positive breast cancer who received NAT at The 
Fourth Hospital of Shijiazhuang between 2023 
and 2024. The objective was to evaluate the 
predictive value of US elastography-derived 
features for determining pCR by reviewing 
patient medical records. Histopathological ex- 
amination was used to classify patients into a 
pCR group (n = 36) and a non-pCR group (n = 
44). For external validation, an additional co- 
hort of 72 patients with HER2-positive breast 
cancer from the same institution was analyzed 
using identical inclusion criteria and grouping 
methods. This validation cohort comprised 31 
patients in the pCR group and 41 patients in 
the non-pCR group.

Eligibility and grouping criteria

The inclusion criteria were as follows: female 
patients with unilateral breast cancer, aged 18 
years or older, newly diagnosed according to 
the World Health Organization classification 
guidelines for breast cancer [14]. Eligible pa- 
tients were required to have confirmed HER2-
positive status and have undergone surgery 
after NAT. Before initiation of chemotherapy, all 
participants had to undergo both conventional 
US and shear-wave elastography, as well as 
core needle biopsy for histopathological confir-
mation. In addition, pathological specimens 
had to be well preserved, and complete clinical 
and pathological data were required.

The exclusion criteria were as follows: patients 
with inflammatory breast cancer; a prior his- 
tory of breast abnormalities, major trauma, or 
breast surgery; or skin abnormalities. Patients 
with a current or past history of connective tis-
sue disease, pregnancy, or lactation were also 
excluded. In addition, patients with a history of 
local radiotherapy or systemic chemotherapy, 
or breast lesions larger than 8 cm in diameter, 
were deemed ineligible. Patients with acute dis-
eases (e.g., infection or fever), those unsuita- 
ble for US examination, individuals with obesity 
(body mass index [BMI] > 30), mental disor-
ders, or metallic implants such as cardiac pace-
makers were likewise excluded.

Patients were categorized according to the 
Response Evaluation Criteria in Solid Tumors. 
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Figure 1. Breast ultrasound and elastography. A. Ultrasound image of a 
breast lesion before treatment; B. Elastography image of the breast before 
treatment; C. Ultrasound image of a breast lesion after treatment; D. Elas-
tography image of the breast after treatment.

Those with no residual invasive cancer cells in 
surgically resected primary tumor specimens, 
as confirmed by microscopic examination, were 
classified into the pCR group [15]. Patients  
with residual tumor cells identified during post-
operative pathological examination were cla- 
ssified into the non-pCR group. The quantity 
and distribution of residual tumor cells were 
considered in guiding subsequent treatment 
decisions. To ensure consistency and accuracy, 
all pathology slides were reviewed by an inde- 
pendent pathologist. The same grouping crite-
ria were applied to the external validation 
cohort.

Ultrasonography

Ultrasound examinations were 
performed using the Siemens 
ACUSON Sequoia color Dopp- 
ler system equipped with a 
PTL-1005BT linear array probe 
and software for elastic imag-
ing and strain rate measure-
ment. Patients underwent im- 
aging both before initiation  
of neoadjuvant chemotherapy 
(NAC) and at the sixth week  
of treatment. All examinations 
were conducted with patients 
in the supine position to ensu- 
re complete exposure of the 
breasts. Each quadrant of the 
affected breast was systemati-
cally scanned (Figure 1). Once 
the lesion was identified, mul- 
ti-sectional US scanning was 
performed to evaluate tumor 
size, aspect ratio, margins, in- 
ternal echoes, posterior fea-
tures, posterior echoes, archi-
tectural distortion, and abnor-
mal vascularity. All findings 
were interpreted according to 
the American College of Ra- 
diology Breast Imaging Re- 
porting and Data System Ul- 
trasound, Fifth Edition [16]. 
Under elastography mode, li- 
ght vertical compression and 
decompression were applied 
at a frequency of 2-3 times per 
second. The sampling frame 
included both the lesion and 

adjacent tissue. After generating the strain 
map, regions corresponding to the lesion and 
surrounding tissue at equivalent levels were 
selected to calculate the strain ratio and strain 
difference. The strain ratio was obtained by 
dividing the strain value of the lesion area by 
that of the adjacent normal tissue, whereas the 
strain difference was calculated by subtracting 
the normal tissue strain value from that of the 
lesion.

Pathological examination

Pathological examination was performed after 
surgical resection of the lesions. The tissue 
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Table 1. Comparison of demographic and baseline characteristics

Parameters Non-pCR Group  
(n = 44) pCR Group (n = 36) t/χ2 P

Age (years) 51.97 ± 7.62 52.39 ± 6.78 0.260 0.796
BMI (kg/m2) 21.16 ± 2.17 21.36 ± 2.34 0.386 0.701
Marital status (married/others) 40 (90.91%)/4 (9.09%) 31 (86.11%)/5 (13.89%) 0.102 0.749
Family history of breast cancer 8 (18.18%) 6 (16.67%) 0.031 0.859
History of malignancy 7 (15.91%) 5 (13.89%) 0.063 0.801
Menopause status 3.791 0.150
    Premenopausal 24 (54.55%) 12 (33.33%)
    Postmenopausa 19 (43.18%) 22 (61.11%)
    Perimenopasual 1 (2.27%) 2 (5.56%)
NAC regimen 0.208 0.976
    Doxorubicin, Cyclophosphamide, and Paclitaxel 22 (50.00%) 19 (52.78%)
    5-Fluorouracil, Epirubicin, Cyclophosphamide, and Docetaxel 16 (36.36%) 13 (36.11%)
    Docetaxel and Cyclophosphamide 4 (9.09%) 3 (8.33%)
    Adriamycin, Cyclophosphamide, and Docetaxel 2 (4.55%) 1 (2.78%)
Lymphedema 11 (25.00%) 8 (22.22%) 0.084 0.771
Arrhythmia 3 (6.82%) 1 (2.78%) 0.096 0.757
Cognitive dysfunction 12 (27.27%) 9 (25.00%) 0.053 0.818
Hand-foot syndrome 15 (34.09%) 12 (33.33%) 0.005 0.943
pCR: pathological complete response; BMI: body mass index; NAC: neoadjuvant chemotherapy.

samples were processed through fixation in 
10% formalin, dehydration, immersion, paraffin 
embedding, serial sectioning, and sealing for 
histopathological evaluation. Two pathologists 
independently diagnosed and documented the 
lesions in accordance with the kit instructions 
(EY-01H306, Yiyan Biotechnology Co., Ltd., 
Shanghai, China). Assessment of pCR was 
based on the Response Evaluation Criteria in 
Solid Tumors [17]. This evaluation included pre-
cise measurement of tumor size, microscopic 
determination of tumor type by assessing tis-
sue morphology, and identification of molecular 
features through immunohistochemical analy-
sis of estrogen receptor, progesterone recep-
tor, HER2, and hormone receptor expression.

Statistical analysis

Data analyses were performed using SPSS  
version 29.0 (SPSS Inc., Chicago, IL, USA). The 
Shapiro-Wilk test was applied to assess the 
normality of continuous variables. Normally dis-
tributed data were presented as mean ± stan-
dard deviation, whereas non-normally distrib-
uted data were expressed as median with 
interquartile range. Categorical variables were 
summarized as frequencies and percentages 
[n (%)]. Independent-samples t-tests and Mann-

Whitney U tests were used for normally and 
non-normally distributed variables, respective-
ly. Chi-square tests or Fisher’s exact tests were 
employed for categorical variables.

Univariate correlation analyses were performed 
to explore associations between US features 
and pCR. Variables with P < 0.1 in univariate 
analysis were entered into multivariate logistic 
regression models, which applied stepwise 
backward elimination to retain predictors sig-
nificant at P < 0.05. Receiver operating charac-
teristic (ROC) curves were plotted to evaluate 
diagnostic performance, and the area under 
the curve (AUC) were calculated. Optimal cut- 
off values, sensitivity, specificity, and likelihood 
ratios were determined. Model stability and 
generalizability were further assessed using 
the external validation cohort.

Results

Demographic and baseline characteristics

A total of 80 patients were included, compris-
ing 36 patients in the pCR group and 44 in the 
non-pCR group (Table 1). The mean age did not 
differ significantly between the two groups (P = 
0.796). BMI was also comparable (P = 0.701). 
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Table 2. Comparison of pathological characteristics
Parameters Non-pCR Group (n = 44) pCR Group (n = 36) t/χ2 P
Initial tumor size (cm) 5.15 ± 1.94 5.24 ± 2.01 0.198 0.844
Tumor grade 0.324 0.850
    I 2 (4.55%) 2 (5.56%)
    II 16 (36.36%) 15 (41.67%)
    III 26 (59.09%) 19 (52.78%)
Histology 0.043 0.979
    Invasive ductal carcinoma 37 (84.09%) 30 (83.33%)
    Invasive lobular carcinoma 2 (4.55%) 2 (5.56%)
    Invasive metaplastic carcinoma 5 (11.36%) 4 (11.11%)
Molecular features 1.719 0.423
    ER+ & PR+ & HER2+ 25 (56.82%) 18 (50.00%)
    ER+ & PR- & HER2+ 8 (18.18%) 11 (30.56%)
    ER- & PR- & HER2+ 11 (25.00%) 7 (19.44%)
Hormone receptor 0.241 0.624
    Positive 17 (38.64%) 12 (33.33%)
    Negative 27 (61.36%) 24 (66.67%)
pCR: pathological complete response; ER+: estrogen receptor-positive; PR+: progesterone receptor-positive; HER2+: human 
epidermal growth factor receptor 2-positive.

Marital status, family history of breast cancer, 
and prior history of malignancy showed no  
significant differences between groups (P > 
0.740 for all). Menopause status was not sig-
nificantly different (P = 0.150). The distribution 
of NAT regimens were similar across groups  
(P = 0.976). In addition, no significant differ-
ences were observed in the incidence of lym- 
phedema (P = 0.771), arrhythmia (P = 0.757), 
cognitive dysfunction (P = 0.818), or hand-foot 
syndrome (P = 0.943). These findings indicate 
that demographic and clinical characteristics 
were well balanced between groups, thereby 
providing a reliable basis for subsequent analy-
ses of US elastography features.

Pathological characteristics

Initial tumor size was comparable between the 
pCR and non-pCR groups (P = 0.844) (Table 2). 
Tumor grade distribution also showed no sig- 
nificant differences, with grade III tumors pre-
dominating in both groups (P = 0.850). The pre-
dominant histological type was invasive ductal 
carcinoma in both groups (P = 0.979). Molecular 
feature analysis revealed no significant differ-
ences, with similar distributions of estrogen 
receptor-positive, progesterone receptor-posi-
tive, and HER-positive tumors (P = 0.423). 
Hormone receptor status was likewise consis-

tent between groups (P = 0.624). These com- 
parable pathological characteristics provide a 
solid foundation for subsequent evaluation  
of the predictive value of US elastography 
features.

US characteristics

The pCR group exhibited a significantly higher 
incidence of posterior shadowing compared  
to the non-pCR group (P = 0.002) (Table 3).  
No statistically significant differences were 
observed for other parameters. Tumor size (P = 
0.098) and margins characterized by spicula-
tions (P = 0.11) were similar between the 
groups. The tumor aspect ratio was predomi-
nantly ≤ 1 in both groups (P = 0.5), and internal 
echo patterns were mostly uneven (P = 0.41). 
Tumor posterior echo and calcification did not 
show significant differences (P = 0.172 and  
P = 0.058, respectively). Distortion and abnor-
mal blood flow signals were also comparable 
between the groups (P = 0.769 and P = 0.927, 
respectively). These findings indicate that am- 
ong several US features, only posterior sha- 
dowing was significantly associated with pCR at 
six weeks.

At baseline, there were no significant diffe- 
rences in the strain ratio and strain difference 



Elastography predicts pathological response in HER2-positive breast cancer

7808	 Am J Transl Res 2025;17(10):7803-7815

Table 3. Comparison of US characteristics at six weeks
Parameters Non-pCR Group (n = 44) pCR Group (n = 36) t/χ2 P 
Size (mm) 3.15 ± 1.01 2.76 ± 1.02 1.676 0.098
Tumor aspect ratio 0.455 0.500
    ≤ 1 41 (93.18%) 31 (86.11%)
    > 1 3 (6.82%) 5 (13.89%)
Margins 2.548 0.110
    Spiculations 25 (56.82%) 14 (38.89%)
    No spiculations 19 (43.18%) 22 (61.11%)
Tumor internal echo 0.679 0.410
    Uniform 6 (13.64%) 2 (5.56%)
    Uneven 38 (86.36%) 34 (94.44%)
Posterior features 9.426 0.002
    Shadowing 6 (13.64%) 16 (44.44%)
    No shadowing 38 (86.36%) 20 (55.56%)
Tumor posterior echo 3.515 0.172
    Attenuation 14 (31.82%) 5 (13.89%)
    Unchanged 29 (65.91%) 30 (83.33%)
    Enhancement 1 (2.27%) 1 (2.78%)
Calcifications 3.585 0.058
    Absent 24 (54.55%) 27 (75.00%)
    Present 20 (45.45%) 9 (25.00%)
Distortion 0.086 0.769
    Absent 7 (15.91%) 4 (11.11%)
    Present 37 (84.09%) 32 (88.89%)
Abnormal blood flow signal 0.008 0.927
    Positive 7 (15.91%) 6 (16.67%)
    Negative 37 (84.09%) 30 (83.33%)
pCR: pathological complete response; US: ultrasound.

between the non-pCR and pCR groups. By  
week 6, the pCR group showed significantly 
lower strain ratio and strain difference com-
pared to the non-pCR group (P < 0.01 and P < 
0.001, respectively) (Figure 2). These results 
suggest that changes in strain measurements 
at week 6 may serve as predictors of pCR.

Correlation analysis

Posterior features, including shadowing or its 
absence, showed a moderate positive correla-
tion with pCR, which was statistically signifi- 
cant (P = 0.002) (Table 4). A negative correla-
tion was observed with the strain ratio at week 
6 (P = 0.003), indicating that lower strain ra- 
tios were associated with a higher likelihood of 
achieving pCR. Additionally, the strain differ-
ence at week 6 demonstrated a stronger nega-
tive correlation, with a highly significant P Value 

(P < 0.001), underscoring its potential as a  
predictive marker. These findings suggest that 
specific US elastography features, particularly 
posterior features and strain differences, may 
serve as useful predictors of pCR in this pa- 
tient cohort.

Logistic regression analysis

The presence of posterior shadowing signifi-
cantly increased the likelihood of achieving 
pCR (P = 0.003) (Table 5). The strain ratio at 
week 6 was negatively associated with pCR  
(P = 0.007), indicating that higher strain ratios 
were associated with lower probabilities of 
pCR. Additionally, the strain difference at week 
6 also showed a significantly negative correla-
tion with pCR (P < 0.001), highlighting its po- 
tential as a predictive marker. These findings 
suggest that specific US elastography features, 
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Figure 2. Comparison of strain ratio and strain difference. A. Strain ratio at baseline; B. Strain ratio at week 6; C. 
Strain difference at baseline; D. Strain difference at week 6. pCR: pathological complete response; ns: no statisti-
cally significant difference; **: P < 0.01; ***: P < 0.001.

Table 4. Correlation analysis of US features based on elastogra-
phy for predicting pCR in HER2-positive breast cancer patients 
undergoing NAT
Influencing factors rho P
Posterior features (shadowing/no shadowing) 0.343 0.002
Strain ratio at week 6 -0.330 0.003
Strain difference at week 6 -0.498 < 0.001
US: ultrasound; pCR: pathological complete response; NAT: neoadjuvant therapy; 
HER2: human epidermal growth factor receptor 2.

particularly posterior shadowing and strain dif-
ferences, play a key role in predicting pCR in 
this patient cohort.

In the multivariate logistic regression analysis 
evaluating US elastography features for pre-
dicting pCR in HER2-positive breast cancer 
patients undergoing NAT, independent risk fac-
tors were identified (Table 6). Posterior shad-
owing significantly increased the likelihood of 
pCR (P = 0.008). The strain ratio at week 6 was 
inversely associated with pCR (P = 0.022), sug-
gesting that higher strain ratios predicted lower 
odds of pCR. Furthermore, the strain difference 
at week 6 was negatively correlated with pCR 
outcomes (P < 0.001), indicating its relevance 
as a predictive marker. These results under-
score the potential of specific US elastography 
features, especially posterior shadowing and 
strain differences, as effective predictors of 
pCR in this patient population.

ROC curve

To construct a combined predictive model for 
pCR in HER2-positive breast cancer patients 

undergoing NAT, we integrat- 
ed predictive variables includ-
ing posterior features, strain 
ratio at week 6, and strain dif-
ference at week 6 (Figure  
3). The model demonstrated 
an AUC of 0.871, reflecting a 
high degree of predictive accu-
racy for pCR in this patient 
cohort.

External validation of the predictive model

In the external validation cohort evaluating the 
predictive value of US elastography features, 
the mean age was comparable between the 
non-pCR and pCR groups (P = 0.797) (Table 7). 
BMI also showed no significant difference (P = 
0.588). Marital status and family history of 
breast cancer were similar between the groups, 
with P Values of 0.943 and 0.915, respectively. 
The distribution of menopausal status and NAC 
regimens did not significantly differ (P = 0.222 
and P = 0.989, respectively). Additionally, no 
significant differences were observed in the 
prevalence of lymphedema, arrhythmia, cogni-
tive dysfunction, or hand-foot syndrome, with  
P Values of 0.858, 0.817, 0.785, and 0.537, 
respectively. These results indicate that the 
groups were largely similar in terms of these 
baseline characteristics, supporting the robust-
ness of the subsequent analysis of US elastog-
raphy features.

Compared to the non-pCR group, posterior 
shadowing was observed more frequently in 



Elastography predicts pathological response in HER2-positive breast cancer

7810	 Am J Transl Res 2025;17(10):7803-7815

Table 5. Univariate logistic regression analysis of US features based on elastography for predicting 
pCR in HER2-positive breast cancer patients undergoing NAT
Influencing factors Coefficient Std error Wald P OR 95% CI
Posterior features (shadowing/no shadowing) 1.623 0.553 2.936 0.003 5.067 1.788-16.038
Strain ratio at week 6 -2.756 1.017 2.710 0.007 0.064 0.007-0.406
Strain difference at week 6 -0.376 0.093 4.054 < 0.001 0.687 0.562-0.812
US: ultrasound; pCR: pathological complete response; NAT: neoadjuvant therapy; HER2: human epidermal growth factor recep-
tor 2; CI: confidence interval; Std: standard deviation; OR: odds ratio.

Table 6. Multivariate logistic regression analysis of US features based on elastography for predicting 
pCR in HER2-positive breast cancer patients undergoing NAT

Influencing factors Coefficient Std 
error Wald P OR 95% CI 

lower
95% CI 
upper

Posterior features (shadowing/no shadowing, shadowing:1) 1.892 0.711 2.661 0.008 6.634 1.646 26.737
Strain ratio at week 6 -2.756 1.205 -2.288 0.022 0.064 0.006 0.674
Strain difference at week 6 -0.389 0.106 -3.657 < 0.001 0.678 0.550 0.835
US: ultrasound; pCR: pathological complete response; NAT: neoadjuvant therapy; HER2: human epidermal growth factor receptor 2; CI: confi-
dence interval; Std: standard deviation; OR: odds ratio.

Figure 3. Combined predictive value of ultrasound features based on elas-
tography for predicting pCR in HER2-positive breast cancer patients un-
dergoing NAT. ROC: receiver operating characteristic; AUC: area under the 
curve; HER2: human epidermal growth factor receptor 2; pCR: pathological 
complete response; NAT: neoadjuvant therapy.

the pCR group (P = 0.004) (Table 8). The strain 
ratio at baseline was similar between the 

groups (P = 0.884); however,  
at week 6, the pCR group 
showed a significantly lower 
strain ratio compared to the 
non-pCR group, indicating a 
marked reduction in stiffness 
in responders (P = 0.001). 
Similarly, the baseline strain 
difference did not significantly 
differ between the groups (P = 
0.254), but by week 6, the pCR 
group exhibited a significantly 
greater reduction in strain dif-
ference compared to the non-
pCR group (P < 0.001). These 
findings underscore the utility 
of specific US elastography 
features in predicting pCR in 
HER2-positive breast cancer 
patients receiving NAT.

ROC (external validation)

In the external validation co- 
hort, we constructed a com-
bined predictive model for pCR 
in HER2-positive breast cancer 
patients undergoing NAT inte-
grating predictive variables, 
including posterior features, 
strain ratio at week 6, and 

strain difference at week 6 (Figure 4). This 
model demonstrated an AUC of 0.884, reflect-
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Table 7. Basic characteristics for external validation

Parameters Non-pCR Group  
(n = 41) pCR Group (n = 31) t/χ2 P 

Age (years) 52.39 ± 6.75 51.99 ± 6.18 0.258 0.797
BMI (kg/m2) 21.43 ± 2.09 21.72 ± 2.27 0.544 0.588
Marital status (married/others) 37 (90.24%)/4 (9.76%) 29 (93.55%)/2 (6.45%) 0.005 0.943
Family history of breast cancer 7 (17.07%) 5 (16.13%) 0.011 0.915
History of malignancy 5 (12.20%) 2 (6.45%) 0.170 0.680
Menopause status 3.011 0.222
    Premenopausal 21 (51.22%) 10 (32.26%)
    Postmenopausa 18 (43.90%) 20 (64.52%)
    Perimenopasual 2 (4.88%) 1 (3.23%)
NAC regimen 0.125 0.989
    Doxorubicin, Cyclophosphamide, and Paclitaxel 21 (51.22%) 16 (51.61%)
    5-Fluorouracil, Epirubicin, Cyclophosphamide, and Docetaxel 14 (34.15%) 11 (35.48%)
    Docetaxel and Cyclophosphamide 4 (9.76%) 3 (9.68%)
    Adriamycin, Cyclophosphamide, and Docetaxel 2 (4.88%) 1 (3.23%)
Lymphedema 10 (24.39%) 7 (22.58%) 0.032 0.858
Arrhythmia 3 (7.32%) 1 (3.23%) 0.053 0.817
Cognitive dysfunction 12 (29.27%) 10 (32.26%) 0.074 0.785
Hand-foot syndrome 13 (31.71%) 12 (38.71%) 0.382 0.537
pCR: pathological complete response; BMI: body mass index; NAC: neoadjuvant chemotherapy.

Table 8. Comparison of parameters for external validation

Parameters Non-pCR 
Group (n = 41)

pCR Group  
(n = 31) t/χ2 P 

Posterior features 8.158 0.004
    Shadowing 7 (17.07%) 15 (48.39%)
    No shadowing 34 (82.93%) 16 (51.61%)
Strain ratio
    Baseline 2.15 ± 0.32 2.16 ± 0.15 0.146 0.884
    Week 6 1.18 ± 0.21 0.99 ± 0.27 3.393 0.001
Strain difference
    Baseline (%) 32.18 ± 5.74 33.85 ± 6.54 1.150 0.254
    Week 6 (%) 9.72 ± 3.95 5.72 ± 2.92 4.734 < 0.001
pCR: pathological complete response.

ing a high degree of predictive accuracy for pCR 
in this patient cohort.

Discussion

This study evaluated the predictive potential  
of US features derived from elastography in 
assessing pCR in HER2-positive breast cancer 
patients undergoing NAT.

The relationship between posterior shadow- 
ing and pCR was particularly significant, with 
our results consistently showing a higher inci-
dence of posterior shadowing in patients who 

achieved pCR. This may be 
attributed to anatomical and 
physiological changes within 
the tumor during therapy. 
Posterior shadowing typically 
reflects greater tissue stiff-
ness or density, characteris-
tics often associated with ma- 
lignancy. As tumors respond  
to NAT, cellular and structural 
changes can enhance post- 
erior shadowing. Specifically, 
effective chemotherapy can 
induce fibrosis or necrosis, al- 
tering tissue acoustic proper-
ties and increasing shadowing. 

The association observed in this study sup-
ports the hypothesis that changes in tissue 
architecture and density, as reflected by US fea-
tures, may serve as surrogate markers of tumor 
responsiveness [18-20].

Strain ratio and strain difference were quantita-
tive elastography metrics that reflect tissue 
stiffness. In our study, lower strain ratios and 
strain differences at week 6 were strongly cor-
related with pCR. These findings are consistent 
with the pathological process observed during 
effective NAT. As treatment progresses, res- 
ponsive tumors typically undergo cellular lysis, 
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extracellular matrix remodeling, and necrosis, 
resulting in reduced tissue stiffness. Such bio-
mechanical changes likely lead to lower strain 
ratio and difference values, reflecting effective 
tumor regression. The significant change in 
elastography metrics observed in the pCR gr- 
oup suggests that these measurements may 
effectively capture early treatment-induced 
mechanical changes within the tumor microen-
vironment, prior to detectable anatomical alter-
ations by traditional imaging methods [21-23].

While these findings are promising, the pre- 
cise biological mechanisms underlying chang-
es in elastographic properties during NAT war-
rant further investigation. The observed reduc-
tion in stiffness may involve complex interac- 
tions among various cellular components, in- 
cluding the activation of apoptotic pathways 
and subsequent extracellular matrix degrada-
tion. Furthermore, variations in these metrics 
across study participants may reflect differenc-

requires careful consideration of cut-off values 
and diagnostic thresholds that optimize sensi-
tivity and specificity [29, 30]. Our ROC analyses 
indicate high predictive accuracy, suggesting 
that combined metrics could serve as effec- 
tive non-invasive assessment tools. However, 
practical implementation in clinical settings 
would necessitate validation through prospec-
tive studies to establish reliable benchmarks 
for predicting pCR, with sufficient accuracy to 
influence treatment decisions.

Another notable aspect is the potential cost-
effectiveness and accessibility of US elasto- 
graphy compared to more resource-intensive 
imaging modalities such as magnetic reso-
nance imaging or positron emission tomogra-
phy. Its non-invasive nature and real-time as- 
sessment capabilities offer advantages in both 
patient comfort and procedural efficiency. In- 
corporating elastography as a routine assess-
ment tool in NAT settings could provide valu-

Figure 4. Combined predictive value of ultrasound features based on elas-
tography for predicting pCR in HER2-positive breast cancer patients under-
going NAT (external validation). ROC: receiver operating characteristic; AUC: 
area under the curve; HER2: human epidermal growth factor receptor 2; 
pCR: pathological complete response; NAT: neoadjuvant therapy.

es in individual tumor biology, 
such as cellular density, stro-
mal composition, and vascular-
ization, underscoring the need 
for personalized assessments 
[24, 25].

The study design, which includ-
ed both internal and external 
validation cohorts, strength-
ens the generalizability of our 
findings. Consistent results ac- 
ross independent patient gr- 
oups confirm the robustness  
of US elastographic features 
as predictors of pCR, under-
scoring their applicability in 
diverse clinical settings. How- 
ever, potential operator depen-
dency in elastography, as well 
as variations in equipment and 
settings across institutions, 
remain challenges. Efforts to 
standardize examination tech-
niques and develop automated 
analysis protocols could miti-
gate these issues, enhancing 
reproducibility [26-28].

Integrating these elastograph-
ic metrics into clinical practice 
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able insights earlier in the treatment course, 
enabling timely therapeutic adjustments and 
potentially improving patient outcomes [22, 
31-33].

In combination with clinical and conventional 
imaging markers, elastographic features could 
significantly enhance predictive models of pCR. 
The high AUC values achieved through the inte-
gration of posterior features and strain me- 
trics highlight the potential for comprehensive 
assessments that incorporate multiple data 
sources. Such multivariate models are crucial 
for capturing complex tumor dynamics and 
guiding personalized treatment strategies [34, 
35].

While our study provides valuable insights into 
the predictive potential of US elastography fea-
tures for pCR in HER2-positive breast cancer 
patients undergoing NAT, it has several limita-
tions. First, the retrospective design of the 
study may introduce selection bias, and the 
use of de-identified patient data limits the abil-
ity to control for all potential confounding fac-
tors. Additionally, variations in the technical 
execution and interpretation of elastography 
across different operators and equipment 
could affect the reproducibility of results. 
Moreover, although the study was supported  
by external validation, the sample size may not 
be large enough to capture all possible vari-
ances in tumor biology and therapeutic res- 
ponse. Further prospective studies with stan-
dardized protocols are needed to confirm our 
findings and establish practical clinical thresh-
olds for elastography metrics in predicting 
treatment outcomes.

Conclusion

Overall, our study enhances the understanding 
of US elastography’s role in assessing treat-
ment response in HER2-positive breast cancer 
patients. The findings could pave the way for 
more nuanced diagnostic frameworks that uti-
lize the rich elasticity data provided by advanc- 
ed imaging technologies. By improving our abil-
ity to predict pCR, clinicians can make informed 
decisions, potentially increasing the efficacy of 
NAT and ultimately improving patient prognosis 
in this cohort. Moving forward, continued ef- 
forts to optimize elastography protocols and 

integrate them with molecular data are essen-
tial to fully realizing the potential of this promis-
ing diagnostic tool in oncologic care.
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