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Introduction

Neoadjuvant chemotherapy (NAC) is the standard 
therapeutic option for locally advanced breast cancer 

patients. It is used to downsize tumor volumes (1). These 

therapeutic options enable inoperable patients to be treated 

with operable ways or operable patients converting from 
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mastectomy to breast-conserving therapy. In addition, NAC 
allows in vivo assessment of tumor responses to therapy 
and, therefore, chemosensitivity. For example, capecitabine 
adjuvant therapy has been shown to be efficacious against 
triple-negative breast cancer in patients with residual cancer 
following NAC (2). Effective tumor treatment is associated 
with better recurrence-free survival and overall survival 
outcomes (3). Due to the different histopathological and 
molecular cancer types, it is difficult to assess the responses 
to NAC. For instance, there might be no apparent 
reduction in mass size, even in positively responding 
tumors. Sometimes, the therapy might result in tumor 
fragmentation, which limits tumor mass assessment (4). 
It has been reported that over 40% of NAC administered 
patients exhibit a poor pathological response. In such cases, 
the whole cycle of neoadjuvant therapy is associated with 
the delayed initiation of another, more effective treatment. 
This leads to an unnecessary exposure of the patient to 
toxic side-effects (e.g., hematological ones) of the drug. 
Therefore, a reliable prediction model for the responses 
to NAC will inform the optimal selection of patients for 
surgical procedures or NAC.

Conventionally, tumor size based preoperative radiological 
assessment is used to evaluate therapeutic responses to NAC. 
Magnetic resonance imaging (MRI) is the most accurate 
medical imaging modality for monitoring the progress 
of NAC treatment in breast cancer patients. Studies have 
reported the high interobserver variability of MRI for 
response patterns and tumor diameter in evaluating NAC 
responses (5). Moreover, a definite standard for drawing 
region of interest (ROI) of non-mass enhancement lesion 
has not been developed. These limitations inhibit extensive 
clinical applications of MRI during NAC response evaluation. 
Relatively, MRI is also expensive and is contraindicated to 
patients with claustrophobia, pacemakers, and metallic objects 
within the body. Therefore, it is not practical to frequently 
scan patients on NAC therapy using MRI. Other evaluation 
methods include clinical examinations, mammography, 
positron emission tomography/computed tomography (PET/
CT) and ultrasound (US) imaging. Among these techniques, 
US is affordable, widely available and can be used to 
accurately assess breast tumor size during NAC treatment (6).  
Other US image features and techniques associated with 
NAC response include acoustic shadowing and tumor 
echogenicity (7,8). Moreover, quantitative US utilizes radio-
frequency data to estimate various tissue physical properties 
(e.g., backscatter coefficient) that are important in response 
prediction (9,10).

Breast cancer heterogeneity is associated with various 
biological tumor behaviors as shown by radiological 
imaging (11). Since the overall tumor shrinkage manifests 
later than microstructural or physiologic alterations, tumor 
morphology might not provide strong evidence of the real 
tumor status during NAC therapy (12). Therefore, tumor 
angiogenesis is the most commonly evaluated for predicting 
early responses to NAC (13).

Conventional color Doppler imaging has a high diagnostic 
value in differentiating between benign and malignant 
breast lesions. However, Doppler imaging is associated with 
low sensitivity to small vessels (<200 mm) (14). When used 
to examine contrast medium-microbubbles within tumor 
vessels, contrast-enhanced ultrasound (CEUS) has been 
shown to be more sensitive (15). It has been reported that 
CEUS performance when assessing the mass differentiation 
of breast lesions is as accurate as MRI (16). Furthermore, 
software-assisted time intensity curves (TIC) are gaining 
momentum in the assessment of lesion perfusions during 
CEUS imaging (17,18). It is, therefore, possible to evaluate 
qualitative as well as quantitative tumor blood flow changes 
during NAC treatment (19). Blood perfusion changes in 
CEUS are highly correlated with pathological response 
efficacies (20-22). So far, studies using CEUS to evaluate of 
the efficacy of NAC in breast cancer have been limited to 
small sample sizes (17–92 patients), without incorporating 
clinic-pathological predictors (17,20,21,23,24).

Therefore, this study aimed at evaluating the correlation 
between CEUS parameters and NAC responses in breast 
cancer using a large sample size of breast cancer patients. 
Then, a model based on predictive CEUS and clinic-
pathological features was established and its ability to 
predict responses to NAC in breast cancer patients was 
validated.

We present the following article in accordance with 
the STARD reporting checklist (available at http://dx.doi.
org/10.21037/gs-20-836).

Methods

Patients 

This prospective study was approved by the institutional 
ethical review board of the Fudan University Shanghai 
Cancer Center (1303119-NSFC). The study was conducted 
in accordance with the Declaration of Helsinki (as revised in 
2013). And written informed consent was obtained from all 
the study participants. The inclusion criteria were: (I) female 
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patients with biopsy-proven initial invasive breast cancer; (II) 
patients with initial clinical stage II or III breast cancer; (III) 
the patient was previously untreated; and (IV) patients with 
adequate bone marrow, hepatic, cardiac, as well as renal 
functions. The exclusion criteria were: (I) patients with 
initial diagnosis of stage IV breast cancer; (II) presence of 
malignancy in other organs, regardless of the primary tumor 
metastasis; and (III) patients subjected to surgery another 
hospital. A total of 158 patients with biopsy-confirmed 
invasive breast cancer, who were scheduled to be prescribed 
with NAC and breast surgery were enrolled in this study. 
Enrollment was done between August, 2015 and June, 2017. 
Study participants were subjected to 6 to 8 cycles of NAC 
therapy according to standard protocols from the National 
Comprehensive Cancer Network (NCCN) guidelines.

Data collection

Histological characteristics of the primary tumor [expression 
of hormone receptors, Human epidermal growth factor 
receptor-2 (HER2) status, Ki67 value, tumor dimensions 
and grade, histological tumor type, TMN stage, as well 
as molecular subtype] and clinical characteristics of each 
study participant (age at diagnosis) were retrieved from the 
institutional database.

Sonography and CEUS examination

Study participants were subjected to US and CEUS at 
2 time points: within 1 week before initiation of NAC 
and after two cycles of therapy (defined as pre- and post-

treatment US/CEUS). In case of the presence of multifocal/
multicentric/bilateral lesions, the largest lesion was chosen 
for estimation. The examinations were finalized using the 
Esaote MyLab 90 system with a LA532 transducer with a 
frequency of 4–13 MHz (Esaote, Genova, Italy). At each 
site, the largest diameter of the tumor was first measured 
using the two-dimensional US by one researcher (A.Y.M., 
more than 5 years of experience in breast US) who was 
blinded to the study. Continuous scanning with color 
Doppler imaging was then applied through the entire tumor 
to determine the plane with the highest tumor vascularity, 
which was marked as the CEUS plane. For CEUS 
examination, 2.4 mL sulfur hexafluoride microbubbles 
(SonoVue, Bracco, Italy) were injected through the 
antecubital vein using a 20-gauge intravenous cannula and 
flushed using 5 mL of 0.9% sodium chloride. The US 
probe and upper bodies of the patients were immobilized 
to avoid any artifacts in the images. Dynamic imaging was 
immediately initiated after the injection of the contrast 
agent and performed for 6 min. The gain and other settings 
were optimized at the beginning of each examination, and 
were not changed throughout the procedure.

CEUS analysis

The obtained dynamic images were saved in the DICOM 
format and analyzed by the SonoLiver v1.1.15.0 software 
(TomTec GmbH, Munich, Germany), which automatically 
drew a time-intensity curve (TIC). An ROI with optimum 
visualization of the tumor was selected, avoiding areas 
with ligaments, fascia, calcifications, and necrosis. Among 
various algorithms (17,20,21,23-25) the following 4 yielded 
the most promising results and were, therefore, selected and 
used to calculate the imaging parameters for analysis in this 
study (Figure 1):

(I) Maximum intensity (IMAX; units, a.u.), the 
maximal signal intensity of the TIC during tumor 
perfusion.

(II) Rise time (RT; units, s), time that the curve takes to 
increase from the starting point to the peak.

(III) Time to peak (TTP; units, s), time from the 
starting point to the IMAX.

(IV) Mean transit time (mTT; units, s), circulation 
time of the contrast agent in the area under 
investigation.

Two researchers (W.X.Z. and F.W. with more than 8 
years of experience in interpreting breast CEUS) who were 
blinded to the study reviewed the CEUS videos. The results 
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Figure 1 TIC analysis of CEUS. Y-axis of the time-intensity 
graphs: echo power (arbitrary units, au); x-axis: absolute time 
seconds (s). TIC, time intensity curves; CEUS, contrast-enhanced 
ultrasound.
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were measured three times, and the average value calculated. 
When there was no agreement, a third radiologist (S.C.Z., 
with 10 years of experience in breast CEUS) reviewed the 
images to reach a consensus.

Histopathological examination and assessment of 
pathological response to treatment

Pretreatment core biopsies were routinely processed to 
evaluate the histological and biological characteristics of 
breast cancer. The expression levels of estrogen receptor 
(ER) and progesterone receptor (PR) as well as the Ki-
67 index were expressed as the percentage of cells that 
stained positively on immunohistochemistry (IHC). HER2 
positivity was defined as 3+ using IHC and/or fluorescence 
in situ hybridization.

Surrogate molecular subtypes were defined based on the 
2011 St. Gallen guidelines as follows (26):

 Luminal A (ER and/or PR positive, HER2 negative 
and Ki67 <14%);

 Luminal B/HER2− (ER and/or PR positive, HER2 
negative and Ki67 ≥14%);

 Luminal B/HER2+ (ER and/or PR positive, HER2 
positive);

 HER2+/ER− (ER and PR negative and HER2 
positive);

 Triple negative (ER, PR and HER2 negative).
Responses to NAC were assessed using the Miller-

Payne Grading (MPG) based on cancer cellularity changes 
between the core pretreatment biopsy and the surgical 
specimen (27). The measurement scale was: Grade 1, no 
change or some alterations in individual malignant cells, 
but no reduction in overall cellularity; Grade 2, a minor 
loss of tumor cells (up to 30%), but the overall cellularity 
was still high; Grade 3, an estimated 30% to 90% reduction 
in tumor cells; Grade 4, a marked disappearance of tumor 
cells (>90%), with only small clusters or widely dispersed 
individual cells remaining; and Grade 5, no identifiable 
malignant cells, vascular fibroelastotic stroma often contains 
macrophages. Residual ductal carcinoma in situ (DCIS) was 
acceptable. In this study, Grades 1–3 were defined as the 
minor response group, while Grades 4 and 5 were defined 
as the good response group.

Statistical analysis

Clinical data, biological characteristics of the tumor, and 
imaging-derived features were tested as possible predictors 

of good response to NAC therapy. Two models were 
established as follows: in the first model, clinical data, 
biological tumor characteristics, and US diameter features 
were included. Univariate analyses were performed using 
Student’s t-test, Mann-Whitney U test, and Pearson’s 
χ2 or Fisher’s exact test as appropriate. In the univariate 
analysis, P<0.1 was considered to be statistically significant. 
The backward logistic regression method was used for the 
selection of independent variables in logistic regression with 
entry P=0.05 and removal P=0.1. There were significant 
differences in the post-treatment parameters. Therefore, 
we focused on the changes in good and minor responses. 
Percentage changes in CEUS parameter value (PV), 
diameter, IMAX, RT, TTP, and mTT (PVpre, PV at pre-
chemotherapy; PVpost, PV at post-chemotherapy) were 
calculated using the following formula:

 [1]
(PVpost - PVpre)ΔPV = 100%

PVpre
×

In the second model, CEUS parameters were also 
evaluated as possible predictors of good response to NAC 
therapy. Features identified by univariate logistic regression 
as additional outcome predictors, along with the variables 
identified in the first model, were included in the model 
(herein referred to as model 2).

Model performance was evaluated through discrimination 
and calibration. A receiver operating characteristic (ROC) 
curve and the area under curve (AUC) were generated to 
assess the discriminative ability of the prediction model. 
Predictive performance of the model was validated by 
bootstrap resampling, which was repeated 1,000 times. 
Sensitivity and specificity were calculated using the best 
cut-off score for the clinical prediction rule and the Youden 
index for the ROC. The Hosmer-Lemeshow test was used 
for model calibration. To account for missing data (<5%), 
multiple imputation was performed in the multivariate 
logistic analysis.

Data analysis was performed using SPSS v25.0 (SPSS, 
Inc., IMB Company Chicago, IL, USA) and the bootstrap 
techniques in R statistics (V.3.6.2, http://www.r-project.org). 
Significance levels were set at a two-sided P value of 0.05.

Results

Patient characteristics

A total of 15 patients were excluded from the study because: 
5 patients did not present themselves for a second CEUS 
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examination for personal reasons; 6 patients were not 
subjected to surgical procedures due to metastatic progression 
while 4 patients did not have their postoperative pathological 
data. A total of 143 patients were included in this study from 
among whom, 98 (68.5%) exhibited a good response, while 
45 (31.5%) exhibited a minor response to NAC. Of these 
143 patients, 9 had missing data for one or more potential 
parameters: 7 for age, 3 for tumor size, and 2 for lymph node 
status. More than 60% of the patients were node-positive. T 
stage, molecular subtype, and histology satisfied the inclusion 
threshold for the univariate analysis (Table 1).

CEUS and US evaluation of NAC

At the initial NAC therapy stage, CEUS revealed 
hyperenhancement in all tumors without significant 
differences between the two groups (P>0.05, Table 2). After 

two cycles of treatment, there was a decrease in diameter 
and IMAX as well as an increase in RT, TTP, and mTT in 
most patients (Figure 2). The diameter, IMAX, and their 
changes were significantly different between the good and 
minor responders (P<0.05). CEUS parameters RT, mTT, 
and their changes were not significantly different between 
the two groups (P>0.05). Although there were no significant 
differences in TTP between the two groups, TTP changes 
were higher in good responders than in minor responders 
(P<0.05).

Model establishment and performance

In the univariate regression analysis, factors with a 
significant predictive value were molecular subtype, 
diameter, ∆diameter, IMAX, ∆IMAX and ∆TTP. Since 
relative changes in PV were calculated based on pre- 

Table 1 Summary of the clinical parameters of the patients included in the study

Total (n=143) Good-response (n=98) Minor-response (n=45) P values

Age 50 [26–72] 48 [26–67] 52 [31–72] 0.573

(c)T stage 0.003*

T1 23 [16] 19 [20] 4 [9]

T2 47 [34] 31 [32] 16 [36]

T3 70 [50] 46 [48] 24 [55]

(c)N stage 0.390

N0 19 [13] 14 [14] 5 [11]

N1 39 [28] 32 [33] 7 [16]

N2 35 [25] 20 [21] 15 [34]

N3 48 [34] 31 [32] 17 [39]

Subtype 0.001*

Lumianl A 20 [14] 8 [8] 12 [27]

Lumianl B/HER2− 35 [24] 18 [18] 17 [37]

Lumianl B/HER2+ 26 [18] 18 [18] 8 [18]

HER2+/ER− 33 [24] 31 [32] 3 [7]

Triple negative 28 [20] 23 [24] 5 [11]

Histology 0.001*

Ductal/other 126 [88] 91 [93] 35 [78]

Lobular/mixed 17 [12] 7 [7] 10 [22]

Except for age (range), data are number of patients. Data in parentheses are percentage or range. P values for difference were determined 
by chi-square test or fisher’s exact test for categorical variables. *, statistically significant differences (P<0.1). HER2, human epidermal 
growth factor receptor-2; ER, estrogen receptor.



1285Gland Surgery, Vol 10, No 4 April 2021

© Gland Surgery. All rights reserved.   Gland Surg 2021;10(4):1280-1290 | http://dx.doi.org/10.21037/gs-20-836

Table 2 CEUS parameters before and after NAC for discriminating between good and minor responders

Pre-NAC Post-NAC Percent changes

Good 
responders

Minor 
responders

P values
Good 

responders
Minor 

responders
P values

Good 
responders

Minor 
responders

P values

Diameter 
(mm)

41.71±16.47 39.19±12.75 0.643 26.24±13.02 35.53±9.90 0.021* −35.50±17.14 −20.49±8.90 0.012*

IMAX (a.u.) 4,608±13,569 3,947±3,070 0.235 1,297±2,264 2,913±4,141 0.015* −46.44±34.70 −5.8±29.00 0.008*

RT (s) 12.58±1.85 16.57±1.21 0.564 14.32±2.35 17.10±2.98 0.432 2.57±27.41 9.58±33.27 0.322

TTP (s) 19.34±2.21 18.53±3.05 0.325 26.54±5.56 21.83±4.56 0.223 20.36±35.93 6.70±9.59 0.026*

mTT (s) 35.96±43.49 31.96±11.22 0.712 35.79±30.68 42.24±28.20 0.643 19.15±54.04 40.32±38.39 0.657

Values are presented as means ± SD. P values for difference were determined by Student’s t-test or Mann-Whitney U test. Statistically 
significant differences (P<0.1). CEUS, contrast-enhanced ultrasound; NAC, neoadjuvant chemotherapy; IMAX, maximum intensity; RT, rise 
time; TTP, time to peak; mTT, mean transit time.

Figure 2 Various CEUS changes in three patients following NAC. At baseline before NAC, conventional US showed hypoechoic, 
irregularly shaped lesions with indistinct margins (A-C, pre-). After two cycles of treatment (A-C, post-): (A) conventional US showed a 
reduction in tumor size. CEUS showed reduced diffusion and a prolonged enhancement time in the TIC curve. This patient had triple-
negative cancer and was confirmed to have had a good response to treatment. No residual cancer was found in the final pathological analysis. 
(B) US did not show apparent changes in tumor size. CEUS showed homogeneous isoenhancement with a prolonged enhancement time. 
The HER2+/ER− patient was confirmed to have had a good response in the final pathological analysis. (C) US showed a reduction in tumor 
size, while CEUS showed homogeneous hyperenhancement with an increase in IMAX and rapid RT on the TIC curve. This was a luminal 
B/HER2− patient who achieved a minor response in the pathological analysis. (below), Color-coded pictures of the quantitative illustrations 
of these patients are shown in (A-C). CEUS, contrast-enhanced ultrasound; NAC, neoadjuvant chemotherapy; US, ultrasound; TIC, time 
intensity curves; HER2, human epidermal growth factor receptor-2; ER, estrogen receptor; IMAX, maximum intensity; RT, rise time; pre-, 
pretreatment; post-, post-treatment.
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and post-PV, PV (diameter, IMAX) were removed from 
the model due to possible collinearity issues. Therefore, 
the model with molecular subtype and ∆diameter were 
selected as the model 1 (Table 3), while CEUS parameters 
(∆IMAX and ∆TTP) were added to model 2 (Table 4). The 
AUC for model 2 was higher than model 1 (0.841, 0.748, 
respectively, P=0.001) (Figure 3). The optimism-corrected 
AUC obtained from bootstrap resampling were 0.748 
(model 1) and 0.840 (model 2), suggesting a good internal 
validation. The best cut-off, sensitivity, specificity for model 
1 and model 2 were 0.592, 83.7%, 59.6% and 0.658, 78.6%, 
74.5%, respectively (Table 5). The Hosmer-Lemeshow test 
was significant (P=0.241, 0.701, respectively), indicating 
that the model had a good fit. These results suggested that a 
combination of molecular subtype and imaging parameters 

Table 3 Results of the logistic regression for predicting good responses to NAC in model 1

Characteristic Odds ratio 95% CI P values

Diameter 0.965 0.937–0.994 0.017

Breast cancer subtype 0.001

Luminal B/HER2+ 1 reference

Luminal A 0.326 0.093–1.135 0.078

Luminal B/HER2− 0.383 0.126–1.163 0.090

HER2+/ER− 2.739 0.760–9.874 0.124

Triple-negative 2.200 0.600–8.074 0.234

NAC, neoadjuvant chemotherapy; CI, confidence interval; HER2, human epidermal growth factor receptor-2; ER, estrogen receptor.

Table 4 Results of the logistic regression for predicting good responses to NAC in model 2

Characteristic Odds ratio 95% CI P values

∆diameter 0.965 0.934–0.997 0.033

Breast cancer subtype 0.001

Luminal B/HER2+ 1 reference

Luminal A 0.420 0.106–1.672 0.219

Luminal B/HER2− 0.326 0.094–1.124 0.076

HER2+/ER− 3.939 0.947–16.372 0.059

Triple-negative 2.872 0.702–11.755 0.234

∆IMAX 0.966 0.950–0.982 0.000

∆TTP 1.016 1.001–1.030 0.032

NAC, neoadjuvant chemotherapy; HER2, Human epidermal growth factor receptor-2; ER, estrogen receptor; ∆IMAX, percentage changes 
in maximum intensity; ∆TTP, percentage changes in time to peak; CI, confidence interval; HER2, human epidermal growth factor 2.

Figure 3 AUCs of possible combinations of imaging parameters and 
tumor subtype to predict a good response. AUC, areas under the curve.
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Table 5 AUC-ROC, bootstrap AUC-ROC, and diagnostic accuracy in the multivariable logistic regression of model 1 and model 2

AUC-ROC 95%CI Bootstrap AUC-ROC 95% CI Optimism Accuracy Sensitivity Specificity

Model 1 0.748 0.665-0.831 0.748 0.666–0.830 0.592 0.779 0.837 0.596

Model 2 0.841 0.776-0.906 0.840 0.775–0.905 0.658 0.772 0.786 0.745

Bootstrap repetitions with 1,000 times. AUC, areas under the curve; ROC, receiver operating characteristic curve; CI, confidence interval.
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Figure 4 Calibration of the logistic regression models. (A, model 1) molecular subtype and US (∆diameter); (B, model 2) molecular subtype, 
US (∆diameter) and CEUS (∆IMAX, ∆TTP) parameters. CEUS, contrast-enhanced ultrasound; US, ultrasound.

might be superior to a single index in predicting responses 
to NAC therapy. Calibration of the two models can be seen 
in Figure 4.

Discussion

Changes in CEUS parameters after 2 cycles of NAC 
therapy in breast cancer patients were strongly associated 
with good therapeutic responses. A combination of CEUS 
parameters and molecular subtype (model 2) exhibited a 
good performance (AUC =0.841) in the prediction of a 
good response when compared to a combination of the 
conventional US and molecular subtype (model 1).

Studies have documented that CEUS parameters can 
be used to predict responses to NAC (17,21,23,24). Lee  
et al. (21) reported that, in breast cancer, mTT changes 
were correlated with responses to NAC. In addition, RT 
has been shown to have a fair predictive value for responses 
during treatment (AUC =0.710) (23). However, in this 
study, mTT and RT were not found to be clinical response 
predictors to treatment. A possible explanation for the 
discrepancy between these findings could be attributed 
to differences in sample sizes and study designs. Previous 
studies used sample sizes of 17 to 92 cases, while we used a 
sample size of 143 cases. Other studies tried to established 
an early prediction window at first cycle of chemotherapy 

(21,23). We performed the CEUS examination after two 
cycles, which was considered a better assessment point to 
provide accurate and early information (28).

Using changes in diameter, the CEUS model (model 2)  
with ∆IMAX and ∆TTP exhibited better performances 
than the conventional US model (model 1). This could be 
attributed to the anti-angiogenic effect of chemotherapy that 
decreases the concentration of vascular growth factor (VGF) 
within the tumor. The corresponding slowdown kinetics 
might appear before changes in tumor size (Figure 2B).  
Furthermore, CEUS enhancement was found in the minor 
response group and was accompanied by a decrease in 
US size (Figure 2C), indicating that there was a persistence 
of small tumor cell nests with regular vascularization. In 
agreement with previous studies (17,25), our results showed 
that ∆IMAX, ∆TTP, and ∆diameter were significant 
independent predictors of good response to NAC. Compared 
to previous studies (AUC =0.710–0.946), our model exhibited 
a moderate discriminative performance (AUC =0.841). The 
differences were attributed to different primary endpoints 
and CEUS parameters in each study. Currently, there is 
no universally accepted response evaluation criteria for 
NAC therapy, which may influence trail reporting and 
interpretation.

Our study confirmed that a combination of pathological and 
imaging variables is a more accurate predictor of therapeutic 
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responses than any of the variables alone (29,30). The 
molecular subtype was found to be a prime predictor of clinical 
outcomes in our models. This might contribute to different 
chemosensitivities among molecular subtypes. Mazari et al. (31)  
reported that the HER2+ subtype is a significant predictor 
for pathologically complete responses, and that the odds 
ratios increased from 2.49 to 5.4 when univariate regression 
analysis was changed to multivariate regression modeling. In 
concordance with previous studies (3,32), our results showed 
that triple-negative [odds ratio (OR): 2.872, 95% confidence 
interval (CI): 0.947–16.372] and HER2+ (OR: 3.939, 95% 
CI: 0.947–16.372) tumors exhibited better responses than 
hormone receptor-positive, HER2- breast cancer.

This study was limited by: (I) the sample size in this 
exploratory study was relatively small. In the luminal 
A subgroup, a relatively small number of patients were 
enrolled (20/143, 13.9%), and these patients were 
considered to be less sensitive to and would benefit less 
from NAC therapy (33). Further studies are required to 
assess stratified subgroups with larger sample sizes, which 
could provide sufficient statistical power to address the 
impact of breast cancer subtype on CEUS parameters. (II) 
We did not perform an external validation of the fitted 
model. However, we conducted bootstrap validation to 
prevent over-interpretation, and the results suggested a 
satisfactory validation of the model. (III) Utilization of 
a single CEUS imaging plane to measure the maximum 
tumor diameter may not represent the entirety of the tumor. 
Moreover, quantitative results of CEUS are subjective and 
are depending on the ROIs as well as on the ultrasound 
company’s own program and analysis method.

Nevertheless, our exploratory analyses generate 
hypotheses for further research. Comprehensive and 
objective tumor data from different breast cancer subtypes 
can be incorporated using quantitative high-throughput 
features referred to as radiomics, which have previously been 
described (34). If the predictive model for response performs 
well in a larger group of breast cancer subtypes, it will 
enable the establishment of an algorithm with cut-off values 
to predict responses to NAC. There are indications that 
multimodality imaging, including US (35), mammography, 
MRI (36) and PET/CT (37), may confer additional values 
when evaluating responses to NAC. Incorporation of these 
analyses in our further research is ongoing.

Conclusions

Parametric changes are associated with clinical responses 

to NAC. Therefore, clinical responses to NAC can be 
predicted by a combination of CEUS parameters and 
molecular subtypes during treatment. Our future study 
will benefit from a larger patient group and from exploring 
the correlation between CEUS parameters and clinical 
relevance. Prognostic factors such as recurrence-free 
survival and overall survival as well as surgical factors such 
as second surgical rate will be considered.
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