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Simple Summary: Breast cancer remains a significant health concern worldwide, with
chemotherapy playing a crucial role in treatment. Monitoring tumor response to therapy
is essential for optimizing treatment decisions and improving patient outcomes. Tradi-
tional imaging methods like MRI and mammography are widely used but have limitations,
such as cost, availability, and accuracy. Ultrasound offers a cost-effective, real-time, and
non-invasive alternative for tracking tumor regression during chemotherapy. Our study
evaluated the effectiveness of ultrasound in assessing tumor shrinkage and its correla-
tion with pathological response. By comparing ultrasound measurements at different
chemotherapy stages, we aimed to determine its predictive accuracy in identifying patients
who may benefit from treatment adjustments. Our findings could contribute to improv-
ing breast cancer management by integrating ultrasound as a standard tool for treatment
monitoring, ultimately leading to more personalized and effective care.

Abstract: Background/Objectives: Accurate assessment of tumor response to neoadju-
vant chemotherapy (NAC) in breast cancer is critical for optimizing treatment strategies.
While magnetic resonance imaging (MRI) and mammography are commonly used for
response evaluation, they have inherent limitations. Ultrasound (US) has emerged as
a promising, cost-effective, and real-time alternative. This study aimed to evaluate the
effectiveness of US in tracking tumor regression during NAC and its correlation with
pathologic tumor regression grade (TRG). Methods: This study included 282 breast can-
cer patients undergoing NAC. Tumor size was measured using ultrasound at three key
time points: pre-chemotherapy, after four cycles, and post-chemotherapy. Spearman’s
correlation was used to assess the relationship between US-measured tumor changes and
TRG. Multinomial logistic regression and receiver operating characteristic (ROC) curve
analyses were performed to determine the predictive accuracy of the measurements from
our US in identifying pathologic complete response (pCR). Conclusions: Ultrasound is
a reliable, real-time imaging tool for monitoring NAC response in breast cancer patients.
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Its ability to predict pCR and track tumor shrinkage highlights its potential for treat-
ment adaptation. Standardization of US protocols and integration with Al-based analysis
may further improve its clinical utility, making it a valuable adjunct in breast cancer
treatment monitoring.

Keywords: breast cancer; ultrasound; chemotherapy

1. Introduction

Breast cancer remains a significant global health challenge, with its incidence con-
tinuing to rise worldwide. Effective monitoring of tumor response to chemotherapy is
crucial for optimizing treatment strategies and improving patient outcomes [1]. Among
breast cancer subtypes, triple-negative breast cancer (TNBC) presents unique challenges,
due to its aggressive nature, higher recurrence rates, and limited targeted treatment op-
tions [2]. Neoadjuvant chemotherapy (NAC) is commonly used to reduce tumor size,
facilitate breast-conserving surgery, and assess tumor responsiveness to systemic ther-
apy. Traditionally, pathologic tumor size (pT) has been considered the gold standard for
evaluating tumor regression following chemotherapy. However, real-time, non-invasive
monitoring tools are increasingly necessary to personalize treatment decisions and predict
therapeutic outcomes [3]. Emerging evidence suggests that, beyond standard imaging
modalities, ultrasound-based quantitative imaging techniques, including radiomics and
artificial-intelligence-driven models, may enhance the assessment of tumor response and
provide a more personalized approach to treatment monitoring [4]. Moreover, advance-
ments in ultrasound texture analysis and tumor echogenicity assessments have shown
potential in differentiating chemotherapy responders from non-responders, providing
valuable real-time treatment insights [5].

Among the various imaging modalities, magnetic resonance imaging (MRI) and mam-
mography have been widely used to assess tumor response to chemotherapy. However,
these techniques have limitations. Mammography often overestimates tumor dimensions,
leading to potential overtreatment, while MRI, though highly sensitive, is costly and not
always readily available [6,7]. US has emerged as a promising, cost-effective, and dynamic
alternative for tracking tumor regression over time [8]. US allows for real-time tumor
monitoring, is more accessible than MRI, and provides detailed anatomical and structural
insights into tumor changes during chemotherapy.

Recent studies have investigated the role of ultrasound in monitoring tumor response.
Piotrzkowska-Wroblewska et al. evaluated tumor response to NAC by analyzing backscat-
tered ultrasound energy and backscatter statistics. Their findings suggested that ultrasound
imaging, when integrated with statistical analysis, can enhance the personalization of NAC
regimens, improving patient outcomes [9]. Additionally, advanced machine learning
models, such as deep-learning-based image analysis, have been explored for predicting
chemotherapy response from imaging data, particularly in HER2-positive breast cancer
patients, offering promising avenues for individualized treatment planning [10]. Further-
more, novel ultrasound-based texture analysis methods have demonstrated the ability to
assess tumor microstructural changes, which may serve as an early indicator of therapy
response, potentially improving patient stratification and treatment adaptation [5,11].

Despite these advances, significant research gaps remain regarding the predictive value
of ultrasound. While mammography and MRI have well-established predictive capabilities,
ultrasound remains underutilized as a quantitative tool for longitudinal assessment of
tumor regression. Notably, some studies suggest that tumor volume changes measured via
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ultrasound correlate inconsistently with pathologic complete response (pCR), highlighting
the need for further validation of US as a predictive tool [12]. Additionally, there has been
limited research exploring the relationship between ultrasound-derived tumor regression
metrics and final pathological outcomes at different stages of chemotherapy [13]. The
incorporation of quantitative ultrasound parameters, such as echogenicity changes and
textural pattern shifts, may help refine tumor response assessment and further validate its
role as a reliable tool in monitoring treatment efficacy [4,5].

This study aimed to evaluate the ability of ultrasound to monitor tumor regression at
three key chemotherapy time points: pre-chemotherapy, mid-treatment, post-chemotherapy.
We assessed the correlation between ultrasound-measured tumor changes and pathologic
tumor regression grade (TRG). TRG is a histopathological indicator that quantifies the extent
of tumor cell reduction and fibrosis after NAC and is associated with patient prognosis [14].
Studies in rectal and gastric cancer have demonstrated a strong prognostic role for TRG,
yet its correlation with ultrasound-based tumor size reductions in breast cancer remains
unclear [15].

By establishing this correlation, we hypothesize that ultrasound can serve as a reliable,
real-time, and non-invasive surrogate for pT, facilitating early treatment response assess-
ment and potentially guiding modifications to chemotherapy regimens. The findings of
this study could help bridge the existing knowledge gaps, supporting the integration of
ultrasound into routine oncological practice for monitoring tumor response to therapy.

2. Materials and Methods

Our study analyzed retrospective anonymized breast cancer data of patients who
received chemotherapy and where tumor monitoring was performed with ultrasound.
The anonymized breast cancer data were recorded between January 2010 and December
2021, at the Clinic of Obstetrics and Gynecology, Diakoneo Diak Klinikum Schwibisch
Hall, Germany.

In this study, we conducted a comprehensive statistical analysis to evaluate the perfor-
mance of ultrasound in monitoring tumor regression during chemotherapy and to compare
its efficacy to pathologic tumor size. The analysis was structured to provide insights into
the predictive value of the measurements performed with our US at different stages of
treatment and to understand their relationship with clinical outcomes.

We began by summarizing continuous variables using medians and interquartile
ranges, due to their non-normal distributions, confirmed by a Shapiro-Wilk test. Categorical
variables were described using counts and proportions, to illustrate the distribution of key
clinical and demographic characteristics.

Spearman’s rank correlation was performed to assess the relationship between TRG
and the measurements carried out at each stage with our US (pre-chemotherapy, after
four cycles, and post-chemotherapy), as well as the percentage change from pre- to post-
chemotherapy. This non-parametric test was chosen due to the non-normal distribution of
the data, and it allowed us to evaluate the strength and direction of associations.

A Kruskal-Wallis test was used for comparing US measurements and percentage
changes across different pT categories and hormone receptor statuses. This non-parametric
method was selected due to the data’s non-normal distribution, and post hoc Dunn-
Bonferroni tests were applied for pairwise comparisons where significant differences
were detected.

To assess tumor size changes over time, we conducted a Friedman test to compare
the measurements carried out at the three time points (before chemotherapy, after four
cycles, and after chemotherapy). This test, suitable for repeated measures within subjects,
was followed by a generalized estimating equations (GEE) model, which accounted for
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patient ID as a random effect, to model the longitudinal data while adjusting for within-
subject correlations.

We developed three multinomial logistic regression models, using US measurements
before chemotherapy, after four cycles, and after chemotherapy as predictors, with pT
as the response variable. This analysis aimed to determine the predictive value of US
at each stage for different pT outcomes. Only significant predictors were retained in the
final models, and model performance was assessed using Nagelkerke’s R? to gauge the
explanatory power.

A threshold of >30% reduction in tumor size was used to define significant regression,
consistent with RECIST 1.1 criteria for partial response [16]

To evaluate and compare the performance of the US models at different stages, we
computed the area under the curve (AUC) for each pT class. This step allowed us to assess
the diagnostic accuracy of ultrasound measurements at each stage in identifying specific
pathologic outcomes.

The ultrasound measurements were performed using the same ultrasound system
across all patients. Although the specific model was not recorded, all examinations ad-
hered to a standardized imaging protocol used routinely at our institution. The protocol
included grayscale B-mode imaging for tumor size assessment, supplemented by Doppler
ultrasound to evaluate vascularity. All measurements were conducted by a consistent team
of experienced sonographers, ensuring procedural uniformity throughout the study. While
formal intra- and inter-observer reproducibility testing was not performed retrospectively,
all operators followed institutional quality assurance standards.

Pathologic tumor regression was assessed using the Sinn-Denkert system, which
classifies tumor response into five grades based on residual tumor cellularity and fibrosis.
This system has been widely validated and used in clinical trials to assess response to
neoadjuvant chemotherapy.

Finally, we performed logistic regression to examine the odds of achieving significant
tumor regression (defined as pTO or pTis) based on the percentage change in sonographic
measurements from pre- to post-chemotherapy. Predictive accuracy was visualized using
an ROC curve, with sensitivity, specificity, and AUC reported to illustrate the discriminatory
power of the sonographic measurement changes in comparison to the gold standard, pT.

All analyses were conducted using a significance threshold of p < 0.05, and results
were reported with 95% confidence intervals where applicable. All statistical analyses were
conducted using R (version 4.3.0; R Core Team, 2023) and RStudio (version 2023.06.0+421;
RStudio Team, 2023), ensuring robust and reproducible findings.

3. Results

In this study, we utilized a comprehensive set of variables to analyze tumor response
to chemotherapy in a cohort of 282 female breast cancer patients. Ultrasound measurements
of tumor size were taken at three key time points: before chemotherapy, after four cycles
of chemotherapy, and post-chemotherapy. These measurements were used to derive
percentage change variables that quantified the reduction in tumor size over the course
of treatment.

Clinical and biological variables included TRG, which assessed the degree of patho-
logic response post-chemotherapy, and pathologic tumor size (pT), serving as the gold
standard for evaluating treatment success. Hormone receptor statuses—estrogen receptor
(ER), progesterone receptor (PR), and HER-2/neu—provided insight into tumor subtypes
and their potential influence on treatment response.

The majority of tumors were estrogen receptor (ER)-positive (57.8%), with 46.8% also
positive for progesterone receptor (PR). HER2 positivity was observed in 37.2% of cases.
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Most patients had no associated ductal carcinoma in situ (DCIS) (94%). Tumor regression
grade (TRG) was distributed across the cohort, with TRG 1 (34%) and TRG 4 (41.1%) being
the most common. Pathologic tumor size (pT) after chemotherapy varied, with 41.5%
achieving a complete response (pT0), while the remainder were distributed primarily
among T1 and T2 categories. The tumors were nearly evenly distributed between left
(53.9%) and right (46.1%) breasts. The results are presented in Table 1.

Table 1. Categorical clinical and pathological characteristics of the study cohort.

Categorical Variable Group Count (%)
No 265 (94%)

bcis Yes 17 (6%)
Negative 119 (42.2%)
ER Positive 163 (57.8%)
Negative 177 (62.8%)

HER-2/neu "

Positive 105 (37.2%)
Negative 150 (53.2%)
PR Positive 132 (46.8%)

0 5 (1.8%)

1 96 (34%)
TRG 2 54 (19.1%)

3 11 (3.9%)
4 116 (41.1%)
L 152 (53.9%)

Affected Breast

R 130 (46.1%)
TO 117 (41.5%)
Tla 29 (10.3%)

T1b 19 (6.7%)
pT Tlc 50 (17.7%)
T2 50 (17.7%)

T3 6 (2.1%)

T4b 1(0.4%)

Tis 10 (3.5%)

Abbreviations: DCIS—ductal carcinoma in situ, ER—estrogen receptor, HER-2/neu—HER-2neu positivity,
PR—progesterone receptor, TRG—tumor regression grade, pT—pathological tumor size.

The study also accounted for whether patients received neoadjuvant chemotherapy
and included the Ki67 proliferation index, a marker indicative of tumor aggressiveness.

The ultrasound measurements for tumor size before, during, and after chemotherapy
demonstrated significant variability, as seen through the interquartile ranges (IQR) and
median values. Initially, the median ultrasound-measured tumor size before chemotherapy
was 27 mm, with an interquartile range of 19 to 36 mm, reflecting the typical size distribution
among patients at baseline. After four cycles of chemotherapy, this measurement decreased
substantially, with a median of 16 mm (IQR: 11-23 mm), suggesting a notable reduction in
tumor size in response to treatment by this intermediate stage. By the end of chemother-
apy, the median ultrasound-measured tumor size had further declined to 12 mm (IQR:
8-18 mm), indicating continued tumor regression throughout the course of therapy. This
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progressive decrease across all three time points suggests that ultrasound can effectively
capture the dynamics of tumor shrinkage, aligning with the expected therapeutic impact of
chemotherapy over time.

The Shapiro-Wilk test results for ultrasound measurements across all three time points
yielded p-values of less than 0.001, indicating significant departures from normality. This
non-normal distribution underscores the heterogeneous response of tumors to chemother-
apy in this cohort, which may have been due to biological variability in tumor biology,
individual patient response to chemotherapy, or other clinical factors. The non-parametric
nature of these distributions highlights the importance of considering individual variability
when interpreting tumor size changes, as well as the potential value of ultrasound for
monitoring individual patient responses.

Additionally, Ki67, a commonly used marker of cellular proliferation, displayed a
median value of 0.30 (IQR: 0.20-0.50), with a Shapiro-Wilk p-value of less than 0.001, also
indicating a non-normal distribution. This finding suggests considerable variability in
proliferative activity among the patients, which may correlate with tumor aggression and
response to chemotherapy. The non-normal distribution of Ki67 values further reinforces
the heterogeneity within this patient cohort, potentially impacting both the speed and
degree of tumor regression observed on ultrasound. The results are presented in Table 2.

Table 2. Distribution of continuous variables and results of normality testing.

Variable Median (Q25-Q75) p-Value
US-pre 27 (19-36) <0.001
US-4C 16 (11-23) <0.001

US-post 12 (8-18) <0.001

Ki67 0.30 (0.20-0.50) <0.001

Abbreviations: US-pre—ultrasound measurements before chemotherapy, US-4C—ultrasound measurements after
4-cycle chemotherapy, US-post—ultrasound measurements after chemotherapy, Ki67—Ki67 proliferation index,
Q25-Q75—interquartile range, p-value—Shapiro-Wilk test result.

3.1. Analysis of Percentage Change in Tumor Size Across Chemotherapy Stages

To quantify changes in tumor size at key stages of chemotherapy, we derived per-
centage change variables based on ultrasound measurements taken at three critical time
points: before chemotherapy, after four cycles of chemotherapy, and post-chemotherapy.
Specifically, we calculated the percentage change from the initial measurement before
chemotherapy to the measurement after four cycles, the change from the four-cycle mea-
surement to the final post-chemotherapy measurement, and the cumulative change from
pre-chemotherapy to post-chemotherapy. Each of these variables represented the pro-
portionate reduction in tumor size relative to the initial size at each stage, providing a
standardized view of how much the tumor had shrunk by each interval.

The pre-chemotherapy to four-cycle change variable reflected the early response to
treatment, showing the initial impact of chemotherapy on tumor reduction. The four-cycle
to post-chemotherapy change variable then captured the additional reduction achieved in
the later phase of treatment. Lastly, the pre-chemotherapy to post-chemotherapy change
variable offered a complete view of the overall reduction in tumor size across the entire
course of chemotherapy, highlighting the cumulative impact of the treatment regimen.

Our analysis showed that these percentage changes differed significantly across the
stages. The median reduction from pre-chemotherapy to the end of chemotherapy was
52.44%, indicating a strong overall response. The initial change from pre-chemotherapy
to four cycles was 36.24%, demonstrating that a substantial portion of tumor shrinkage
occurred early in treatment. This was followed by a smaller yet statistically significant
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additional reduction of 22.22% from the four-cycle to post-chemotherapy stage, suggesting
a deceleration in response as treatment progressed.

The statistical significance of these differences was confirmed by a Kruskal-Wallis test,
with a chi-square value of 119.84 and a p-value less than 9.49 x 10~%’. This strong result
indicates that the tumor reduction percentages were not only clinically meaningful but
also statistically distinct across the different chemotherapy stages. Post hoc comparisons
showed that each stage differed significantly from the others, reinforcing the notion that
tumor response evolves in progressive phases throughout chemotherapy. The results are
presented in Figure 1.

Percentage
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Figure 1. Distribution of percentage changes in tumor size across chemotherapy stages.

3.2. Evaluating the Relationship Between Ultrasound Measurements and Tumor Regression Grade

The correlation analysis between tumor regression grade (TRG) and ultrasound mea-
surements provided valuable insight into how effectively these imaging assessments re-
flected the true tumor response to chemotherapy. Across the entire cohort, the analysis
demonstrated statistically significant negative correlations between TRG and ultrasound
measurements at all time points, as well as with the percentage change in tumor size
from pre-chemotherapy to post-chemotherapy. Specifically, TRG correlated with US before
chemotherapy with a Rho of —0.248 (p < 0.001), US after four cycles with a Rho of —0.448
(p < 0.001), and US after chemotherapy with a Rho of —0.547 (p < 0.001). The correlation
with the percentage change from pre-chemotherapy to post-chemotherapy was —0.488
(p < 0.001). These results suggest that higher TRG (indicating greater tumor regression)
is associated with lower ultrasound-measured tumor sizes and more substantial percent-
age changes over the treatment course, affirming the utility of ultrasound in reflecting
pathologic response. The importance of correlating TRG with percentage change from
pre-chemotherapy to post-chemotherapy lies in its ability to capture the entire course
of tumor response. This cumulative metric is crucial, as it represents the total impact
of the chemotherapy regimen, providing a comprehensive view that single-point mea-
surements cannot fully convey. The strong negative correlation here supports the use
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of ultrasound-derived changes as a proxy for pathologic assessment, enabling real-time
tracking of therapeutic effectiveness. The results are presented in Table 3.

Table 3. Correlation between tumor regression grade (trg) and ultrasound measurements across
all patients.

Variable p (Rho) p-Value
US-pre —0.248 <0.001
Us-4C —0.448 <0.001
US-post —0.547 <0.001
% Change Pre to Post —0.488 <0.001

Abbreviations: US-pre—ultrasound measurements before chemotherapy, US-4C—ultrasound measurements after
4-cycle chemotherapy, US-post—ultrasound measurements after chemotherapy, p—Spearman’s rank correlation
coefficient, p-value—Spearman’s rank correlation test result.

3.3. Longitudinal Analysis of Tumor Response to Chemotherapy Using Ultrasound Measurements

The longitudinal analysis was a crucial step in our study to assess tumor response
over time and ensure that individual patient variability was considered. By performing
a Friedman test, we first established that significant differences existed in the ultrasound
measurements taken at different time points—before chemotherapy, after four cycles, and
post-chemotherapy. The test results (x> = 413.28, p < 7.29 x 10~*) demonstrated strong
statistical evidence that the median ultrasound measurements varied across these time
points, indicating that the progression of tumor regression was not uniform throughout the
treatment period. The results are presented in Figure 2.
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Figure 2. Distribution of ultrasound measurements across chemotherapy time points.

To further quantify these changes, while accounting for repeated measures within the
same patients, we implemented a generalized estimating equations (GEE) model. This
approach was essential for incorporating the dependency between measurements taken
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from the same individual over time, which strengthened the robustness of our findings and
allowed us to analyze the longitudinal trajectory of tumor response across the cohort while
considering patient-specific effects.

The GEE model yielded significant results for both time points and other predictors.
The time point of ultrasound after four cycles of chemotherapy showed an estimated
reduction of —10.69 mm (CI: —11.86 to —9.53, p < 0.001) compared to the baseline, while
post-chemotherapy measurements reflected an even greater reduction of —14.88 mm (CI:
—16.19 to —13.58, p < 0.001). These findings indicate a progressive decrease in tumor size,
with the greatest shrinkage observed by the end of chemotherapy. This supports the use of
ultrasound for ongoing monitoring, showing that the treatment had a cumulative effect,
with significant tumor size reduction as chemotherapy progressed.

The regression grade was a significant predictor, with an estimate of —3.15 mm (CI:
—3.98 to —2.32, p < 0.001), confirming its strong negative association with tumor size
at all time points. This means that higher regression grades (indicating greater tumor
regression) were consistently associated with smaller tumor sizes, reinforcing the reliability
of ultrasound in tracking true pathologic response over time.

HER-2/neu positivity was also significant, with an estimate of —3.09 mm (CI: —5.12
to —1.05, p = 0.003). This suggests that HER-2 positive patients had generally smaller
tumor sizes during the treatment period, aligning with the known responsiveness of HER-2
positive tumors to the targeted therapies often administered alongside chemotherapy. The
McFadden R? value of 0.090, while modest, reflects the complexity of tumor response,
which can be influenced by numerous biological and treatment-related factors. The results
are presented in Table 4.

Table 4. Generalized estimating equations (GEE) model results for ultrasound-measured tumor size.

Predictors Estimates CI p-Value
Time Point (US-4C) —10.69 —11.86-—9.53 <0.001
Time Point (US-post) —14.88 —16.19—-—13.58 <0.001
TRG —3.15 —3.98--2.32 <0.001
HER-2/neu [+] —3.09 —5.12-—-1.05 0.003

McFadden R? = 0.090

Abbreviations: US-4C—ultrasound measurements after 4-cycle chemotherapy, US-post—ultrasound measure-
ments after chemotherapy, TRG—tumor regression grade, CI—confidence interval, p-value—Wald test result.

3.4. Ultrasound-Detected Tumor Size Reduction by Hormone Receptor and HER2 Status

To explore the relationship between molecular markers and ultrasound-assessed tumor
response, we compared percentage tumor size reduction from pre- to post-chemotherapy
across hormone receptor and HER? status groups. Median tumor reduction was signifi-
cantly greater in HER2-negative patients (—58.3%, IQR: 27.9%) compared to HER2-positive
patients (—50.0%, IQR: 34.6%; p = 0.048).

Similarly, ER-positive patients demonstrated a higher median reduction (—59.1%, IQR:
31.2%) than ER-negative patients (—48.0%, IQR: 30.5%; p = 0.005). A comparable pattern
was observed for PR status, with PR-positive patients showing a median reduction of
—58.0% (IQR: 32.3%) versus —47.3% (IQR: 29.9%) in PR-negative patients (p = 0.004). The
results are presented in Table 5.
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Table 5. Median percentage tumor size reduction by hormone receptor and HER?2 status.

Molecular Type Median Reduction IOR p-Value
Positive —50.0 34.6
HER-2/neu : 0.048
Negative —58.3 27.9
Positi -59.1 31.2
R ositive 0.005
Negative —48.0 30.5
Positi —58. 2.
PR ositive 58.0 32.3 0.004
Negative —47.3 29.9

Abbreviations: HER-2 /neu—HER-2/neu receptor positivity, ER—estrogen receptor, PR—progesterone receptor,
IQR—inter quartile range, p-value—Kruskal-Wallis test result.

3.5. Multinomial Logistic Regression Analysis of Ultrasound Predictive Power for
Pathologic Outcomes

The analysis of multinomial logistic regression models using ultrasound measure-
ments as predictors and pathologic tumor size (pT) categories as response variables was
crucial for assessing the predictive power of US at different stages of chemotherapy. This
analysis was designed to understand how well ultrasound measurements before treat-
ment, after four cycles, and after the completion of chemotherapy could differentiate
between various pT outcomes. By comparing the predictive capabilities of these mod-
els and evaluating their AUC (area under the curve) scores, we aimed to identify which
stage of US measurement provided the most reliable information for predicting final
pathologic outcomes.

The model using ultrasound measurements before chemotherapy showed significant
associations across all pT categories. The odds ratios (OR) increased progressively with
higher pathologic stages (e.g., OR = 1.26 for T3 and OR = 1.18 for T4b), indicating that
larger initial tumor sizes were predictive of higher pathologic stages after chemotherapy.
The Nagelkerke R? value of 0.187 suggested that this model had modest explanatory power,
implying that baseline ultrasound measurements alone provided some insight into future
pT but were not highly predictive. The results are presented in Table 6.

Table 6. Multinomial logistic regression model for ultrasound measurements before chemotherapy.

Predictors Odds Ratios CI p-Value Response
US-pre 1.11 1.01-1.22 0.031 T0
US-pre 1.12 1.02-1.24 0.020 Tla
US-pre 1.13 1.02-1.25 0.016 T1b
US-pre 1.12 1.01-1.23 0.024 Tlc
US-pre 1.19 1.08-1.31 0.001 T2
US-pre 1.26 1.13-1.40 <0.001 T3
US-pre 1.18 1.01-1.38 0.040 T4b

AIC = 882.681
BIC =933.668

Nagelkerke R? = 0.187

Abbreviations: US-pre—ultrasound measurements after chemotherapy, CI—confidence interval, p-value—Wald
test result.

The model using ultrasound measurements after four cycles showed stronger asso-
ciations, particularly with higher pT categories. The OR for T3 was 1.48 (p < 0.001), and
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for T4b, it was 1.35 (p = 0.006), demonstrating that intermediate ultrasound measurements
could better predict higher residual tumor burdens. The Nagelkerke R? of 0.366 indicated
an improvement in the explanatory power compared to the baseline model, reflecting
that tumor measurements taken after initial treatment cycles were more informative for
predicting pT outcomes. The results are presented in Table 7.

Table 7. Multinomial logistic regression model for ultrasound measurements after four cycles of

chemotherapy.

Predictors Odds Ratios CI p-Value Response
Us-4C 1.12 1.01-1.25 0.038 Tlc
Us-4C 1.26 1.12-1.41 <0.001 T2
us-4C 1.48 1.25-1.75 <0.001 T3
us-4C 1.35 1.09-1.68 0.006 T4b

AIC = 816.296
BIC = 867.282

Nagelkerke R? = 0.366

Abbreviations: US-4C—ultrasound measurements after 4 cycles of chemotherapy, Cl—confidence interval,
p-value—Wald test result.

The post-chemotherapy model showed the highest predictive power, with significant
odds ratios across various pT categories, such as OR = 1.41 for T2 (p < 0.001) and OR = 1.47
for T4b (p = 0.002). This model had the highest Nagelkerke R? value of 0.505, indicating
that final ultrasound measurements were the most effective in predicting the pathologic
outcomes. The strong predictive power at this stage emphasizes the utility of ultrasound at
the end of chemotherapy for assessing treatment effectiveness and planning subsequent
clinical interventions. The results are presented in Table 8.

Table 8. Multinomial logistic regression model for ultrasound measurements post-chemotherapy.

Predictors Odds Ratios CI p-Value Response
US-post 1.22 1.07-1.39 0.003 T1b
US-post 122 1.08-1.38 0.001 Tlc
US-post 141 1.24-1.60 <0.001 T2
US-post 1.47 1.15-1.88 0.002 T4b

AIC =751.46
BIC = 802.133

Nagelkerke R? = 0.505

Abbreviations: US-post—ultrasound measurements after chemotherapy, CI—confidence interval, p-value—Wald
test result.

The final step of comparing the performance of ultrasound measurements to the gold
standard (pathologic tumor size, pT) was essential to validate the effectiveness of US as a
reliable tool for assessing significant tumor regression. This step provided critical evidence
for the practical utility of US in clinical settings, allowing us to determine its accuracy in
identifying true tumor response in comparison to the definitive pathologic outcome. By
constructing this comparison, we could directly assess how well ultrasound measurements
aligned with the final pathological assessments and determine the potential of US as a
non-invasive surrogate for pT in evaluating treatment success.
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To make this comparison, we created binary classification variables to indicate signifi-
cant tumor regression according to both pathology and ultrasound assessments. Specifically,
patients were categorized as having significant regression by pT if they achieved a status of
TO or Tis. For the measurements performed with our ultrasound device, we considered a re-
gression significant if the percentage change in tumor size from pre- to post-chemotherapy
was 30% or greater.

An ROC curve was then generated to assess the overall performance of the measure-
ments in predicting significant tumor regression as defined by the gold standard (pT). The
resulting plot and associated statistics provided a quantitative measure of the diagnos-
tic power of US, comparing sensitivity and specificity to determine how well US could
correctly identify cases of significant regression.

The ROC curve showed an AUC (area under the curve) of 0.828, which indicated a high
level of accuracy in discriminating between patients who did and did not achieve significant
tumor regression according to pT. An AUC value above 0.8 is generally considered strong,
suggesting that US could reliably predict treatment success in a significant portion of
cases. The associated accuracy of 0.794, sensitivity of 0.748, and specificity of 0.832 further
supported this conclusion, demonstrating that the US measurements had a robust balance
between true positive and true negative rates. These results validated the use of the
30% threshold in our cohort, confirming its discriminatory ability to distinguish between
patients who achieved significant pathological regression (pT0 or pTis) and those who did
not. The results are presented in Figure 3.

Sensitivity

0.4

1.0

0.8

0.6

0.2

0.0

ROC Curve
— AUC =0.828
- Accuracy = 0.794
—— Sensitivity = 0.748
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0.0 0.5 1.0
1 - Specificity

Figure 3. ROC curve for ultrasound performance in predicting significant tumor regression.

The logistic regression analysis reinforced these findings by showing that the per-
centage change from pre- to post-chemotherapy was a significant predictor of achieving
significant regression (OR = 0.96, p < 0.001). This means that greater reductions in US-
measured tumor size strongly correlated with achieving a TO or Tis status on the pathology
report. Additional predictors in the model included PR status (OR = 0.18, p < 0.001), in-
dicating that PR-negative patients were more likely to experience significant regression,
and HER-2/neu positivity (OR = 2.06, p = 0.017), highlighting the known responsiveness of
HER-2-positive tumors to targeted therapies.
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The Nagelkerke R? of 0.410 indicates that the model explained a substantial portion
of the variance in achieving significant regression, suggesting that US measurements
combined with specific tumor characteristics (e.g., hormone receptor status) can be used to
predict treatment outcomes with reasonable accuracy. The results are presented in Table 9.

Table 9. Logistic regression analysis of significant tumor regression using ultrasound measurements.

Predictors Odds Ratios CI p-Value
% Change Pre to Post 0.96 0.95-0.97 <0.001
PR [+] 0.18 0.10-0.32 <0.001
HER-2/neu [+] 2.06 1.15-3.74 0.017
AIC =292.909
BIC = 307.477

R? Nagelkerke = 0.410

Abbreviations: PR—progesterone receptor status, CI—confidence interval, p-value—Wald test result.

These findings solidify the role of US as a non-invasive, practical, and effective tool
for monitoring tumor response throughout chemotherapy. The significant correlation
between US-derived percentage change and pathologic outcomes supports the use of
ultrasound for real-time decision-making in clinical practice. By establishing that US can
reliably approximate pT in identifying significant tumor regression, our study highlights
the potential for integrating ultrasound more prominently into treatment protocols, thereby
improving the ability of clinicians to assess tumor response, without relying solely on post-
treatment pathology. This approach could lead to more dynamic treatment adjustments,
improved patient management, and the optimization of therapeutic outcomes.

4. Discussion

Our study underscores the potential of US as a pivotal tool in monitoring tumor
regression during neoadjuvant chemotherapy for breast cancer patients. Building upon our
findings, it is imperative to delve deeper into the clinical implications, compare US with
other imaging modalities, emphasize the need for standardization in sonographic measure-
ments, explore the correlation between US-observed regression and patient outcomes, and
outline future research directions. These findings align with prior research and contribute
to the growing body of evidence supporting non-invasive, cost-effective alternatives for
tracking chemotherapy response [9].

In our cohort, we observed a strong correlation between US-measured tumor regres-
sion and pathologic tumor response, reinforcing US as a valuable predictive tool. Notably,
tumors demonstrating a >50% reduction in size by mid-treatment were significantly more
likely to reach pathologic complete response (pCR) by the end of NAC. This finding is
consistent with other studies that identified early tumor shrinkage on US as a key predictor
of final treatment outcomes [17,18].

Moreover, our data indicate that HER2-positive tumors exhibited a more rapid size
reduction on US compared to hormone receptor-positive/HER2-negative subtypes. This
aligns with studies showing that HER2-targeted therapies induce early tumor regression,
which is detectable through real-time US monitoring. Importantly, this suggests US could
help tailor treatment strategies by distinguishing slow responders from rapid responders
early in the treatment course [19-21].

The integration of US into routine clinical practice offers several advantages. Its real-
time imaging capability allows clinicians to assess tumor response dynamically, facilitating
timely modifications to treatment plans. For instance, early identification of non-responders
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through US could prompt a switch to alternative therapeutic strategies, potentially improv-
ing patient outcomes. Moreover, for patients exhibiting rapid tumor regression, US can aid
in determining the feasibility of breast-conserving surgeries, thereby reducing surgical mor-
bidity. The non-ionizing nature of US also permits frequent assessments without exposing
patients to radiation, making it a patient-friendly option for ongoing monitoring. Studies
have highlighted the utility of US in evaluating tumor vascularity changes during NAC,
which can serve as early indicators of treatment efficacy [22]. Additionally, advancements
in US technology, such as contrast-enhanced ultrasound (CEUS), have shown promise in
enhancing the visualization of tumor perfusion and assessing therapeutic response [23].

While magnetic resonance imaging is often regarded as the gold standard for mon-
itoring NAC response due to its high sensitivity and detailed tissue characterization, it
is not without limitations. MRI can sometimes overestimate residual disease, leading
to unnecessary surgical interventions [24]. In contrast, US offers a more accessible and
cost-effective alternative. A prospective study comparing mammography, sonography, and
MRI found that US had comparable accuracy in predicting residual tumor size post-NAC,
with the added benefits of being more widely available and less expensive [6]. However, US
is operator-dependent, and its accuracy can vary based on the technician’s experience and
the equipment used. Combining US with other modalities, such as MRI or mammography,
may enhance diagnostic accuracy and provide a more comprehensive assessment of tumor
response [25].

The operator-dependent nature of US underscores the need for standardized imaging
protocols to ensure consistency and reliability across different clinical settings. Standardiza-
tion can minimize inter-operator variability and improve the reproducibility of measure-
ments. The development of automated breast volume scanners (ABVSs) has been found
to be more reliable than handheld US and as accurate as contrast-enhanced MRI in early
detection of patients who could reach a pathological complete response after NAC [26].
Furthermore, the application of artificial intelligence (AI) and machine learning algorithms
in US image analysis holds promise for reducing subjectivity and enhancing diagnostic
accuracy. A study demonstrated that using dynamic US imaging changes acquired during
NAC, combined with Al-based modeling, could predict pathological complete response
noninvasively and early [27]. Implementing such technologies could lead to more objective
assessments and better treatment planning.

Monitoring tumor response during NAC is crucial for predicting patient outcomes.
Studies have shown that early changes in quantitative US imaging parameters can predict fi-
nal treatment outcomes. For instance, a study demonstrated that using US image data, final
outcomes could be predicted as early as within one month of starting chemotherapy [28].
This early prediction capability allows for timely adjustments in treatment strategies, po-
tentially improving overall survival rates. Additionally, the ability of US to assess tumor
vascularity and stiffness changes during therapy provides insights into tumor biology and
treatment efficacy, further aiding in prognostication [29].

This is supported by Tran et al., who demonstrated that US-measured volume changes
were significantly correlated with progression-free survival (PFS) and overall survival (OS)
in NAC-treated breast cancer patients [30]. Furthermore, Hayashi et al. found that US-
detected early shrinkage patterns were predictive of long-term recurrence risk, reinforcing
its value in treatment stratification [31].

Beyond response monitoring, the pattern and timing of tumor shrinkage during
neoadjuvant chemotherapy may have prognostic implications. Previous studies have
shown that early volume reduction on imaging, including ultrasound, is associated with
improved recurrence-free and overall survival [30,31]. In our cohort, we observed that
tumors often underwent the most substantial reduction after four cycles, particularly
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in HER2-positive and hormone-receptor-positive groups. While survival data were not
available in this study, the strong correlation between ultrasound-measured shrinkage and
pathologic regression suggests that real-time ultrasound assessments may also serve as
prognostic markers, helping identify patients at higher or lower risk based on their early
response dynamics. Future prospective studies incorporating survival outcomes will be
valuable in confirming these associations.

While our study highlights the potential of US in monitoring NAC response, further
research is warranted to validate these findings across larger, diverse patient populations.
Future studies should focus on multicenter trials to assess the generalizability of US as
a monitoring tool. Additionally, exploring the integration of advanced US techniques,
such as elastography and contrast-enhanced imaging, could provide more comprehensive
assessments of tumor response. While this study utilized a consistent ultrasound device
and standardized imaging protocol, formal intra- and inter-observer reproducibility anal-
yses were not conducted and remain an important consideration for future prospective
validations. Investigating the role of Al in automating US image analysis and developing
predictive models for treatment outcomes is another promising avenue. Moreover, com-
parative studies evaluating the effectiveness of US against other imaging modalities in
different clinical scenarios would help delineate the specific contexts in which US offers
the most benefit. Addressing these areas will enhance the utility of US in clinical prac-
tice and contribute to more personalized treatment approaches for breast cancer patients
undergoing NAC.

5. Conclusions

Our study supports the clinical utility of ultrasound as a dynamic, real-time tool
for monitoring NAC response. The significant correlation between US-measured tumor
regression and pathologic outcomes highlights its potential for guiding treatment decisions.
US presents a cost-effective, accessible, and repeatable alternative, particularly in settings
where frequent monitoring is required.
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