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ABSTRACT
Objective: Accurate prediction of pathological complete response (pCR) to neoadjuvant chemotherapy (NAC) is essential for treatment decision-
making in breast cancer. The value of integrated prediction models combining interim magnetic resonance imaging (MRI) findings with 
clinicopathological factors remains uncertain. This study aimed to compare interim and post-NAC MRI in predicting pCR and to assess the 
performance of prediction models integrating MRI and clinicopathological variables.

Materials and Methods: We retrospectively analyzed 249 patients with early-stage breast cancer who underwent MRI before, during (interim), 
and after NAC. Clinicopathological variables were selected via stepwise regression based on the minimum Akaike information criterion. Four 
predictive models were developed: Model A used clinicopathological variables alone; Model B added interim MRI; Model C added post-NAC 
MRI; and Model D incorporated both interim and post-NAC MRI. Model performance was assessed using receiver operating characteristic curve 
analysis, calibration plots, and decision curve analysis. 

Results: Sixty-two (25%) patients achieved pCR. Independent predictors in Model A included hormone receptor status, human epidermal growth 
factor receptor 2 status, and clinical tumor size. The areas under the curves were 0.721 (Model A), 0.819 (Model B), 0.847 (Model C), and 0.848 
(Model D). Model B (interim MRI) demonstrated the highest sensitivity (0.99) and negative predictive value (0.97), enabling early identification 
of pCR, while Models C and D showed only modest improvements. In decision curve analysis, calibration and clinical utility were superior in 
models incorporating MRI compared with Model A.

Conclusion: Interim MRI demonstrated pCR-predictive performance comparable to that of post-NAC MRI, supporting its potential utility as a 
clinically meaningful tool for early treatment decision-making. However, its relatively high false-positive rate suggests that caution is warranted 
when applying it to guide surgical de-escalation.
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Introduction

Although surgery-first has traditionally been the standard 
approach in early-stage breast cancer, neoadjuvant chemotherapy 
(NAC) is increasingly used and represents a standard treatment 
option in selected subtypes, particularly human epidermal 
growth factor receptor 2 (HER2)-positive and triple-negative 
breast cancer, in the context of surgical de-escalation and 
response-guided therapy (1). With advances in systemic therapy, 
treatment response rates have improved, and the number of 
patients achieving pathological complete response (pCR) has 
increased. With these improvements, clinical trials investigating 
the omission of surgery in responders are underway, but the 
development of surgical de-escalation strategies requires 
accurate and less invasive identification of pCR in patients with 
breast cancer undergoing NAC (2).

Among imaging modalities used to assess response to NAC, 
contrast-enhanced magnetic resonance imaging (MRI) is 
considered to be the most reliable technique (3). However, MRI 
alone has limited accuracy in predicting pCR, and its diagnostic 
performance varies according to breast cancer subtype, with 
lower accuracy reported in hormone receptor (HR)-positive/
HER2-negative breast cancer and higher accuracy in HER2-
positive and triple-negative subtypes (3, 4). To address these 
limitations, several integrated prediction models that combine 
MRI features with clinicopathological variables (e.g., tumor size, 
HR status, HER2 status, and Ki-67 index) have been proposed, 
demonstrating superior and less invasive pCR prediction 
compared with MRI alone (5, 6). 

Recent studies have further suggested that pCR may be predicted 
more accurately based on MRI performed during NAC treatment 
(interim MRI) than on post-NAC MRI (7). Quantitative longitudinal 
parameters, such as changes in tumor size, apparent diffusion 
coefficient values on diffusion-weighted imaging, and background 
parenchymal enhancement, have also shown promise in 
detecting early treatment response (8-10). Nevertheless, studies 
comparing the diagnostic accuracy of interim and post-NAC MRI 
or evaluating the clinical utility of integrated prediction models 
that incorporate clinicopathological variables remain limited (6, 
11). Moreover, previous studies defined pCR as the absence of 
residual invasive cancer in the breast, whereas only a few have 

adopted the stricter criterion of no residual invasive or non-
invasive carcinoma in either the breast or lymph nodes (ypT0, 
ypN0) (6, 8, 11, 12).

Therefore, we conducted a retrospective cohort study of patients 
with early-stage breast cancer who underwent MRI during and 
after NAC. The aim of this study was to compare the predictive 
performance of interim and post-NAC MRI in predicting 
pCR (defined as ypT0, ypN0) and to evaluate the diagnostic 
performance and clinical usefulness of integrated prediction 
models combining MRI findings with clinicopathological factors. 

Materials and Methods

Study Design and Patients

This single-center, retrospective, observational study was 
conducted at Hiroshima University Hospital using data derived 
from a multicenter database; however, only patients treated at our 
institution were included in the present analysis. This is because 
interim MRI was not routinely performed at all participating 
institutions, and including data from multiple centers would 
have resulted in substantial heterogeneity and potentially 
missing data in MRI assessments. To ensure consistency and 
completeness of imaging data and uniformity in clinical 
management and MRI interpretation, we limited the analysis to 
a single-center cohort. The study included patients with breast 
cancer who underwent NAC between April 2010 and December 
2020. All women with invasive breast cancer were eligible if 
they underwent MRI at three time points: before NAC, during 
the early phase of treatment (interim MRI, i.e., after completion 
of the first half of chemotherapy), and after completion of NAC 
(post-NAC MRI). Both imaging and pathological evaluation data 
were required for patient inclusion. 

The exclusion criteria were as follows: (1) presence of distant 
metastasis; (2) discontinuation of NAC before completion; and 
(3) absence of MRI or insufficient image quality for evaluation 
at any of the three time points. Clinical data were obtained 
from electronic medical records and the picture archiving and 
communication system. 

This study was approved by the Ethics Committee for 
Epidemiology of Hiroshima University (approval number: E2014-

KEY POINTS
•	 Interim magnetic resonance imaging (MRI), performed during neoadjuvant chemotherapy (NAC) treatment, demonstrated significant predictive ability for post-

NAC pathological complete response (pCR) in patients with breast cancer.

•	 Combining interim MRI findings with clinicopathological factors improved predictive accuracy for pCR.

•	 Interim MRI may contribute to early identification of non-responders and support treatment decision-making.

•	 This study provides real-world evidence supporting the clinical utility of interim MRI in patients with breast cancer undergoing NAC.
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1157-06, date: 25.07.2023) and was conducted in accordance 
with the Declaration of Helsinki. Formal patient consent was not 
required for this retrospective study. 

Clinicopathological Factors

The candidate predictors for pCR included clinical tumor 
size (T category), clinical nodal status (N category), HR status, 
HER2 expression, and nuclear grade. T and N categories were 
determined according to the 8th edition of the American Joint 
Committee on Cancer TNM staging system based on tumor size 
and clinical nodal status (13). 

HR-positivity was defined as positive staining for either the 
estrogen receptor (ER) or the progesterone receptor. Tumors with 
≥1% positively stained tumor cells on immunohistochemistry 
(IHC) were considered HR-positive. HER2 status was determined 
in accordance with the American Society of Clinical Oncology/
College of American Pathologists guidelines and was defined 
as positive if scored as IHC 3+ or confirmed as amplified by 
fluorescence in situ hybridization (14, 15). All clinicopathological 
assessments were based on needle biopsy specimens and 
imaging findings obtained before initiation of NAC. pCR was 
defined as no residual invasive or non-invasive carcinoma in 
both the breast and axillary lymph nodes (ypT0, ypN0). 

NAC Regimen

NAC was administered according to standard institutional 
protocols consisting of sequential anthracycline- and taxane-
based chemotherapy regimens. Dose-dense schedules were 
also adopted in selected cases. For patients with HER2-positive 
breast cancer, trastuzumab was administered concurrently with 
taxanes. Pertuzumab was additionally incorporated after its 
approval for early breast cancer in 2013 (16). 

MRI Acquisition and Evaluation

Breast MRI examinations were performed using a 1.5-Tesla 
scanner (Achieva; Philips Healthcare, Best, the Netherlands) with 
a dedicated breast coil. A gadolinium-based contrast agent (0.1 
mmol/kg) was administered intravenously at a rate of 2.0 mL/s 
using a bolus injection, followed by a saline flush of at least 10 
mL.

The imaging protocol included axial diffusion-weighted imaging 
(b-value: 1500 s/mm²), axial T1-weighted imaging, axial fat-
suppressed T2-weighted imaging, and dynamic contrast-
enhanced, fat-suppressed T1-weighted imaging using a 3D turbo 
field echo sequence (e-THRIVE). Dynamic images were acquired 
at 0, 1, 2, and 5 minutes after contrast administration. Additional 
sagittal contrast-enhanced T1-weighted images were acquired 
separately for each breast.

The slice thickness ranged from 1.6 to 5.0 mm depending on the 
sequence, and fat suppression was performed using SPAIR. MRI 
was performed at three time points: before NAC, during NAC, 
and after NAC.

MRI assessments were based on final radiological reports, 
documented by board-certified radiologists in the electronic 
medical records. MRI examinations were interpreted under 
a double-reading system by two board-certified radiologists. 
All radiologists had experience in breast MRI interpretation. 
MRI examinations were interpreted with access to clinical 
information, including the treatment course, as part of 
routine clinical practice. The readers were not fully blinded to 
pathological outcomes owing to the retrospective design of the 
study. Using information on the presence or absence of residual 
lesions and on the degree of contrast enhancement described in 
the reports, the investigators determined the final MRI findings 
for this study. Radiologic complete response (rCR) was defined 
as the complete disappearance of contrast enhancement at the 
tumor site on contrast-enhanced MRI.

Statistical Analysis

Logistic regression models were constructed with pCR (ypT0, 
ypN0) as the dependent variable. First, Model A was developed 
using only clinicopathological variables, without MRI findings. 
Variable selection was performed using a stepwise method 
based on the minimum Akaike information criterion (AIC). 
The assessments of rCR on interim and post-NAC MRI were 
sequentially added to the clinicopathological factors to construct 
Models B and C, respectively. Model D included both interim and 
post-NAC MRI assessments to evaluate their combined predictive 
value. 

Model performance was compared using the area under the 
receiver operating characteristic (ROC) curve (AUC) as the primary 
metric. Internal validation was performed using bootstrap 
resampling with 1,000 iterations to assess model discrimination. 
Sensitivity and specificity were also calculated to evaluate 
discriminative ability. To assess clinical usefulness, decision 
curve analysis was conducted to compare net benefits across a 
range of threshold probabilities. 

All statistical analyses were performed using R statistical software 
(version 4.5.0; the R foundation for statistical computing, Vienna, 
Austria). A two-sided p-value <0.05 was considered statistically 
significant. There were no missing data for the variables 
included in the regression analysis. Analyses were performed 
by breast cancer subtype (HR-positive/HER2-negative, HER2-
positive, and triple-negative). Diagnostic performance metrics, 
including sensitivity, specificity, positive predictive value (PPV), 
and negative predictive value (NPV), were evaluated within each 
subtype.
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Comparison of Diagnostic Performance Metrics

Diagnostic performance of each prediction model was evaluated 
using sensitivity, specificity, PPV, NPV, false-positive rate (FPR), 
and overall accuracy. All metrics were calculated to assess the 
ability of each model to predict pCR.

Sensitivity was defined as the proportion of patients with pCR 
correctly identified by the model. Specificity was defined as the 
proportion of patients without pCR who were correctly predicted 
as not having pCR. PPV and NPV were calculated from the counts 
of true-positive, true-negative, false-positive, and false-negative 
cases. FPR was defined as the proportion of patients without pCR 
who were incorrectly predicted to have pCR (1-specificity), and 
accuracy the proportion of correctly classified cases among all 
patients.

Results

Patient Characteristics

A total of 249 patients with invasive breast cancer were included 
in the analysis. The median age was 52 years. Clinical T1–2 
tumors were present in 195 (78%) patients, and 133 (53%) had 
clinically positive lymph nodes. pCR was observed in 62 patients 
(25%; Table 1). 

Logistic Regression Analysis of Clinicopathological Predictors 
of pCR

Multivariable logistic regression analysis identified three 
independent predictors associated with pCR for Model A: HR 
status, HER2 expression, and clinical T category. Clinical T 
category ≥3 [odds ratio (OR) 0.32; 95% confidence interval (CI) 
0.10–0.79; p = 0.023] and HR-positivity (OR 0.42; 95% CI 0.22–
0.80; p = 0.008) were significantly associated with non-pCR, 
whereas HER2-positivity (OR 2.38; 95% CI 1.27–4.51; p = 0.007) 
was significantly associated with pCR. Nuclear grade 3 showed a 
trend toward significance (OR 1.97; 95% CI 0.98–4.14; p = 0.063). 
The overall model remained statistically significant (likelihood 
ratio test, p<0.001; Table 2). 

ROC Analysis and Comparison of Models’ Diagnostic 
Performance

ROC curve analysis showed that the AUCs were 0.721 (95% CI 
0.661–0.796) for Model A, 0.819 (95% CI 0.752–0.881) for Model 
B, 0.847 (95% CI 0.791–0.903) for Model C, and 0.848 (95% CI 
0.791–0.906) for Model D. Compared with Model A, all MRI-
based models (Models B-D) showed significantly improved 
discrimination (DeLong test, p<0.0001). However, no significant 
differences were observed among Models B-D (p = 0.23–0.95; 
Figure 1). Bootstrap resampling yielded a mean AUC of 0.829 
(95% CI, 0.762–0.891) for Model B, indicating stable model 
discrimination.

Table 1. Baseline characteristics of the study population 
(n = 249)

Characteristic n (%)

Age (y), median (range) 52 (22–76)

Menopausal status

Premenopausal 129 (52%)

Postmenopausal 106 (43%)

Unknown 14 (5%)

Clinical T stage

T1/T2 195 (78%)

T3/T4 54 (22%)

Clinical N stage

N-negative 116 (47%)

N-positive 133 (53%)

HR status

Positive 112 (45%)

HER2 status

Positive 79 (32%)

Nuclear grade

Grade 1/2 88 (35%)

Grade 3 161 (65%)

pCR

Achieved 62 (25%)

Not achieved 187 (75%)

Surgery

Breast-conserving surgery 91 (37%)

Mastectomy 157 (63%)

Axillary surgery

Sentinel node biopsy only 104 (42%)

Axillary dissection 144 (58%)

HER2: Human epidermal growth factor receptor 2; HR: Hormone receptor; pCR: 
Pathological complete response

Table 2. Clinicopathological factors associated with 
pathological complete response selected by AIC-based 
stepwise logistic regression (Model A)

Variables Odds 
ratio 95% CI p-value

T3 or higher (vs. T1–2) 0.32 0.10–0.79 0.023

HR-positive (vs. HR-negative) 0.42 0.22–0.80 0.008

HER2-positive (vs. HER2-negative) 2.38 1.27–4.51 0.007

Nuclear grade 3 (vs. nuclear grade 
1–2) 1.97 0.98–4.14 0.063

AIC = 259.19; Pseudo-R² = 0.108 (McFadden’s R²). Overall significance of the 
logistic regression model (likelihood ratio test): p = 0.0000084. CI: Confidence 
interval; AIC: Akaike information criterion; HER2: Human epidermal growth factor 
receptor 2; HR: Hormone receptor
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Calibration

Calibration curve analysis demonstrated that Models B, C, and 
D, which incorporated MRI information, had better agreement 
between predicted and observed probabilities than Model A 
(Figure 2). Model B exhibited good calibration in the low-to-
intermediate probability range, whereas Model C tended to 
slightly underestimate predicted probabilities in the higher-
probability range. Model D demonstrated the most consistently 
favorable calibration across the full range of predicted 
probabilities. 

Clinical Utility based on Decision Curve Analysis

All prediction models demonstrated greater net benefit than 
did the treat-all and treat-none strategies. Model B provided the 
greatest net benefit in the higher threshold probability range 
(≥0.6), whereas Model C showed relatively higher clinical utility 
in the lower threshold probability range (≤0.3; Figure 3). 

Comparison of Diagnostic Accuracy Metrics

Model B demonstrated the highest sensitivity (0.99) and NPV 
(0.97), indicating an excellent ability to identify patients who 
achieve pCR. However, Model B also showed the lowest specificity 
(0.45) and the highest FPR (0.55), suggesting a substantial risk of 
misclassifying non-pCR cases as pCR. 

Model A showed the highest specificity (0.73) and the lowest FPR 
(0.27). Model C yielded the highest PPV (0.88), while Models C 
and D demonstrated comparable overall accuracy (0.83), slightly 
lower than that of Model B (0.86).

Figure 1. ROC curves of four logistic regression models for 
predicting pCR. The AUC values were 0.721 for Model A, 
0.819 for Model B, 0.847 for Model C, and 0.848 for Model 
D. Models incorporating MRI information (Models B-D) 
demonstrated markedly better predictive performance 
than that of Model A, whereas differences among the MRI-
based models were minimal

ROC: Receiver operating characteristic; MRI: Magnetic resonance 
imaging; pCR: Pathological complete response; AUC: Area under the 
curve

Figure 2. Calibration curves of four prediction models 
for pCR. Models incorporating MRI information (Models 
B-D) showed better agreement between predicted and 
observed probabilities than did Model A, with Model D 
demonstrating the most consistent calibration across a 
wide range of predicted probabilities

MRI: Magnetic resonance imaging; pCR: Pathological complete 
response

Figure 3. Decision curve analysis of four logistic regression 
models for predicting pCR. Decision curve analysis of the 
four prediction models: The vertical axis indicates net 
benefit, and the horizontal axis indicates the threshold 
probability for pCR. All models provided greater net benefit 
than did the treat-all and treat-none strategies. Model B 
showed the highest clinical utility in the higher threshold 
probability range (≥0.6), whereas Model C showed relatively 
greater utility in the lower threshold probability range 
(≤0.3)

pCR: Pathological complete response; NAC: Neoadjuvant 
chemotherapy; MRI: Magnetic resonance imaging
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These findings indicate that although Model B is highly sensitive 
and useful for identifying responders, its high FPR may limit its 
applicability for safely guiding surgical de-escalation (Table 3).

Subtype-Specific Analysis

Subtype-specific analyses revealed differences in diagnostic 
performance among the models across breast cancer subtypes 
(HR-positive/HER2-negative, HER2-positive, and triple-negative 
breast cancer).

Model B showed higher specificity in subtype analyses and lower 
FPRs across subtypes, whereas Models C and D showed more 
balanced performance with higher sensitivity. These subtype-
specific results are presented in Supplementary Tables 1A-C.

Discussion and Conclusion

In this study, the interim MRI-based pCR prediction model 
demonstrated a diagnostic performance comparable to that 
of post-NAC MRI, indicating its potential usefulness for clinical 
decision-making at an early-stage of treatment. Although 
Model B achieved the highest sensitivity (0.99) and NPV (0.97), 
this benefit was associated with the highest FPR (0.55), raising 
concerns about the risk of overtreatment when applied to 
surgical de-escalation. Models C and D demonstrated slightly 
superior overall discrimination with the highest AUC values 
(0.847 and 0.848); however, the improvement over Model B was 
marginal, and their FPRs remained moderately high.

Calibration curve analysis showed that MRI-integrated models 
provided better agreement between predicted and observed 
probabilities than did Model A, with Model D demonstrating the 
most stable calibration across all ranges. Decision curve analysis 
indicated that Model B provided the greatest net benefit at 
higher threshold probabilities (≥0.6), supporting its value when 
prioritizing pCR detection for early treatment intensification. 
Conversely, Model C was more beneficial at lower thresholds 
(≤0.3), suggesting that these models may have complementary 
roles depending on specific clinical goals. Taken together, 
interim MRI offers clinically meaningful predictive performance 

comparable to that of post-NAC MRI while enabling earlier 
therapeutic intervention. However, the relatively high FPR 
indicates that interim MRI alone may not be a safe guide for 
surgical de-escalation and that integration with post-NAC MRI 
remains essential to reduce unnecessary undertreatment and 
to optimize individualized patient care.

Previous prospective studies have also suggested the value 
of interim MRI for early assessment of treatment response. 
However, many of these studies were limited by small 
sample sizes or focused on specific molecular subtypes 
(e.g., ER-positive/HER2-negative), which may have restricted 
generalizability to real-world practice (8, 12). In contrast, the 
present study included all molecular subtypes and incorporated 
diverse treatment sequences reflective of contemporary 
clinical practice. Thus, our results provide evidence that the 
utility of interim MRI can be extrapolated to a broader patient 
population. 

Response-adapted treatment strategies guided by MRI have 
recently gained attention in NAC. For example, the TRAIN-3 
trial evaluated an MRI-guided early termination strategy based 
on rCR, demonstrating reduced treatment burden without 
compromising pCR rates (17). The I-SPY 2 trial incorporated early 
MRI response into its adaptive trial design, reporting a strong 
association between interim MRI response and pCR (18). These 
findings highlight the role of interim MRI not only as a predictive 
imaging biomarker but also as a key component in optimizing 
treatment duration and regimen selection. Our study supports 
this concept by demonstrating that combining interim MRI 
findings with clinicopathological factors can facilitate effective 
response-adapted clinical decision-making. 

The strengths of this study include (1) a relatively large, single-
institution cohort of 249 patients; (2) MRI evaluation at three 
standardized time points (pre-NAC, interim, and post-NAC), 
covering a broad range of molecular subtypes and treatment 
regimens reflecting real-world practice; (3) use of a strict 
definition of pCR (ypT0, ypN0); and (4) comprehensive evaluation 

Table 3. Diagnostic performance for predicting pathological complete response in each prediction model

Parameter Model A Model B Model C Model D

Sensitivity 0.59 (0.52–0.66) 0.99 (0.97–1.00) 0.90 (0.85–0.94) 0.91 (0.86–0.95)

Specificity 0.73 (0.60–0.83) 0.45 (0.32–0.58) 0.63 (0.50–0.75) 0.60 (0.46–0.72)

PPV 0.87 (0.80–0.92) 0.85 (0.79–0.89) 0.88 (0.82–0.92) 0.87 (0.82–0.92)

NPV 0.37 (0.29–0.46) 0.97 (0.82–1.00) 0.67 (0.54–0.79) 0.69 (0.54–0.80)

FPR 0.27 (0.17–0.40) 0.55 (0.42–0.68) 0.37 (0.25–0.50) 0.40 (0.28–0.54)

Accuracy 0.63 (0.56–0.69) 0.86 (0.81–0.90) 0.83 (0.78–0.88) 0.83 (0.78–0.88)

Values are shown as estimates with 95% confidence intervals in parentheses.

FPR: False-positive rate (1-specificity); NPV: Negative predictive value; PPV: Positive predictive value
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of discrimination, calibration, and clinical usefulness using 
decision curve analysis. These features reinforce the clinical 
applicability of the developed prediction models.

Some limitations should also be acknowledged. First, as this 
was a single-center retrospective study, potential selection 
and information biases cannot be excluded. Second, patients 
were treated between 2010 and 2020, and updated analyses 
incorporating more recent standard-of-care regimens, including 
immunotherapy for triple-negative breast cancer, are warranted 
(19). Third, variable selection was performed using an AIC-based 
stepwise procedure, which may have introduced data-driven 
selection bias and potential overfitting. However, internal 
validation using bootstrap resampling suggested that the model 
performance was relatively stable, although external validation 
is warranted.

Fourth, subgroup analyses by breast cancer subtype were 
performed; however, the results should be interpreted with 
caution due to the limited sample size in each subgroup. This 
study did not assess the absolute clinical consequences of false 
positives (undertreatment) or true positives (benefit), as the 
primary objective was to compare relative usefulness among 
models. Future investigations should incorporate regimen-
specific toxicity and patient preferences when defining clinically 
meaningful decision thresholds. 

Future Perspectives

External validation using independent cohorts is necessary to 
confirm the generalizability of our findings. Standardization 
of MRI acquisition and interpretation criteria should also be 
pursued. Additionally, incorporating quantitative MRI-derived 
parameters (e.g., volumetric tumor shrinkage, signal intensity 
changes) may further improve objectivity and reproducibility in 
prediction models (20). Ultimately, integration of these predictive 
models into routine clinical workflows to guide response-adapted 
strategies and to dynamically optimize treatment duration and 
regimens based on interim MRI responses will be essential. Such 
an approach may enhance personalized breast cancer care by 
maximizing therapeutic benefit while minimizing unnecessary 
treatment-related toxicities. 

In this study, we showed that interim MRI demonstrated 
predictive performance for pCR in patients with breast cancer 
that was comparable to that of post-NAC MRI and enabled 
earlier clinical decision-making, indicating its potential utility as 
a decision-support tool that can be implemented early in the 
management of breast cancer. 
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