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Abstract. Accurate models for predicting pathological 
complete response (pCR) after neoadjuvant therapy (NAT) 
are increasingly needed in patients with human epidermal 
growth factor receptor 2 (HER2)‑positive breast cancer (BC). 
In the present study, a nomogram was developed to estimate 

the probability of achieving a pCR in this population. Clinical 
data were retrospectively and prospectively collected from 
patients with HER2‑positive BC at three time points: Before 
NAT, after the first cycle of neoadjuvant targeted therapy and 
after the completion of NAT before surgery. Logistic regres‑
sion analysis was performed to identify independent predictors 
of pCR, and these variables were used to construct a predictive 
model and corresponding nomogram. Model performance was 
evaluated using calibration curves, decision curve analysis, 
receiver operating characteristic (ROC) curves and the area 
under the ROC curve (AUC), with retrospective data and 
prospective data used for internal and external validations, 
respectively. Logistic regression analysis of the retrospective 
cohort identified eight predictors associated with pCR, which 
were incorporated into a concise nomogram. Internal valida‑
tion demonstrated good calibration and strong predictive 
performance, with an AUC value of 0.886 (P<0.001), sensi‑
tivity of 0.822 and specificity of 0.818. External validation 
further confirmed the excellent discriminatory ability of the 
model, yielding an AUC value of 0.961 (P<0.001), sensitivity 
of 1.000 and specificity was 0.875. Overall, this nomogram, 
which integrates multiple clinically relevant factors, may serve 
as a useful tool for predicting post‑NAT pCR in patients with 
HER2‑positive BC and may support more precise treatment 
decision‑making in clinical practice.

Introduction

Breast cancer (BC) has the second highest age‑standardized 
incidence rate (46.8 per 100,000) among malignant tumors 
worldwide according to recent global cancer burden data (1). 
Neoadjuvant therapy (NAT) has become the acknowledged 
standard treatment for middle‑ and early‑stage BC world‑
wide (2). NAT offers several clinical advantages, including 
tumor downstaging, reduction in tumor size to facilitate 
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breast‑conserving surgery, expansion of surgical options, early 
assessment of treatment response, reduction of systemic tumor 
burden and improvement of long‑term clinical prognosis (3). 
Pathological complete response (pCR), defined as the absence 
of residual invasive cancer in the breast and axillary lymph 
nodes after NAT (4,5), is commonly used as a key endpoint 
in clinical studies. Achieving a pCR is associated with mark‑
edly improved long‑term survival outcomes, compared with 
those have residual tumors  (4). Human epidermal growth 
factor receptor 2 (HER2)‑positive BC represents a distinct 
molecular subtype, characterized by high invasiveness, early 
metastasis, a poor prognosis and a high risk of recurrence, as 
well as reduced sensitivity to conventional chemotherapy (5,6). 
In recent years, the development and clinical application of 
HER2‑targeted therapies and small‑molecule inhibitors have 
substantially improved treatment outcomes (7). In particular, 
the combination of trastuzumab and pertuzumab with chemo‑
therapy drugs has been shown to be safe and to achieve higher 
pCR rates (39.38‑68%) in multiple studies (8‑10).

Magnetic resonance imaging (MRI), particularly the 
combination of dynamic contrast‑enhanced MRI (DCE‑MRI) 
and diffusion weighted imaging (DWI), is currently 
regarded as a preferred method for evaluating the efficacy 
of NAT in BC (11). DCE‑MRI combined with DWI enables 
morphological assessment for tumor size and post‑treatment 
contraction patterns in both the primary tumor and axillary 
lymph nodes, while also providing functional information 
on water molecule diffusion, cellular metabolism and tumor 
hemodynamics (12,13). Semi‑quantitative parameters, such 
as the time intensity curve (TIC), and quantitative measures, 
such as the apparent diffusion coefficient (ADC) value, further 
reflect the structural and microenvironmental characteristics 
of tumor tissue (14).

In addition to imaging data, response to NAT can also 
be reflected by various circulating tumor biomarkers  (15). 
Carcinoembryonic antigen (CEA) is a widely used non‑specific 
tumor marker that is elevated in several malignancies, including 
colorectal (16), lung (17) and gastric (18) cancer, as well as 
BC  (19). Carbohydrate antigens (CAs), including CA125, 
CA153, CA19‑9, CA724, CA242, represent another group of 
commonly used markers in clinical practice (19). However, no 
standardized approach exists regarding the optimal selection or 
combination of these markers for evaluating NAT response in 
BC. Therefore, integrating serum tumor markers with imaging 
data may improve the assessment of treatment response.

Generally, the early prediction and identification of patients 
likely to achieve a pCR during NAT, using readily available 
clinical data, can provide valuable guidance for optimizing 
surgical timing and strategy, as well as subsequent treatment 
planning  (20). Accordingly, the development of predictive 
models for pathological response in HER2‑positive BC 
following neoadjuvant targeted therapy (NTT) has become an 
important area of research. In the present study, independent 
predicators of pCR were identified from pathological features, 
DCE‑MRI imaging parameters and serum tumor biomarkers 
in patients with HER2‑positive BC. Based on these factors, a 
comprehensive predictive model was developed and presented 
as a nomogram to facilitate the preoperative estimation 
of treatment response and support individualized clinical 
decision‑making.

Patients and methods

Study cohorts. The study protocol was reviewed and approved 
by the institutional ethics committee of the Third Affiliated 
Hospital of Kunming Medical University, Yunnan Cancer 
Hospital, Yunnan Cancer Centre, Peking University Cancer 
Hospital Yunnan Hospital, Kunming, China (approval no. 
KYLX2022182). Patients were enrolled after a diagnosis of 
early‑ or mid‑stage (less than stage IV) HER2‑positive BC 
confirmed by preoperative biopsy. Patients were retrospectively 
included between January 1, 2018, and December 31, 2021, 
and prospectively enrolled between January  1,  2022, and 
September 30, 2022, at the Breast Cancer Center of the Third 
Affiliated Hospital of Kunming Medical University, Yunnan 
Cancer Hospital (Kunming, China). Inclusion criteria were as 
follows: i) Newly diagnosed early‑ or mid‑stage (less than stage 
IV) HER2‑positive BC; ii) completion of full‑course NAT 
combining targeted therapy and chemotherapy; iii) surgery 
performed after NAT with available pathological results; and 
iv) complete MRI and hematological data at baseline, after 
the first cycle of NTT, and after completion of NAT prior to 
surgery. The exclusion criteria were as follows: i) Incomplete 
pathological or hematological data; ii) stage IV BC at initial 
diagnosis; iii) failure to complete targeted therapy; iv) failure 
to undergo surgery as scheduled; v) contraindications to MRI 
(such as claustrophobia or contrast allergy); and vi) compli‑
cated by other primary malignant tumors. The same inclusion 
and exclusion criteria were applied uniformly to both the 
retrospective and prospective cohorts.

A total of 2,916 patients with HER2‑positive invasive BC 
were retrospectively screened, 269 of whom met the eligibility 
criteria and were included for model development and internal 
validation. Subsequently, 24 patients meeting the same criteria 
were prospectively enrolled for external validation. The study 
flowchart is presented in Fig. 1. All patients included were 
female, and the median age was 48 years (range, 24‑73 years). 
The retrospective cohort comprised 269 female patients, with 
a median age of 48 years (range, 24‑68 years). The prospec‑
tive cohort included 24 female patients, with a median age of 
44 years (range, 29‑73 years).

Clinical data collection
Basic clinical features and NAT regimens. Collected clini‑
cally relevant variables included sex, age, menstrual status, 
marital status and TNM stage (based on the 8th edition of the 
American Joint Committee on Cancer staging manual (21), 
as well as chemotherapy and targeted therapy regimens. 
Neoadjuvant chemotherapy regimens in this study primarily 
included Taxol + carboplatin (21‑day cycle, for six cycles) 
and anthracyclines + cyclophosphamide followed by Taxol 
(21‑day cycle, for eight cycles). Targeted therapy included 
trastuzumab (Herceptin) alone or dual‑target trastuzumab + 
pertuzumab (HP), administered every 21 days for a duration 
of 1 year. 

Pathological data. Estrogen receptor (ER), progesterone 
receptor (PR), Ki‑67 and HER2 status were assessed using 
immunohistochemistry on initial biopsy specimens and inde‑
pendently confirmed by two pathologists, which were directly 
obtained from the original diagnostic pathology reports in 
the patients' medical records, as assessed by the institutional 
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pathology department. Following completion of NAT, surgical 
treatment was performed based on patient preference, tumor 
size and relevant clinical status. pCR was defined as the 
absence of residual invasive cancer cells in the breast and 
negative axillary lymph nodes on postoperative pathological 
evaluation.

Imaging data acquisition. MRI examinations were 
performed using a Siemens Avanto1.5T system (Siemens 
AG) with a dedicated four‑channel breast coil. Patients were 
positioned prone with both breasts placed within the coil 
(head advanced, arms raised and bilateral breasts naturally 
overhung in the groove of the coil on the surface of the breast). 
DCE‑MRI was conducting using a three‑dimensional dynamic 
imaging sequence (repetition time, 4.43 msec; echo time, 
1.5 msec; field of view, 340 mm; slice thickness, 1.7 mm; flip 
angle, 10 ;̊ average acquisition times, once). After an acquisi‑
tion of pre‑contrast images, gadodiamide was administered 

intravenously at a dose of 0.2 mmol/kg (body weight), and 
a rate of 2.5 ml/sec followed by seven sequential dynamic 
enhancement acquisitions (60 sec per phase).

The imaging data collected included the maximum tumor 
diameter, maximum axillary lymph node diameter, ADC 
value, TIC type and tumor enhancement type on MRI at base‑
line before the first NTT (MRI0), after the first NTT (MRI1) 
and after the last NTT (MRI2). MRI0 data was collected 
before any invasive procedures such as biopsy, when the tumor 
remained completely unaltered by any intervention, which 
denotes the most original state of the disease at the time of 
initial discovery. The ADC values in MRI0, MRI1 and MRI2 
were recorded as ADC0, ADC1 and ADC2, respectively. 
Relative changes in ADC were calculated as ΔADC1 (ADC1 
vs. ADC0), ΔADC2 (ADC2 vs. ADC0) and ΔADC3 (ADC2 
vs. ADC1). The TIC types in MRI0, MRI1 and MRI2 were 
denoted as TIC0, TIC1 and TIC2, respectively. 

Figure 1. Flowchart of the whole study. A simple and clear flowchart of the whole study to demonstrate how this study was carried out step by step from data 
collection to model construction and validation. HER2, human epidermal growth factor receptor 2; NAT, neoadjuvant therapy; TNM, Tumor‑Node‑Metastasis; 
ER, estrogen receptor; PR, progesterone receptor; ADC, apparent diffusion coefficient; TIC, time intensity curve; MRI, magnetic resonance imaging; CEA, 
carcinoembryonic antigen; AFP, α‑fetoprotein; CA, carbohydrate antigen; pCR, pathological complete response; DCA, decision curve analysis; ROC, receiver 
operating characteristic.
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Hematological data. Serum ferritin (SF), CEA, 
α‑fetoprotein (AFP), CA125, CA153, CA199, CA242 and 
CA724 were measured using a chemiluminescence immuno‑
assay (Sample source and amount: Fasting venous blood (5 ml) 
was collected from each patient before treatment. Serum was 
separated by centrifugation at 1,510 x g for 10 min at room 
temperature. Assay platform and reagents: The serum levels 
of SF, CEA, AFP, CA125, CA153, CA199, CA242 and CA724 
were measured using a cobas 8000 e801 electrochemilumi‑
nescence immunoassay analyzer (Roche Diagnostics) with 
paired reagent kits (cat. no. 2019062457). All procedures were 
performed strictly according to the instrument and reagent 
instructions). Measurements were recorded at baseline (‑0), 
after the first cycle of targeted therapy (‑1) and after completion 
of NAT before surgery (‑2).

Construction and validation of nomogram model. Continuous 
variables with skewed distributions are presented as the median 
(range), whereas normally distributed variables are expressed 
as the mean ± standard deviation. Categorical variables are 
presented as frequency (percentage). Patients were catego‑
rized into pCR and non‑pCR groups based on postoperative 
pathological information. 

Comparisons between groups were performed using 
unpaired independent‑samples Student's t‑test or Levene's test 
for continuous variables, the rank‑sum test for ordinal vari‑
ables, and Pearson's χ2 test or Fisher's exact test for categorical 
variables. For retrospective data, univariate logistic regression 
analysis was conducted to identify factors associated with 
pCR after NAT, and variables with P<0.10 were subsequently 
included in multivariate logistic regression analysis to iden‑
tify independent predictors. These predictors were used to 
construct the nomogram.

Internal validation was performed using bootstrap resam‑
pling (1,000 iterations). Calibration curves were generated to 
assess agreement between predicted and observed outcomes. 
Decision curve analysis (DCA) was conducted to evaluate 
clinical utility across a range of threshold probabilities. Model 
discrimination was assessed using receiver operating charac‑
teristic (ROC) curves and the area under the ROC curve (AUC), 
with AUC >0.75 indicating good predictive performance. 

External validation was conducted using prospective data, 
and ROC curves and AUC values were calculated accordingly.

Statistical analysis. Statistical analyses were performed using 
SPSS 22.0 (IBM Corp.), Graphpad Prism version 7.0 (Dotmatics) 
and R software (version 4.1.2; https://www.r‑project.org/). 
R packages used included rms, pROC, rmda and caret. 
Two‑sided P<0.05 was considered to indicate a statistically 
significant difference.

Results

Significant differences in the distribution of four basic 
clinical characteristics in the comparison between pCR and 
non‑pCR groups in retrospective data. A total of 269 patients 
were included in the retrospective cohort. All patients were 
female, married and diagnosed with invasive ductal carci‑
noma. Significant differences were observed in four clinical 
characteristics between the pCR group and non‑pCR groups. 

Regarding tumor burden, T stage was predominantly T2 
in both groups; however, the proportion of T2 tumors was 
significantly higher in the pCR group than in the non‑pCR 
group (68.32 vs. 50.00%). Similarly, patients in the pCR group 
were more frequently classified as early to mid‑stage (2A‑3A), 
whereas those in the non‑pCR group were more often in more 
advanced stages (2B‑3B). In terms of hormone receptor expres‑
sion, the proportions of ER‑positive (48.15%) and PR‑positive 
(68.52%) tumors were higher in the non‑pCR group than in the 
pCR group. Regarding the NAT regimen, anthracycline‑based 
chemotherapy and dual‑target therapy with HP were the main 
treatment approaches in both groups (Table I).

In total, 14 basic clinical characteristics were compared. 
No significant differences were observed between the pCR 
and non‑pCR groups in terms of age, sex, menstrual status, 
marital status, pathological type, N stage, Ki‑67 expression, 
targeted therapy regimen, chemotherapy regimen, or number 
of postoperative pathological axillary lymph nodes. However, 
significant differences were found in T stage, overall TNM 
stage, ER expression and PR expression (Table I). Specifically, 
lower T stage, earlier TNM comprehensive stage, and negative 
ER/PR expression were associated with a higher pCR rate.

Lack of significant differences in the distribution of basic 
clinical characteristics in the comparison between pCR and 
non‑pCR groups in prospective data. A total of 24 patients 
with HER2‑positive BC were prospectively enrolled as the 
external validation cohort. The median age in the prospective 
data was 48.5 years in the pCR group and 40.5 years in the 
non‑pCR group. All of these patients were female, married 
and had invasive ductal carcinoma. No significant differences 
were observed in the distribution of the 14 basic clinical 
characteristics between the two groups (Table II). This lack 
of significance may be related to the small sample size of the 
cohort (n=24) limiting statistical power, and the relatively 
homogeneous baseline characteristics of the prospectively 
enrolled patients.

Comparison of MRI findings between the pCR and non‑pCR 
groups in the retrospective cohort
MRI0 data. Before NTT, the mean maximum tumor diameter 
was significantly smaller in the pCR group than that in the 
non‑pCR group. The mean ADC values were ~0.7 in both 
groups, with no significant difference. In >60% of patients in 
both groups, the main TIC pattern was the inflow‑outflow type 
(Table III).

MRI1 data. After the first targeted therapy cycle, 
significant differences in MRI parameters were observed 
between the two groups. The maximum tumor diameter 
decreased in both groups and was significantly smaller in 
the pCR group than that in the non‑pCR group (2.217±1.307 
vs. 3.516±2.179 cm). The reduction in tumor diameter was 
greater in the pCR group (41.287%) than in the non‑pCR 
group (23.298%) (Table IV). 

The mean ADC1 value in the pCR group was signifi‑
cantly different from that in the non‑pCR group. ADC values 
increased in both groups compared with baseline. The increase 
in ADC1 relative to ADC0 was greater in the pCR group 
(28.919%) than in the non‑pCR group ΔADC1 (20.384%). In 
addition, the main TIC type in the pCR group changed from 



ONCOLOGY LETTERS  32:  339,  2026 5

Table I. Basic clinical characteristic comparison between the pCR and non‑pCR groups in retrospective data.

Characteristics	 pCR group	 Non‑pCR group	 t/χ2/Z value	 P‑value

Age, yearsa	 49 (24‑68)	 46 (27‑65)	 1.242	 0.216
Sex, n (%)			   0.000	 1.000
  Female	 161 (100.00)	 108 (100.00)		
  Male	 0 (0.00)	 0 (0.00)		
Menstrual status, n (%)			   2.226	 0.136
  Pre‑menopausal	 79 (49.07)	 63 (58.33)		
  After menopause	 82 (50.93)	 45 (41.67)		
Marital status, n (%)			   0.000	 1.000
  Unmarried	 0 (0.00)	 0 (0.00)		
  Married	 161 (100.00)	 108 (100.00)		
T stage, n (%)			   ‑3.195	 0.001b

  1	 6 (3.73)	 4 (3.70)		
  2	 110 (68.32)	 54 (50.00)		
  3	 29 (18.01)	 23 (21.30)		
  4	 16 (9.94)	 27 (25.00)		
N stage, n (%)			   ‑1.204	 0.229
  0	 21 (13.04)	 9 (8.33)		
  1	 101 (62.73)	 67 (62.04)		
  2	 31 (19.25)	 29 (26.85)		
  3	 8 (4.97)	 3 (2.78)		
TNM stage, n (%)			   ‑2.571	 0.010b

  2A	 19 (11.80)	 9 (8.33)		
  2B	 78 (48.45)	 40 (37.04)		
  3A	 42 (26.09)	 30 (27.78)		
  3B	 14 (8.70)	 26 (24.07)		
  3C	 8 (4.97)	 3 (2.78)		
Pathological type, n (%)			   0.000	 1.000
  Invasive ductal carcinoma	 161 (100.00)	 108 (100.00)		
  Other types	 0 (0.00)	 0 (0.00)		
ER status, n (%)			   5.777 	 0.016b

  Positive	 54 (33.54)	 52 (48.15)		
  Negative	 107 (66.46)	 56 (51.85)		
PR status, n (%)			   7.125	 0.008b

  Positive	 84 (52.17)	 74 (68.52)		
  Negative	 77 (47.83)	 34 (31.48)		
Ki67c	 39.690±17.845	 37.900±20.500	 0.758	 0.449
Target therapy scheme, n (%)			   3.503	 0.061
  Herceptin (trastuzumab)	 37 (22.98)	 36 (33.33)		
  Herceptin (trastuzumab) +	 124 (77.02)	 72 (66.67)		
  pertuzumab
Chemotherapy scheme, n (%)			   0.157	 0.692
  Taxol + carboplatin	 65 (40.37)	 41 (37.96)		
  Anthracyclines +	 96 (59.63)	 67 (62.04)		
  cyclophosphamide followed
  by Taxol
Number of postoperative axillary	 16.660±5.237	 16.730±5.779	 ‑0.098	 0.922
lymph nodesc	

aData are presented as the median (range). bP<0.05. cData are presented as the mean ± standard deviation. pCR, pathological complete response; 
TNM, Tumor‑Node‑Metastasis; ER, estrogen receptor; PR, progesterone receptor.

https://www.spandidos-publications.com/10.3892/ol.2026.15693
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Table II. Basic clinical characteristics comparison between the pCR and non‑pCR groups in prospective data.

Characteristics	 pCR group	 Non‑pCR group	 t/χ2/Z value	 P‑value

Age, yearsa	 48.5 (29‑73)	 40.5 (35‑52)	 1.565	 0.132
Sex, n (%)			   0.000	 1.000
  Female	 16 (100.00)	 8 (100.00)		
  Male	 0	 0		
Menstrual status, n (%)			   ‑b	 0.178
  Pre‑menopausal	 8 (50.00)	 7 (87.50)	 	

  After menopause	 8 (50.00)	 1 (12.50)	 	

Marital status, n (%)			   0.000	 1.000
  Unmarried	 0	 0		
  Married	 16 (100.00)	 8 (10.00)		
T stage, n (%)			   ‑0.283	 0.777
  1	 2 (12.50)	 0		
  2	 9 (56.25)	 6 (75.00)		
  3	 2 (12.50)	 0		
  4	 3 (18.75)	 2 (25.00)		
N stage, n (%)			   ‑0.245	 0.806
  0	 0	 2 (25.00)		
  1	 8 (50.00)	 6 (75.00)		
  2	 7 (43.75)	 0		
  3	 1 (6.25)	 0		
TNM stage, n (%)			   ‑1.403	 0.161
  2A	 1 (6.25)	 2 (25.00)		
  2B	 5 (31.25)	 4 (50.00)		
  3A	 6 (37.50)	 0		
  3B	 3 (18.75)	 2 (25.00)		
  3C	 1 (6.25)	 0		
Pathological type, n (%)			   0.000	 1.000
  Invasive ductal carcinoma	 16 (100.00)	 8 (100.00)		
  Other types	 0	 0		
ER status, n (%)			   ‑b	 0.099
  Positive	 4 (25.00)	 5 (62.50)	 	

  Negative	 12 (75.00)	 3 (37.50)	 	

PR status, n (%)			   ‑b	 0.099
  Positive	 4 (25.00)	 5 (62.50)	 	

  Negative	 12 (75.00)	 3 (37.50)	 	

Ki67c	 30.000±9.832	 28.125±15.338	 0.365	 0.719
Target therapy scheme, n (%)			   ‑b	 0.647
  Herceptin (trastuzumab)	 4 (25.00)	 3 (37.50)	 	

  Herceptin (trastuzumab) +	 12 (75.00)	 5 (62.50)	 	

  pertuzumab
Chemotherapy scheme, n (%)			   ‑b	 0.289
  Taxol + carboplatin	 14 (87.50)	 5 (62.50)	 	

  Anthracyclines + cyclophosphamide	 2 (12.50)	 3 (37.50)	 	

  followed by Taxol
Number of postoperative axillary	 16.630±6.407	 14.630±6.301	 ‑0.725	 0.476
lymph nodesc

aData are presented as the median (range). b‑means no test statistic from Fisher's exact test. cData are presented as the mean ± standard deviation. 
pCR, pathological complete response; TNM, Tumor‑Node‑Metastasis; ER, estrogen receptor; PR, progesterone receptor.
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inflow‑outflow to inflow‑platform, whereas the main TIC type 
in the non‑pCR group remained as inflow‑outflow (Table IV).

MRI2 data. After 4‑6 cycles of preoperative NAT, the 
maximum tumor diameter was further reduced in both 
groups, and the tumor diameter in the pCR group remained 
significantly smaller than that in the non‑pCR group. In 
the pCR group, the ADC2 value increased to 1.222±0.256 
(x10‑3 mm2/sec), which was 18.617 and 47.536% higher than 
the ADC1 and ADC0 values, respectively. In the non‑pCR 
group, the average value of ADC2 increased to 0.944±0.264 
(x10‑3 mm2/sec), which was 2.470 and 22.855% higher than 
those of the ADC1 and ADC0 values, respectively. ADC2, 
ΔADC2 and ΔADC3 were all significantly higher in the pCR 
group than those in the non‑pCR group. The main TIC type 
in the pCR group further changed to the inflow‑inflow type 

(74.5%), whereas the main TIC type in the non‑pCR group 
changed from the inflow‑outflow at MRI0 and MRI1 to the 
inflow‑platform at MRI2 (Table V).

Hematological characteristics comparison between pCR and 
non‑pCR groups in the retrospective cohort. At baseline, SF0 
was significantly higher and CEA0 was significantly lower in the 
pCR group than those values in the non‑pCR group. After the first 
targeted therapy cycle, only CEA1 differed significantly between 
the two groups, and the CEA showed continuous downward trend 
from baseline to the last time point in both groups. After the last 
preoperative targeted therapy, CEA2, AFP2 and CA153‑2 were 
significantly lower in the pCR group than in the non‑pCR group. 
No significant differences were found in CA125, CA19‑9, CA242 
and CA724 between the two groups (Table VI).

Table III. Comparison of MRI0 data between pCR group and non‑pCR groups.

MRI0	 pCR group	 Non‑pCR group	 t/χ2/Z value	 P‑value

Maximum diameter of tumor, cma	 3.776±1.753	 4.584±2.249	 ‑3.147	 0.002b

Maximum diameter of axillary lymph nodes, cma	 1.521±1.180	 1.293±0.950	 1.671	 0.096
ADC0 (x10‑3 mm2/sec)a	 0.746±0.151	 0.716±0.134	 1.710	 0.088
MRI0 TIC0 type, n (%)			   1.221	 0.543
  Inflow‑inflow	 5 (3.11)	 2 (1.85)		
  Inflow‑platform	 57 (35.40)	 33 (30.56)		
  Inflow‑outflow	 99 (61.49)	 73 (67.59)		
Reinforcement‑type, n (%)			   0.260	 0.878
  No  reinforcement	 9 (5.59)	 7 (6.48)		
  Reinforcement	 146 (90.68)	 98 (90.74)		
  Uneven reinforcement	 6 (3.73)	 3 (2.78)		

aData are presented as the mean ± standard deviation. bP<0.05. pCR, pathological complete response;  MRI0, magnetic resonance imaging data 
at baseline; ADC0, apparent diffusion coefficient at baseline; TIC0, time intensity curve at baseline.

Table IV. MRI1 data comparison between the pCR and non‑pCR groups.

MRI1	 pCR group	 Non‑pCR group	 t/χ2/Z value	 P‑value

Maximum diameter of tumor, cma	 2.217±1.307	 3.516±2.179	 ‑5.560	 <0.001b

Maximum diameter of axillary lymph nodes, cma	 0.784±0.803	 0.823±0.691	 ‑0.409	 0.683
ADC1 (x10‑3 mm2/sec)a	 1.035±0.281	 0.919±0.228	 3.721	 <0.001b

MRI1 TIC1 type, n (%)			   27.886	 <0.001b

  Inflow‑inflow	 41 (25.47)	 12 (11.11)		
  Inflow‑platform	 83 (51.55)	 38 (35.19)		
  Inflow‑outflow	 37 (22.98)	 58 (53.70)		
Reinforcement type, n (%)			   0.254	 0.881
  No  reinforcement	 14 (8.70)	 9 (8.33)		
  Reinforcement	 144 (89.44)	 96 (88.89)		
  Uneven reinforcement	 3 (1.86)	 3 (2.78)		
ΔADC1, %	 28.919±31.935	 20.384±22.760	 2.558	 0.011b

aData are presented as the mean ± standard deviation. bP<0.05. pCR, pathological complete response;  MRI1, magnetic resonance imaging data 
after the first cycle of targeted therapy; ADC1, apparent diffusion coefficient after the first cycle of targeted therapy; TIC1, time intensity curve 
after the first cycle of targeted therapy; ΔADC1, calculated change in ADC value (ADC1 vs. ADC0).
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Univariate logistic regression analysis of retrospective data. 
Univariate logistic regression analysis revealed that TNM 
stage 2A (vs. 3B), ER status, PR status, maximum diameter 
(in MRI0, MRI1, and MRI2), TIC inflow to inflow type in 
MRI1 (vs. inflow to outflow type), TIC inflow to inflow type 
in MRI2 (vs. inflow to outflow type and vs. inflow to platform 
type) ADC1, ADC2, ΔADC1, ΔADC2, ΔADC3, SF0, CEA‑0, 
CEA1, CEA‑2, AFP‑0, AFP‑2 and CA153‑2 were predictive 
factors for pCR (Table VII).

Multivariate logistic regression analysis of retrospective 
data. Variables identified as significant in the univariate 
logistic regression analysis of retrospective data were engaged 
in the multivariate logistic regression analysis. To reduce the 
omission of potentially important factors due to interaction, 
variables with P<0.10 were identified as predictors. Prior to 
multivariate logistic regression, multicollinearity among 
the included variables was assessed using variance inflation 
factors (VIFs). All VIF values were <5, indicating no signifi‑
cant collinearity. The results showed that pCR was more likely 
to occur in patients with negative PR, higher ADC2 at MRI2, 
inflow‑inflow type in TIC2, greater ΔADC2, greater ΔADC3, 
and lower CEA‑0, CEA‑1 and CA153‑2 (Table VIII). 

Development and evaluation of the nomogram of the 
prediction model
Construction of the pCR prediction nomogram. Based on the 
multivariate logistic regression analysis of the retrospective 
data, eight predictive factors were selected from all included 
variables. The multivariate prediction model was visualized, 
and the nomogram was constructed using R software (Fig. 2). 

Internal validation of the pCR prediction model. The nomo‑
gram was internally validated using the bootstrap method. The 
Hosmer‑Lemeshow test indicated good fit of the prediction 

model (P=0.453). A calibration curve was then constructed 
according to the relationship between the predicted results 
and the actual outcomes, showing close agreement between 
the model performance curve and the diagonal reference line. 
This indicated good consistency between the predicted and 
observed pCR outcomes (Fig. 3).

The DCA curve further showed that the prediction model 
provided net benefit across a threshold probability range of 
0‑80% (Fig. 4). ROC analysis yielded an AUC of 0.886, with 
an optimal cut‑off value of 0.605, sensitivity of 0.822 and 
specificity of 0.818, indicating good predictive performance 
and accuracy (Fig. 5).

External validation of the pCR prediction model. A total 
of 24 patients with HER2‑positive BC were prospectively 
included as the external validation cohort, and an ROC 
curve was generated for external validation. The AUC value 
was 0.961 (P=0.001), with an optimal cut‑off value of 0.854, 
sensitivity of 1.000 and specificity of 0.875, indicating good 
predictive performance and high accuracy in the external 
validation cohort (Fig. 6).

Discussion

pCR is an important endpoint in the management of 
HER2‑positive BC, and pCR rates after first‑line NAT scheme 
are relatively high in patients with this subtype (22,23). Previous 
studies, including the NeoSphere trial, demonstrated that 
patients achieving a pCR had improved 5‑year progression‑free 
survival rates compared with those without a pCR (85 vs. 76%; 
HR, 0.54; 95% CI, 0.29‑1.00) (9). Similar findings were reported 
in the PEONY trial, in which the pCR group showed a higher 
5‑year disease‑free survival rate than the non‑pCR group (91.5 
vs. 82.1%) (24). These findings have led some investigators to 
propose pCR as a surrogate endpoint for prognosis in patients 

Table V. Comparison of MRI2 data between the pCR and non‑pCR groups.

MRI2	 pCR group	 Non‑pCR group	 t/χ2/Z value	 P‑value

Maximum diameter of tumor, cma	 1.515±1.182	 2.517±1.860	 ‑4.965	 <0.001b

Maximum diameter of axillary lymph nodes, cma	 0.442±0.436	 0.469±0.501	 ‑0.472	 0.637
ADC2 (x10‑3 mm2/sec)a	 1.222±0.256	 0.944±0.264	 8.613	 <0.001b

MRI2 TIC2 type, n (%)				    <0.001b

  Inflow‑inflow	 120 (74.53)	 22 (20.37)	 77.505	
  Inflow‑platform	 29 (18.01)	 51 (47.22)		
  Inflow‑outflow	 12 (7.45)	 35 (32.41)		
Type of reinforcement, n (%)			   1.715	 0.424
  No  reinforcement	 17 (10.56)	 11 (10.19)		
  Reinforcement	 141 (87.58)	 92 (85.19)		
  Uneven reinforcement	 3 (1.86)	 5 (4.63)		
ΔADC2, %	 47.536±30.597	 22.855±25.765	 7.136	 <0.001b

ΔADC3, %	 18.617±29.274	 2.470±23.459	 4.792	 <0.001b

aData are presented as the mean ± standard deviation. bP<0.05. pCR, pathological complete response;  MRI2, magnetic resonance imaging data 
after completion of neoadjuvant therapy before surgery; ADC2, apparent diffusion coefficient after completion of neoadjuvant therapy before 
surgery; TIC2, time intensity curve after completion of neoadjuvant therapy before surgery; ΔADC2, calculated change in ADC value (ADC2 
vs. ADC0); ΔADC3, calculated change in ADC value (ADC2 vs. ADC1).
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with HER2‑positive BC (25‑27). However, improving outcomes 
in HER2‑positive BC requires not only advances in targeted 
therapies but also accurate monitoring of treatment response. 
Therefore, there is an increasing need to develop reliable predic‑
tive tools, such as nomograms, based on clinically available 
auxiliary examination indicators to estimate pCR.

In the present study, a nomogram for pCR incorporating 
MRI features and tumor markers was developed to predict pCR. 
The model indicated that pCR was more likely to occur when 
PR was negative, ADC2 was higher, TIC2 was of inflow‑inflow 
type, ΔADC2 and ΔADC3 were larger, and CEA‑0, CEA‑1 
and CA153‑2 were lower. The further internal and external 
validation confirmed that the nomogram had good predictive 
performance for pCR patients with HER2‑positive BC.

HR status plays an important part in the prognosis, diag‑
nosis and treatment of BC (28). HR status determines the 
molecular subtype and guides the use of endocrine therapy, 
and is also associated with response to NAT (29‑30). In 
the present study, PR status was associated with neoadju‑
vant pCR, with a higher probability of achieving a pCR 
observed in patients with PR‑negative tumors (OR, 0.543; 
95% CI, 0.330‑0.896; P=0.017). Previous studies have simi‑
larly reported that patients with the HR‑negative subtype 
are more likely to achieve a pCR than their HR‑positive 
counterparts (P=0.011)  (31), particularly in younger 
patients with HER2‑positive BC and lower tumor burden 
who receive standardized HER2‑targeted therapy  (32). 
Potential mechanisms include the role of PR in regulating 

Table VI. Tumor marker comparison between the pCR and non‑pCR groups in retrospective data.

Tumor markers	 pCR group	 Non‑pCR group	 t/χ2/Z value	 P‑value

SF				  
  SF0	 295.994±164.773	 279.620±328.425	 2.068	 0.041a

  SF1	 302.903±248.534	 277.180±256.492	 0.765	 0.445
  SF2	 268.724±269.541	 260.738±224.678	 0.240	 0.810
CEA				  
  CEA0	 4.110±6.206	 6.298±8.923	 2.175	 0.031a

  CEA1	 2.361±1.487	 4.070±3.902	 4.326	 <0.001a

  CEA2	 2.041±1.213	 2.693±1.602	 3.776	 <0.001a

AFP				  
  AFP0	 4.525±2.697	 3.802±2.300	 2.129	 0.034
  AFP1	 3.526±2.264	 3.658±2.078	 0.440	 0.660
  AFP2	 3.186±2.173	 3.821±2.347	 2.083	 0.038a

CA125				  
  CA125‑0	 19.397±15.353	 18.621±9.759	 0.466	 0.642
  CA125‑1	 15.983±8.139	 16.790±7.732	 0.812	 0.417
  CA125‑2	 13.683±5.758	 14.923±7.463	 1.460	 0.146
CA153				  
  CA153‑0	 16.714±12.249	 17.442±16.418	 0.416	 0.678
  CA153‑1	 19.068±11.397	 21.599±15.404	 1.547	 0.123
  CA153‑2	 17.026±7.557	 20.117±9.629	 2.801	 0.006a

CA199				  
  CA199‑0	 14.942±10.995	 12.799±10.144	 1.481	 0.140
  CA199‑1	 14.300±11.163	 13.946± 8.874	 0.248	 0.804
  CA199‑2	 14.538±10.130	 14.053±10.647	 0.344	 0.732
CA242				  
  CA242‑0	 8.507±8.464	 6.844±5.425	 1.644	 0.102
  CA242‑1	 8.217±7.216	 7.149±5.492	 1.172	 0.242
  CA242‑2	 8.822±7.203	 8.203±7.879	 0.606	 0.545
CA724				  
  CA724‑0	 6.913±11.026	 6.468±9.677	 0.288	 0.774
  CA724‑1	 8.025±9.438	 7.806±20.223	 0.106	 0.916
  CA724‑2	 9.257±12.741	 9.142±17.916	 0.055	 0.956

aP<0.05. Data are presented as the mean ± standard deviation. pCR, pathological complete response; SF, serum ferritin; CEA, carcinoembry‑
onic antigen; AFP, α‑fetoprotein; CA, carbohydrate antigen; suffix ‘‑0’ denoted data at baseline; suffix ‘‑1’ denoted data after the first cycle of 
targeted therapy; suffix ‘‑2’ denoted data after completion of neoadjuvant therapy before surgery.
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Table VII. Univariate logistics regression analysis of all factors in retrospective data.

	 Univariate logistics regression analysis
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 β	 P‑value	 OR	 95% CI

Age	 0.017	 0.215	 1.017	 0.990	 1.045
Menstrual conditions	 0.374	 0.136	 0.688	 0.421	 1.125
T stage					   
  T1‑T2	 0.306	 0.646	 1.358	 0.368	 5.015
  T1‑T3	 0.174	 0.805	 0.841	 0.212	 3.336
  T1‑T4	 0.929	 0.196	 0.395	 0.097	 1.615
N stage					   
  N0‑N1	 0.437	 0.308	 0.646	 0.279	 1.496
  N0‑N2	 0.781	 0.100	 0.458	 0.181	 1.162
  N0‑N3	 0.134	 0.865	 1.143	 0.245	 5.329
TNM stage					   
  2A‑2B	 0.079	 0.860	 0.924	 0.383	 2.227
  2A‑3A	 0.411	 0.382	 0.663	 0.264	 1.666
  2A‑3B	 1.366	 0.009a	 0.255	 0.091	 0.711
  2A‑3C	 0.234	 0.767	 1.263	 0.269	 5.927
Age	 0.017	 0.215	 1.017	 0.990	 1.045
ER status	 0.610	 0.017a	 0.543	 0.330	 0.896
PR status	 0.691	 0.008a	 0.501	 0.301	 0.835
Ki67	 0.005	 0.448	 1.005	 0.992	 1.018
Target scheme	 0.516	 0.062	 1.676	 0.974	 2.884
Chemotherapy scheme	 0.101	 0.692	 1.106	 0.671	 1.824
Number of postoperative axillary lymph nodes	 0.002	 0.921	 0.998	 0.954	 1.043
Maximum diameter of MRI0 tumor, cm	 0.206	 0.002a	 0.814	 0.716	 0.925
MRI0 maximum diameter of axillary lymph nodes, cm	 0.197	 0.098	 1.218	 1.218	 0.964
MRI0 ADC0 (x10‑3 mm2/sec)	 1.507	 0.090	 4.515	 0.791	 25.777
MRI0 TIC0 type					   
  Inflow to inflow‑inflow to platform	 0.370	 0.669	 0.691	 0.127	 3.763
  Inflow to inflow‑inflow to outflow	 0.612	 0.472	 0.542	 0.102	 2.874
MRI0 reinforcement type					   
  No reinforcement‑reinforcement 	 0.147	 0.777	 1.159	 0.418	 3.215
  No reinforcement‑uneven reinforcement	 0.442	 0.611	 1.556	 0.284	 8.531
Maximum diameter of MRI1 tumor, cm	 0.460	 <0.001a	 0.631	 0.531	 0.751
MRI1 maximum diameter of axillary lymph nodes, cm	 0.067	 0.682	 0.935	 0.679	 1.288
MRI1 ADC1 (x10‑3 mm2/sec)	 1.904	 0.001a	 6.710	 2.239	 20.115
MRI1 TIC1 type					   
  Inflow to inflow‑inflow to platform	 0.447	 0.242	 0.639	 0.302	 1.352
  Inflow to inflow‑inflow to outflow	 1.678	 <0.001a	 0.187	 0.087	 0.401
MRI1 reinforcement type					   
  No reinforcement‑reinforcement	 ‑0.036	 0.935	 0.964	 0.401	 2.316
  No reinforcement‑uneven reinforcement	 ‑0.442	 0.632	 0.643	 0.106	 3.913
Maximum diameter of MRI2 tumor, cm	 0.489	 <0.001a 	 0.613	 0.499	 0.754
MRI2 maximum diameter of axillary lymph nodes, cm	 0.127	 0.636	 0.880	 0.520	 1.491
MRI2 ADC2 (x10‑3 mm2/sec)	 4.516	 <0.001a	 91.446	 25.140	 332.628
MRI2 TIC2					   
  Inflow to inflow‑inflow to platform	 2.261	 <0.001a	 0.104	 0.055	 0.198
  Inflow to inflow‑inflow to outflow	 2.767	 <0.001a	 0.063	 0.028	 0.140
MRI2 reinforcement type					   
  No reinforcement‑reinforcement	 ‑0.008	 0.984	 0.992	 0.444	 2.213
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growth factor‑related signaling pathways and interac‑
tions between HR and HER2 signaling during dual‑target 
therapy (33), as well as HR‑mediated promotion of tumor 
cell proliferation and potential induction of trastuzumab 
resistance (34).

In recent years, the role of imaging data in predicting 
the response to NAT has also been increasingly recognized, 
and MRI is considered one of the most accurate imaging 
modalities for the evaluation of breast lesions (35). In the 
present study, both morphological and functional imaging 

Table VII. Continued.

	 Univariate logistics regression analysis
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 β	 P‑value	 OR	 95% CI

No reinforcement‑uneven reinforcement	 ‑0.946	 0.252	 0.388	 0.077	 1.962
  ΔADC1	 1.127	 0.019a	 3.085	 1.200	 7.934
  ΔADC2	 3.347	 <0.001a	 28.406	 9.279	 86.964
  ΔADC3	 2.339	 <0.001a	 10.370	 3.564	 30.175
SF					   
  SF0	 0.001	 0.025a	 0.999	 0.998	 1.000
  SF1	 0.000	 0.446	 1.000	 0.998	 1.001
  SF2	 0.000	 0.810	 1.000	 0.999	 1.001
CEA					   
  CEA‑0	 0.004	 0.039a	 0.957	 0.918	 0.998
  CEA‑1	 0.272	 <0.001a	 0.762	 0.673	 0.864
  CEA‑2	 0.336	 <0.001a	 0.715	 0.594	 0.861
AFP					   
  AFP‑0	 0.117	 0.036a	 1.124	 1.007	 1.253
  AFP‑1	 0.027	 0.659	 0.973	 0.861	 1.099
  AFP‑2	 0.125	 0.043a	 0.883	 0.782	 0.996
CA125					   
  CA125‑0	 0.004	 0.641	 1.004	 0.986	 1.023
  CA125‑1	 0.013	 0.417	 0.987	 0.958	 1.018
  CA125‑2	 0.029	 0.129	 0.971	 0.935	 1.008
CA153					   
  CA153‑0	 0.004	 0.678	 0.996	 0.979	 1.014
  CA153‑1	 0.015	 0.134	 0.985	 0.967	 1.005
  CA153‑2	 0.043	 0.005a	 0.958	 0.930	 0.987
CA199					   
  CA199‑0	 0.020	 0.143	 1.020	 0.993	 1.048
  CA199‑1	 0.003	 0.803	 1.003	 0.977	 1.030
  CA199‑2	 0.005	 0.730	 1.005	 0.979	 1.031
CA242					   
  CA242‑0	 0.034	 0.107	 1.034	 0.993	 1.077
  CA242‑1	 0.025	 0.243	 1.026	 0.983	 1.070
  CA242‑2	 0.011	 0.544	 1.011	 0.975	 1.050
CA724					   
  CA724‑0	 0.004	 0.773	 1.004	 0.976	 1.033
  CA724‑1	 0.001	 0.916	 1.001	 0.981	 1.021
  CA724‑2	 0.001	 0.956	 1.001	 0.982	 1.019

aP<0.05. OR, odds ratio; CI, confidence interval; SF, serum ferritin; CEA, carcinoembryonic antigen; AFP, α‑fetoprotein; CA, carbohydrate 
antigen; TNM, Tumor‑Node‑Metastasis; ER, estrogen receptor; PR, progesterone receptor; ADC, apparent diffusion coefficient; MRI, magnetic 
resonance imaging; TIC, time intensity curve; suffix ‘‑0’ denoted data at baseline; suffix ‘‑1’ denoted data after the first cycle of targeted 
therapy; suffix ‘‑2’ denoted data after completion of neoadjuvant therapy before surgery; ΔADC1, calculated change in ADC value (ADC1 vs. 
ADC0); ΔADC2, calculated change in ADC value (ADC2 vs. ADC0); ΔADC3, calculated change in ADC value value  (ADC2 vs. ADC1).
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parameters, including the maximum tumor diameter, 
maximum axillary lymph node diameter, TIC type and ADC 
value, were assessed at three time points. Before NAT, the 
maximum tumor diameter was associated with prognosis, 
with larger tumors diameter showing a lower probability of 
achieving a pCR. This finding is consistent with those of a 
previous study (36) and further supports the importance of 
tumor size in predicting NAT efficacy and informing surgical 
planning (37).

The TIC reflects changes in contrast enhancement on 
DCE‑MRI. Malignant lesions typically show higher vascular 
density, greater vascular permeability and a larger extravas‑
cular space, resulting in a more rapid contrast agent flow rate. 
According to the Kulh criteria (38), malignant tumors usually 
present with a type  III curve, namely an inflow‑outflow 
pattern. In the present study, the predominant TIC pattern at 
baseline was inflow‑outflow in both the pCR and the non‑pCR 
groups. However, after NTT, as the tumor gradually regressed 

Table VIII. Multivariate logistic regression analysis.

	 Multivariate logistic regression analysis
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 β	 P‑value	 OR	 95% CI

TNM stage					   
  2A‑2B	 0.257	 0.714	 1.293	 0.328	 5.099
  2A‑3A	 0.124	 0.880	 1.132	 0.229	 5.597
  2A‑3B	 0.008	 0.993	 1.008	 0.147	 6.924
  2A‑3C	 0.240	 0.858	 1.272	 0.091	 17.698
ER status	 0.390	 0.464	 0.677	 0.238	 1.924
PR status	 0.962	 0.095a	 0.382	 0.124	 1.183
Maximum diameter of MRI0 tumor, cm	 0.236	 0.291	 1.267	 0.816	 1.965
Maximum diameter of MRI1 tumor, cm	 0.359	 0.188	 0.699	 0.410	 1.192
MRI1 ADC1 (x10‑3 mm2/sec)	 0.753	 0.685	 2.124	 0.056	 80.899
MRI1 TIC1 type					   
  Inflow to inflow‑inflow to platform	 0.071	 0.913	 1.074	 0.300	 3.842
  Inflow to inflow‑inflow to outflow	 1.134	 0.856	 0.857	 0.207	 3.698
Maximum diameter of MRI2 tumor, cm	 0.179	 0.515	 1.196	 0.698	 2.052
MRI2 ADC2 (x10‑3 mm2/sec)	 2.122	 0.023a	 8.349	 1.344	 51.856
MRI2 TIC2 type					   
  Inflow to inflow‑inflow to platform	 2.157	 <0.001a	 0.116	 0.038	 0.351
  Inflow to inflow‑inflow to outflow	 3.184	 <0.001a	 0.041	 0.009	 0.190
ΔADC1 (%)	 0.360	 0.833	 0.697	 0.025	 19.823
ΔADC2 (%)	 3.347	 0.023a	 28.406	 9.279	 86.964
ΔADC3 (%)	 2.339	 <0.001a	 10.370	 3.564	 30.175
SF					   
  SF‑0	 0.001	 0.197	 0.999	 0.998	 1.000
CEA					   
  CEA‑0	 0.004	 0.078a	 0.957	 0.918	 0.998
  CEA‑1	 0.272	 0.039a	 0.762	 0.673	 0.864
  CEA‑2	 0.336	 0.177	 0.715	 0.594	 0.861
AFP
  AFP‑0	 0.027	 0.546	 0.973	 0.861	 1.099
  AFP‑2	 0.125	 0.201	 0.883	 0.782	 0.996
CA153					   
  CA153‑2	 0.043	 0.040a	 0.958	 0.930	 0.987

aP<0.10. OR, odds ratio; CI, confidence interval; SF, serum ferritin; CEA, carcinoembryonic antigen; AFP, α‑fetoprotein; CA, carbohydrate 
antigen; TNM, Tumor‑Node‑Metastasis; ER, estrogen receptor; PR, progesterone receptor; ADC, apparent diffusion coefficient; MRI, magnetic 
resonance imaging; TIC, time intensity curve; suffix ‘‑0’ denoted data at baseline; suffix ‘‑1’ denoted data after the first cycle of targeted 
therapy; suffix ‘‑2’ denoted data after completion of neoadjuvant therapy before surgery; ΔADC1, calculated change in ADC value (ADC1 
vs. ADC0); ΔADC2, calculated change in ADC value (ADC2 vs. ADC0); ΔADC3, calculated change in ADC value value (ADC2 vs. ADC1).
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Figure 2. Nomogram to predict the probability of pCR in human epidermal growth factor receptor 2‑positive breast cancer after neoadjuvant targeted therapy 
A predictive model based on the multivariate analysis of the present study from the retrospectively collected data. According to the nomogram, each screened 
predictor was projected to the scale above the nomogram to calculate the individual score of each factor, and the total score was calculated after adding the 
individual scores. The corresponding prediction probability was then obtained according to the relationship between the total score and pCR in the nomogram. 
pCR, pathological complete response; PR, progesterone receptor; ADC, apparent diffusion coefficient; TIC, time intensity curve; CEA, carcinoembryonic 
antigen; CA, carbohydrate antigen; ADC2, ADC after completion of neoadjuvant therapy before surgery; TIC2, TIC type after completion of neoadjuvant 
therapy before surgery; ΔADC2, calculated change in ADC value (ADC2 vs. ADC0); CEA1, CEA after the first cycle of targeted therapy; CA153‑2, CA153 
after completion of NAT before surgery.

Figure 3. Calibration curve of the constructed predictive model from internal validation data. As part of the internal validation, the calibration curve was 
drawn according to the relationship between the prediction results and the actual situation. The calibration curve showed that the dotted line and diagonal line 
of the model were coincident, indicating that the nomogram had good consistency between the prediction of pCR and the actual occurrence of pCR, and the 
prediction ability was good. The following internal validation metrics were obtained: Somer's Dxy rank correlation was 0.771; concordance index (C‑index) 
was 0.886 (indicating good discrimination); R2 was 0.541 (indicating moderate explanatory power); Brier score was 0.137 (<0.25, indicating acceptable overall 
prediction accuracy); calibration intercept was 0.000 (ideal value was 0, indicating no systematic over‑ or under‑estimation); calibration slope was 1.000 (ideal 
value was 1, indicating perfect calibration slope); maximum calibration error (Emax) was 0.079; 90th percentile calibration error (E90) was 0.065; mean 
absolute calibration error (Eavg) was 0.031 (all indicating small prediction errors). The Spiegelhalter's Z‑test statistic (S:z) was 0.239 (P=0.811, S:p), indicating 
no significant deviation from perfect calibration. Collectively, these metrics demonstrate that the nomogram has good calibration and predictive performance. 
pCR, pathological complete response.
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or disappeared, the vascular characteristics of the tumor 
also changed, accompanied by conversion of TIC type. The 
pCR group showed earlier and more marked downgrading of 
TIC types than the non‑pCR group. After one cycle of NTT, 
the predominant TIC type in the pCR group changed to the 
inflow‑plateau type (51.6%), and after the final cycle, it further 
changed to the inflow‑inflow type (74.53%). By contrast, in 
the non‑pCR group, the predominant TIC type changed only 
after the last cycle of NTT, shifting from inflow‑outflow at the 
first two time points to inflow‑plateau at the final assessment. 
Previous studies have similarly shown that, after NAT, TIC 
patterns in patients with a histologically significant response 
tend to show downgrading, whereas little or no such change is 
observed in non‑responders (39,40), which is consistent with 
the present findings.

Malignant tumors generally have high cellular density, 
which restricts the movement of water molecules within the 
tissue (41). As NAT progresses, tumor cellularity decreases 
and water diffusion increases, which can be quantitatively 

reflected by the ADC value derived from DWI (42). Since 
ADC values differ significantly between benign and malig‑
nant lesions, changes in ADC value may also serve as an 
indirect indicator of treatment response (13). In the present 
study, ADC values were higher in the pCR group than those 
in the non‑pCR group at all three MRI time points, and this 
difference was already evident after the initiation of NTT. 
In addition, changes in ADC from baseline were greater in 
the pCR group, and larger ΔADC2 and ΔADC3 values were 
associated with a higher probability of achieving a pCR after 
surgery. Previous studies have similarly shown that increases 
in ADC during NAT have predictive value for pCR (43,44).

However, Park et al (13) reported that patients with low 
ADC values before NAT had a better response to chemotherapy, 
which differs from the present findings. This discrepancy may 
be related to the differences in the included study popula‑
tions. Previous studies of other tumors types have suggested 
that poor perfusion of antitumor drugs within necrotic tissue 
may reduce the efficacy of NAT (45). After treatment, reduced 

Figure 4. DCA curve of the predictive model from internal validation data. The DCA curve was further plotted according to the prediction model, with the 
X‑axis showing the predicted threshold probability, the Y‑axis showing the net benefit and the red broken line indicating the net benefit of patients at different 
threshold probabilities. The results showed that the prediction model could obtain net benefit within the threshold range of 0‑80%. DCA, decision curve 
analysis.
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cellular density in necrotic tissue may lessen restriction of 
water molecule movement, thereby leading to higher ADC 
values (12,45). Accordingly, Park et al (13) suggested that low 
ADC values may reflect breast masses with less necrotic tissue 
and higher cellular density in patients who respond better to 
NAT. By contrast, it is possible that the tumor cell density in 
the present cohort was lower than that in the non‑pCR group 
before NAT, resulting in less restricted water diffusion and 
therefore higher baseline ADC values. However, this possi‑
bility was not examined by pathological or cytomolecular 
analyses in the present study, and further basic investigations 
are needed to clarify this issue.

In addition to imaging data, hematological markers are 
often used to evaluate cancer occurrence, progression, treat‑
ment efficacy and prognosis (46). However, due to their high 
sensitivity but limited specificity, single markers are rarely 
used alone as predictors and are more commonly interpreted 
in combination with other clinical indicators (28,47,48). In the 
present study, CEA‑0, CEA‑1 and CA153‑2 were identified as 

predictive factors for NAT response in HER2‑positive BC. 
CEA is a commonly used broad‑spectrum tumor marker 
in clinical practice  (15), whereas CA153 is a traditional 
marker for BC, with a reported positive rate of 22.5‑49.2% 
in these patients  (49). Serum CEA and CA153 levels are 
higher in malignant than in benign tumors (50), and their 
concentrations are positively associated with the degree of 
malignancy (19). Liu et al (51) compared CEA and CA153 
levels before and after NAT in patients with HER2‑positive 
BC treated with or without trastuzumab. The study found 
that CEA and CA153 levels were significantly lower in the 
trastuzumab group than in the non‑trastuzumab group, 
whereas treatment efficacy and prognosis were better in the 
trastuzumab group (52). Therefore, CEA and CA153 levels 
may reflect tumor burden in patients with BC, and reductions 
in tumor burden after treatment may be indirectly reflected 
by changes in these markers. The present findings were 
generally consistent with this pattern, as CEA levels in both 
groups showed a continuous decreasing trend from baseline 

Figure 5. ROC curve of the predictive model from internal validation data. The ROC curve of the pCR prediction model was drawn from internal validation 
data. The AUC value was 0.886 (P<0.001), the best critical value was 0.605, the sensitivity was 0.822 and the specificity was 0.818, indicating that the predic‑
tion ability of the model was good and the accuracy was high. ROC, receiver operating characteristic; AUC, area under the ROC curve.
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to after the first targeted therapy and then to the last targeted 
therapy.

A major strength of the present study is the comprehen‑
sive integration of multiple types of clinical data. In addition, 
rather than relying on cross‑sectional data from a single time 
point, this study was based on dynamic longitudinal observa‑
tion, allowing more comprehensive use of clinical examination 
results throughout treatment. The model may help predict 
whether patients with HER2‑positive BC are likely to 
achieve pCR before surgery during the NAT course. It may 
also provide a reference for clinicians in treatment planning, 
including adjustment of NAT duration, selection of surgical 
timing and approach, and formulation of postoperative 
adjuvant chemoradiotherapy strategies.

Nevertheless, several limitations should be acknowledged. 
First, the present study was based on a single‑center cohort, 
and the nomogram was not validated in a larger multicenter 
external cohort. Second, the largest solid component of the 

tumor was selected as the study variable, which may not 
fully represent the entire lesion, as the whole tumor was not 
measured. Further multi‑center studies with larger patient 
cohorts are needed to validate the predictive performance of 
this nomogram. In addition, whole‑tumor volumetric segmen‑
tation or multi‑region sampling should be adopted to capture 
the full heterogeneity of the lesion and to improve the accuracy 
of pCR prediction based on tumor imaging. 

In conclusion, the nomogram developed in the present 
study, based on PR, ADC2, TIC2, ΔADC2, ΔADC3, CEA‑0, 
CEA‑1 and CA153‑2, may help predict pCR in patients with 
HER2‑positive BC and may also support individualized 
treatment decision‑making to some extent. By integrating 
pathological data, imaging parameters and hematological 
markers obtained during NAT, this combined model may 
predict postoperative pathological response and provide useful 
information for prognostic evaluation and subsequent indi‑
vidualized treatment planning in clinical practice. However, 

Figure 6. ROC curve of the predictive model from external validation data. A total of 24 patients with human epidermal growth factor receptor 2‑positive 
breast cancer were prospectively collected as the external validation set, and the ROC curve of the external validation set was drawn. The calculated AUC 
value was 0.961 (P=0.001), the optimum cut‑off value was 0.854, the sensitivity was 1.000 and the specificity was 0.875, suggesting that the model's prediction 
performance was good and accuracy was high in the external validation set. ROC, receiver operating characteristic; AUC, area under the ROC curve.
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this study has several limitations, including the single‑center 
design and the relatively small sample size. Therefore, further 
validation in large‑scale multicenter cohorts is warranted 
to optimize the model, and independent cohort studies with 
rigorous validation are required before clinical application can 
be considered.
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