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Brain metastasis occurs in approximately 50% of patients with advanced HER2-positive breast
cancer. Despite improved prognosis, survival remains limited. This study aims to investigate the
clinicopathological characteristics of HER2-positive breast cancer brain metastasis (BCBM) patients
and their prognostic associations, to identify personalized treatment strategies to enhance survival.
This retrospective study included HER2-positive BCBM patients treated at three institutions: the
Fifth Medical Center of the Chinese PLA General Hospital, Peking University First Hospital, and

the First Affiliated Hospital of Xi'an Jiaotong University. Clinical, pathological, and treatment data
were collected. A prognostic model was developed using recursive variable selection, starting with
significant variables from univariate analysis and refining them through a recursive loop in multivariate
Cox regression. The model stratified patients into three risk groups: low-risk (score 0-1), intermediate-
risk (score 2-3), and high-risk (score 4-6), based on various independent prognostic factors. The
median survival times for the low-, intermediate-, and high-risk groups were 30, 20, and 10 months,
respectively (P<0.0001, HR, =1.35, 95% Cl: 0.94-1.94; HR, = 4.02, 95% CI: 2.4-6.73). The mean ROC
curve AUC values for the 1-year, 2-year, and 3-year prognostic predictions were 0.69, 0.70, and 0.61,
respectively. In the independent validation cohort of 75 patients, prognostic stratification into low-,
intermediate-, and high-risk groups revealed significant differences in outcomes (73 months vs. 35
months vs. 9 months, P<0.001, HR, =2.68, 95% CI: 1.30-5.52; HR,=8.82, 95% Cl: 3.89-19.97). The
mean AUC value for the 1-year and 2-year prognostic predictions in the validation cohort was 0.94,
whereas the mean AUC value for the 3-year prognostic prediction was 0.81. This study developed

a prognostic stratification model for HER2-positive BCBM patients based on clinicopathological
characteristics.
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ADCs Antibody Drug Conjugates

AUC Area Under Curve

BCBM Breast Cancer Brain Metastasis
BMOS Brain Metastases Overall Survival

CI Confidence Interval

CNS Central Nervous System

CT Computed Tomography

ER Estrogen Receptor

FISH Fluorescence In Situ Hybridization

GPA Graded Prognostic Assessment

HER2 Human Epidermal Growth Factor Receptor 2
HR Hazard Ratio

HR Hormone Receptor

IHC Immunohistochemistry

IDI Integrated Discrimination Improvement
KPS Karnofsky Score

MRI Magnetic Resonance Imaging

ORR Objective Response Rate

(6N Overall Survival

PFS Progress Free Survival

PR Progesterone Receptor

ROC Receiver Operating Characteristic Curve
RPA Recursive Partitioning Analysis

SRT Stereotactic Radiotherapy

T-Dxd  Trastuzumab Deruxtecan

TKIs Tyrosine Kinase Inhibitors

WBRT  Whole Brain Radiotherapy

Breast cancer is the most prevalent malignant tumor among women worldwide, and with its incidence rising
annually in China, where it ranks as the leading cause of cancer in females'. Approximately 10-30% of breast
cancer patients ultimately develop brain metastasis, with a median survival time of less than 6 months, a 1-year
survival rate of approximately 20%, and a 2-year survival rate of only 2%. The treatment of breast cancer has
now advanced significantly with the advent of molecular subtyping. Breast cancer is classified into luminal,
HER?2-positive, and triple-negative breast cancer subtypes on the basis of hormone receptor (HR) status, human
epidermal growth factor receptor 2 (HER2) status, and Ki-67 expression>*. On the basis of hormone receptor
(HR) status, HER2 status, and Ki-67 expression, breast cancer is classified into luminal, HER2-positive, and
triple-negative subtypes. Among these patients, approximately 50% with advanced HER2-positive breast cancer
will develop brain metastasis, with an even higher incidence in those who also present with multiple extracranial
metastases, such as in the bones, liver, and lungs4.

The primary treatment options for brain metastasis continue to be local therapies, including surgery, whole-
brain radiotherapy (WBRT), and stereotactic radiosurgery (SRT). While radiotherapy continues to play a pivotal
role in the management of brain metastasis, its dosage and frequency are limited'. Consequently, drug treatment
for brain metastasis, especially for HER2-positive breast cancer patients, has become a focal point of research
in recent years>®. Small-molecule tyrosine kinase inhibitors (TKIs), such as lapatinib, neratinib, pyrotinib,
and tucatinib, have demonstrated significant intracranial efficacy in treating HER2-positive brain metastasis.
Additionally, novel antibody-drug conjugates (ADCs), such as T-Dxd, have shown promising results. Despite
these advances and improvements in the prognosis of patients with HER2-positive brain metastasis, the survival
time remains limited”. Accurately predicting patient prognosis and effectively integrating treatments, including
drug therapy, radiotherapy, and surgery, continue to be major challenges®°.

In clinical practice, treatment strategies are often established on the basis of the patient’s expected survival
time!’. A survey on the selection of local treatments for multiple brain metastases revealed that one-third of
clinicians use recursive partitioning analysis (RPA) and graded prognostic assessment (GPA) scores to choose
SRT'12, However, these models do not incorporate breast cancer-specific prognostic or treatment factors.
The Breast GPA, an optimized version of the original GPA score proposed by Sperduto et al., is more widely
recognized'"!®. The initial Breast GPA categorized breast cancer brain metastasis into three prognostic grades on
the basis of the Karnofsky Performance Scale (KPS) score, breast cancer molecular subtype, and age (applicable
only to patients with KPS scores between 60 and 80)'“. In 2015, the MD Anderson Cancer Center revised the
Breast GPA to create the MDACC-GPA, refining the prognostic grades into four categories and incorporating the
number of brain metastases as a prognostic factor, increasing the concordance index from 0.78 (95% CI, 0.77-
0.80) to 0.84 (95% CI, 0.83-0.85)'>1°. In 2020, Sperduto et al. updated the Breast GPA'including extracranial
metastasis and the time interval from primary cancer diagnosis to metastatic cancer diagnosis, as prognostic
factors, maintaining the four-grade prognostic system!®. However, with advancements in comprehensive
treatment approaches for brain metastasis, particularly progress in drug treatments for HER2-positive brain
metastasis patients, the existing scoring systems cannot accurately predict patient prognosis'®?’. It is necessary
to establish a more refined scoring system tailored to breast cancer brain metastasis, enabling clinicians to set
treatment goals and guide treatment strategies in a stratified, rational, and orderly manner.

Therefore, our center conducted a real-world study focused on patients with HER2-positive breast cancer
brain metastasis (BCBM). The objective of this study is to investigate the clinicopathological characteristics of
HER2-positive BCBM patients and their association with prognosis. Additionally, this study aims to identify
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personalized treatment strategies for different risk groups in order to improve the survival outcomes of HER2-
positive BCBM patients.

Patients and methods

Study design

This retrospective study included patients diagnosed with breast cancer brain metastasis who received treatment
at three institutions: the Fifth Medical Center of the Chinese PLA General Hospital, Peking University First
Hospital, and the First Affiliated Hospital of Xian Jiaotong University. The training cohort comprised HER2-
positive breast cancer brain metastasis patients who met the predefined inclusion criteria. These patients were
treated at the Fifth Medical Center of the Chinese PLA General Hospital from June 2003 to June 2022. The
validation cohort was drawn from two hospitals: Peking University First Hospital, with patients treated between
2008 and 2022, and the First Affiliated Hospital of Xi'an Jiaotong University, with patients treated from 2012 to
2022.

Given the retrospective nature of the study, informed consent was waived by the Ethics Committee of the
Fifth Medical Center of Chinese PLA General Hospital. The study was conducted in accordance with local
ethical guidelines and was approved by the Ethics Committee of the Fifth Medical Center of Chinese PLA
General Hospital (No. 2012L01067).

Patient selection
Patients included in this study met the following criteria: (1) histopathologically confirmed HER2-positive
breast cancer of the primary lesion; (2) brain metastasis confirmed by CT or MRI; (3) at least one measurable
intracranial lesion according to the RECIST 1.1 criteria; (4) age > 18 years; and (5) female breast cancer patients.
HER2-positive status was defined as an immunohistochemistry (IHC) membrane staining score of 3+, HER2-
negative status was defined as 0, and low HER2 expression was defined as a membrane staining score of 1+. For
ambiguous HER2 IHC scores (2+), fluorescence in situ hybridization (FISH) was performed. According to the
ASCO/CAP standards, patients with a HER2/CEP17 ratio >2.0 and a HER2 gene copy number >4 or a HER2/
CEP17 ratio <2 but a HER2 gene copy number>6 were considered HER2 positive. A HER2/CEP17 ratio <2
and HER2 gene copy number <4 or a HER2/CEP17 ratio>2 but HER2 gene copy number <4 were considered
low HER2 expression. The estrogen receptor (ER) and progesterone receptor (PR) statuses were detected via
immunohistochemistry (IHC), with a positivity threshold of >1%. Hormone receptor (HR) positivity was
defined as being ER/PR positive, and HR negativity was defined as being ER and PR negative. Brain metastasis
overall survival (BMOS) was defined as the time from the diagnosis of brain metastasis to death or the end of
observation.

Data collection

The data collection period began at the time of breast cancer diagnosis, and the subsequent observation
period was conducted through telephone interviews or outpatient visits. Clinical and pathological data were
systematically collected, including general patient demographics, the date of breast cancer diagnosis, histological
type and grade at initial diagnosis, tumor stage, molecular subtype, immunohistochemical markers, the date of
BCBM diagnosis, the number and location of extracranial metastasis at diagnosis, the number of BCBM lesions,
and post-diagnosis treatment and efficacy indicators, including progression-free survival (PFS) and overall
survival (OS).

Model construction process

A recursive method was employed for variable selection. Step 1: Variables that showed statistical significance
in univariate regression analysis were included in the candidate queue. Step 2: A recursive loop function was
constructed, and variables were sequentially included in the multivariate Cox regression model. Each variable
was assessed for its statistical significance in terms of both its contribution and hazard ratio. If a variable
demonstrated statistical significance, it was retained in the model; otherwise, it was moved to the candidate
eliminated queue, and the next iteration commenced. Step 3: When the candidate queue was exhausted,
variables from the eliminated queue were re-assessed. This process continued until no further variables could
be incorporated into the multivariate Cox regression model. At this point, the model training process was
conducted, yielding the optimal model.

Statistical analysis

All the statistical analyses and survival analyses were performed via SPSS 22.0 software and R version 4.2.1. AP
value <0.05 was considered to indicate statistical significance. Clinical baseline data included quantitative data
(median and range) and categorical data (total and frequency of subcategories). Univariate and multivariate Cox
regression models were used to determine the relationships between prognostic factors and endpoint events in
patients with BCBM. To address multicollinearity in recursive feature selection, we first assessed multicollinearity
among all predictor variables by calculating variance inflation factors (VIF) and Pearson correlation coeflicients.
Variables with VIF > 5 or pairwise correlations > 0.8 were iteratively removed, starting with the variable showing
the highest VIF value, until all remaining variables met the multicollinearity thresholds. Only after this pre-
screening step was recursive feature elimination applied to the filtered dataset, ensuring that the final selected
features were not only predictively important but also statistically independent, thereby avoiding model
instability and interpretation issues associated with multicollinear predictors. Each characteristic was analyzed
univariately, and those with statistical significance were included in the multivariate regression analysis. Survival
curves were plotted via the log-rank test.

Scientific Reports |

(2025) 15:22623 | https://doi.org/10.1038/s41598-025-06645-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Results

Patient characteristics

Between June 2003 and June 2022, a total of 700 patients with BCBM were treated at the Fifth Medical Center of
the Chinese PLA General Hospital. Of these, 226 patients with HER2-positive BCBM met the inclusion criteria
for the training cohort (Supplementary Figure S1). The validation cohort included 32 patients treated at Peking
University First Hospital from 2008 to 2022, and 43 patients treated at the First Affiliated Hospital of Xian
Jiaotong University from 2012 to 2022. Data collection was completed in June 2022, with a median follow-up
period of 57 months.

The median age of patients in the test cohort was 44.4 years (range: 25.0-75.3 years), while the median age in
the validation cohort was 47.8 years (range: 24.0-70.0 years). The TNM stages for the test cohort were as follows:
stage I, 25 patients (11%); stage II, 93 patients (43%); stage III, 74 patients (33%); and stage IV, 34 patients (15%).
In the validation cohort, 9 patients (12%) were in stage I, 29 patients (39%) in stage II, 25 patients (33%) in stage
III, and 12 patients (16%) in stage IV. HR positivity was observed in 105 patients (46%) in the test cohort and
34 patients (45%) in the validation cohort. Extracranial metastasis was present in 124 patients (55%) in the test
cohort and in 47 patients (63%) in the validation cohort. Multiple brain metastases were identified in 69 patients
(31%) in the test cohort and 27 patients (36%) in the validation cohort. In the test cohort, 20 patients (9.0%)
underwent surgery following the diagnosis of brain metastasis, 181 patients (80%) received radiotherapy for brain
lesions, 151 patients (67%) were treated with trastuzumab, 53 patients (23%) received trastuzumab combined
with pertuzumab, 92 patients (41%) were treated with pyrotinib, and 26 patients (12%) received T-DM1. In the
validation cohort, 11 patients (15%) underwent surgery following the diagnosis of brain metastasis, 56 patients
(75%) received radiotherapy for brain lesions, 49 patients (65%) were treated with trastuzumab, 12 patients
(16%) received trastuzumab combined with pertuzumab, 49 patients (65%) were treated with pyrotinib, and 10
patients (13%) received T-DM1. The detailed baseline characteristics of the patients are presented in Table 1.

Prognostic model for patients with BCBM indicator selection

Given that the age distribution of the patient cohort approximated a normal distribution (Fig. 1A), with a mean
age of 48.5 years, a first quartile of 37 years, and a third quartile of 53 years, age cutoff thresholds were established
at 40, 45, 50, 55, and 60 years. Univariate analysis was performed to evaluate the prognostic impact of different
age thresholds on patient outcomes. The results indicated that an age cutoff of 60 years provided the best
prognostic performance (Fig. 1B). Following the determination of the optimal age threshold, a Cox proportional
hazards regression analysis was conducted to identify significant prognostic factors. Univariate analysis showed
that the following factors were associated with survival outcomes in patients with brain metastasis: age>60
years at the time of brain metastasis diagnosis (HR=1.97, 95% CI: 0.99-3.90, P=0.05), KPS>60 (HR=0.18,
95% CI: 0.08-0.45, P<0.001), multiple brain metastases (HR=1.71, 95% CI: 1.14-2.59, P=0.01), more than
three extracranial metastases at the time of brain metastasis diagnosis (multi extracranial metastasis) (HR =1.55,
95% CI: 1.11-2.07, P=0.01), and receipt of radiotherapy for brain metastasis (HR=0.40, 95% CI: 0.26-0.62,
P<0.001) (Fig. 1C). Multivariate analysis further revealed the following independent prognostic factors for
survival after brain metastasis diagnosis: age>60 years at diagnosis (HR=2.36, 95% CI: 1.09-5.12, P=0.03),
KPS>60 (HR=0.19, 95% CI: 0.08-0.44), multiple brain metastases (HR=1.65, 95% CI: 1.12-2.44, P=0.01),
multiple extracranial metastases (HR=1.40, 95% CI: 1.0-1.95, P=0.05), and receipt of radiotherapy for brain
metastasis (HR=0.45, 95% CI: 0.30-0.69, P<0.001) (Fig. 1D).

Development of a prognostic model for patients with BCBM

Based on the identified independent prognostic risk factors, we developed a stratified assessment system
(Table 2). For patients with HER2-positive BCBM, we assigned 1 point for age > 60 years at diagnosis, 1 point for
a KPS score < 60, 1 point for multiple brain metastases, 1 point for not receiving radiotherapy for brain metastasis
after diagnosis, and 2 points for multiple extracranial metastases (Table 2). The total risk score ranged from 0
to 6, with higher scores indicating a worse prognosis (Supplementary Figure S2). Patients were categorized
into three groups based on the risk score: low-risk (0 < score < 1), intermediate-risk (2 < score < 3), and high-risk
(4<score<6) ) (Fig. 2A). The median overall BMOS values for the low-, intermediate-, and high-risk groups
in the test set were 30, 20, and 10 months, respectively (P<0.0001, HR, =135 [95% CI: 0.94-1.94], HR,=4.02
[95% CI: 2.4-6.73]). The average area under the curve (AUC) values for the 1-year, 2-year, and 3-year prognostic
predictions were 0.69, 0.70, and 0.61, respectively (Fig. 2B).

To further evaluate the generalizability of our model, we collected clinical data from 75 patients from Peking
University First Hospital and the First Affiliated Hospital of Xi'an Jiaotong University. These patients were
stratified into low-, intermediate-, and high-risk groups on the basis of the risk score. The median OS times for
these groups were 73 months, 35 months, and 9 months, respectively (P<0.001, HR,=2.68 [95% CI: 1.30-5.52],
HR,=8.82 [95% CI: 3.89-19.97]). In the independent validation cohort, the average AUC values for the 1-year
and 2-year prognostic predictions were both 0.94, and the 3-year AUC was 0.81 (Fig. 2C-D).

We compared our model with the previously established GPA model via the integrated discrimination
improvement (IDI) index. The results demonstrated that our brain metastasis risk assessment model, specifically
tailored to the Chinese population, improved the average prognostic prediction accuracy by 0.063 for one year
and by 0.084 for two years compared with the GPA model (Fig. 2E-F).

Evaluation of treatment strategies in different patient groups

After the diagnosis of brain metastasis, patients receiving trastuzumab combined with pertuzumab achieved a
median BMOS of 49 months, whereas those who did not receive this treatment had a median BMOS of 18 months.
These findings indicate that trastuzumab combined with pertuzumab improves the prognosis of patients with
HER2-positive BCBM (P<0.0001, HR=0.28, 95% CI: 0.15-0.5) (Fig. 3A). However, treatment with pyrotinib,
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Training dataset | Test dataset
N=226 N=75 P
Age 44.4 47.8
KPS 78.5 83.3
ECOG 1.24 1.21
Disease stage 0.98
1 25(11%) 9 (12%)
I 93 (41%) 29 (39%)
1T 74 (33%) 25 (33%)
v 34 (15%) 12 (16%)
HR 0.97
Positive | 105 (46%) 34 (45%)
Negative | 121 (54%) 41 (55%)
Multi Extracranial Metastasis 0.24
Yes 124 (0.55) 47 (0.63)
No 102 (0.45) 28 (0.37)
Multi Brain Metastasis 0.46
Yes 69 (31%) 27 (36%)
No 157 (69%) 48 (64%)
Surgery 0.22
Yes 20 (9%) 11 (15%)
No 206 (91%) 64 (85%)
Radiotherapy 0.41
Yes 181 (80%) 56 (75%)
No 45 (20%) 19 (25%)
Trastuzumab 0.93
Yes 151 (67%) 49 (65%)
No 75 (33%) 26 (35%)
Trastuzumab + Pertuzumab 0.23
Yes 53 (23%) 12 (16%)
No 173 (77%) 63 (84%)
Pyrotinib 0.001
Yes 92 (41%) 49 (65%)
No 134 (59%) 26 (35%)
T-DM1 0.83
Yes 26 (12%) 10 (13%)
No 200 (88%) 65 (87%)

Table 1. Baseline characteristics.

T-DMLI, or trastuzumab alone did not significantly improve the prognosis of patients with HER2-positive breast
cancer brain metastasis (P> 0.05) (Supplementary Figure S3, A-C).

We further assessed the efficacy of drug treatments across different risk groups, as stratified by our prognostic
model. In the low-risk group, any anti-HER2 therapy resulted in a significant improvement in prognosis (Fig. 3,
C-E). Although the improvement with trastuzumab alone did not reach statistical significance, a trend toward
overall survival benefit was observed (Fig. 3B). In the intermediate-risk group, trastuzumab combined with
pertuzumab improved the prognosis (P=0.01, hazard ratio (HR) = 0.43, 95% CI: 0.2-0.89) (Fig. 3F, Supplementary
Figure S3, D-F). For the high-risk group, there was no statistically significant difference in survival prognosis
between patients who received drug treatment and those who did not (P>0.05) (Supplementary Figure S4, A-D).

Additionally, we observed that combining drug therapy with radiotherapy extended BMOS in breast cancer
patients. The median BMOS in the drug plus radiotherapy group was 26 months, whereas it was 10 months in
the drug-only group (P<0.01, HR=0.45, 95% CI: 0.30-0.69) (Supplementary Figure S5). Radiotherapy alone
significantly improved survival following the diagnosis of brain metastasis. Further analysis of the impact of
WBRT, SRT, and combined WBRT +SRT on survival across the low-, intermediate-, and high-risk groups
showed no statistically significant differences in prognosis among these radiotherapy modalities (all P>0.05)
(Supplementary Figure S6).

Discussion
The diagnosis and treatment of patients with brain metastasis from breast cancer remains a critical and
unresolved challenge in clinical practice®. However, the exclusion of these patients from most clinical trials and
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Fig. 1. Selection of Prognostic Factors for HER2-Positive BCBM Patients. (A) Age distribution curve and
histogram for 226 HER2-positive BCBM patients. (B) Univariate Cox regression analysis of different age

thresholds and prognosis in BCBM patients. (C) Univariate Cox regression of various clinical and pathological
characteristics related to prognosis. (D) Multivariate Cox regression identifying the optimal prognostic factors
and their associations with prognosis.
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Score
Prognostic factor 0 1 2
Age <60 | >60
KPS >60 | <60
Multi Brain Metastasis | NO | YES
Radiotherapy YES | NO
Extracranial Metastasis | <3 >3

Table 2. Prognostic stratification criteria.

drug development studies has significantly hindered the determination of optimal treatment strategies and the
advancement of individualized prognostic management for BCBM?""?2, In this study, we developed a survival
prognostic stratification model by collecting and analyzing the clinicopathological characteristics of patients
with HER2-positive BCBM. We also investigated the efficacy of different therapeutic regimens in various patient
subgroups, providing individualized treatment recommendations to guide clinical prognostic management and
drug development for BCBM, with the ultimate goal of improving overall survival in this population.

We collected and analyzed clinical data and treatment-related information from 226 HER2-positive BCBM
patients treated at the Chinese PLA General Hospital. Cox multivariate regression analysis identified five
prognostic indicators strongly associated with the management of brain metastasis: age, KPS score, multiple brain
metastases, receipt of radiotherapy for brain metastasis after diagnosis, and multiple extracranial metastases.
The most recent GPA score has shown that age, KPS, the number of extracranial metastases, and breast cancer
subtype are independently associated with patient prognosis®>. However, these models were not specifically
designed for HER2-positive subtypes and do not incorporate the therapeutic effects of HER2-targeted agents.
Additionally, their development was primarily based on data from Western populations, which may limit their
generalisability to Chinese patients. In our study, we focused specifically on HER2-positive BCBM and developed
a prognostic model based on real-world data from Chinese institutions. By integrating both clinicopathological
characteristics and HER2-targeted treatment variables, our model offers improved prognostic discrimination
and greater clinical relevance for stratifying patients and guiding treatment decisions. Based on the model’s
evaluation, patients were stratified into low-, intermediate-, and high-risk groups, which effectively predicted the
1-year, 2-year, and 3-year survival rates for the brain metastasis population. Compared with the GPA model, our
model demonstrated a modest improvement in accuracy based on data from our center. Moreover, the results
from the independent validation cohort indicated that our model exhibits strong generalizability and effective
classification performance across different centers. These findings underscore the reliability of our HER2-positive
BCBM prognostic model, which is based on clinical indicators. Notably, the independent test set presented a
greater AUC value than the larger cohort, primarily due to the smaller sample size in the independent test cohort
and the limited number of low-risk patients, many of whom had incomplete data. Despite these limitations, our
comprehensive evaluation demonstrates that our model effectively differentiates between low-, intermediate-,
and high-risk groups, achieving high accuracy and generalizability.

Our study revealed that anti-HER2 therapy significantly prolongs BMOS in HER2-positive breast cancer
patients diagnosed with brain metastasis. Due to their relatively low molecular weight and ability to cross the
blood-brain barrier, small-molecule TKIs represent promising treatments for brain metastasis*#*°. Pyrotinib, a
small-molecule TKI developed in China, has demonstrated central nervous system (CNS) efficacy rates ranging
from 42.1 to 74.6%, with a median PFS of 5.6-11.3 months in the latest PERMEATE study involving BCBM
patients?®. Similarly, the latest ADC drug, T-Dxd, has shown outstanding efficacy in stabilizing brain metastasis.
In the DESTINY-Breast01/03 studies,67 patients with stable, asymptomatic brain metastasis following local
therapy achieved a PFS of 15 to 18.1 months, with a CNS objective response rate (CNS-ORR) ranging from
46.7 to 67.4% in patients with measurable intracranial lesions?”-?%. The PHEREXA study indicated a trend
toward a PFS benefit in the brain metastasis subgroup treated with trastuzumab and pertuzumab combined
with capecitabine. In the PERMEATE study, pyrotinib combined with capecitabine achieved a CNS-ORR of
up to 74.6% and a PFS of up to 11.3 months in patients with brain metastasis progression after radiotherapy.
Additionally, two phase III studies involving 443 asymptomatic brain metastasis patients treated with T-DM1
reported a median PFS of 5.5 to 5.9 months. These findings highlight the importance of anti-HER?2 therapy for
BCBM patients, although the optimal individualized treatment strategy remains to be determined?. On the
basis of our model, any treatment with trastuzumab, trastuzumab combined with pertuzumab, pyrotinib, or
T-DM1 significantly prolonged survival in low-risk patients. For intermediate-risk patients, the combination of
trastuzumab and pertuzumab provides the most substantial survival benefit. However, our prognostic model,
which is based on clinicopathological features at the initial diagnosis of brain metastasis, suggests that this benefit
may largely result from effective control of extracranial lesions. For high-risk patients or those with recurrent
brain metastasis after initial diagnosis, no definitive treatment guidelines exist, although small-molecule TKIs
may be preferred due to their ability to cross the blood-brain barrier. Further prospective studies with larger
sample sizes are needed to confirm these findings.

A previous retrospective study demonstrated that BCBM patients treated with pyrotinib in combination with
radiotherapy had an intracranial PFS of 15 months, whereas those treated with pyrotinib alone had a survival
of 9 months®. This highlights the substantial survival benefit of combining drug therapy with radiotherapy in
BCBM patients. However, there is currently no clear guidance on identifying the patient subgroups most likely to
benefit from this combination. Our study revealed that combining drug therapy with radiotherapy significantly
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Fig. 2. Evaluation of Prognostic Model Performance. (A) Prognostic differences among patients stratified

by risk groups: high-risk (red), intermediate-risk (yellow), low-risk (green). (B) ROC curves evaluating the
model’s predictive performance at different survival time points. (C) Prognostic Model Performance in 75
Independent Test Sets of HER2-Positive BCBM Patients. (D) ROC curve analysis of the model’s prediction
performance at various survival time thresholds. E-F) Comparison of the Chinese Population Data Model with

the GPA Model Comprehensive Assessment Index.
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Fig. 3. Impact of Individualized Drug Treatments on Survival Prognosis. A-B) Effect of
trastuzumab + pertuzumab and trastuzumab on prognosis in different risk groups. C-E) Effect of
trastuzumab + pertuzumab, pyrotinib, and T-DM1 on prognosis in low-risk patients. F) Impact of
trastuzumab + pertuzumab on intermediate-risk patients.
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improved the survival following a brain metastasis diagnosis across the entire patient population. For low-risk
patients, overtreatment should be avoided, emphasizing the value of our model in guiding treatment strategies
for HER2-positive BCBM patients and advancing the precision treatment approach.

In summary, our study systematically analyzed the HER2-positive BCBM population and integrated
clinicopathological characteristics and anti-HER2 treatment data to develop a survival prognostic scoring
model. This model offers optimized treatment recommendations for various patient subgroups, promoting
individualized care and improving survival outcomes for HER2-positive BCBM patients. However, as a
retrospective study, our findings may be influenced by confounding factors and bias. Ongoing data collection,
along with the expansion of the sample size and inclusion of more multicenter datasets, is essential for further
refinement of the prognostic model. These efforts will be crucial in ensuring the most effective individualized
treatment options for BCBM patients and enhancing the generalizability and robustness of the model.

Conclusions
This study developed a survival prognostic stratification model based on the clinicopathological characteristics
of patients with HER2-positive breast cancer brain metastasis.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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