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Abstract
BACKGROUND
Breast cancer (BC) has become the most common malignancy in women. The incidence and detection rates of BC brain metastasis (BCBM) have increased with the progress of imaging, multidisciplinary treatment techniques and the extension of survival time of BC patients. BM seriously affects the quality of life and survival prognosis of BC patients. Therefore, clinical research on the clinicopathological features and prognostic factors of BCBM is valuable. By analyzing the clinicopathological parameters of BCBM patients, and assessing the risk factors and prognostic indicators, we can perform hierarchical diagnosis and treatment on the high-risk population of BCBM, and achieve clinical benefits of early diagnosis and treatment.

AIM
To explore the clinicopathological features and prognostic factors of BCBM, and provide references for diagnosis, treatment and management of BCBM.

METHODS
The clinicopathological data of 68 BCBM patients admitted to the Air Force Medical Center, Chinese People’s Liberation Army (formerly Air Force General Hospital) from 2000 to 2022 were collected. Another 136 BC patients without BM were matched at a ratio of 1:2 based on the age and site of onset for retrospective analysis. Categorical data were subjected to 2 test or Fisher’s exact probability test, and the variables with P < 0.05 in the univariate Cox proportional hazards model were incorporated into the multivariate model to identify high-risk factors and independent prognostic factors of BCBM, with a hazard ratio (HR) > 1 suggesting poor prognostic factors. The survival time of patients was estimated by the Kaplan–Meier method, and overall survival was compared between groups by log-rank test.

RESULTS
Multivariate Cox regression analysis showed that patients with stage III/IV tumor at initial diagnosis [HR: 5.58, 95% confidence interval (CI): 1.99–15.68], lung metastasis (HR: 24.18, 95% CI: 6.40–91.43), human epidermal growth factor receptor 2 (HER2)-overexpressing BC and triple-negative BC were more prone to BM. As can be seen from the prognostic data, 52 of the 68 BCBM patients had died by the end of follow-up, and the median time from diagnosis of BC to the occurrence of BM and from the occurrence of BM to death or last follow-up was 33.5 and 14 mo, respectively. It was confirmed by multivariate Cox regression analysis that patients with neurological symptoms (HR: 1.923, 95% CI: 1.005–3.680), with bone metastasis (HR: 2.011, 95%CI: 1.056-3.831), and BM of HER2-overexpressing and triple-negative BC had shorter survival time.

CONCLUSION
HER2-overexpressing, triple-negative BC, late tumor stage and lung metastasis are risk factors of BM. The presence of neurological symptoms, bone metastasis, and molecular type are influencing prognosis factors of BCBM. 
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Core Tip: We aimed to identify the high-risk factors of breast cancer brain metastasis (BCBM) and conducted prognostic analyses. Sixty-eight BCBM patients diagnosed and treated in the Air Force Medical Center in 2000–2022 were enrolled. Patients with human epidermal growth factor receptor 2 overexpressing and triple-negative breast cancer were more prone to BM and had shorter survival time. Late tumor stage and lung metastasis were independent risk factors for BM. The presence or absence of neurological symptoms and bone metastasis, and molecular type were independent prognostic factors for BCBM. Early screening of high-risk patients for BM helps improve survival rate.

INTRODUCTION
Breast cancer (BC) has become the malignancy with the highest morbidity rate in women[1]. The overall survival (OS) of BC patients has been prolonged with the popularization of universal screening and advances in treatment and management. The proportion of patients with BC brain metastasis (BM) (BCBM) is about 15%[2], which increases with the extension of OS[3]. BM seriously threatens the life expectancy and quality of life of BC patients, and leads to poor prognosis, with a median OS of only 7.4 mo[4]. At present, medical surveillance of the brain is not regarded as a routine follow-up item for BC patients in China and globally. BM has an insidious onset, and most patients are not given targeted diagnosis and treatment of the brain until clinical symptoms emerge, thus losing the best opportunity of diagnosis and treatment and, affecting the survival rate. Therefore, clinical research on the clinicopathological features and prognostic factors of BCBM is required. To identify the clinicopathological features and prognostic factors of BCBM, guide targeted medical monitoring and intervention and raise the survival rate of BCBM patients, 68 BCBM patients were screened from 2238 BC patients admitted to our center from 2000 to 2022, and their clinical data were retrospectively studied.

MATERIALS AND METHODS
Inclusion and exclusion criteria
Inclusion criteria: patients pathologically diagnosed with BC in the Air Force Medical Center (formerly Air Force General Hospital) from 2000 to 2022 were retrospectively collected. Patients with BM (including brain parenchymal metastasis and meningeal metastasis) identified by imaging, cytology or histology were selected.
Exclusion criteria: (1) patients with concomitant malignancy or with a history of malignancy of other origin; (2) patients with incomplete clinical data; (3) patients diagnosed with other neurological diseases; (4) patients complicated with serious fatal clinical diseases; and (5) male patients with BC.
Enrolled cases and follow-up: 2238 BC patients were admitted to the Air Force Medical Center between 2000 to 2022, of whom, 101 (4.5%) developed BM. After ineligible cases were excluded, 68 patients were enrolled. Another 136 BC patients without BM (control group) were matched at a ratio of 1:2 based on the age and tumor site at initial diagnosis. Follow-up was performed by telephone interview, outpatient re-examination and inpatient examination until April 2023.

Indicators and parameters
Clinicopathological parameters of BC patients were statistically analyzed. Univariate Cox proportional hazards model analysis was performed on age (at diagnosis of BC; menstrual status (at diagnosis of BC); family history of tumors; lymph node stage; primary tumor size; tumor stage at initial diagnosis; estrogen receptor (ER) and progesterone receptor (PR) status; molecular and pathological type; presence or absence of liver, lung and bone metastasis; number of liver, lung and bone metastases; presence or absence of metastasis to other sites; number of metastases to other sites; and whether or not surgical treatment was performed. Covariates with statistical significance were further incorporated into a multivariate Cox proportional hazards model for analysis.
Prognostic indicators: age at diagnosis of BM; time from diagnosis of BC to occurrence of BM; menstrual status at diagnosis of BM; molecular type; presence or absence of liver, lung and bone metastasis; number of liver, lung and bone metastases; presence or absence of metastasis to other sites; number of metastases to other sites; tumor stage at initial diagnosis; lymph node stage; pathological type; presence or absence of symptoms at diagnosis of BM; size and number of BMs; and treatment means for BM (systemic or local therapy).
Parameters of local therapy: surgical resection and radiotherapy [mainly including whole brain radiation therapy (WBRT) and stereotactic radiotherapy (SRT) of brain tumor].
Multidisciplinary treatment (MDT) was defined as systemic therapy combined with radiotherapy or surgery. The presence or absence of symptoms was determined according to whether abnormal vision, ataxia, symptoms of intracranial hypertension (headache, nausea and vomiting, lethargy, etc.), motor dysfunction, and paresthesia occurred in patients diagnosed previously with BC.
Parameters of hormone receptor: hormone receptor and human epidermal growth factor receptor 2 (HER2) status was determined by immunohistochemistry. HER2 positive was defined as HER2(3+), or HER2(2+) was positive in in situ hybridization test, and HER2 negative was defined as HER2(), HER2(+), or HER2(2+) was negative in in situ hybridization test. The positive threshold of ER and PR in immunohistochemistry was ≥ 1%. Molecular typing of BC was performed according to hormone receptor status and HER2 expression: luminal A type (ER- and/or PR-positive, and HER2-negative); luminal B type (ER- and/or PR-positive, and HER2-positive); HER2-overexpressing type (ER- and PR-negative, and HER2-positive); and triple-negative type (ER-, PR- and HER2-negative). Tumor–node–metastasis (TNM) staging was carried out based on the American Joint Committee on Cancer 8th Edition Staging System.

Statistical analysis
Numerical data were compared between the two groups by 2 test or Fisher’s exact probability test. The risk factors associated with BM at initial diagnosis of BC were first subjected to univariate Cox proportional hazards model analysis, and then covariates with P < 0.05 (selected by the backward conditional method) were incorporated into the multivariate Cox proportional hazards model. OS, defined as the time from the initial diagnosis of BM to death from any cause, or last follow-up, was compared between the groups using the log-rank test, and the survival time of patients was estimated by the Kaplan–Meier method. In the prognostic analysis of BCBM patients, univariate Cox proportional hazards model analysis was first performed, and then covariates with P < 0.05 (selected by the forward conditional method) were incorporated into the multivariate Cox proportional hazards model to identify the covariates related to survival outcomes, with a 95% confidence interval (95% CI). P < 0.05 was considered statistically significant. All statistical analyses were conducted with SPSS version 27.0 software (SPSS Inc., Chicago, IL, USA).

RESULTS
Tumor characteristics of BCBM patients 
Among the 2238 patients with BC, BM was found at the initial diagnosis in two cases (0.089%) and during follow-up in 99 cases (4.42%). In the BCBM group, the median age at diagnosis of BC was 47 (29–69) years; 35 cases (51.5%) were postmenopausal, eight (11.8%) had a family history of malignancy, and most patients (51.5%) had stage III/IV tumors. In terms of molecular type, there were 13 cases (19.1%) of luminal A BC, 22 (32.4%) of luminal B BC, 14 (20.6%) of HER2-overexpressing BC, and 14 (20.6%) of triple-negative BC. Fifty-one cases (75.0%) were pathologically classified as invasive ductal carcinoma. Bone metastasis was the most common (55.9%), followed by lung and liver metastasis. Ten cases (14.7%) developed liver, lung and bone metastasis and BM during the course of disease. Modified radical mastectomy dominated in both groups, and the proportion of patients undergoing neoadjuvant chemotherapy, radiotherapy and HER2-targeted therapy in the BCBM group was higher than that in the non-BCBM group (Table 1).

Risk factors of BM
Sixty-eight BCBM patients were matched at a ratio of 1:2 with 136 BC patients of the same age and tumor site at initial diagnosis. The median time from the diagnosis of BC to the occurrence of BM was 33.5 (0–181) mo in BCBM patients. The risk factors of BCBM are shown in Table 2. In univariate Cox analysis, lymph node stage; tumor stage at the initial diagnosis; ER status; PR status; molecular type; presence or absence of bone metastasis, liver metastasis and lung metastasis; number of bone, liver and lung metastases; number of metastases to other sites; and surgical mode were statistically significant. The above factors were incorporated into multivariate Cox analysis, and it was found that patients with stage III/IV tumor at initial diagnosis [hazard ratio (HR): 5.58, 95% CI: 1.99–15.68], lung metastasis (HR: 24.18, 95% CI: 6.40–91.43), and HER2-overexpressing and triple-negative BC were more prone to BM.

Prognostic analysis
The median age in 68 BCBM patients at diagnosis of BM was 50.5 (30–70) years. Presence or absence of bone metastasis, molecular type, and presence or absence of neurological symptoms at initial diagnosis of BCBM were significant covariates in multivariate Cox analysis. The median time from initial diagnosis of BM to death from any cause or last follow-up was 14 (2–138) mo in the 68 BCBM patients. The survival time of BCBM patients with different molecular types is shown in Figure 1. Of the 68 BCBM patients, 44 (64.7%) were diagnosed with BM due to neurological symptoms; mainly dizziness, which was the initial symptom of 23 (52.3%) patients with BCBM. In addition, typical symptoms of BM included headache (19 cases), nausea and vomiting (10 cases), walking instability (7 cases), blurred vision (5 cases), memory loss (4 cases) and slow response (3 cases), and they often occurred simultaneously. The median survival time was 12 mo among BCBM patients with neurological symptoms, 30 mo among asymptomatic patients (Figure 2), 14 mo among BCBM patients with bone metastasis, and 23 mo among those without bone metastasis (Figure 3). The relevant results are presented in Table 3.
Of the 68 BCBM patients, four (5.9%) underwent no treatment, 27 (39.7%) underwent MDT with local therapy plus systemic medication, 30 (44.1%) were given local therapy only, and seven (10.3%) were given medication only. The median survival time of patients receiving MDT was 21 mo, which was superior to that of patients receiving medication or local therapy alone. Tumor resection was performed in 11 cases and all of them were treated with postoperative radiotherapy. After BM, 16 patients received HER2-targeted therapy, including trastuzumab single targeted therapy for five cases, trastuzumab plus tyrosine kinase inhibitors (TKIs) for two cases, and capecitabine plus TKI for seven cases, and their median survival time was 17, 23 and 54 mo, respectively. The remaining two patients received trastuzumab + pertuzumab dual-targeted therapy, and they were still alive as of the follow-up endpoint (Table 4).

DISCUSSION
In this study, the median time from the diagnosis of BC to the occurrence of BCBM was 33.5 (0–181) mo. The risk of BM varied among patients with different molecular subtypes of BC. HER2-overexpressing and triple-negative BC had a high tendency to BM, consistent with previous reports[5]. Patients with advanced stage and lung metastasis were also at high risk of BM. Due to the specificity of the physiological structure of the brain (such as the presence of the blood–brain barrier), there is still a lack of effective intervention means, and BM predicts poor survival outcomes. The results of descriptive statistics, univariate and multivariate Cox proportional hazards model analysis showed that the molecular type, and presence or absence of neurological symptoms and bone metastasis at diagnosis of BM were independent prognosis factors of patients with BM.
In this study, it was found that HER2-overexpressing and triple-negative types were high-risk molecular types of BCBM. Patients with HER2-overexpressing and triple-negative BC accounted for 20.6% of BM patients, in line with research findings that the incidence rate of BM in HER2-overexpressing type and triple-negative BC is 20%–30%[6]. Sixty-nine studies involving 28 countries on risk factors of BCBM concluded that young age, ER-negative, HER2 overexpression, later tumor stage, histological grade, tumor size, and lymph node metastasis are all independent risk factors of BCBM[7]. Univariate analysis of this study showed that lung, liver and bone metastasis, the number of liver, lung and bone metastases, and the number of metastases to other sites were associated with an increased risk of BM in BC patients. In multivariate analysis, only lung metastasis was statistically significant (HR: 24.18, 95%CI: 6.40–91.43). As shown in previous studies, cyclooxygenase 2 and epidermal growth factor receptor ligand can serve as mediators of cancer cells passing through the blood–brain barrier[8], and they are associated with lung cancer infiltration, which may account for the predisposition of patients with lung metastases to BM[9]. Lymph node status and age at diagnosis of BC have been verified to be associated with the risk of BM[10], but no clear association was observed in this study. The later tumor stage often corresponds to later seeking of treatment, greater tumor burden, greater lymph node infiltration, and increased risk of metastasis and recurrence, including BM[11].
Clinically, the treatment regimen is often selected based on the number, location and size of BMs, the patient’s physical condition, extracranial metastasis, and the possible benefits of treatment. SRT is mainly applied to BM patients with < 4 tumor lesions and brain tumor < 3 cm. In this study, the median survival time was 12 mo among patients treated with WBRT alone, 16 mo among patients treated with SRT alone, 18 mo among patients treated with WBRT + SRT, and 18 mo among patients undergoing surgery for brain tumors. Consistent with this study, a study showed that WBRT produces no OS benefit but significant neurocognitive decline[12]. Of the 68 patients, 24 had BMs ≤ 3 cm, and 22 patients (91.7%) underwent SRT. SRT has become the first-line treatment for BC patients with small brain metastases[13].
Despite advances in early diagnosis and effective treatment, distant metastasis remains an important factor threatening the survival of BC patients[14]. In this study, the median survival time of patients with luminal A, luminal B, HER2-overexpressing and triple-negative BC was 26, 30, 21 and 8 mo, respectively. The prognosis of HER2-overexpressing and triple-negative BC patients was poor. It is difficult for most drugs to reach effective blood concentration in the brain due to the presence of the blood–brain barrier. With the progress made in novel targeted drugs in the past decade, breakthroughs have been made in the treatment of HER2-positive BC. Trastuzumab, pertuzumab, antibody-drug conjugate and TKIs (lapatinib, pyrotinib, etc.) have been marketed successively, extending the OS of HER2-positive patients. Studies have revealed that lapatinib + capecitabine can delay the time of WBRT[15]. The PERMEATE study explored the efficacy of lapatinib plus capecitabine in the treatment of patients with HER2-positive BM, and found that the objective response rate of brain can reach 74.6% in patients undergoing the initial neurological radiotherapy[16]. In this study, the median survival time of patients given capecitabine plus TKIs was 54 mo. As of April 2023, the median survival time of HER2-positive BCBM patients enrolled in PERMEATE is up to 31.5 mo[16]. In this study, the patients treated from 2000 to 2022 were enrolled, and trastuzumab was marketed in China since 2002, so some patients did not undergo targeted therapy due to early drug shortage and high treatment cost, which may be one of the reasons for poor prognosis of HER2-overexpressing BC patients. In view of the current effective treatment, HER2-positive patients should be more active in undergoing brain examination and timely treatment.
The results of multivariate Cox regression analysis showed that the HR value of BM patients with neurological symptoms was 1.923 times (95% CI: 1.005–3.680) that of asymptomatic patients (P = 0.048), suggesting that the presence of neurological symptoms at diagnosis is associated with a poor prognosis. The median survival time was 30 mo for asymptomatic patients and 12 mo for symptomatic patients. A study involving long-term survivors of BCBM showed that asymptomatic BCBM patients are more likely to achieve long-term survival of > 15 mo[17]. In this study, asymptomatic patients with BM had a smaller diameter of brain tumor (≤ 3 cm: 95.8% vs 75.0%, P = 0.031), fewer brain metastases (≤ 3: 58.3% vs 43.2%, P = 0.232), and younger age at diagnosis of BC (≤ 35 years: 95.8% vs 75%, P = 0.031) than symptomatic patients, consistent with the characteristics (young age, small diameter of brain tumor, small number of brain tumors, and good physical status without neurological burden) of asymptomatic patients[18]. Due to smaller size and number of brain tumors of asymptomatic patients, a wider range of treatment options is available, and SRT is preferred, which is associated with milder neurological impairment[17]. A prospective study on 1196 asymptomatic patients with BCBM treated with SRT also confirmed that compared with symptomatic patients, asymptomatic BM patients have good neurological status and reduced neurological mortality[18]. A previous study showed that early detection of BM is associated with longer OS as compared to symptomatic BM[19]. Considering the health economic benefits, however, brain screening has not been utilized as routine follow-up for BC patients in China and globally. According to an American study, regular head magnetic resonance imaging screening can save an average of USD 1326 in treatment costs for each BCBM patient. Although there are differences in the medical system between the USA and China, some references are still provided for the formulation of follow-up plans for BC patients in China[20].
The presence of extracranial metastases was identified as an independent prognostic factor in the 2020 version of the Breast Graded Prognostic Assessment. Bone metastasis is the most common mode of metastasis, accounting for 60%–70% of metastatic BC[21]. In this study, 38 (55.9%) patients with BM had bone metastasis. The prognosis of BC bone metastases is better than that of other distant metastases, with a median survival time of 36 mo[22], and the survival rate significantly declines when complicated with metastasis to other sites[23]. In a cohort of 1330 triple-negative BC patients with BM, the median OS was 13 mo (95% CI: 11.5–14.5 mo) for bone metastasis alone and 8 mo (95% CI: 6.3–9.7 mo) for bone metastasis + metastasis to other sites[24]. In this study, the median survival time was 14 mo for patients with BM + bone metastasis and 23 mo for patients without bone metastasis, and the HR value in multivariate analysis was 2.011 times that of patients without bone metastasis (95% CI: 1.056–3.831) (P = 0.034). Common skeletal-related events in patients with bone metastasis include pathological fracture, spinal cord compression, hypercalcemia, and bone pain[21], resulting in limited daily activity and reduced quality of life. In this study, the median age of 68 BCBM patients was 50.5 (30–70) years. The mean menopausal age of Chinese women is 49.5 years, and menopausal women are prone to osteoporosis as well as an increased risk of pathological fracture when complicated with bone metastasis. Fracture-induced immobilization, decrease of physical performance score, and long-term complications related to immobilization (thromboembolism, respiratory tract infection, etc.) are all reasons for the decrease in survival rate. In the case of paralysis caused by spinal cord compression, the survival rate declines further, with a 1-year survival rate of only 17.6%[25].
There were some limitations to this study, such as its small sample size and single-center, retrospective nature, which inevitably introduced selection and recall bias. The clinical data collected from 2000 to 2022 may have had missing follow-up data. Notably, the absence of pathological results and imaging data for some patients diagnosed before 2010 may have influenced the analytical outcomes. Moreover, shifts in clinical guidelines, the introduction of new medications, and advances in the healthcare economy during this period have altered the diagnostic criteria, treatment modalities, and patient management approaches. Other potential confounding factors like the genotype of BC patients were not extensively analyzed due to their low detection rate. The lack of prospective studies introduced uncertainty in pinpointing the precise onset time for patients with asymptomatic BM. Currently, the efficacy of early screening for BCBM, its potential for early intervention, and whether early detection enhances survival rate, necessitate validation through multicenter prospective studies.

CONCLUSION
Stage III/IV, lung metastasis, and HER2-overexpressing and triple-negative types are high-risk factors of BCBM, and aggressive monitoring of BM is required. It is recommended that BC patients undergo regular brain examinations since detecting and treating BC before neurological symptoms emerge may produce better outcomes. Patients with central nervous system symptoms, HER2-overexpressing and triple-negative BC, and bone metastasis have poor prognosis.

ARTICLE HIGHLIGHTS
Research background
Breast cancer (BC) brain metastasis (BCBM) is an important influencing factor of the long-term prognosis of BC patients. Triple-negative type is a known risk factor of BCBM, suggesting that patients with different clinicopathological types have differences in survival time.

Research motivation
To explore the influencing factors of the occurrence, development, and prognostic survival of BCBM to provide references for the diagnosis, treatment and management of patients with BM.

Research objectives
To perform more aggressive screening of high-risk patients of BCBM, benefiting patients from early diagnosis and treatment, and producing better outcomes.

Research methods
Clinicopathological data of 68 BCBM patients admitted to the Air Force Medical Center (formerly Air Force General Hospital) between 2000 and 2022 and another 136 matched BC patients were retrospectively analyzed. The high-risk factors and prognostic factors of BCBM patients were analyzed by univariate and multivariate Cox regression analyses, the survival time of patients was estimated by the Kaplan–Meier method, and the overall survival was compared between two groups by log-rank test.

Research results
Stage III/IV, lung metastasis, and human epidermal growth factor receptor 2 (HER2)-overexpressing and triple-negative types were high-risk factors of BCBM. Patients with neurological symptoms, bone metastasis, and HER2-overexpressing and triple-negative BC had poor prognosis, requiring more effective treatment to improve the survival rate of these patients.

Research conclusions
The prognosis of BCBM is poor. Active follow-up and screening of the brain should be performed for patients with late stage at initial treatment, lung metastasis, and HER2-overexpressing and triple-negative BC. The median survival time of patients with neurological symptoms, bone metastasis, and HER2-overexpressing and triple-negative BC significantly decreases.

Research perspectives
More multicenter large studies on BCBM are required to provide references for the management of high-risk patients, and more effective treatment is needed to raise the survival rate of patients with poor prognosis.
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Figure 1 Survival analysis of patients with different molecular types.
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Figure 2 Survival analysis of patients with or without symptoms.
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Figure 3 Survival analysis of patients with or without bone metastasis.



Table 1 Clinicopathological features and tumor characteristics of patients
	Item
	
	Non-BCBM group (n = 136) [n (%)]
	BCBM group (n = 68) [n (%)]
	P 

	Age at diagnosis of BC (yr)
	0.009

	≤ 35
	
	9 (6.6)
	12 (17.6)
	

	35-55
	
	79 (58.1)
	43 (63.2)
	

	> 55
	
	48 (35.3)
	13 (19.2)
	

	Menstrual status at diagnosis of BC
	0.77

	Premenopause
	
	69 (50.7)
	33 (48.5)
	

	Menopause
	
	67 (49.3)
	35 (51.5)
	

	Family history of cancer
	0.12

	None
	
	112 (82.4)
	60 (88.2)
	

	Other malignancies
	
	16 (11.8)
	8 (11.8)
	

	BC
	
	8 (5.9)
	0 (0.0)
	

	Lymph node stage
	0.01

	N0
	
	56 (41.2)
	19 (27.9)
	

	N1
	
	43 (31.6)
	14 (20.6)
	

	N2
	
	25 (18.4)
	17 (25.0)
	

	N3
	
	12 (8.8)
	15 (22.1)
	

	Missing
	
	0 (0.0)
	3 (4.4)
	

	Tumor size
	0.17

	T1
	
	53 (39.0)
	18 (26.5)
	

	T2
	
	67 (49.3)
	37 (54.4)
	

	T3
	
	13 (9.6)
	11 (16.2)
	

	T4
	
	1 (0.7)
	0 (0.0)
	

	Missing
	
	2 (1.5)
	2 (2.9)
	

	Tumor stage at the initial diagnosis
	< 0.001

	IA
	
	29 (21.3)
	3 (4.4)
	

	IIA
	
	39 (28.7)
	19 (27.9)
	

	IIB
	
	29 (21.3)
	7 (10.3)
	

	IIIA
	
	22 (16.2)
	17 (25.0)
	

	IIIB
	
	2 (1.5)
	0 (0.0)
	

	IIIC
	
	11 (8.1)
	11 (16.2)
	

	IV
	
	3 (2.2)
	7 (10.3)
	

	Missing
	
	1 (0.7)
	4 (5.9)
	

	ER
	0.009

	Negative
	
	42 (30.9)
	32 (47.1)
	

	Positive
	
	94 (69.1)
	32 (47.1)
	

	Missing
	
	0 (0.0)
	4 (5.9)
	

	PR
	0.003

	Negative
	
	52 (38.2)
	39 (57.4)
	

	Positive
	
	84 (61.8)
	25 (36.8)
	

	Missing
	
	0 (0.0)
	4 (5.9)
	

	Molecular type
	< 0.001

	Luminal A type
	
	71 (52.2)
	13 (19.1)
	

	Luminal B type
	
	28 (20.6)
	22 (32.4)
	

	HER2-overexpressing type
	
	18 (13.2)
	14 (20.6)
	

	Triple-negative type
	
	19 (14.0)
	14 (20.6)
	

	Missing
	
	0 (0.0)
	5 (7.4)
	

	Pathological type
	0.42

	Noninvasive carcinoma
	
	10 (7.4)
	2 (2.9)
	

	Invasive ductal carcinoma
	
	95 (69.9)
	51 (75.0)
	

	Invasive lobular carcinoma
	
	5 (3.7)
	2 (2.9)
	

	Others
	
	26 (19.1)
	8 (11.8)
	

	Missing
	
	0 (0.0)
	5 (7.4)
	

	Metastasis

	Bone metastasis
	< 0.001

	Yes
	
	12 (8.8)
	38 (55.9)
	

	No
	
	124 (91.2)
	30 (44.1)
	

	Liver metastasis
	< 0.001

	Yes
	
	7 (5.1)
	20 (29.4)
	

	No
	
	129 (94.9)
	48 (70.6)
	

	Lung metastasis
	< 0.001

	Yes
	
	8 (5.9)
	35 (51.5)
	

	No
	
	127 (94.1)
	33 (48.5)
	

	Number of liver, lung and bone metastases
	< 0.001

	0
	
	123 (90.4)
	21 (30.9)
	

	1
	
	8 (5.9)
	19 (27.9)
	

	2
	
	3 (2.2)
	18 (26.5)
	

	3
	
	2 (1.5)
	10 (14.7)
	

	Number of metastases to other sites
	< 0.001

	0
	
	118 (86.8)
	33 (48.5)
	

	1
	
	15 (11.0)
	24 (35.3)
	

	2
	
	2 (1.5)
	8 (11.8)
	

	3
	
	1 (0.7)
	3 (4.4)
	

	Surgical treatment
	< 0.001

	No
	
	3 (2.2)
	7 (10.3)
	

	Breast-conserving surgery
	
	20 (14.7)
	5 (7.4)
	

	Modified radical mastectomy
	
	106 (77.9)
	43 (63.2)
	

	Others
	
	7 (5.1)
	13 (19.1)
	

	Radiotherapy
	0.006

	No
	
	76 (55.9)
	24 (35.3)
	

	Yes
	
	60 (44.1)
	44 (64.7)
	

	Chemotherapy

	Neoadjuvant chemotherapy
	0.21

	No
	
	119 (87.5)
	55 (80.9)
	

	Yes
	
	17 (12.5)
	13 (19.1)
	

	Anthracyclines
	< 0.001

	No
	
	28 (20.6)
	35 (51.5)
	

	Yes
	
	107 (78.7)
	32 (47.1)
	

	Missing
	
	1 (0.7)
	1 (1.5)
	

	Taxane
	0.35

	No
	
	34 (25.2)
	21 (31.3)
	

	Yes
	
	101 (74.8)
	46 (68.7)
	

	HER2 targeted therapy
	< 0.001

	No
	
	118 (86.8)
	36 (52.9)
	

	Yes
	
	18 (13.2)
	32 (47.1)
	


[bookmark: _Hlk147871817]BC: Breast cancer; BCBM: Breast cancer brain metastasis; ER: Estrogen receptor; PR: Progesterone receptor; HER2: Human epidermal growth factor receptor 2.



Table 2 High-risk factors of breast cancer brain metastasis
	Item
	Univariate Cox
	Multivariate Cox

	
	HR (95% CI)
	P 
	HR (95% CI)
	P 

	Age at diagnosis of BC (yr)

	≤ 35
	Reference
	
	
	

	> 35
	0.008 (0-1.89)
	0.083
	
	

	Menstrual status at diagnosis of BC

	Premenopause
	Reference
	
	
	

	Menopause
	1.29 (0.52-3.20)
	0.59
	
	

	Family history of cancer

	None
	Reference
	
	
	

	Yes
	0.62 (0.26-1.44)
	0.26
	
	

	Lymph node stage

	N0-N1
	Reference
	
	
	

	N2-N3
	2.77 (1.40-5.48)
	0.004
	NS
	

	Tumor size

	T1-T2
	Reference
	
	
	

	T3-T4
	1.44 (0.65-3.15)
	0.37
	
	

	Tumor stage at the initial diagnosis

	I-II
	Reference
	
	
	

	III-IV
	3.84 (1.89-7.78)
	< 0.001
	5.58 (1.99-15.68)
	0.001

	ER

	Negative
	Reference
	
	
	

	Positive
	0.49 (0.27-0.87)
	0.015
	NS
	

	PR

	Negative
	Reference
	
	
	

	Positive
	0.36 (0.18-0.69)
	0.002
	NS
	

	Molecular type

	Luminal A type
	Reference
	
	
	

	Luminal B type
	3.95 (1.71-9.14)
	0.001
	5.36 (1.61-17.76)
	0.006

	HER2-overexpression type
	4.01 (1.61-9.96)
	0.003
	5.0 (1.30-19.25)
	0.019

	Triple-negative type
	4.34 (1.55-12.11)
	0.005
	NS
	NS

	Pathological type

	Others
	Reference
	
	
	

	Invasive ductal carcinoma
	1.83 (0.83-4.05)
	0.14
	
	

	Invasive lobular carcinoma
	1.31 (0.22-7.69)
	0. 77
	
	

	Surgical treatment

	Others
	Reference
	
	
	

	Modified radical mastectomy
	0.48 (0.26-0.90)
	0.021
	NS
	

	Bone metastasis
	
	
	
	

	No
	Reference
	
	
	

	Yes
	7.19 (3.13-16.52)
	< 0.001
	NS
	

	Liver metastasis

	No
	Reference
	
	
	

	Yes
	7.44 (2.77-20.01)
	< 0.001
	NS
	

	Lung metastasis

	No
	Reference
	
	
	

	Yes
	15.87 (5.61-44.89)
	< 0.001
	24.18 (6.40-91.43)
	< 0.001

	Number of liver, lung and bone metastases

	< 2
	Reference
	
	
	

	≥ 2
	17.78 (5.38-58.73)
	< 0.001
	NS
	

	Number of metastases to other sites

	< 2
	Reference
	
	
	

	≥ 2
	7.33 (2.05-26.27)
	0.002
	NS
	


95% CI: 95% confidence interval; NS: Not statistically significant; HR: Hazard ratio; ER: Estrogen receptor; PR: Progesterone receptor; BC: Breast Cancer; HER2: Human epidermal growth factor receptor 2.



Table 3 Prognostic factors of breast cancer brain metastasis
	Item
	Univariate Cox
	Multivariate Cox

	
	HR (95% CI)
	P 
	HR (95% CI)
	P 

	Age at diagnosis of BM (yr)

	≤ 35
	Reference
	
	
	

	> 35
	1.033 (0.315-3.385)
	0.957
	
	

	Time from BC to BM (mo)

	≤ 24
	Reference
	
	
	

	> 24
	0.896 (0.482-1.664)
	0.727
	
	

	Menstrual status at diagnosis of BM
	
	
	

	Premenopause
	Reference
	
	
	

	Menopause
	0.685 (0.331-1.416)
	0.307
	
	

	Molecular type

	Luminal A type
	0.253 (0.087-0.730)
	0.011
	0.227 (0.074-0.693)
	0.009

	Luminal B type
	0.279 (0.128-0.607)
	0.001
	0.293 (0.129-0.663)
	0.003

	HER2-overexpressing type
	0.274 (0.121-0.618)
	0.002
	0.319 (0.135-0.754)
	0.009

	Triple-negative type
	Reference
	
	
	

	Bone metastasis

	No
	Reference
	
	
	

	Yes
	1.980 (1.135-3.453)
	0.016
	2.011 (1.056-3.831)
	0.034

	Liver metastasis

	No
	Reference
	
	
	

	Yes
	1.121 (0.626-2.007)
	0.701
	
	

	Lung metastasis

	No
	Reference
	
	
	

	Yes
	1.616 (0.929-2.810)
	0.089
	
	

	Number of liver, lung and bone metastases

	≤ 2
	Reference
	
	
	

	> 2
	1.548 (0.894-2.682)
	0.119
	
	

	Number of metastases to other sites

	< 2
	Reference
	
	
	

	≥ 2
	1.425 (0.711-2.858)
	0.318
	
	

	Tumor stage

	I-II
	Reference
	
	
	

	III-IV
	0.813 (0.466-1.419)
	0.466
	
	

	Lymph node stage

	N0-N1
	Reference
	
	
	

	N2-N3
	0.843 (0.486-1.464)
	0.545
	
	

	Pathological type

	Others
	0.287 (0.073-1.133)
	0.075
	
	

	Invasive lobular carcinoma
	Reference
	
	
	

	Invasive ductal carcinoma
	0.208 (0.060-0.725)
	0.014
	NS
	

	Symptoms

	No
	Reference
	
	
	

	Yes
	2.171 (1.191-3.959)
	0.011
	1.923 (1.005-3.680)
	0.048

	Size of BM (cm)

	≤ 3
	Reference
	
	
	

	> 3
	0.803 (0.449-1.439)
	0.462
	
	

	Number of BM

	≤ 3
	Reference
	
	
	

	> 3
	1.248 (0.721-2.160)
	0.428
	
	

	Surgery for BM

	No
	Reference
	
	
	

	Yes
	0.744 (0.348-1.591)
	0.446
	
	

	Treatment after BM

	Local therapy
	Reference
	
	
	

	Medication alone
	1.531 (0.638-3.674)
	0.064
	
	

	Systemic therapy
	0.748 (0.317-1.765)
	0.507
	
	

	Local therapy
	
	
	
	

	SRT
	1.350 (0.513-3.549)
	0.543
	
	

	WBRT
	1.600 (0.633-4.043)
	0.320
	
	

	Both
	1.935 (0.680-5.506)
	0.216
	
	

	Neither
	Reference
	
	
	


95% CI: 95% confidence interval; NS: Not statistically significant; HR: Hazard ratio; BC: Breast Cancer; BM：Brain Metastasis; WBRT: Whole brain radiation therapy; SRT: Stereotactic radiotherapy; HER2: Human epidermal growth factor receptor 2.



Table 4 Treatment methods of brain metastasis
	Item
	Patients with BM (n = 68)
	Median survival time (mo)

	Medication
	7
	12

	MDT
	27
	21

	Local therapy alone
	30
	15

	Neither
	4
	

	Local therapy
	n = 57
	

	SRT alone
	19
	16

	Surgery + SRT
	6
	19

	SRT + WBRT
	10
	18

	Surgery + WBRT
	3
	30

	WBRT
	17
	12

	Surgery + SRT + WBRT
	2
	21

	HER2 targeted therapy
	n = 16
	

	Trastuzumab
	5
	17

	Trastuzumab + pertuzumab
	2
	

	Trastuzumab + TKI
	2
	23

	Capecitabine + TKI
	7
	54


MDT: Multidisciplinary treatment; WBRT: Whole brain radiation therapy; SRT: Stereotactic radiotherapy; TKI: Trastuzumab plus tyrosine kinase inhibitors; BM: Brain Metastasis; HER2: Human epidermal growth factor receptor 2.
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