DOI:10.31557/APJCP.2026.27.4.1303
Prediction of Outcomes of Brain Irradiation in Correlation with Molecular Subtypes in Patients with Metastatic Breast Cancer

Editorial Process: Submission:08/13/2025 Acceptance:03/16/2026 Published:04/07/2026

RESEARCH ARTICLE

Prediction of Outcomes of Brain Irradiation in Correlation
with Molecular Subtypes in Patients with Metastatic Breast
Cancer

Ahmed Sohaib', Mohamed Alhefny?, Mohamed Taher Amin’, Yostena Mekhail'*

Abstract

Background: Brain metastases (BM) are a major complication in metastatic breast cancer, especially in HER2-
positive and triple-negative subtypes. Despite advances in systemic therapy, BM remains associated with a poor
prognosis and often requires radiotherapy. This study evaluates the outcomes of brain irradiation across subtypes and
proposes a prognostic scoring system to guide treatment. Methods: This retrospective study analyzed data from 348
breast cancer patients with BM to develop a prognostic scoring system for radiotherapy decisions. The data included
molecular subtypes, number of brain lesions, and survival outcomes. Kaplan—Meier and Cox proportional hazards models
were used to identify prognostic factors. The scoring system, based on the significance of predictors, was compared
with physician-selected radiotherapy techniques to assess its potential for optimizing care. Results: Luminal breast
cancer was most prevalent (42.6%), followed by HER2-positive and triple-negative (19% each). Median BM onset was
23 months; headache was the most common symptom (48%). HER2-positive and triple-negative patients developed
metastases earlier than luminal and triple-positive (P=0.001). Survival was better for luminal and triple-positive, poorer
for HER2-positive and triple-negative. Patients with fewer than five brain lesions had higher survival rates (P=0.001).
The scoring system incorporated molecular subtype, lesion burden, and patient characteristics. Scores above 3.5
predicted worse survival, with higher scores strongly linked to poorer outcomes (P=0.001). Conclusion: This study
identifies key prognostic factors influencing survival in breast cancer patients with BM and proposes a scoring system
to guide radiotherapy decisions. Molecular subtypes, metastatic burden, and clinical characteristics significantly
affect outcomes, with HER2-positive and triple-negative subtypes showing the poorest survival. The system provides
a structured approach for treatment selection, though further validation is needed to ensure its accuracy and clinical
utility in personalized radiotherapy planning.

Keywords: Brain metastases metastatic- breast cancer- molecular subtypes- HER2-positive- radiotherapy outcomes

Asian Pac J Cancer Prev, 27 (4), 1303-1311

Introduction

A considerable number of patients with metastatic
breast cancer develop brain metastases (BM) along the
course of the disease, particularly in human epidermal
growth factor receptor 2-positive (HER2+) and triple-
negative BC (TNBC) [1].

Although brain metastases are less frequent than
bone and visceral metastases, they are associated with
poorer prognosis and less response to systemic therapies.
Recently, there is a trend toward increased incidence of
brain metastases [2], this increased incidence could be due
to more frequent use of sensitive diagnostic tools such as
contrast-enhanced magnetic resonance imaging (MRI),
increased awareness among patients and clinicians, and
improved systemic therapy outcomes with subsequent

prolonged survival [3].

While systemic treatments for BM have advanced,
localized therapies like radiotherapy (RT) or surgery
are commonly used due to systemic agents’ limitations
in penetrating the blood—brain barrier. Albeit tumor
molecular subtypes significantly impact breast metastases
particularly BM incidence and prognosis, current local
treatment guidelines do not consider these subtypes [4].

When brain metastasis is diagnosed, brain irradiation is
usually considered. Treatment options include conformal
radiation, such as stereotactic radiotherapy, or whole brain
irradiation. However, adding whole brain radiotherapy to
conformal or stereotactic approaches in patients with 1-6
brain lesions has not improved overall survival (OS) and
has significantly increased neurocognitive dysfunction,
as demonstrated in several trials [5, 6].
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Many studies also reported higher incidence of
cognitive impairment after whole-brain radiotherapy. The
frequency of cognitive impairment was reported to be
significantly lower among long-term survivors who had
undergone conformal and stereotactic radiotherapy alone
compared to whole brain. Given that brain metastasis
to the hippocampus is rare and declines in cognitive
functions are correlated with hippocampal irradiation,
the use of intensity-modulated radiotherapy (IMRT)
in whole brain radiotherapy to reduce the dose to the
hippocampus (hippocampal sparing brain irradiation)
has also been considered, and cognitive function is
significantly preserved at six months after the completion
of radiotherapy compared with that after conventional
whole-brain radiotherapy [7, 8].

Previous studies have explored overall survival after
brain-directed treatment based on molecular subtypes, but
there’s a lack of research on clinical assessment and quality
of life after brain irradiation [9]. A study reported distinct
recurrence patterns according to molecular subtypes,
underscoring the importance of achieving local control in
the HER2-positive subtype and suggesting whole-brain
radiotherapy (WBRT) for triple-negative breast cancer
(TNBC). However, the investigation did not evaluate
whether WBRT improves clinical outcomes, particularly
neurocognitive function, nor did it address the potential
role of more conformal radiotherapy techniques or the
impact of WBRT on overall survival [10].

This study aims to investigate the role of brain
irradiation in various molecular subtypes of breast
cancer, alongside other established prognostic factors.
By analyzing these variables, we seek to identify the
risk factors and their weight that will assist physicians
in tailoring radiotherapy techniques for breast cancer
patients with brain metastasis. These risk factors should
be included in a scoring system intended to optimize
treatment decisions, ensuring that each patient receives
the most appropriate form of brain irradiation based on
their individual prognostic profile.

Materials and Methods

This retrospective cohort study aimed to develop a
prognostic scoring system to predict survival outcomes
in breast cancer patients with brain metastasis in different
molecular subgroups, guiding brain irradiation decisions.
Medical records of 1243 patients from the sharing
centers were reviewed for eligibility, and a total of 348
patients were included in the analysis. All patients had
pathological evidence of breast cancer with radiological
and/or pathological evidence of brain metastasis and were
treated with either whole brain irradiation or localized
irradiation of the brain metastases.

Patient selection

To reduce selection bias we reviewed consecutive
medical records from participating centers during the
study period and applied prespecified inclusion and
exclusion criteria. Records were screened sequentially
and cases meeting all eligibility criteria were included. We
acknowledge that referral patterns to tertiary centers and
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multidisciplinary clinics may preferentially concentrate
patients with symptomatic or higher burden intracranial
disease; this referral bias could increase the proportion
of patients with >4 lesions in our cohort compared with
population based series.

Radiotherapy procedures

Radiotherapy modality, dose and fractionation were
recorded from treatment charts and multidisciplinary
notes. Modalities included whole brain radiotherapy
(WBRT), stereotactic radiosurgery (SRS)/stereotactic
radiotherapy (SRT), and focal conformal techniques
(IMRT/3D CRT). Treatment choice reflected clinical
judgment at the time and was therefore heterogeneous
across patients and centers. We recorded the treating
physician’s rationale when available (lesion number,
performance status, prior systemic therapy) and included
modality as a covariate in adjusted analyses to mitigate
confounding by indication.

Data Collection

Clinical and demographic data were collected from
electronic medical records. Key variables included
age, sex, molecular and pathological subtypes, stage
at diagnosis, onset of brain metastasis, and presenting
symptoms. Additional variables included performance
status (ECOQG), presence of extracranial metastases,
number of brain metastases and its onset since diagnosis.
Survival outcomes were recorded, with survival defined
as the time from diagnosis of brain metastasis to death or
last follow-up.

Statistical Analysis

Data was analyzed using SPSS version 20.0.
Categorical data were represented as numbers and
percentages and compared using the Chi-square test. Fisher
Exact or Monte Carlo correction was applied when over
20% of cells had an expected count less than 5. Continuous
data were assessed for normality with the Kolmogorov-
Smirnov test. Normally distributed data were compared
using the Student’s t-test, while non-normally distributed
data were analyzed with the Mann-Whitney test. Survival
analysis was performed using the Kaplan-Meier method,
with significance judged at the 5% level. Missing data
were quantified for all candidate predictors. For variables
with <20% missingness we used multiple imputation by
chained equations (MICE) with 20 imputations; variables
with >20% missingness were excluded from multivariable
modeling. To assess robustness to residual confounding
and treatment heterogeneity we performed sensitivity
analyses: (a) complete case analysis, (b) models excluding
patients with prior CNS directed surgery, and (¢) models
including radiotherapy modality and center as covariates.

Predictor Selection and model development

Predictors were selected based on clinical relevance
and a thorough literature review. The initial set of
predictors included age, performance status, molecular
subtype, number and onset of brain metastases and
presence of extracranial metastases.

A Cox proportional hazards model was used to
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analyze time-to-event data. Variable selection was
performed using stepwise selection, retaining predictors
with a p-value < 0.05. The model was fitted using SPSS
software (version 20). Model performance was evaluated
using the area under the receiver operating characteristic
curve (AUC-ROC) and calibration plots. The model’s
discrimination and calibration were assessed to ensure
accuracy and reliability.

Scoring System Development

The model coefficients were converted into a points-
based scoring system. Each predictor was assigned an
integer score based on its relative importance. The total
score was used to stratify patients into risk categories.
These categories should be guiding brain irradiation
decisions (e.g., whole brain radiotherapy, localized
radiotherapy) in day to day clinical practice.

The prognostic score was compared with the actual
technique of radiotherapy administered based on the
physician’s choice to evaluate its effectiveness as a guide
for selecting the appropriate radiotherapy technique. This
comparison aimed to determine whether the prognostic
score could reliably inform treatment decisions. It is
important to note that internal and external validation
of the prognostic score was not performed in this study.

Results

A total of 348 female patients were enrolled in this
study. Median age was 47 years. Most of the cases had
luminal subtype of BC (42.6%) while other subtypes
were almost equal at about 19% each. Stage III and
IV were the most common stages at diagnosis (43.2
and 42.6% respectively). The median onset of brain
metastasis since diagnosis was 23 months. Headache
was the most common presenting symptom (48%) while
incontinence was observed in only 1.4% of cases. Most
of the patients (64%) had more than 4 metastatic brain
lesions (designated as “poly” in the table). Clinical
improvement was observed in 79.1% of patients while
radiological stationary disease was the most observed
outcome (75%) (Table 1).

The onset of brain metastasis was significantly related
to the molecular subtype of BC. Luminal and triple
positive subtypes had longer duration till development of
brain metastasis (28 and 24 months respectively). While
triple negative and her2 positive cases had earlier onset of
metastasis (20 and 14.5 months) (P=0.001). Meanwhile,
molecular subtype did not affect the number of brain
metastatic lesions neither the radiological outcome
(Table 2). Kaplan Meier curve for overall survival
showed better survival for luminal and triple positive
subtypes (38 and 33 months). While her2 positive and
triple negative had median overall survival of 19 and 22
months respectively (P=0.001) (Figure 1).

Patients who had “oligo” metastatic lesions -defined
as less than 5 lesions- had higher OS compared to
patient who had “poly” metastasis (42 versus 27 months,
P=0.001) (Figure 2). Likewise, patients who received
localized brain irradiation had better OS than those who
received whole brain irradiation. This is probably due to

the other interfering factors that affected survival rather
than a true effect of certain technique (Figure 3).

In this study, several prognostic factors were
identified as significantly influencing survival outcomes
in patients with breast cancer who developed brain

Table 1. Patients and Disease Characteristics (n = 348)

No. (%)

Age (years)
Mean =+ SD. 47.07 £11.37
Molecular subtype

Luminal 148 (42.6%)

Her2+ 66 (18.9%)

Triple positive 66 (18.9%)

Triple negative 68 (19.6%)
Histological subtype

IDC 299 (85.8%)

ILC 49 (14.2%)
Stage at diagnosis

I 5 (1.4%)

I 45 (12.8%)

1 150 (43.2%)

v 148 (42.6%)
Onset of brain Mets

Min. — Max. 0.0 - 60.0

Median (IQR) 23.0 (14.0 - 30.0)
Triggering symptom

Convulsions 49 (14.2%)

Headache 167 (48.0%)

DCL 65 (18.9%)

Incontinence 5(1.4%)

Weakness 62 (17.6%)

Number of brain Mets

Oligo 120 (34.5%)

Poly 228 (65.5%)
Mets rather than brain

No 113 (32.4%)

Yes 235 (67.6%)
Technique of radiation

Localized 68 (19.6%)

WBRT 280 (80.4%)
Dose

2000/5 232 (66.6%)

2500/5 27 (7.75%)

3000/10 89 (25.57%)

Clinical outcome
No improvement 73 (20.9%)
Improved 275 (79.1%)
Radiological outcome
SD 261 (75.0%)
PR 87 (25.0%)
IQR, Inter quartile range; SD, Standard deviation
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Figure 1. Kaplan-Meier Survival Curve for Overall Survival with Molecular Subtype

metastases. Younger age (<50 years) was associated with
an increased risk (OR = 1.56, 95% CI: 1.30-1.87, p =
0.046). Similarly, patients with poor performance status
(grade 3—4) demonstrated an elevated risk (OR = 1.52,
95% CI: 1.27-1.82, p = 0.037). Among tumor biology
factors, HER2-positive status exhibited the strongest
association with survival (OR =2.97, 95% CI: 2.45-3.60,
p=0.015). Patients with triple-negative breast cancer also
demonstrated a significantly increased risk (OR = 2.65,
95% CI: 2.18-3.22, p = 0.012). Regarding metastatic
burden, the presence of more than four brain metastases
was associated with a substantial negative impact on
prognosis (OR = 1.90, 95% CI: 1.55-2.33, p = 0.003).
Additionally, patients with extracranial metastases
exhibited significantly lower survival rates (OR = 1.86,
95% CI: 1.52-2.28, p=0.05). A prognostic scoring system
based on these predictors was devised, with HER2-positive
status contributing the highest score (2 points), followed

by triple-negative subtype (1.5 points), extensive brain
metastases (1 point), extracranial metastases (1 point),
and patient factors such as age and performance status
(0.5 points each). The weight assigned to each score
was derived from the logistic regression coefficients,
with fractional values rounded. This scoring approach
provides a stratification model for assessing survival risk
and guiding clinical decision-making (Table 3).

The ROC curve analysis for the prognostic scoring
system identified a cutoff point of 3.5, at which survival
was predicted to be of worse prognosis. Additionally,
Kaplan-Meier survival analysis demonstrated a significant
association (P=0.001) between the scoring system and
overall survival, with higher scores correlating with poorer
survival outcomes. (Figure 4).

Additionally, multivariate analysis was done
comparing the living versus dead patients. It showed
the same previous observations with triple negative and
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Figure 2. Kaplan-Meier Survival Curve for Overall Survival with Number of Brain Mets
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Table 2. Relation between Molecular Subtype and Disease Characteristics (n = 348)

Molecular subtype Test of Sig. p
Luminal Triple positive Her2+ Triple negative
(n=148) (n=606) (n=606) (n=068)
Onset of brain Mets
Min. — Max. 0-60 0-55 0-42 1-54 H=17.527* 0.001*
Median (IQR) 28 (16.50-36.50) 24 (17.50-25) 14.50 (7 —22.50) 20 (15-26)
Number of brain Mets
Oligo 44 (30.2%) 31 (47%) 19 (28.6%) 26 (38.3%) ¥=2.877 0411
Poly 104 (69.8%) 35 (53%) 47 (71.4%) 42 (61.7%)
Radiological outcome
SD 118 (79.1%) 45 (68.1%) 54 (81.8%) 45 (66.2%) x=13.555 0.314
PR 31(20.9%) 21 (31.8%) 12 (18.1%) 23 (33.8%)

IQR, Inter quartile range; SD, Standard deviation; 2, Chi square test; H, H for Kruskal Wallis test; p, p value for Relation between Molecular

subtype and outcomes; *, Statistically significant at p < 0.05
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Figure 3. Kaplan-Meier Survival Curve for Overall Survival with Technique of Radiation

her2 positive being the worst subtypes of breast cancer
with brain metastasis (P=0.009 and 0.004 respectively).
Interestingly, patients who presented with muscle
weakness e.g. paraplegia had poorer outcomes compared
to other forms of clinical presentation (Table 4).
Sensitivity analyses produced effect estimates
consistent with the primary analysis: complete case
models and models additionally adjusting for radiotherapy
modality and treating center yielded similar hazard ratios

for the main predictors, supporting the robustness of our
findings despite treatment heterogeneity.

Discussion

Our study presents a retrospective analysis of a cohort
of 348 female patients with breast cancer who developed
brain metastases (BCBM) and were treated with brain
irradiation. The primary aims were to characterize this

Table 3. The Suggested Predictive Scoring System Based on Binary Logistic Regression

Predictor Coefficient (B) Oddsratio  p-value 95% confidence interval Prognostic score (rounded)
Age below 50 0.25 1.56 0.046 (1.30, 1.87) 0.5
Performance 3,4 0.45 1.52 0.037 (1.27,1.82) 0.5

Her2 + 0.71 2.97 0.015 (2.45, 3.60) 2

Triple negative 0.55 2.65 0.012 (2.18,3.22) 1.5

More than 4 mets 0.9 1.9 0.003 (1.55,2.33) 1

Extracranial mets 0.34 1.86 0.05 (1.52,2.28) 1
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Table 4. Multivariate COX Regression Analysis for the

Parameters Affecting Overall Survival (n =221 vs. 127)

#Multivariate
p HR (LL - UL 95%C.I)

Molecular subtype

Lumina® 1

Triple positive 0.405  0.744 (0.371 — 1.492)

Triple negative 0.009  2.704 (1.280 -5.711)

Her2+ 0.004*  1.455(0.677 —3.127)
Triggering symptom

Headache® 1

Convulsions 0.811 1.086 (0.554 —2.129)

DCL 0.625  0.850 (0.444 — 1.629)

Incontinence 0.08  3.879(0.851 —17.676)

Weakness 0.036*  1.872(1.042 —3.366)
Number of brain Mets

Oligo ® 1

Poly 0.006*  2.630 (1.315 —5.260)
Technique of radiation

Localized ® 1

WBRT 0.065  1.172(0.041 —1.715)
Dose

2000/5 0.106  3.744 (0.755 - 18.572)

2500/5 0426  0.568 (0.141 —2.290)

3000/10 0.162  2.995(0.645—-13.912)

5000/5 ® 1

Prognostic score <0.001* 2.158 (1.643 —2.835)
Radiological outcome

SD 0.181 1.553 (0.815-2.959)

PR ®

1

HR, Hazard ratio; C.I, Confidence interval; #, All variables with p<0.05
was included in the multivariate; LL, Lower limit; *, Statistically
significant at p < 0.05; UL, Upper Limit

patient population, assess outcomes following irradiation,
and develop a prognostic scoring system to predict
survival and inform the choice between whole brain
irradiation (WBRT) and localized irradiation.

The demographic and clinicopathological
characteristics of our cohort provide important context.
We observed that luminal subtypes constituted the largest
proportion (42.6%) of patients presenting with BCBM for
irradiation treatment, followed by triple-negative (TN)
and HER2-positive subtypes, which were represented
in nearly equal proportions (approximately 19% each).
This distribution, while representing the prevalence of
subtypes within our treated BCBM population, warrants
comparison with literature describing the incidence risk
of developing brain metastases among different breast
cancer subtypes. The sources consistently indicate that
HER2-positive and TN subtypes carry a significantly
higher risk and incidence of developing brain metastases
compared to the HR-positive/HER2-negative (luminal)
subtype. For instance, a meta-analysis reported pooled
cumulative incidences of 31% for HER2+ and 32% for
TN subgroups with metastatic breast cancer, versus only
15% for HR+/HER2— MBC [11]. Another large real-world
database (ESME MBC) confirmed the increased risk for
HER2-positive and HR-negative tumors but noted that
the majority of patients with CNS metastases in their
cohort actually had HER2—/HR+ tumors (45.3%), likely
reflecting the higher overall incidence of this subtype in the
broader MBC population [12, 13]. Our finding that luminal
is the most frequent subtype in our treated cohort, despite
TN and HER2+ having a higher propensity for BM, could
be influenced by factors such as the overall prevalence of
subtypes in the general breast cancer population, potential
differences in overall survival allowing luminal patients
more time to develop BM, or referral patterns to our
institution.

The median time from initial breast cancer diagnosis
to the development of brain metastasis in our study was
23 months. This finding aligns with the kinetics of BM
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Figure 4. Kaplan-Meier Survival Curve for Overall Survival with the Predictive Score
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development reported in the literature, particularly for
aggressive subtypes. Studies have demonstrated that
the time to BM development is significantly shorter in
HER-2 overexpressing and triple-negative subtypes
than in luminal subtypes. Specific median times reported
include 22.8-27 months for TNBC and 16.8-30 months
for HER2 positive. Given the substantial representation of
TN and HER2+ subtypes in our cohort, an overall median
time of 23 months is broadly consistent with these faster
kinetics, though it may be shorter than the median times
reported for luminal subtypes (e.g., 33.5-40.6 months)
[14,15].

Symptoms at presentation in our cohort were typical,
with headache being the most common symptom (48%).
Furthermore, a significant proportion of our patients
(64%) presented with more than 4 metastatic brain lesions.
This is a notable characteristic of our study population,
as the number of brain metastases is a critical factor
influencing prognosis and treatment decisions. While the
literature often categorizes patients by lesion number (e.g.,
1-3 vs. >3), the high prevalence of patients with >4 lesions
suggests our cohort may include a higher proportion of
individuals with more diffuse or advanced intracranial
disease compared to some studies focusing on patients
primarily amenable to stereotactic radiosurgery (SRS),
which is typically favored for a limited number of lesions
(<4)[16, 17].

Regarding treatment outcomes following brain
irradiation, our study reported clinical improvement in
79.1% and radiological stationary disease in 75% of
patients. These metrics indicate a favorable response to
local therapy in a substantial proportion of patients. Direct
quantitative comparison of these outcomes to the provided
literature is challenging, as the primary endpoints reported
in the sources for irradiation effectiveness are typically
overall survival (OS) and distant intracranial control
(DIC). The prognosis of patients with BCBM remains
poor overall, with reported median OS times after BM
diagnosis varying significantly by subtype and treatment
received. For example, median OS after CNS metastasis
diagnosis was reported as 7.9 months in a large cohort,
while a study on SRT patients reported 2-year OS rates
ranging from 12% (TN) to 54% (HR+/HER2+). Our
findings on clinical and radiological response highlight
the immediate impact of irradiation on symptoms and
disease stability, which are important intermediate
outcomes [18, 19].

A central component of our study was the development
of a prognostic scoring system intended to predict
survival and guide the choice between WBRT and
localized irradiation. The importance of identifying
prognostic factors to personalize treatment in BCBM
is well-established in the literature. Factors such as
molecular subtype, performance status, number of brain
lesions, and presence of extracranial disease are known
predictors of survival and are incorporated into existing
validated prognostic indices like the Graded Prognostic
Assessment (GPA) and the modified breast-GPA. The
modified breast-GPA, which includes molecular subtype,
has been validated for its ability to predict both overall
survival and distant intracranial control. Our effort to

create a new score specifically aimed at guiding the
selection of irradiation modality represents a clinically
relevant objective, as the optimal local treatment strategy
in the context of differing lesion burden and subtype is an
area of ongoing research [19, 20].

However, a significant limitation of our study is the
lack of internal and external validation for the developed
prognostic score. Validation in independent patient
cohorts is a critical step in confirming the reliability
and generalizability of any prognostic model. Without
validation, our score remains exploratory and is not ready
for widespread clinical application. Existing validated
scores provide a benchmark for predicting survival in
BCBM. Future work should focus on validating our
proposed scoring system to determine its accuracy and
clinical utility, particularly its ability to differentiate
prognosis and predict differential benefit from WBRT
versus localized irradiation.

Our study has several limitations inherent to its
retrospective design that warrant careful consideration.
First, selection and referral bias may have influenced
cohort composition. Although we reviewed consecutive
records and applied prespecified eligibility criteria,
participating tertiary and referral centers may receive a
disproportionate number of patients with symptomatic or
more extensive intracranial disease; this likely contributed
to the high proportion of patients with >4 lesions in
our series and may limit direct comparability with
population based cohorts or SRS focused series. Second,
incomplete or missing data are an unavoidable challenge
in retrospective chart reviews. We quantified missingness
for all candidate predictors and used multiple imputation
for variables with low to moderate missingness; variables
with high missingness were excluded from multivariable
modeling. Sensitivity analyses (complete case and models
adjusted for radiotherapy modality and center) produced
similar effect estimates, but residual bias from unmeasured
or incompletely recorded variables remains possible.

Third, treatment heterogeneity is an important
limitation. Radiotherapy modality, dose fractionation,
and concurrent or prior systemic therapies varied across
patients and centers because treatment decisions were
individualized and evolved over the study period.
Although we adjusted for key prognostic factors and
included modality and center in sensitivity models,
confounding by indication cannot be fully excluded;
patients selected for localized techniques generally had
fewer lesions and better performance status, which may
explain some of the unadjusted survival differences
observed between techniques. Finally, receptor conversion
between primary tumor and brain metastasis and the
absence of systematic neurocognitive and quality of life
assessments limit our ability to draw conclusions about
biologic mechanisms and functional outcomes. These
limitations underscore the need for prospective studies
and external validation of our prognostic score before
clinical implementation.

The proposed prognostic score incorporates the
variables outlined in Table 3, derived from expected
patient survival and the optimal cutoff determined through
receiver operating characteristic (ROC) curve analysis.
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Patients with a score exceeding 3.5 are advised to undergo
whole-brain irradiation, whereas those scoring below this
threshold may be considered candidates for localized
irradiation techniques, tailored to disease burden and
clinical presentation.

In conclusion, our study provides data on a large cohort
of BCBM patients treated with irradiation, highlighting
characteristics such as the prevalence of luminal subtypes
in this treated population, the median time to BM onset
consistent with aggressive disease kinetics, and the high
burden of intracranial disease (>4 lesions) in a majority
of patients. We have developed a novel prognostic score
with the potential to guide irradiation strategy, which is
easy and simple to use despite lacking validation. Future
research should focus on validating prognostic models in
independent cohorts and integrating biological insights,
such as those related to homologous recombination
deficiency (HRD) and the brain microenvironment, to
further personalize the management of breast cancer brain
metastases.

The observed prevalence of luminal subtype (42.6%)
among patients who received brain irradiation in our
series requires careful interpretation. Several non mutually
exclusive mechanisms can explain this finding. First,
survival bias: patients with hormone receptor positive
disease often experience longer systemic disease control
and overall survival, thereby increasing the time window
during which symptomatic CNS disease can emerge and
be referred for local therapy [13]. Second, referral and
center bias: tertiary referral centers and multidisciplinary
clinics tend to receive patients with symptomatic or more
advanced intracranial disease, which can enrich treated
cohorts for subtypes that survive longer or for patients who
develop late CNS events [21]. Third, differences in imaging
and detection practices: cohorts that rely on symptom
driven imaging will preferentially capture symptomatic
lesions, whereas programs with routine MRI surveillance
detect asymptomatic CNS disease earlier and may show a
different subtype mix; variability in surveillance policies
therefore alters the case mix [22]. Fourth, receptor
conversion and intratumoral evolution: discordance
between receptor status in the primary tumor and paired
brain metastases is well documented; if metastatic tissue
is not re biopsied, subtype misclassification can occur and
alter apparent subtype frequencies (5-25% discordance
reported) [23]. Fifth, treatment selection and competing
systemic risks: systemic therapies with differing CNS
penetration and efficacy create competing risks—some
regimens control extracranial disease but not CNS
micrometastases, influencing which patients survive to
present with brain metastases and receive irradiation [24]

In conclusion, this study identifies key prognostic
factors influencing survival in breast cancer patients with
brain metastases and proposes a scoring system to guide
irradiation decisions. Molecular subtypes, metastatic
burden, and clinical characteristics significantly impact
outcomes, with HER2-positive and triple-negative
subtypes showing the poorest survival. While the scoring
system offers a structured approach to treatment selection,
further validation is essential to ensure its accuracy and
clinical utility in personalized radiotherapy planning.
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