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Our study aimed to evaluate the survival impact of adjuvant radiotherapy (RT) following breast-
conserving surgery (BCS) in elderly male patients with early-stage, low-risk breast cancer (node-
negative, HR+), and to identify RT-benefiting subgroups using machine learning and causal inference 
approaches. We conducted a retrospective cohort study using Surveillance, Epidemiology, and End 
Results (SEER) database (2000–2021), including 360 patients after propensity score matching (PSM). 
Patients were grouped by RT and non-RT (NRT) status, and a 1:3 nearest neighbor PSM was applied. 
Overall survival (OS), relative survival (RS), standardized mortality ratio (SMR), and transformed Cox 
regression were used to estimate RT benefit. Additionally, machine learning models, including random 
forest, support vector machines and causal forest model, were applied for survival prediction and 
validation. In early-stage, low-risk male breast cancer (MBC) patients treated with BCS, adjuvant RT 
did not demonstrate a significant survival advantage over NRT. After PSM, 15-year OS, RS, and SMR 
were 31.8%, 15.2%, and 2.14 for RT versus 34.1%, 21.5%, and 2.25 for NRT (p = 0.36, 0.68, and 0.81, 
respectively). The cumulative incidence of breast cancer-related death (BCRD) and non-BCRD also 
showed no statistically significant differences between groups (p = 0.06 and 0.75). Machine learning 
models (Cox, GBM, and XGBoost) confirmed the limited contribution of RT to survival prediction, with 
the Cox model demonstrating the best discrimination (C-index = 0.713). While RT was associated with 
a lower risk of death within the first 10 years, its benefit diminished over time. Causal forest analysis 
revealed notable heterogeneity in treatment effects across subgroups. Patients who were younger, 
diagnosed earlier, or had stage I disease showed relatively higher estimated benefit from RT, while 
older patients or those with more recent diagnoses demonstrated attenuated benefit. In elderly, 
low-risk MBC patients treated with BCS, adjuvant RT was not associated with improved long-term 
survival. While our findings suggest that RT may be safely omitted in selected individuals, this decision 
should be made cautiously in the absence of recurrence data. Model-based analyses underscore the 
importance of tailoring treatment to patient-specific risk profiles. Prospective studies dedicated to 
MBC are needed to support individualized de-escalation strategies.

Keywords  Male breast cancer, Adjuvant radiotherapy, Breast conserving surgery, Systemic therapy, SEER

Breast cancer is common among women, with a lifetime risk of 1 in 8, while MBC remains rare, comprising 
only 1% of all breast cancer cases and a lifetime risk of approximately 1 in 1,000 for men1–3. Although MBC 
shares some genetic, environmental, and age-related risk factors with female breast cancer (FBC), it exhibits 
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distinct differences in genetic mutations and biological characteristics4–7. MBC is often diagnosed at more 
advanced stages, leading to worse outcomes. This disparity may result from limited awareness of the disease 
and psychosocial factors that contribute to delayed diagnosis8–13. Consequently, treatments for MBC must 
address not only the biological characteristics of the disease but also the psychosocial challenges specific to male 
patients11. Despite this need, the differentiation between MBC and FBC is frequently overlooked, and treatment 
for MBC is often extrapolated from FBC guidelines or synthesized from broader literature reviews4. Moreover, 
the scarcity of robust treatment data for MBC is not simply due to its rarity.

Adjuvant RT is a cornerstone of breast cancer management. NCCN guidelines recommend either mastectomy 
or BCS with adjuvant RT for early-stage FBC patients14. However, in male patients, anatomical differences often 
result in mastectomy being the preferred surgical option, combined with axillary lymph node dissection or 
sentinel node biopsy, while adjuvant RT is typically omitted, even for early-stage cases1,15–17. For the limited 
number of early-stage MBC patients undergoing BCS, the role of postoperative RT remains debated. Some 
radiation oncologists argue that the limited breast tissue in men may lead to insufficient surgical margins, 
even for smaller tumors, thereby supporting the use of adjuvant RT to reduce risks associated with inadequate 
margins18,19.

In the treatment of early-stage FBC among elderly women, recent advances in surgical techniques and 
systemic therapies, including hormone therapy, have encouraged the de-escalation of treatment intensity20–23. 
Studies suggest that omitting RT for women over 65 with low-risk, hormone receptor-positive early-stage breast 
cancer does not adversely affect long-term OS or local control24,25. Considering the higher incidence of hormone 
receptor-positive tumors in MBC compared to FBC, emerging evidence suggests that tamoxifen maintenance 
therapy may provide significant benefit for early-stage MBC patients with hormone receptor-positive tumors 
and negative surgical margins following resection26,27. Nevertheless, the feasibility of omitting RT in favor of 
hormone therapy for elderly, low-risk MBC patients remain uncertain due to the lack of sufficient data.

Existing research on MBC primarily consists of small-scale retrospective studies, offering limited insights into 
the survival outcomes of omitting RT16,28,29. Large-scale studies using public databases often focus on absolute 
survival but fail to provide detailed analyses of net survival, disease-specific survival, and time-dependent survival 
following BCS3,30. To fill this gap, this study utilizes SEER database data to evaluate absolute survival, disease-
specific survival, net survival, and time-dependent survival outcomes in MBC patients receiving adjuvant RT. 
This study aims to evaluate the survival impact of adjuvant RT in elderly MBC patients with low-risk features, 
and to identify subgroups that may benefit from RT using machine learning and causal inference methods.

Methods
Data source and patient selection
The study population was initially identified from the SEER-17 registries, consisting of 9,695 adult MBC cases 
diagnosed between 2000 and 2021. Patients were excluded based on the following criteria: (1) Breast cancer was 
not the first primary cancer; (2) Lack of positive histological confirmation; (3) Absence of BCS or unknown 
surgical status; (4) Not meeting the criteria for the early-stage low-risk group (defined as cases fulfilling all of the 
following: age > 65 years, stage T1-2N0M0, tumor size ≥ 3 cm, and hormone receptor positivity); (5) Unknown 
cause of death; (6) Unspecified RT method; (7) Incomplete follow-up data. After applying these inclusion and 
exclusion criteria, a total of 765 patients were included in the final analysis. The detailed selection process is 
illustrated in Fig. 1(A), and baseline patient characteristics were obtained from the SEER database.

Endpoint and definitions
Early-stage, low-risk MBC in elderly patients is defined as hormone receptor-positive breast cancer in men 
aged over 65 years, with stage T1 − 2N0M0 disease and tumor size ≥ 3 cm. The primary endpoint of the study is 
OS and disease specific survival. BCRD) was defined as patients dead from the disease. Non-BCRD was defined 
as patients dead from disease other than breast cancer. This classification was derived from the variables “SEER 
cause-specific death classification” and “SEER other cause of death classification” obtained from the SEER 
database. Patients with low-risk breast cancer were categorized into RT and NRT. Age was categorized into two 
groups (> 75 or 65–75 years) Race was categorized into three groups: white, black, and other/unknown. Year of 
diagnosis was classified as 2000–2004, 2005–2009, 2010–2014 and 2015–2021.

Statistical analysis
To address potential confounding factors and improve the accuracy of treatment effect estimates, we utilized 
a 1:3 nearest neighbor PSM method with a caliper set at 0.05. The covariates used for matching included race, 
age, year of diagnosis, marital status, tumor T stage, clinical stage, hormone receptor (ER and PR) status, HER2 
status, and tumor size. To ensure proper covariate balance, control units without suitable matches were excluded 
from the analysis. The adequacy of matching was evaluated using standardized mean differences (SMDs), with 
values below 0.1 indicating an acceptable balance between the treatment and control groups. OS was calculated 
as the duration from diagnosis to death from any cause or the last follow-up date. The Kaplan-Meier method 
was employed to estimate OS, and group differences were analyzed using the log-rank test31. The cumulative 
incidence of mortality by cause was assessed through competing risks analysis using Fine-Gray’s test. To quantify 
the relative risk of BCRD and non-BCRD among treatment groups, sub-distribution hazard ratios (SHRs) were 
calculated. This approach evaluates the influence of covariates on the cumulative incidence function while 
accounting for competing risks, enabling direct comparisons of the cumulative incidence of BCRD while 
considering non-BCRD as a competing event. The SMR was calculated by comparing the observed mortality 
in MBC patients to the expected mortality in the general population. RS, on the other hand, was derived as 
the ratio of survival observed in cancer patients to the survival expected in a comparable general population 
cohort. To evaluate excess mortality linked to specific treatment groups, a transformed Cox regression model 
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was used, incorporating expected mortality rates and accounting for population-specific risks. The life tables 
and death rates required for SMR and RS calculations were derived from U.S. population data. To analyze the 
relative proportions and hazard ratios of BCRD and non-BCRD across treatment groups, age was modeled as 
a continuous variable using spline functions. The optimal placement of spline knots was determined using the 
C-index and Akaike Information Criterion (AIC) to ensure model precision.

Least Absolute Shrinkage and Selection Operator (LASSO) was utilized for feature selection, identifying 11 
key predictors of survival, including demographic, tumor, and treatment-related variables such as race, stage, 
grade, histology, primary site, laterality, treatment strategies, tumor size, year of diagnosis, marital status, and 
median household income. The dataset was then divided into training and validation sets at a 7:3 ratio. Three 
machine learning models were constructed to predict OS: Cox regression, gradient boosting machine (GBM), 
and Extreme Gradient Boosting (XGBoost). The performance of these models was assessed using the C-index, 
and receiver operating characteristic (ROC) curve. A Causal Forest model was constructed to estimate the 
conditional average treatment effect (CATE) of adjuvant RT on overall survival, conditioned on patient-level 
covariates. Additionally, categorical variables were compared using chi-square tests. All statistical analyses were 
conducted using R version 4.3.3 (R Foundation for Statistical Computing, Vienna, Austria), employing the 
tidycmprsk, survival, dplyr, mstate, cmprsk, survminer, riskRegression, cmprskcoxmsm, and splines packages. Data 
from the SEER database (SEER Research Data, 17 Registries, Nov 2023 Sub [2000–2021]) were retrieved using 
SEER*Stat software version 8.4.2.

Results
Baseline characteristics and treatment trend
We initially identified 9,695 MBC patients from the SEER-17 database as the study population. Following the 
application of exclusion criteria, 765 early-stage, low-risk patients were included, with 95 patients in the RT 
group and 670 in the NRT group. To mitigate potential selection bias and address the imbalance in sample 
sizes between the treatment and control groups, we conducted a 1:3 PSM. After PSM, a total of 360 patients 
were retained, comprising 93 in the RT group and 267 in the NRT group. Baseline characteristics before PSM 
are presented in Table 1, and the baseline characteristics after PSM are shown in Supplementary Table 1. The 
median age of the entire cohort before PSM was 75 years (range, 65–90), and 73 years (range, 65–90) after PSM. 
Stage I disease was observed in 68.4% and 70.8% of patients before and after PSM. After PSM, the distribution 
of characteristics between the treatment arms was well balanced (Fig. 1(B)).

The trend of treatment among early-stage MBC patients who underwent BCS is illustrated in Figure S1. The 
proportion of patients receiving RT remained consistently low, ranging from 10 to 25% throughout the study 
period, while the proportion of patients in the NRT group increased from 70% to nearly 90% by 2020. Notably, 
the RT group experienced minimal fluctuations, while the NRT group saw a steady rise, particularly after 
2015. This trend suggests a shift in clinical practice towards more conservative treatment approaches, possibly 
influenced by the treatment strategies used in female cohorts, leading to the omission of adjuvant RT after BCS.

Fig. 1.  (A) Patient selection flowchart, and (B) Clinical characteristics with absolute standardized mean 
differences between treatment arms before propensity score matching (PSM).
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Characteristic
All patients
No. (%)

Treatment

p value
RT
No. (%)

NRT
No. (%)

Total 765 (100) 95 (100) 670 (100) -

Age, years 0.027

Median age, year (range) 75 (65–90) 72 (65–90) 75 (65–90)

65–75 415 63 (66.3) 352 (52.5)

> 75 350 32 (33.7) 318 (47.5)

Gender -

Male 765 (100) 95 (100) 670 (100)

Clinical stage 0.804

I 523 (68.4) 66 (69.5) 457 (68.2)

II 242 (31.6) 29 (30.5) 213 (31.8)

pT stage 0.804

T1 523 (68.4) 66 (69.5) 457 (68.2)

T2 242 (31.6) 29 (30.5) 213 (31.8)

Tumor size 0.345

Median, mm (range) 18.0 (1.0–30.0) 17.0 (1.0–30.0) 18.0 (1.0–30.0)

ER 0.004

Positive 3 (0.4) 2 (2.1) 1 (0.1)

Negative 762 (99.6) 93 (97.9) 669 (99.9)

PR 0.605

Positive 716 (93.6) 90 (94.7) 626 (93.4)

Negative 38 (5.0) 5 (5.3) 33 (4.9)

Unknown 11 (1.4) 0 (0) 11 (1.6)

HER2 0.373

Positive 31 (4.1) 2 (2.1) 29 (4.3)

Negative 477 (62.4) 59 (62.1) 418 (62.4)

Unknown 257 (33.6) 34 (35.8) 223 (33.3)

Year of diagnosis 0.580

2000–2004 111 (14.5) 15 (15.8) 96 (14.3)

2005–2009 172 (22.5) 23 (24.2) 149 (22.2)

2010–2014 238 (31.1) 28 (29.5) 210 (31.3)

2015–2021 244 (31.9) 29 (30.5) 215 (32.1)

End point status 0.693

Alive 457 (59.7) 397 (59.3) 60 (63.2)

Breast-cancer-related death (BCRD) 58 (7.6) 55 (8.2) 3 (3.2)

Non-BCRD 250 (32.7) 32 (33.7) 218 (32.5)

Race 0.469

White 666 (87.1) 81 (85.2) 585 (87.4)

Black 50 (6.5) 11 (11.6) 39 (5.8)

Other 46 (6.0) 3 (3.2) 43 (6.4)

Unrecorded 3 (0.4) 0 (0) 3 (0.4)

Marital status 0.871

Married 531 (69.4) 72 (75.8) 459 (68.5)

Divorced/separated/widowed 134 (17.5) 14 (14.7) 120 (17.9)

Single/unmarried/domestic partner 70 (9.2) 5 (5.3) 65 (9.7)

Unrecorded 30 (3.9) 4 (4.2) 26 (3.9)

Table 1.  Baseline characteristics of early-stage low-risk male breast cancer patients stratified by primary 
treatment (2000–2021). Abbreviations: RT, radiotherapy; NRT, non-radiotherapy; ER, estrogen receptor; PR, 
progesterone receptor; HER2, human epidermal growth factor receptor 2; BCRD, breast cancer-related death.
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Absolute overall survival analysis
The median follow-up time for the entire cohort was 103 months, with 99 months for the RT group and 106 
months for the NRT group. The OS of the groups was not continuously separated overtime both before and 
after PSM adjusted (Fig. 2). The unadjusted OS of 5-, 10-, 15-year were, respectively, 85.4%, 57.0% and 31.3% 
in RT group and 73.9%, 44.8% and 31.4% in NRT group (HR 0.78, 95% CI 0.55–1.10, p = 0.160; Fig. 2(A)). The 
PSM-adjusted OS of 5-, 10-, 15-year were, respectively, 86.8%, 57.9% and 31.8% in RT group and 75.4%, 43.7% 
and 34.1% in NRT group (HR 0.83, 95% CI 0.57–1.23, p = 0.360; Fig. 2(B)). To further minimize the impact of 
confounding factors, we performed a multivariable analysis based on Cox model. In this analysis, the use of RT 
had no significant effect on OS (HR 0.93, 95% CI 0.62–1.40; p = 0.73; Fig. 2(C)). Furthermore, age and stage 
were significantly associated with OS. Patients aged > 75 years had worse OS compared to those aged 65–75, 
both before and after PSM adjustment (65–75 vs. >75; 5-, 10-, and 15-year OS before PSM: 86.0%, 66.5%, and 
49.7% vs. 62.4%, 21.5%, and 9.6%; HR 3.29, 95% CI 2.59–4.17; p < 0.0001 ; after PSM: 85.0%, 61.9%, and 49.7% 
vs. 67.6%, 24.2%, and 8.8%; HR 2.55, 95% CI 1.82–3.58; p < 0.0001; Figure S2(A–B)). Similarly, stage II disease 
was associated with poorer OS compared to stage I (Stage I vs. Stage II, before PSM: 76.6%, 49.7%, and 35.7% 
vs.72.7%, 38.6%, and 20.8%; HR 1.46, 95% CI 1.16–1.85, p = 0.0015; after PSM: 79.1%, 50.5%, and 38.5% vs. 
76.9%, 37.7%, and 18.8%; HR 1.54, 95% CI 1.08–2.20, p = 0.016; Figure S2 (C–D)).

In disease specific analysis, RT showed limited impact on both BCRD and non-BCRD. The cumulative 
incidence of BCRD at 5, 10 and 15 years was 0%, 3.9%, and 6.9%, respectively, in the RT group, compared 
to 6.7%, 10.7%, and 12.8% in the NRT group (SHR 2.82, 95% CI 0.90–8.82, p = 0.06; Fig. 3(A)), before PSM 
adjustment. After PSM adjustment, the cumulative incidence remained similar, with rates of 0%, 3.9%, and 7.0% 
in the RT group, and 8.6%, 11.1%, and 12.4% in the NRT group (SHR 2.94, 95% CI 0.90–9.58, p = 0.06; Fig. 3(B)). 
The unadjusted cumulative incidence of non-BCRD at 5-, 10-, 15-year were, respectively, 14.6%, 39.1%, and 
61.9% in RT group and 19.4%, 44.5%, and 55.8% in NRT group (SHR 1.04, 95% CI 0.74–1.44, p = 0.84; Fig. 3(C)), 
and 13.2%, 38.2%, and 61.2% in RT group and 16.0%, 45.2%, and 53.5% in NRT group after PSM adjusted (SHR 
0.94, 95% CI 0.64–1.37, p = 0.75; Fig. 3(D)). Moreover, no significant difference in the cumulative incidence of 
BCRD was observed between the 65–75 and > 75 age groups, both before (65–75 vs. >75: 5.2%, 9.5%, and 13.0% 
vs. 6.5%, 10.2%, and 11.0%; SHR 0.94, 95% CI 0.56–1.58, p = 0.880; Figure S3A) and after PSM (6.2%, 10.0%, and 
11.6% vs. 6.6%, 8.1%, and 9.7%; SHR 0.80, 95% CI 0.36–1.78, p = 0.660; Figure S3B), suggesting that age might 
not be a major determinant of BCRD. In contrast, patients aged > 75 showed a higher cumulative incidence of 
non-BCRD compared to those aged 65–75, both before (31.1%, 68.3%, and 79.4% vs. 8.8%, 24.0%, and 37.3%; 
SHR 3.65, 95% CI 2.81–4.73, p < 0.001; Figure S3C) and after PSM (25.8%, 67.7%, and 81.5% vs. 8.8%, 28.1%, 
and 38.7%; SHR 2.90, 95% CI 2.02–4.17, p < 0.001; Figure S3D), indicating a potential age-related vulnerability 
to non-cancer causes of death. With respect to disease stage, no statistically significant difference in BCRD was 
found between stage I and stage II patients, either before (stage I vs. stage II: 5.2%, 8.6%, and 10.7% vs. 7.1%, 
12.6%, and 15.4%; SHR 1.40, 95% CI 0.83–2.38, p = 0.190; Figure S3E) or after PSM (stage I vs. stage II: 5.5%, 
8.0%, and 10.3% vs. 8.7%, 12.9%, and 12.9%; SHR 1.39, 95% CI 0.63–3.09, p = 0.390; Figure S3F). For non-
BCRD, the cumulative incidence was higher in stage II compared to stage I patients before PSM (stage I vs. stage 
II: 18.1%, 41.7%, and 53.6% vs. 20.2%, 48.8%, and 63.8%; SHR 1.34, 95% CI 1.04–1.73, p = 0.020; Figure S3G), 
but this difference was attenuated and became non-significant after PSM (stage I vs. stage II: 15.5%, 41.5%, and 
51.3% vs. 14.4%, 49.4%, and 68.3%; SHR 1.40, 95% CI 0.96–2.04, p = 0.069; Figure S3H).

Net survival impact
To minimize the impact of background mortality on OS, we assessed the net survival benefit of RT in 
comparison to the general population. For patients with NRT, no significant differences were observed in SMR 
or RS compared to those who received RT. After PSM, the SMR of OS was 2.14 in the RT group and 2.25 in the 
NRT group (RR 0.95, 95% CI 0.65–1.40, p = 0.81; Figure S4(A)). Since the follow-up for the RT group did not 
extend to 20 years, the comparison focused on RS at 5, 10, and 15 years. During the observation period, RS 

Fig. 2.  Kaplan-Meier curves for overall survival (OS) before and after propensity score matching (PSM) and 
multivariable adjustment based on Cox regression. (A) OS before PSM; (B) OS after PSM and (C) OS after 
balancing with PSM and adjusting for age, race, diagnosis year, hormone receptor status and marital status 
based on the Cox multivariable regression.
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remained stable in both the RT and NRT groups. After PSM, the 5-, 10-, and 15-year RS in the RT group were 
77.5%, 46.6%, and 15.2%, respectively, compared to 71.3%, 45.5%, and 21.5% in the NRT group (HR 1.05, 95% 
CI 0.83–1.33, p = 0.68; Figure S4(B)).

To further explore the changes in dynamic RT-associated risk, we analyzed the relative risk (RR) at 5, 10, 
and 15 years after diagnosis. In the dynamic RR plot for BCRD (Figure S5(A)), the relative risk between the RT 
and NRT groups showed no significant increase in the RT group over time. At 5 years, the adjusted RR was 0.27 
(95% CI, 0.06–1.18; p = 0.07), and at 10 years, the RR was 0.33 (95% CI, 0.10–1.10; p = 0.03). The risk remained 
relatively stable through 15 years, with an RR of 0.46 (95% CI, 0.39–1.26; p = 0.24). For non-BCRD (Figure 
S5(B)), the RT group demonstrated a stable relative risk in the early years, with an RR of 0.75 (95% CI, 0.37–1.52; 
p = 0.45) at 5 years and 0.70 (95% CI, 0.43–1.12; p = 0.35) at 10 years. However, by 15 years, there was an upward 
trend, with the adjusted RR reaching 1.20 (95% CI, 0.78–1.84; p = 0.68).

Time dependent survival evaluation
Based on the longitudinal assessment, the survival benefits of RT compared to NRT group changed rapidly 
within the first 10 years after diagnosis (Fig. 4). The hazard ratios for OS and RS changed over time, increasing 
from 0.658 to 0.572 at 1 year to 0.598 and 0.529 at 5 years, and further rising to 0.725 and 0.640 at 10 years, 
respectively. This finding underscores the necessity of a minimal 10-year follow-up to clearly identify the maximal 
survival differences and treatment benefits of RT compared to non-radiotherapy approaches, as demonstrated in 
the longitudinal data.

Fig. 3.  Cumulative incidence curves for breast cancer-related death (BCRD) and non-breast cancer-related 
death (non-BCRD) before and after PSM. (A) Cumulative incidence of BCRD before PSM. (B) Cumulative 
incidence of BCRD after PSM. (C) Cumulative incidence of non-BCRD before PSM. (D) Cumulative incidence 
of non-BCRD after PSM.
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Using machine learning methods to predict survival
LASSO regression was applied for feature selection (Figure S6), identifying key predictors for OS (including stage, 
treatment group, Race, ER, PR, HER2 status, marital status, age, and year of diagnosis). Based on the selected 
variables, we developed three models: Cox model, GBM model, and XGBoost model. Model performance was 
evaluated using the C-index, time-dependent area under the receiver operating characteristic curve (AUC) at 3, 
5, and 10 years. As shown in Table 2, the Cox model achieved the highest predictive accuracy (C-index: 0.713; 
5-year AUC: 0.737; 10-year AUC: 0.707), outperforming GBM and XGBoost. The time-dependent ROC curves 
(Fig. 5) further illustrate this trend. Brier score analysis (Figure S7) indicated stable prediction error over time, 
supporting the robustness of the Cox model. Feature importance analysis (Figure S8) highlighted age as the most 
influential variable, followed by cancer stage and marital status, while the impact of RT on survival prediction 
remained relatively low. Partial dependence plots (Figure S9) provided additional insights into the effect of these 
predictors on survival.

Fig. 5.  Time-dependent ROC curves for survival prediction models. (A) Cox model; (B) GBM model; (C) 
XGBoost model.

 

Models C-index

AUC

3-year 5-year 10-year

Cox model 0.713 0.597 0.737 0.707

GBM model 0.700 0.569 0.705 0.690

XGBoost model 0.688 0.571 0.718 0.682

Table 2.  Comparison of AUC and Brier scores for 3 machine learning models. Abbreviations: C-index, 
concordance index; AUC, area under the receiver operating characteristic curve; GBM, gradient boosting 
machine; XGBoost, extreme gradient boosting.

 

Fig. 4.  Adjusted hazard ratios (HR) for Overall Survival (OS) and Relative Survival (RS) in the RT and NRT 
groups over time. (A) Adjusted HR for OS between the RT and NRT groups. (B) Adjusted HR for RS between 
the RT and NRT groups.
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Identification of RT-Benefiting subpopulations using causal forest analysis
To identify patients who may derive differential survival benefit from adjuvant RT, we constructed a causal 
fForest model using selected covariates mentioned before. The model was trained to estimate the CATE of RT at 
the individual level, enabling subgroup-specific effect estimation beyond average comparisons.

Variable importance ranking (Fig. 6A) identified age as the most influential predictor for treatment effect 
heterogeneity, followed by stage, marital status, and year of diagnosis. Partial dependence plots (Fig.  6B) 
demonstrated that CATEs varied across subgroups, with notably higher estimated effects observed in younger 
patients and those diagnosed in earlier calendar years. Stage also showed relevant contribution to heterogeneity. 
While stage I patients exhibited higher average CATEs, stage II patients had relatively lower estimates. Interaction 
analysis (Fig. 6C) revealed that the most influential interactions involved age, stage, and marital status, including 
combinations such as stage I × age and marital status × year of diagnosis. Although interactions involving HER2 
status also ranked highly, a large proportion of patients were recorded as “HER2 record not available,” limiting 
the interpretability of these effects and warranting cautious interpretation.

Fig. 6.  Variable importance, partial dependence plots, and interaction analysis for the causal forest model on 
the effect of adjuvant radiotherapy on survival outcomes. (A) Variable importance; (B) partial dependence 
plots; (C) interaction analysis.
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Discussion
With the rising incidence of breast cancer, particularly among the aging population15,32, treatment de-
intensification has become a focus for low-risk patients, especially those with hormone receptor-positive, low-
grade tumors25,32,33. MBC remains rare, its increasing incidence highlights the need for tailored strategies34,35. 
While de-intensified treatments have shown promise in FBC, their applicability to MBC remains uncertain 
due to distinct biological and clinical differences. Further investigation is required to determine the feasibility 
and outcomes of less intensive treatments for MBC. Using SEER data, we comprehensively assessed the impact 
of adjuvant RT on survival in elderly (≥ 65 years), early-stage (T1 − 2N0M0), hormone receptor-positive MBC. 
Through multi-dimensional analyses—including OS, RS, SMR, and causal inference modeling—our findings 
suggest that RT may offer limited additional survival benefit in this low-risk population, particularly in the 
context of competing non-cancer-related mortality. These results support the need for individualized decision-
making rather than routine RT omission or recommendation.

In our study, no significant differences in OS, RS, or BCRD were observed between the RT and NRT groups. 
After PSM and multivariable Cox regression adjustment, the survival curves remained closely aligned throughout 
the follow-up period. These findings were consistent across multiple endpoints and analyses, including SMR 
and RR, reinforcing the robustness of the results. Notably, while RT showed a modest early survival advantage 
in the first decade, this benefit diminished over time and was ultimately offset by rising non-cancer-related 
mortality in the elderly population. Such trends suggest that in select low-risk male patients, particularly those 
with competing mortality risks, the incremental survival benefit of RT may be limited. Nonetheless, the absence 
of a local recurrence endpoint—due to limitations of the SEER database— necessitates a cautious interpretation 
of RT’s clinical value, especially considering that the primary rationale for adjuvant RT after BCS is to reduce 
local recurrence and improve disease-free survival.

Our study observed a lower cumulative incidence of BCRD in the RT group compared to the NRT group, 
with a SHR of 2.94 (95% CI: 0.90–9.58; p = 0.06) after PSM. Although this finding did not reach statistical 
significance, the consistently lower absolute risks of BCRD at 5, 10, and 15 years in the RT group (0%, 3.9%, 
and 7.0%) versus the NRT group (8.6%, 11.1%, and 12.4%) may indicate a potential disease-specific benefit of 
RT. However, due to the limited number of BCRD events and wide confidence intervals, this trend should be 
interpreted cautiously and may warrant further investigation in larger or prospective cohorts. Subgroup analyses 
further clarified the influence of age and stage. While patients aged > 75 years exhibited significantly poorer OS 
compared to those aged 65–75, no significant difference in BCRD was observed between the two age groups. 
Competing risk models confirmed a markedly higher incidence of non-BCRD in older patients, with SHRs of 
3.65 and 2.90 before and after PSM, respectively. These findings suggest that in elderly individuals, particularly 
those over 75, competing risks such as cardiovascular and other non-cancer-related mortality36–38, may diminish 
the long-term clinical benefit of RT. Additionally, patients with stage II disease demonstrated worse OS than 
those with stage I, yet BCRD did not differ significantly between the two stages. The initially higher risk of non-
BCRD in stage II patients (SHR 1.34, p = 0.020) was attenuated after PSM (SHR 1.40, p = 0.069), implying that 
baseline imbalances may have contributed to the observed association. These findings indicate that although RT 
may provide limited disease-specific benefit, its absolute impact on OS in low-risk elderly MBC patients is likely 
offset by age-related competing risks. As suggested in prior studies6,33,36,37,39, individualized treatment strategies 
should account for both oncologic prognosis and non-cancer-related health risks when evaluating the necessity 
of RT in this population.

To enhance individualized survival prediction and identify patients who may derive differential benefit from 
RT, we employed machine learning approaches alongside traditional statistical models. Key prognostic variables 
were selected using LASSO regression, and three survival models—Cox regression, GBM, and XGBoost—were 
constructed. Among these, the Cox model demonstrated the best predictive performance with a C-index of 0.713 
and the highest AUC at both 5 and 10 years, indicating stable and reliable discrimination. Feature importance 
analysis further revealed that age, stage, and marital status were the dominant predictors of survival, whereas 
RT itself may contribute minimally to survival prediction. These results align with our prior findings that non-
cancer-related factors may influence long-term outcomes in this population.

Beyond survival prediction, we utilized a causal forest model to estimate the CATEs of RT and assess 
treatment effect heterogeneity across patient subgroups. The model revealed substantial variation in RT benefit, 
with age emerging as the most influential modifier. Higher estimated benefit from RT was observed in younger 
patients and those diagnosed in earlier years, while older individuals—particularly those over 75—and those 
with more recent diagnoses or stage II disease derived lower CATE estimates. On the contrary, a subset of stage 
I patients exhibited relatively higher estimated treatment effects, indicating that these patients might experience 
more noticeable survival gains from RT. However, this does not imply a complete lack of benefit in stage II 
patients; rather, their lower CATEs may reflect higher baseline risks of systemic failure or competing mortality, 
which attenuate the relative impact of local treatment. Additionally, interaction analysis identified combinations 
such as age × stage and marital status × year of diagnosis as key contributors to effect heterogeneity. While HER2 
status also ranked among the top modifiers, its interpretability was limited due to missing values. Together, these 
results highlight that the benefit of adjuvant RT in elderly MBC patients is not uniform and support a more 
nuanced, personalized approach to treatment decision-making.

This study has several strengths. It leveraged a large, population-based, multi-institutional and multi-ethnic 
cohort, enabling robust and generalizable analysis of elderly MBC patients. Comprehensive statistical methods—
including PSM, competing risk models, RS, and SMR—were applied to rigorously evaluate the impact of adjuvant 
RT on both cancer-related and non-cancer-related outcomes. Furthermore, we incorporated machine learning 
and causal inference approaches to enhance predictive precision and explore individualized treatment effects.

Despite its strengths, this study has several limitations. First, due to the rarity of MBC, data scarcity remains 
a fundamental barrier. Clinical management for MBC is often extrapolated from FBC studies, given the lack 
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of MBC-specific prospective trials. Notably, many ongoing de-escalation trials40,41 exclude male participants, 
limiting their applicability. Our study also focused exclusively on patients aged ≥ 65 to align with elderly-focused 
FBC trials25,33. While this improves cohort homogeneity, it restricts the generalizability to younger patients—a 
limitation we are addressing in a parallel study. Second, the SEER database lacks crucial clinical variables including 
local recurrence, distant metastasis, endocrine therapy use, chemotherapy regimens, and RT technique. This not 
only limits assessment of the full benefit of RT—particularly for local control and disease-free survival—but also 
restricts evaluation of concurrent de-intensification strategies (e.g., omission of endocrine therapy), which are 
under investigation due to poor adherence in MBC42–44. Importantly, given the lack of recurrence data in SEER, 
we could not assess the impact of RT on local or distant control. As such, conclusions regarding the omission of 
RT should be interpreted with caution and cannot rely solely on survival outcomes. Third, the low rate of BCS in 
MBC (reported as 4–19.8% for T1N0 disease)4,45,46, inherently limits RT uptake and thus sample size. Moreover, 
although PSM adjusted for observed confounders, residual confounding from unmeasured variables cannot be 
excluded in this retrospective design.

In conclusion, our findings suggest that the omission of RT in selected elderly, low-risk MBC patients may 
not be associated with a significant detriment to long-term survival, this does not warrant a one-size-fits-all 
recommendation. Instead, our study highlights the growing need for individualized treatment strategies guided 
by patient characteristics, competing risks, and model-informed predictions. Prospective studies tailored 
specifically to MBC are urgently needed to inform de-escalation decisions with greater confidence.

Data availability
All data used in this study were obtained from the Surveillance, Epidemiology, and End Results (SEER) database, 
a publicly available cancer registry maintained by the National Cancer Institute. The SEER database provides 
comprehensive population-based cancer incidence and survival data, ensuring robust and generalizable find-
ings. SEER database access and details are available at https://seer.cancer.gov/.
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