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Table S1. Reasons for non-evaluable 12-month local control and comparison of evaluable and non-evaluable lesions
A. Reasons for non-evaluable LC₁₂m
	Reason
	n (%) of 79 lesions

	Specific reason not identifiable from the available analysis dataset
	45 (57.0%)

	Death before adequate endpoint assessment
	25 (31.6%)

	No qualifying MRI within the assessment window
	7 (8.9%)

	Insufficient imaging follow-up
	2 (2.5%)


B. Baseline and treatment characteristics by LC₁₂m evaluability
	Characteristic
	Evaluable, available n
	Evaluable, summary
	Non-evaluable, available n
	Non-evaluable, summary
	SMD

	Baseline WT volume, cm³
	103
	0.401 (0.165–1.40)
	79
	0.324 (0.101–1.67)
	−0.08

	Baseline ET volume, cm³
	103
	0.391 (0.154–1.27)
	66
	0.352 (0.104–1.58)
	−0.05

	First-session margin dose, Gy
	103
	13 (12–18)
	79
	13 (12–13)
	0.63

	Prescription isodose line, %
	103
	45 (45–50)
	79
	50 (45–50)
	−0.06

	Age at GKRS, years
	103
	51 (43–59)
	79
	55 (47–59)
	−0.03

	KPS
	103
	90 (85–100)
	27
	90 (80–100)
	−0.03

	Baseline brain metastasis count
	103
	4 (2–5)
	79
	4 (2–5)
	−0.23

	Qualitative edema
	103
	65/103 (63.1%)
	27
	8/27 (29.6%)
	0.71

	Intracranial hemorrhage
	103
	5/103 (4.9%)
	27
	2/27 (7.4%)
	−0.11

	Lesion location: supratentorial
	103
	68/103 (66.0%)
	27
	20/27 (74.1%)
	−0.18

	Lesion location: infratentorial
	103
	34/103 (33.0%)
	27
	7/27 (25.9%)
	0.16

	Lesion location: brainstem
	103
	1/103 (1.0%)
	27
	0/27 (0.0%)
	0.14

	Molecular subtype: HER2-positive
	103
	52/103 (50.5%)
	27
	13/27 (48.1%)
	0.05

	Molecular subtype: Luminal B
	103
	33/103 (32.0%)
	27
	13/27 (48.1%)
	−0.33

	Molecular subtype: triple-negative breast cancer
	103
	18/103 (17.5%)
	27
	1/27 (3.7%)
	0.46

	HR status: positive
	99
	33/99 (33.3%)
	23
	10/23 (43.5%)
	−0.21

	HER2 status: positive
	87
	60/87 (69.0%)
	19
	11/19 (57.9%)
	0.23

	Extracranial metastasis
	103
	83/103 (80.6%)
	27
	22/27 (81.5%)
	−0.02

	Prior WBRT
	103
	34/103 (33.0%)
	27
	5/27 (18.5%)
	0.34

	Prior intracranial surgery
	103
	35/103 (34.0%)
	27
	3/27 (11.1%)
	0.57


Note: Continuous variables are presented as median (IQR), and categorical variables as n/N (%). Available n is shown because retrospective documentation was incomplete for some variables. Patient-level covariates are lesion-weighted in this lesion-level comparison. An absolute SMD > 0.10 was used descriptively to indicate potential imbalance, not as a significance threshold. ET, enhancing tumor; GKRS, Gamma Knife radiosurgery; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; IQR, interquartile range; KPS, Karnofsky Performance Status; LC₁₂m, 12-month local control; SMD, standardized mean difference; WBRT, whole-brain radiotherapy; WT, whole tumor.














Table S2. Prespecified Bayesian mixed-effects model and same-covariate patient-clustered GEE sensitivity analysis for local failure
	Variable
	Bayesian OR (95% CrI)
	GEE OR (95% CI)
	GEE p value

	ln[1 + baseline WT volume (cm³)]
	1.840 (1.034–3.275)
	1.482 (0.665–3.303)
	0.336

	Qualitative edema
	2.201 (1.062–4.564)
	1.519 (0.737–3.128)
	0.257

	BED₁₀ per 10 Gy
	0.756 (0.699–0.818)
	0.867 (0.701–1.072)
	0.187


Note: Both models included the same 100 lesions from 46 patients, including 33 local failures. The GEE used an exchangeable working correlation, patient-level clustering, and robust sandwich covariance. BED₁₀ values were derived from verified lesion-to-target dose mapping. BED₁₀, biologically effective dose using an α/β ratio of 10 Gy; CI, confidence interval; CrI, credible interval; GEE, generalized estimating equation; OR, odds ratio; WT, whole tumor.
















Table S3. Sensitivity analyses of BED₁₀ associations with local failure and longitudinal response phenotype
A. BED₁₀ distribution by local-control status
	Local-control status
	n
	BED₁₀, median (IQR), Gy

	Local control
	67
	76.18 (56.84–112.08)

	Local failure
	33
	53.89 (41.92–73.80)


Note: Two-sided Mann–Whitney U = 1573; p < 0.001.
B. Linear BED₁₀ model adjusted for baseline WT volume
	Term
	OR
	95% CI
	p value
	n lesions
	n patients

	BED₁₀ per 10 Gy
	0.851
	0.659–1.099
	0.215
	100
	46

	ln[1 + baseline WT volume (cm³)]
	1.780
	0.807–3.930
	0.153
	100
	46


C. Linear versus restricted cubic spline model comparison
	Exposure
	LR statistic
	df
	p value
	ΔAIC (spline − linear)
	ΔBIC (spline − linear)

	BED₁₀
	8.621
	2
	0.013
	−4.621
	0.589

	EQD2
	8.621
	2
	0.013
	−4.621
	0.589


D. Restricted cubic spline knot locations
	Exposure
	5th percentile, Gy
	35th percentile, Gy
	65th percentile, Gy
	95th percentile, Gy

	BED₁₀
	40.71
	55.53
	81.85
	144.12

	EQD2
	33.92
	46.28
	68.21
	120.10


E. BED₁₀ comparison across the four response phenotypes
	n lesions
	Permutation statistic
	p value
	Permutations

	150
	4.982
	0.173
	10,000


F. Patient-clustered GEE for progression phenotype
	Term
	OR
	95% CI
	p value
	n lesions
	n patients

	Peritumoral edema present
	1.038
	0.371–2.906
	0.943
	126
	54

	ln[1 + baseline WT volume (cm³)]
	0.504
	0.147–1.730
	0.276
	126
	54

	BED₁₀ per 10 Gy
	0.952
	0.804–1.128
	0.571
	126
	54


Note: Dose-dependent analyses used available verified dose data; lesions without definitive BED₁₀ values were excluded. The linear and spline local-failure models adjusted for ln[1 + baseline WT volume (cm³)] and used patient-cluster-robust covariance. Spline knots were placed at the 5th, 35th, 65th, and 95th percentiles. The spline analysis was exploratory and does not define a clinically actionable BED₁₀ threshold. The phenotype-group comparison used 10,000 unrestricted lesion-level permutations (seed 20260721). Panel F used an exchangeable patient-clustered GEE with robust sandwich covariance. AIC, Akaike information criterion; BED₁₀, biologically effective dose using an α/β ratio of 10 Gy; BIC, Bayesian information criterion; CI, confidence interval; EQD2, equivalent dose in 2-Gy fractions; GEE, generalized estimating equation; IQR, interquartile range; LR, likelihood ratio; OR, odds ratio; WT, whole tumor.


















Table S4. Association between progression phenotype and local failure: patient-clustered GEE and cluster-bootstrap analyses
A. Patient-clustered GEE
	Comparison
	Lesions/patients
	Local failures/progression phenotype
	OR
	95% CI
	p value

	Progression vs. non-progression phenotype
	103/46
	34/22
	27.08
	7.11–103.20
	<0.001


B. Patient-cluster bootstrap (5,000 resamples)
	Metric
	Point estimate
	Bootstrap median
	95% bootstrap interval
	Valid replicates
	Total replicates

	Cramér’s V
	0.704
	0.712
	0.584–0.818
	5,000
	5,000

	Sensitivity
	0.588
	0.589
	0.421–0.758
	5,000
	5,000

	Specificity
	0.971
	0.972
	0.924–1.000
	5,000
	5,000

	PPV
	0.909
	0.913
	0.765–1.000
	5,000
	5,000

	NPV
	0.827
	0.831
	0.719–0.918
	5,000
	5,000


Note: The GEE used a binomial family, logit link, exchangeable working correlation, patient-level clustering, and robust sandwich covariance. Cluster-bootstrap resampling used patients as the resampling unit. CI, confidence interval; GEE, generalized estimating equation; NPV, negative predictive value; OR, odds ratio; PPV, positive predictive value.










Table S5. Timing of longitudinal response-phenotype classification and 10–14-month sensitivity analysis
A. All 154 phenotype-evaluable lesions
	Item
	Value

	Classification interval, months
	Median 12.00; IQR 7.43–12.00; range 2.10–14.03

	≤6 months, n
	38

	>6 to <10 months, n
	7

	10–14 months, n
	107

	>14 months, n
	2

	Classifications known to occur after documented local salvage, n
	0

	Core-dataset lesions without available local-salvage timing, n
	130


B. Lesions with both response phenotype and LC₁₂m
	Item
	Value

	Lesions/patients/local failures, n
	103/46/34

	Classification interval, months
	Median 12.00; IQR 12.00–12.00; range 6.00–12.00

	≤6 months, n
	6

	>6 to <10 months, n
	0

	10–14 months, n
	97

	>14 months, n
	0


C. Classification interval by phenotype in the 103-lesion overlap set
	Phenotype
	n
	Median, months
	IQR, months
	Range, months
	10–14 months, n (%)

	CR/disappearance
	21
	12.00
	12.00–12.00
	12.00–12.00
	21 (100%)

	Partial regression
	34
	12.00
	12.00–12.00
	12.00–12.00
	34 (100%)

	Stable control
	26
	12.00
	12.00–12.00
	12.00–12.00
	26 (100%)

	Progression phenotype
	22
	12.00
	7.50–12.00
	6.00–12.00
	16 (72.7%)


D. Patient-clustered GEE restricted to classifications at 10–14 months
	n lesions
	n patients
	Local failures, n
	OR
	95% CI
	p value

	97
	42
	28
	19.37
	5.00–75.09
	<0.001


Note: All six classifications at 6 months in the 103-lesion overlap set belonged to the progression phenotype; no classification in this set occurred after 12 months. Exact classification-scan and local-salvage dates were unavailable for all lesions; classification before local salvage therefore could not be verified for every lesion. The restricted GEE used an exchangeable working correlation, patient-level clustering, and robust sandwich covariance. CI, confidence interval; CR, complete response; GEE, generalized estimating equation; IQR, interquartile range; LC₁₂m, 12-month local control; OR, odds ratio.

















Table S6. Systemic therapy exposure before and within 3 months after GKRS
	Therapy class
	Before GKRS, n/N (%)
	Within 3 months after GKRS, n/N (%)

	Chemotherapy
	66/78 (84.6%)
	36/71 (50.7%)

	HER2-targeted therapy
	48/78 (61.5%)
	33/71 (46.5%)

	Endocrine therapy
	23/78 (29.5%)
	6/71 (8.5%)

	CDK4/6 inhibitor
	10/78 (12.8%)
	Not available

	Antibody–drug conjugate
	22/78 (28.2%)
	Not available

	Immunotherapy
	3/78 (3.8%)
	1/71 (1.4%)


Note: Data are summarized at the patient level, and therapy categories are not mutually exclusive. “Before GKRS” denotes any documented exposure before the index GKRS course. Early post-GKRS exposure used the predefined 3-month window. Pretreatment systemic-therapy data were available for 78 of 80 patients, and early post-GKRS data for 71 patients. Post-GKRS CDK4/6-inhibitor and antibody–drug conjugate exposure was not available with sufficient temporal resolution. These data are descriptive and were not modeled as causal treatment exposures. GKRS, Gamma Knife radiosurgery; HER2, human epidermal growth factor receptor 2.













