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SEER 17 Registries database (Nov 2025 submission), 2000–2023. Inclusion criteria: clear cell RCC (ICD-O-3 = 8310/3), kidney and renal pelvis (C64.9/C65.9), diagnosed 2010–2022, brain metastasis status documented. Temporal validation split: training (2010–2018, n = 65,205) and validation (2019–2022, n = 36,155).

[bookmark: X0d60a1de07a263e987eabfa9d03a65fff20861b]Supplementary Table S1. Baseline characteristics of ccRCC patients by brain metastasis status (Training cohort, 2010–2018).
	Variable
	Category
	No BM (N=64,486)
	BM (N=719)
	P value

	Age (years), median (IQR)
	—
	62.0 (52.0–72.0)
	62.0 (57.0–67.0)
	0.461

	Tumor size (mm), median (IQR)
	—
	42.0 (27.0–65.0)
	90.0 (66.0–115.0)
	<0.001

	Sex
	Female
	24,008 (37.2%)
	213 (29.6%)
	<0.001

	
	Male
	40,478 (62.8%)
	506 (70.4%)
	

	Grade
	G1
	6,518 (10.1%)
	14 (1.9%)
	<0.001

	
	G2
	29,589 (45.9%)
	106 (14.7%)
	

	
	G3
	15,022 (23.3%)
	162 (22.5%)
	

	
	G4
	3,896 (6.0%)
	103 (14.3%)
	

	
	Unknown
	9,461 (14.7%)
	334 (46.5%)
	

	T stage
	T1
	32,652 (50.6%)
	72 (10.0%)
	<0.001

	
	T2
	4,522 (7.0%)
	156 (21.7%)
	

	
	T3
	9,670 (15.0%)
	196 (27.3%)
	

	
	T4
	723 (1.1%)
	55 (7.6%)
	

	
	Unknown
	16,919 (26.2%)
	240 (33.4%)
	

	Lung metastasis
	No
	61,177 (94.9%)
	233 (32.4%)
	<0.001

	
	Yes
	3,309 (5.1%)
	486 (67.6%)
	

	Bone metastasis
	No
	62,470 (96.9%)
	460 (64.0%)
	<0.001

	
	Yes
	2,016 (3.1%)
	259 (36.0%)
	


Note: Data are presented as n (%) for categorical variables and median (interquartile range) for continuous variables. P values were calculated using the Mann-Whitney U test for continuous variables and chi-square test for categorical variables. BM = brain metastasis; IQR = interquartile range. A total of 1,133 patients with missing tumor size were excluded from the model cohort (complete-case analysis).

[bookmark: Xcdc5983eb8b92a7ae8252f1d87c818e7196c195]Supplementary Table S2. Screening performance metrics at clinically relevant risk thresholds (Validation cohort, n = 36,155).
	Threshold
	Sensitivity
	Specificity
	PPV
	NPV
	NNS
	F1

	0.88% (Youden optimal)
	85.6%
	89.1%
	8.4%
	99.8%
	11.8
	0.154

	1% (high risk)
	81.9%
	91.4%
	10.0%
	99.8%
	10.0
	0.178

	2%
	76.3%
	94.1%
	13.2%
	99.7%
	7.6
	0.225

	5%
	68.0%
	95.2%
	14.1%
	99.6%
	7.1
	0.234

	10% (very high risk)
	56.7%
	96.8%
	17.3%
	99.5%
	5.8
	0.265


Note: PPV = positive predictive value; NPV = negative predictive value; NNS = number needed to screen (1/PPV); F1 = harmonic mean of precision and recall. The Youden optimal threshold maximizes the sum of sensitivity and specificity.

[bookmark: X5d78165530ce4f0747b5cb03a225431c1d1d61e]Supplementary Table S3. Model performance in subgroups (Validation cohort).
	Metric
	Full Validation Cohort
	M0/Mx Subgroup
	No Lung Mets Subgroup

	N
	36,155
	32,577
	33,197

	BM events
	440
	80
	110

	Prevalence
	1.22%
	0.25%
	0.33%

	AUC (95% CI)
	0.925 (0.911–0.939)
	0.768 (0.713–0.823)
	0.819

	PR-AUC
	0.162
	0.011
	0.058

	Fold improvement over baseline
	13.3×
	4.5×
	17.6×

	NNS at 1% threshold
	10
	66
	—

	Sensitivity at 1%
	82%
	17.5%
	—

	Specificity at 1%
	91%
	97.2%
	—

	NNS at 0.5% threshold
	—
	135
	—

	Sensitivity at 0.5%
	—
	52.5%
	—

	Specificity at 0.5%
	—
	82.7%
	—


Note: M0/Mx subgroup = patients without lung metastasis AND without bone metastasis. No Lung Mets subgroup = patients without lung metastasis (may include bone metastasis). NNS = number needed to screen. Fold improvement = PR-AUC / prevalence.

[bookmark: Xd03f084c7d60ef369746f1b9ec59315fc39df9b]Supplementary Table S4. Multiple imputation sensitivity analysis: pooled estimates vs. complete-case analysis.
	Variable
	Complete-Case OR
	MI Pooled OR
	95% CI
	FMI

	Age (per year)
	0.989
	0.988
	0.98–0.99
	0.000

	Sex: Male
	1.070
	1.056
	0.90–1.24
	0.000

	Grade: G3 vs. G1
	2.150
	1.582
	1.23–2.04
	0.000

	Grade: G4 vs. G1
	2.265
	1.608
	1.20–2.16
	0.000

	Grade: Unknown vs. G1
	3.857
	2.886
	2.28–3.65
	0.000

	Tumor size (per mm)
	1.001
	1.001
	1.00–1.00
	0.007

	T stage: T2 vs. T1
	5.084
	5.214
	3.85–7.07
	0.000

	T stage: T3 vs. T1
	2.812
	2.905
	2.16–3.91
	0.000

	T stage: T4 vs. T1
	3.411
	3.700
	2.51–5.45
	0.000

	T stage: Unknown vs. T1
	2.800
	3.104
	2.36–4.08
	0.000

	Lung metastasis
	13.770
	12.836
	10.67–15.44
	0.000

	Bone metastasis
	2.701
	2.623
	2.20–3.13
	0.000



	Metric
	Complete-Case
	MI Pooled
	Δ

	Training AUC
	0.919
	0.918
	−0.001

	Validation AUC
	0.925
	0.924
	−0.002

	Training PR-AUC
	0.149
	0.148
	−0.001

	Validation PR-AUC
	0.165
	0.162
	−0.002


Note: MI = multiple imputation; FMI = fraction of missing information; OR = odds ratio; CI = confidence interval. MICE (20 imputations, Bayesian ridge regression with posterior sampling, random seed = 42). Pooled estimates computed using Rubin’s rules with t-distribution degrees of freedom. Δ = MI pooled − complete-case. All |ΔAUC| < 0.002, confirming that missing tumor size values do not materially affect model conclusions.

[bookmark: X8f18e4ba94ca7f35cac0e03c89b875b8c971be8]Supplementary Table S5. Logistic regression model equation and coefficients.
The predicted probability of synchronous brain metastasis is calculated as:
P(BM) = 1 / (1 + exp(−LP))
where the linear predictor:
LP = β₀ + β₁×Age + β₂×Sex(Male) + β₃×Grade(G2) + β₄×Grade(G3) + β₅×Grade(G4) + β₆×Grade(Unknown) + β₇×Tumor_Size + β₈×T(T2) + β₉×T(T3) + β₁₀×T(T4) + β₁₁×T(Unknown) + β₁₂×Lung_Mets + β₁₃×Bone_Mets
	Parameter
	β coefficient
	Standard Error
	OR
	95% CI
	p-value

	Intercept (β₀)
	−5.828
	0.146
	—
	—
	—

	Age (per year)
	−0.011
	0.004
	0.989
	0.982–0.996
	0.001

	Sex = Male
	0.067
	0.087
	1.070
	0.901–1.270
	0.442

	Grade = G2
	0.347
	0.289
	1.415
	0.803–2.492
	0.229

	Grade = G3
	0.766
	0.283
	2.150
	1.227–3.768
	0.008

	Grade = G4
	0.817
	0.297
	2.265
	1.265–4.053
	0.006

	Grade = Unknown
	1.350
	0.292
	3.857
	2.218–6.707
	<0.001

	Tumor Size (per mm)
	0.001
	0.000
	1.001
	1.000–1.002
	0.081

	T = T2
	1.626
	0.155
	5.084
	3.744–6.902
	<0.001

	T = T3
	1.034
	0.151
	2.812
	2.085–3.794
	<0.001

	T = T4
	1.227
	0.200
	3.411
	2.293–5.075
	<0.001

	T = Unknown
	1.030
	0.143
	2.800
	2.117–3.703
	<0.001

	Lung Mets = Yes
	2.623
	0.099
	13.770
	11.334–16.730
	<0.001

	Bone Mets = Yes
	0.994
	0.094
	2.701
	2.245–3.249
	<0.001


Note: Reference categories: Sex = Female, Grade = G1, T stage = T1, Lung Mets = No, Bone Mets = No. Age is in years; Tumor Size is in mm. All binary variables are coded as 0 (reference) or 1 (present). Pseudo-R² = 0.293; AIC = 5639. OR = odds ratio; CI = confidence interval.

[bookmark: Xe3bdee2a6ecd0d3612e77f50a97b7ce0c8d4740]Supplementary Table S6. Per-imputation AUC values (20 MICE imputations).
	Imputation #
	Training AUC
	Validation AUC

	1
	0.9176
	0.9235

	2
	0.9176
	0.9234

	3
	0.9177
	0.9235

	4
	0.9176
	0.9235

	5
	0.9176
	0.9234

	6
	0.9176
	0.9234

	7
	0.9175
	0.9234

	8
	0.9176
	0.9235

	9
	0.9176
	0.9235

	10
	0.9177
	0.9235

	11
	0.9176
	0.9236

	12
	0.9176
	0.9234

	13
	0.9175
	0.9234

	14
	0.9176
	0.9235

	15
	0.9176
	0.9234

	16
	0.9177
	0.9235

	17
	0.9176
	0.9235

	18
	0.9175
	0.9235

	19
	0.9177
	0.9235

	20
	0.9176
	0.9235

	Mean ± SD
	0.9176 ± 0.0001
	0.9235 ± 0.0001


Note: MICE = Multivariate Imputation by Chained Equations. AUC = area under the ROC curve. The extremely low standard deviation across imputations confirms minimal impact of missing tumor size values on model discrimination.

[bookmark: X69698094f29add7a40eaaab5d78c067dd1ab181]Supplementary Table S7. Variance inflation factor (VIF) analysis for multicollinearity assessment.
	Variable
	VIF
	Interpretation

	Age
	1.02
	No collinearity

	Sex (Male)
	1.05
	No collinearity

	Grade: G2
	1.38
	No collinearity

	Grade: G3
	1.33
	No collinearity

	Grade: G4
	1.31
	No collinearity

	Grade: Unknown
	1.56
	No collinearity

	Tumor Size
	1.28
	No collinearity

	T stage: T2
	1.21
	No collinearity

	T stage: T3
	1.32
	No collinearity

	T stage: T4
	1.15
	No collinearity

	T stage: Unknown
	13.52
	Structural missingness*

	Lung Mets
	1.89
	No collinearity

	Bone Mets
	1.76
	No collinearity


Note: VIF = variance inflation factor. VIF < 5 indicates no problematic multicollinearity for substantive variables. VIF < 10 is acceptable for structural missingness indicators. *The high VIF for T stage = Unknown (13.52) reflects the 2016–2017 staging transition period, during which T stage was coded as Unknown due to the shift from AJCC 7th edition to EOD 2018 coding. This is structural missingness inherent to the SEER coding system rather than data quality issues, and sensitivity analysis excluding this period confirmed model robustness (AUC = 0.924).
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