Supplementary Tables
Supplementary Table 1. Pathological distribution, confirmation method, and CT-to-pathology interval.
	Domain
	Item
	Value

	Pathological endpoint
	Benign/non-malignant lesions
	127 (56.4%)

	Pathological endpoint
	Atypical adenomatous hyperplasia
	20 (8.9%)

	Pathological endpoint
	Focal fibrosis or scar-like lesion
	38 (16.9%)

	Pathological endpoint
	Inflammatory or organizing pneumonia
	35 (15.6%)

	Pathological endpoint
	Other benign lesions
	34 (15.1%)

	Pathological endpoint
	Malignant lesions
	98 (43.6%)

	Pathological endpoint
	Adenocarcinoma in situ
	18 (8.0%)

	Pathological endpoint
	Minimally invasive adenocarcinoma
	32 (14.2%)

	Pathological endpoint
	Invasive adenocarcinoma
	42 (18.7%)

	Pathological endpoint
	Other malignant pathology
	6 (2.7%)

	Confirmation method
	Complete surgical resection
	196 (87.1%)

	Confirmation method
	CT-guided percutaneous biopsy
	21 (9.3%)

	Confirmation method
	Bronchoscopic biopsy
	8 (3.6%)

	Timing
	Median CT-to-pathology interval
	12 days [7, 20]

	Timing
	CT-to-pathology interval <=30 days
	206 (91.6%)


Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; CTR, consolidation-to-tumor ratio; DCA, decision curve analysis; HL, Hosmer-Lemeshow; IDI, integrated discrimination improvement; NRI, net reclassification improvement.


Supplementary Table 2. Missing-data profile for final analytic variables.
	Variable
	Source field
	Internal training missing
	Internal validation missing
	External validation missing
	Overall missing
	Modeling action

	Outcome
	gold
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	Complete; no imputation

	Sex
	sex
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	Complete; no imputation

	Age
	age
	1 (0.8%)
	0 (0.0%)
	1 (1.7%)
	2 (0.9%)
	Median imputation

	Smoking history
	smoke
	1 (0.8%)
	1 (2.0%)
	1 (1.7%)
	3 (1.3%)
	Mode imputation

	Tumor history
	tumorhistory
	2 (1.7%)
	0 (0.0%)
	1 (1.7%)
	3 (1.3%)
	Mode imputation

	Pulmonary disease history
	lungdisease
	1 (0.8%)
	0 (0.0%)
	1 (1.7%)
	2 (0.9%)
	Mode imputation

	Nodule diameter
	diameter
	0 (0.0%)
	1 (2.0%)
	0 (0.0%)
	1 (0.4%)
	Median imputation

	Nodule location
	location
	1 (0.8%)
	1 (2.0%)
	1 (1.7%)
	3 (1.3%)
	Mode imputation

	Upper-lobe location
	superior
	1 (0.8%)
	0 (0.0%)
	1 (1.7%)
	2 (0.9%)
	Mode imputation

	CTR
	solidratio
	0 (0.0%)
	0 (0.0%)
	1 (1.7%)
	1 (0.4%)
	Median imputation

	Ill-defined margin
	boundary
	3 (2.5%)
	1 (2.0%)
	1 (1.7%)
	5 (2.2%)
	Mode imputation

	Spiculation
	rag
	2 (1.7%)
	1 (2.0%)
	1 (1.7%)
	4 (1.8%)
	Mode imputation

	Lobulation
	lobulation
	1 (0.8%)
	1 (2.0%)
	1 (1.7%)
	3 (1.3%)
	Mode imputation

	Irregular shape
	shape
	3 (2.5%)
	1 (2.0%)
	2 (3.4%)
	6 (2.7%)
	Mode imputation

	Calcification
	calcification
	2 (1.7%)
	0 (0.0%)
	1 (1.7%)
	3 (1.3%)
	Mode imputation

	Cavity
	cavity
	4 (3.4%)
	1 (2.0%)
	2 (3.4%)
	7 (3.1%)
	Mode imputation

	Vacuole sign
	vacuole
	2 (1.7%)
	1 (2.0%)
	2 (3.4%)
	5 (2.2%)
	Mode imputation

	Vessel convergence
	bunding
	3 (2.5%)
	1 (2.0%)
	2 (3.4%)
	6 (2.7%)
	Mode imputation

	Air bronchogram
	bronchiole
	2 (1.7%)
	1 (2.0%)
	1 (1.7%)
	4 (1.8%)
	Mode imputation

	Pleural retraction
	sunken
	3 (2.5%)
	0 (0.0%)
	2 (3.4%)
	5 (2.2%)
	Mode imputation

	CYFRA 21-1
	CYFRA 21-1
	4 (3.4%)
	2 (4.1%)
	2 (3.4%)
	8 (3.6%)
	Median imputation

	Mayo model score
	Mayo
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	Recalculated after preprocessing

	VA model score
	VA
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	Recalculated after preprocessing

	Brock model score
	Brock
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	Recalculated after preprocessing

	PKUPH model score
	PKUPH
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	0 (0.0%)
	Recalculated after preprocessing


Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; CTR, consolidation-to-tumor ratio; DCA, decision curve analysis; HL, Hosmer-Lemeshow; IDI, integrated discrimination improvement; NRI, net reclassification improvement.


Supplementary Table 3. DeLong model comparisons and sensitivity analyses.
	Analysis
	Comparison/subgroup
	Estimate
	P value

	External validation
	Combined vs Mayo
	0.180
	0.014

	External validation
	Combined vs VA
	0.370
	<0.001

	External validation
	Combined vs Brock
	0.130
	0.032

	External validation
	Combined vs PKUPH
	0.090
	0.041

	Scanner-stratified sensitivity
	GE scanner subgroup AUC
	0.920
	

	Scanner-stratified sensitivity
	Philips scanner subgroup AUC
	0.910
	

	Scanner-stratified sensitivity
	Scanner-model interaction
	
	0.74

	Timing sensitivity
	CT-to-pathology interval <=30 days AUC
	0.930
	

	Timing sensitivity
	CT-to-pathology interval >30 days AUC
	0.900
	

	Class imbalance sensitivity
	Class-weighted Extra Trees validation AUC
	0.940
	


Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; CTR, consolidation-to-tumor ratio; DCA, decision curve analysis; HL, Hosmer-Lemeshow; IDI, integrated discrimination improvement; NRI, net reclassification improvement.


Supplementary Table 4. Hyperparameter search ranges.
	Algorithm
	Grid-search ranges

	Logistic regression
	C: 0.01, 0.1, 1, 10; penalty: L2; solver: liblinear

	Random forest
	n_estimators: 100, 200, 500; max_depth: 5, 10, none; max_features: sqrt, log2, 0.7

	Gradient boosting
	learning_rate: 0.01, 0.05, 0.1; n_estimators: 100, 150, 300; max_depth: 2, 3, 5

	Support vector classifier
	C: 0.1, 1, 10; gamma: scale, auto; kernel: radial basis function

	Extra Trees
	n_estimators: 100, 200, 500; max_depth: 5, 10, none; max_features: sqrt, log2, 0.7

	AdaBoost
	n_estimators: 50, 100, 200; learning_rate: 0.01, 0.1, 1.0

	LightGBM
	num_leaves: 15, 31, 63; learning_rate: 0.01, 0.05, 0.1; n_estimators: 100, 200, 500


Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; CTR, consolidation-to-tumor ratio; DCA, decision curve analysis; HL, Hosmer-Lemeshow; IDI, integrated discrimination improvement; NRI, net reclassification improvement.


Supplementary Table 5. Public-database compatibility, learning-curve, and stability diagnostics.
	Analysis domain
	Procedure
	Key result
	Interpretation

	Public database compatibility
	LIDC-IDRI was reviewed as a candidate public independent dataset.
	It provides thoracic CT images and nodule annotations suitable for image-only benchmarking, but CYFRA 21-1 and the same pathology-confirmed SSN endpoint were not available for direct application of the final four-variable model.
	Not used as direct validation of the multimodal model; retained as a future image-only benchmarking option.

	Learning curve
	Repeated stratified resampling was performed at 30%, 50%, 70%, and 100% of the training cohort.
	Mean validation AUC increased from 0.884 to 0.918, 0.943, and 0.952; the SD decreased from 0.072 to 0.046, 0.031, and 0.024.
	Performance became more stable as the effective training sample increased, supporting a cautious but not definitive interpretation.

	Feature-stability analysis
	One hundred repeated random-seed resampling runs were used to assess final-predictor retention.
	Spiculation, CTR, CYFRA 21-1, and nodule diameter were retained in 96%, 94%, 91%, and 89% of runs, respectively.
	The four retained predictors were more stable than lower-ranked candidates.

	Lower-ranked feature check
	The same 100-run feature-stability analysis was used to inspect non-final predictors.
	Smoking, ill-defined margin, age, sex, location, and lobulation were retained in fewer than 45% of runs.
	Lower-ranked variables were not promoted into the final parsimonious model.

	Hyperparameter perturbation
	Extra Trees settings were perturbed across n_estimators, max_depth, max_features, and class-weight options around the selected grid.
	The validation AUC range was 0.924-0.947 and the median AUC was 0.936.
	Model ranking was not driven by a single fragile hyperparameter setting.

	Validation-focused interpretation
	The algorithm-screening AUC was compared with locked-model validation AUCs.
	The 0.990 cross-validated training AUC was treated as a screening estimate, whereas the reported interpretation emphasized validation AUCs of 0.930-0.954.
	The manuscript language was restricted to stable validation performance and prospective validation need.


Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; CTR, consolidation-to-tumor ratio; DCA, decision curve analysis; HL, Hosmer-Lemeshow; IDI, integrated discrimination improvement; NRI, net reclassification improvement.
