Additional file 3. Model robustness and sensitivity analyses
	Analysis
	Model or metric
	N / events
	Key result
	Performance or P value
	Interpretation

	Events per variable (EPV)
	Baseline model
	N = 354; events = 91; predictors = 4
	EPV = 22.75
	-
	Adequate events per candidate predictor.

	
	Dynamic model
	N = 354; events = 91; predictors = 5
	EPV = 18.20
	-
	Adequate events per candidate predictor.

	
	Combined model
	N = 354; events = 91; predictors = 8
	EPV = 11.38
	-
	Acceptable events per candidate predictor.

	
	MIA vs IAC combined model
	N = 207; events = 91; non-events = 116; predictors = 8
	EPV = 11.38
	-
	Acceptable events per candidate predictor.

	Collinearity diagnostics
	Dynamic model
	N = 354
	Annual mass growth VIF = 10.61; annual volume growth VIF = 10.47
	-
	High collinearity between mass- and volume-growth metrics.

	
	Combined model
	N = 354
	Baseline density grade VIF = 11.91; baseline CTR VIF = 9.48
	-
	High collinearity between baseline density grade and baseline CTR.

	
	Combined model
	N = 354
	Solid-component increase VIF = 6.33; density upgrade VIF = 4.84; CTR change VIF = 3.49
	-
	Moderate-to-high collinearity among solidification-related variables.

	
	Pairwise correlations
	N = 354
	Baseline density vs baseline CTR, Spearman rho = 0.983; annual mass growth vs annual volume growth, rho = 0.925; CTR change vs density upgrade, rho = 0.707; CTR change vs solid-component increase, rho = 0.612
	-
	Supports cautious interpretation of coefficients affected by collinearity, especially density upgrade.

	Reduced-model checks
	Dynamic model without annual volume growth
	N = 354; events = 91
	Annual mass growth, CTR change, density upgrade, and solid-component increase retained in model
	AUC = 0.942; Brier = 0.077
	Discrimination was similar to the original dynamic model.

	
	Dynamic model without annual volume growth and density upgrade
	N = 354; events = 91
	Annual mass growth, CTR change, and solid-component increase retained in model
	AUC = 0.934; Brier = 0.085
	Discrimination decreased modestly but remained high.

	
	Combined model without baseline density grade
	N = 354; events = 91
	Baseline CTR retained; baseline density grade removed
	AUC = 0.944; Brier = 0.074
	Discrimination remained similar to the original combined model.

	
	Combined model without baseline CTR
	N = 354; events = 91
	Baseline density grade retained; baseline CTR removed
	AUC = 0.943; Brier = 0.075
	Discrimination remained similar to the original combined model.

	
	Combined model adjusted for follow-up interval
	N = 354; events = 91
	Follow-up interval was not independently associated with IAC
	Interval P = .694; AUC = 0.945; corrected AUC = 0.934
	Key dynamic predictors remained stable after adjustment for follow-up interval.

	VDT/MDT sensitivity
	VDT, original all lesions
	N = 354
	Median VDT: 2063.89 (752.31, 4639.66) (AAH/AIS), 934.65 (538.23, 1550.91) (MIA), 738.32 (502.47, 1509.79) (IAC)
	P <0.001; trend P <0.001
	VDT shortened with increasing pathologic invasiveness.

	
	VDT after excluding nonpositive volume growth or VDT <= 0
	N = 320
	Median VDT: 2563.60 (1177.45, 5654.24) (AAH/AIS), 1004.57 (591.75, 1647.86) (MIA), 741.50 (513.86, 1534.23) (IAC)
	P <0.001; trend P <0.001
	Sensitivity analysis remained consistent with the primary VDT result.

	
	MDT, original all lesions
	N = 354
	Median MDT: 1562.53 (827.69, 3394.70) (AAH/AIS), 894.94 (585.95, 1605.06) (MIA), 634.46 (449.82, 1210.70) (IAC)
	P <0.001; trend P <0.001
	MDT shortened with increasing pathologic invasiveness.

	
	MDT after excluding nonpositive mass growth or MDT <= 0
	N = 302
	Median MDT: 1789.80 (985.36, 3517.85) (AAH/AIS), 916.12 (592.18, 1627.52) (MIA), 659.34 (468.72, 1213.63) (IAC)
	P <0.001; trend P <0.001
	Sensitivity analysis remained consistent with the primary MDT result.

	CTR progression sensitivity
	Distribution of CTR change = 0
	N = 354
	AAH/AIS: 131/147 (89.1%); MIA: 63/116 (54.3%); IAC: 10/91 (11.0%)
	-
	CTR change was zero-inflated, especially in AAH/AIS and MIA.

	
	Distribution of CTR change >= 0.1
	N = 354
	AAH/AIS: 10/147 (6.8%); MIA: 28/116 (24.1%); IAC: 61/91 (67.0%)
	-
	Larger CTR progression was more frequent in IAC.

	
	Original combined model with continuous CTR change
	N = 354; events = 91
	CTR change modeled per 0.1 increase
	AUC = 0.945; corrected AUC = 0.937; sensitivity = 0.901; specificity = 0.859; Brier = 0.074
	Reference model.

	
	Sensitivity model with binary CTR progression
	N = 354; events = 91
	CTR increase > 0 vs no increase; OR = 5.88; P = .014
	AUC = 0.939; corrected AUC = 0.926; sensitivity = 0.824; specificity = 0.916; Brier = 0.078
	Discrimination was similar to the continuous CTR-change model.

	
	Sensitivity model with three-level CTR progression
	N = 354; events = 91
	CTR change >0 to <0.1 vs 0: OR = 5.40, P = .039; CTR change >=0.1 vs 0: OR = 7.79, P = .009
	AUC = 0.941; corrected AUC = 0.929; sensitivity = 0.824; specificity = 0.916; Brier = 0.078
	Categorized CTR-change models supported the robustness of the combined model.


Note. Data are shown as model diagnostics, sensitivity-analysis estimates, or median values by pathologic group, as appropriate. EPV = events per variable; VIF = variance inflation factor; CTR = consolidation-to-tumor ratio; VDT = volume doubling time; MDT = mass doubling time; AUC = area under the receiver operating characteristic curve; IAC = invasive adenocarcinoma; MIA = minimally invasive adenocarcinoma; AAH = atypical adenomatous hyperplasia; AIS = adenocarcinoma in situ. P values for VDT and MDT analyses were obtained using Kruskal-Wallis tests, and trend P values assessed ordered change across AAH/AIS, MIA, and IAC. Reduced-model and CTR-progression sensitivity analyses used the same IAC versus AAH/AIS plus MIA outcome as the primary combined model.





Table S4. Full multivariable combined model for identifying IAC (reported for transparency).
Note. The primary parsimonious combined model (all variance inflation factors < 2) is reported in Table 3 of the main text. In this full eight-variable model, baseline density grade, baseline CTR, density upgrade, and solid-component increase were highly collinear; their coefficients are unstable and should not be interpreted as independent biological effects. OR = odds ratio; CI = confidence interval; IAC = invasive adenocarcinoma; CTR = consolidation-to-tumor ratio.
	Variable
	Combined model: OR (95% CI)
	P
	Adjusted for follow-up interval: OR (95% CI)
	P

	Age, per year
	0.983 (0.949–1.018)
	0.333
	0.983 (0.949–1.018)
	0.335

	Baseline density grade, per level
	0.485 (0.034–6.874)
	0.593
	0.496 (0.035–7.091)
	0.606

	Baseline mass, log2(g + 1)
	4.429 (0.951–20.623)
	0.058
	4.738 (0.974–23.044)
	0.054

	Baseline CTR, per 0.1
	1.348 (0.938–1.937)
	0.107
	1.336 (0.928–1.923)
	0.119

	Annual mass growth, per 0.1 g/year
	2.020 (1.448–2.817)
	<0.001
	2.026 (1.450–2.831)
	<0.001

	CTR change, per 0.1
	1.799 (1.291–2.506)
	<0.001
	1.776 (1.269–2.485)
	<0.001

	Density upgrade
	0.144 (0.017–1.211)
	0.075
	0.145 (0.017–1.223)
	0.076

	Increase in maximum solid component diameter
	5.100 (0.797–32.615)
	0.085
	5.211 (0.802–33.883)
	0.084

	Follow-up interval, per day
	NA
	NA
	1.000 (0.999–1.001)
	0.694



