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Supplementary Table 1. Selected features and their relative weights derived from LASSO regression across four radiomics feature sets.
	Feature Set & Feature Name
	Relative Weight (%)

	T1C Multidimensional Habitat (MH) Features
	

	Exponential Firstorder 10Percentile Shape S0
	29.90

	Exponential Firstorder Entropy Shape S0
	13.80

	Wavelet-Lll Firstorder Minimum Texture S0
	8.00

	Log-Sigma-2-0-Mm-3D Firstorder 90Percentile Shape S1
	7.70

	Exponential Firstorder Skewness Texture S2
	5.90

	Square GLCM Clustershade Texture S2
	5.60

	Exponential GLRLM Shortrunlowgraylevelemphasis Density S1
	5.40

	Gradient GLCM Mcc Density S1
	3.80

	Exponential Firstorder Mean Texture S0
	3.10

	Exponential Firstorder 10Percentile Shape S1
	2.40

	Exponential GLRLM Shortrunlowgraylevelemphasis Density S3
	2.10

	Exponential GLRLM Shortrunlowgraylevelemphasis Texture S0
	2.00

	Log-Sigma-2-0-Mm-3D Firstorder Rootmeansquared Density S1
	1.70

	Exponential GLRLM Shortrunlowgraylevelemphasis Shape S0
	1.60

	Exponential Firstorder 10Percentile Texture S1
	1.50

	Exponential GLDM Lowgraylevelemphasis Texture S1
	1.50

	Wavelet-Hhh GLSZM Graylevelnonuniformitynormalized Density S3
	1.20

	Log-Sigma-4-0-Mm-3D GLSZM Graylevelnonuniformity Texture S0
	1.20

	Square Firstorder Minimum Texture S0
	1.00

	Logarithm GLCM Correlation Shape S0
	0.60

	T2WI Multidimensional Habitat (MH) Features
	

	Exponential Firstorder 10Percentile Texture S1
	13.90

	Square Firstorder Minimum Density S1
	12.30

	Wavelet-Llh Firstorder Skewness Density S0
	11.30

	Logarithm GLSZM Sizezonenonuniformity Texture S0
	10.10

	Exponential Firstorder Minimum Texture S0
	7.90

	Square Firstorder Minimum Shape S1
	7.40

	Exponential Firstorder Minimum Density S2
	7.20

	Exponential Firstorder Interquartilerange Shape S0
	5.60

	Exponential GLDM Largedependencehighgraylevelemphasis Texture S1
	4.90

	Square Firstorder Minimum Shape S0
	4.60

	Log-Sigma-5-0-Mm-3D Firstorder Rootmeansquared Texture S1
	4.50

	Square Firstorder Minimum Density S0
	2.80

	Exponential Firstorder Minimum Texture S2
	2.60

	Square NGTDM Busyness Texture S0
	2.50

	Original Firstorder Skewness Texture S0
	2.30

	T1C Radiomics Features
	

	Exponential Firstorder 10Percentile Texture
	37.00

	Wavelet-Lll Firstorder Minimum Texture
	18.80

	Squareroot GLCM Maximumprobability Texture
	12.60

	Exponential Firstorder Interquartilerange Texture
	11.50

	Logarithm GLCM Correlation Texture
	5.90

	Wavelet-Lhh Firstorder Kurtosis Texture
	5.70

	Squareroot Firstorder Skewness Texture
	3.20

	Exponential GLDM Dependencevariance Texture
	2.80

	Exponential GLRLM Shortrunlowgraylevelemphasis Texture
	2.40

	T2WI Radiomics Features
	

	Gradient GLCM Imc2 Texture
	20.70

	Exponential Firstorder 10Percentile Texture
	18.40

	Logarithm GLCM Jointenergy Texture
	14.30

	Exponential Firstorder Minimum Texture
	10.60

	Exponential Firstorder Meanabsolutedeviation Texture
	8.80

	Wavelet-Lhl Firstorder Rootmeansquared Texture
	8.70

	Log-Sigma-5-0-Mm-3D Firstorder Rootmeansquared Texture
	6.80

	Gradient GLCM Mcc Texture
	3.60

	Wavelet-Hlh GLRLM Longrunemphasis Texture
	2.80

	Exponential GLDM Lowgraylevelemphasis Texture
	1.90

	Wavelet-Llh GLSZM Largeareahighgraylevelemphasis Texture
	1.70

	Log-Sigma-3-0-Mm-3D Firstorder 90Percentile Texture
	1.00

	Wavelet-Lhh Firstorder Mean Texture
	0.60


Note: Features within each set are ranked in descending order based on their relative importance (weights) as determined by the LASSO model. The feature names denote the applied image filter, feature class, and specific feature metric. Features derived from the multidimensional habitat (MH) approach include subregional suffixes (e.g., Shape S0, Density S1) indicating their respective spatial habitats.
Abbreviations: GLCM, Gray-Level Co-occurrence Matrix; GLDM, Gray-Level Dependence Matrix; GLRLM, Gray-Level Run Length Matrix; GLSZM, Gray-Level Size Zone Matrix; LASSO, Least Absolute Shrinkage and Selection Operator; MH, Multidimensional Habitat; NGTDM, Neighbourhood Gray Tone Difference Matrix; T1C, T1-weighted Contrast-enhanced; T2WI, T2-weighted Imaging.

Supplementary Table 2. VIF Collinearity Check
	Feature
	VIF
	Tolerance

	Height
	2.398 
	0.417 

	Sex
	2.380 
	0.420 

	Weight
	1.823 
	0.548 

	Hb
	1.598 
	0.626 

	Smoking
	1.291 
	0.775 

	T
	1.285 
	0.778 

	N
	1.230 
	0.813 

	ALB
	1.221 
	0.819 

	Age
	1.173 
	0.853 

	PLT
	1.135 
	0.881 

	Treatment
	1.091 
	0.916 

	LYM
	1.059 
	0.944 

	EBV_DNA
	1.050 
	0.952 

	Pathological
	1.023 
	0.977 


Abbreviations: ALB, Albumin; EBV, Epstein-Barr Virus; Hb, Hemoglobin; LYM, Lymphocyte Count; MH, Multidimensional Habitats; PLT, Platelet Count; VIF, Variance Inflation Factor.

Supplementary Table 3. Performance metrics of the 10 machine learning models on the training dataset.
	Model
	AUC (95%CI)
	ACC
	PRE
	F1
	SEN
	SPE

	KNN
	1.000 (1.000-1.000)
	0.315 
	0.315 
	0.479 
	1.000 
	0.000 

	DT
	0.958 (0.944-0.970)
	0.877 
	0.767 
	0.818 
	0.876 
	0.878 

	RF
	0.951 (0.936-0.966)
	0.873 
	0.788 
	0.802 
	0.817 
	0.899 

	LightGBM
	0.925 (0.906-0.942)
	0.860 
	0.769 
	0.781 
	0.794 
	0.891 

	XGBoost
	0.869 (0.843-0.893)
	0.815 
	0.723 
	0.695 
	0.670 
	0.882 

	CatBoost
	0.830 (0.799-0.861)
	0.771 
	0.623 
	0.652 
	0.683 
	0.811 

	GBM
	0.826 (0.791-0.858)
	0.746 
	0.576 
	0.645 
	0.734 
	0.752 

	TabPFN
	0.779 (0.745-0.813)
	0.680 
	0.494 
	0.605 
	0.780 
	0.634 

	SVM
	0.769 (0.736-0.806)
	0.729 
	0.561 
	0.595 
	0.633 
	0.773 

	LR
	0.764 (0.730-0.802)
	0.662 
	0.478 
	0.599 
	0.803 
	0.598 


Abbreviations: ACC, Accuracy; AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; F1, F1-score; GBM, Gradient Boosting Machine; LR, Logistic Regression; PRE, Precision; RF, Random Forest; SEN, Sensitivity; SPE, Specificity; SVM, Support Vector Machine.

Supplementary Table 4. Five-fold cross-validation performance of the 10 machine learning models.
	Model
	AUC (95%CI)
	ACC
	PRE
	F1
	SEN
	SPE

	GBM
	0.753 (0.712-0.794)
	0.703 
	0.529 
	0.582 
	0.655 
	0.724 

	RF
	0.745 (0.701-0.784)
	0.708 
	0.541 
	0.564 
	0.597 
	0.760 

	TabPFN
	0.763 (0.722-0.801)
	0.681 
	0.498 
	0.577 
	0.693 
	0.676 

	CatBoost
	0.757 (0.711-0.796)
	0.691 
	0.506 
	0.573 
	0.665 
	0.703 

	XGBoost
	0.749 (0.710-0.786)
	0.706 
	0.526 
	0.566 
	0.623 
	0.743 

	LightGBM
	0.748 (0.710-0.783)
	0.701 
	0.529 
	0.557 
	0.596 
	0.749 

	LR
	0.750 (0.721-0.783)
	0.678 
	0.490 
	0.575 
	0.706 
	0.665 

	SVM
	0.760 (0.720-0.794)
	0.678 
	0.495 
	0.558 
	0.656 
	0.688 

	DT
	0.666 (0.618-0.701)
	0.680 
	0.495 
	0.536 
	0.588 
	0.722 

	KNN
	0.685 (0.652-0.717)
	0.315 
	0.315 
	0.479 
	1.000 
	0.000 


Abbreviations: ACC, Accuracy; AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; F1, F1-score; GBM, Gradient Boosting Machine; LR, Logistic Regression; PRE, Precision; RF, Random Forest; SEN, Sensitivity; SPE, Specificity; SVM, Support Vector Machine.




Supplementary Table 5. The comprehensive ranking of the 10 machine learning models in each fold of cross-validation.
	Model
	AUC Rank
	ACC Rank
	PRE Rank
	F1 Rank
	SEN Rank
	SPE Rank
	Composite Score

	GBM
	4
	3
	3
	1
	6
	4
	3.5

	RF
	8
	1
	1
	6
	8
	1
	4.167

	TabPFN
	1
	6
	6
	2
	3
	8
	4.333

	CatBoost
	3
	5
	5
	4
	4
	6
	4.5

	XGBoost
	6
	2
	4
	5
	7
	3
	4.5

	LightGBM
	7
	4
	2
	8
	9
	2
	5.333

	LR
	5
	8
	9
	3
	2
	9
	6

	SVM
	2
	9
	7
	7
	5
	7
	6.167

	DT
	10
	7
	8
	9
	10
	5
	8.167

	KNN
	9
	10
	10
	10
	1
	10
	8.333


Abbreviations: ACC, Accuracy; AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; F1, F1-score; GBM, Gradient Boosting Machine; LR, Logistic Regression; PRE, Precision; RF, Random Forest; SEN, Sensitivity; SPE, Specificity; SVM, Support Vector Machine.

Supplementary Table 6. Overall performance of stacking ensemble models on the validation set
	Model
	AUC (95%CI)
	ACC
	PRE
	F1
	SEN
	SPE

	SVM+ GBM+ LR
	0.742 (0.679-0.801)
	0.734 
	0.565 
	0.622 
	0.691 
	0.754 

	SVM+ GBM
	0.744 (0.681-0.803)
	0.731 
	0.563 
	0.612 
	0.670 
	0.759 

	SVM+ LR
	0.743 (0.675-0.800)
	0.721 
	0.545 
	0.614 
	0.702 
	0.729 

	SVM+ TabPFN+ LR
	0.745 (0.679-0.805)
	0.700 
	0.518 
	0.615 
	0.755 
	0.675 

	TabPFN+ LR
	0.742 (0.675-0.802)
	0.707 
	0.527 
	0.613 
	0.734 
	0.695 

	SVM+ TabPFN+ GBM
	0.745 (0.679-0.804)
	0.717 
	0.550 
	0.567 
	0.585 
	0.778 

	SVM+ TabPFN
	0.745 (0.679-0.804)
	0.694 
	0.511 
	0.613 
	0.766 
	0.660 

	SVM+ CatBoost+ GBM
	0.744 (0.682-0.804)
	0.714 
	0.543 
	0.573 
	0.606 
	0.764 

	SVM+ CatBoost+ LR
	0.740 (0.676-0.799)
	0.721 
	0.552 
	0.583 
	0.617 
	0.768 

	SVM+ CatBoost
	0.741 (0.677-0.800)
	0.717 
	0.546 
	0.584 
	0.628 
	0.759 

	SVM+ TabPFN+ GBM+ LR
	0.747 (0.680-0.806)
	0.687 
	0.503 
	0.608 
	0.766 
	0.650 

	TabPFN+ GBM+ LR
	0.741 (0.675-0.801)
	0.700 
	0.519 
	0.608 
	0.734 
	0.685 

	SVM+ TabPFN+ CatBoost+ LR
	0.744 (0.679-0.802)
	0.684 
	0.500 
	0.612 
	0.787 
	0.635 

	SVM+ TabPFN+ CatBoost+ GBM
	0.741 (0.678-0.801)
	0.684 
	0.500 
	0.615 
	0.798 
	0.631 

	SVM+ CatBoost+ GBM+ LR
	0.739 (0.676-0.799)
	0.717 
	0.545 
	0.592 
	0.649 
	0.749 

	TabPFN+ CatBoost+ GBM+ LR
	0.737 (0.672-0.797)
	0.690 
	0.507 
	0.617 
	0.787 
	0.645 

	CatBoost+ GBM
	0.726 (0.662-0.788)
	0.714 
	0.537 
	0.605 
	0.691 
	0.724 

	SVM+ TabPFN+ CatBoost+ GBM+ LR
	0.742 (0.678-0.801)
	0.680 
	0.497 
	0.609 
	0.787 
	0.631 

	CatBoost+ GBM+ LR
	0.730 (0.664-0.793)
	0.710 
	0.534 
	0.590 
	0.660 
	0.734 

	CatBoost+ LR
	0.732 (0.665-0.793)
	0.707 
	0.530 
	0.588 
	0.660 
	0.729 

	SVM+ TabPFN+ CatBoost
	0.742 (0.677-0.802)
	0.667 
	0.484 
	0.602 
	0.798 
	0.606 

	TabPFN+ CatBoost+ LR
	0.740 (0.674-0.800)
	0.670 
	0.487 
	0.602 
	0.787 
	0.616 

	GBM+ LR
	0.731 (0.666-0.795)
	0.697 
	0.519 
	0.554 
	0.596 
	0.744 

	TabPFN+ CatBoost+ GBM
	0.740 (0.673-0.800)
	0.657 
	0.475 
	0.598 
	0.809 
	0.586 

	TabPFN+ CatBoost
	0.741 (0.673-0.802)
	0.643 
	0.464 
	0.595 
	0.830 
	0.557 

	TabPFN+ GBM
	0.739 (0.673-0.801)
	0.646 
	0.467 
	0.598 
	0.830 
	0.562 


Abbreviations: ACC, Accuracy; AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; F1, F1-score; GBM, Gradient Boosting Machine; LR, Logistic Regression; PRE, Precision; RF, Random Forest; SEN, Sensitivity; SPE, Specificity; SVM, Support Vector Machine.



Supplementary Table 7. Overall performance of stacking ensemble models evaluated via 5-fold cross-validation.
	Model
	AUC (95%CI)
	ACC
	PRE
	F1
	SEN
	SPE

	TabPFN+GBM+LR
	0.762 (0.722-0.798)
	0.684 
	0.499 
	0.585 
	0.715 
	0.669 

	GBM+LR
	0.762 (0.722-0.799)
	0.680 
	0.494 
	0.585 
	0.720 
	0.661 

	SVM+CatBoost+GBM
	0.762 (0.721-0.801)
	0.693 
	0.507 
	0.577 
	0.679 
	0.699 

	SVM+TabPFN+GBM+LR
	0.760 (0.717-0.797)
	0.693 
	0.512 
	0.579 
	0.679 
	0.699 

	SVM+TabPFN+GBM
	0.760 (0.717-0.798)
	0.690 
	0.505 
	0.578 
	0.688 
	0.691 

	CatBoost+GBM
	0.756 (0.714-0.796)
	0.693 
	0.511 
	0.586 
	0.688 
	0.695 

	SVM+GBM+LR
	0.761 (0.719-0.798)
	0.682 
	0.499 
	0.575 
	0.688 
	0.680 

	SVM+TabPFN+CatBoost+GBM+LR
	0.759 (0.716-0.795)
	0.680 
	0.492 
	0.581 
	0.715 
	0.663 

	TabPFN+LR
	0.762 (0.722-0.796)
	0.671 
	0.489 
	0.578 
	0.721 
	0.648 

	SVM+CatBoost+LR
	0.758 (0.712-0.795)
	0.678 
	0.491 
	0.579 
	0.720 
	0.659 

	TabPFN+CatBoost+GBM+LR
	0.759 (0.719-0.795)
	0.677 
	0.491 
	0.578 
	0.711 
	0.661 

	SVM+LR
	0.759 (0.719-0.792)
	0.691 
	0.507 
	0.571 
	0.674 
	0.699 

	SVM+CatBoost+GBM+LR
	0.760 (0.716-0.799)
	0.675 
	0.490 
	0.573 
	0.697 
	0.665 

	SVM+GBM
	0.762 (0.719-0.799)
	0.674 
	0.486 
	0.572 
	0.706 
	0.659 

	SVM+TabPFN+LR
	0.760 (0.715-0.797)
	0.674 
	0.493 
	0.573 
	0.702 
	0.661 

	TabPFN+GBM
	0.762 (0.721-0.799)
	0.645 
	0.466 
	0.582 
	0.784 
	0.581 

	TabPFN+CatBoost+GBM
	0.761 (0.720-0.797)
	0.661 
	0.475 
	0.576 
	0.743 
	0.623 

	CatBoost+GBM+LR
	0.759 (0.720-0.794)
	0.670 
	0.482 
	0.576 
	0.715 
	0.648 

	TabPFN+CatBoost
	0.760 (0.716-0.797)
	0.656 
	0.471 
	0.577 
	0.757 
	0.611 

	SVM+TabPFN
	0.760 (0.716-0.797)
	0.668 
	0.487 
	0.571 
	0.712 
	0.648 

	SVM+TabPFN+CatBoost
	0.758 (0.715-0.793)
	0.675 
	0.489 
	0.568 
	0.688 
	0.669 

	SVM+TabPFN+CatBoost+GBM
	0.759 (0.717-0.797)
	0.669 
	0.486 
	0.570 
	0.702 
	0.655 

	SVM+TabPFN+CatBoost+LR
	0.758 (0.715-0.793)
	0.671 
	0.487 
	0.564 
	0.684 
	0.665 

	TabPFN+CatBoost+LR
	0.758 (0.717-0.792)
	0.669 
	0.482 
	0.570 
	0.702 
	0.655 

	SVM+CatBoost
	0.758 (0.713-0.795)
	0.669 
	0.483 
	0.563 
	0.684 
	0.663 

	CatBoost+LR
	0.755 (0.717-0.786)
	0.662 
	0.471 
	0.559 
	0.702 
	0.644 


Abbreviations: ACC, Accuracy; AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; F1, F1-score; GBM, Gradient Boosting Machine; LR, Logistic Regression; PRE, Precision; RF, Random Forest; SEN, Sensitivity; SPE, Specificity; SVM, Support Vector Machine.

Supplementary Table 8. Comprehensive ranking of stacking models on the validation dataset.
	Model
	AUC Rank
	ACC Rank
	PRE Rank
	F1 Rank
	SEN Rank
	SPE Rank
	Composite Score

	SVM+ GBM+ LR
	8
	1
	1
	1
	9
	5
	4.167

	SVM+ GBM
	4
	2
	2
	8
	10
	4
	5

	SVM+ LR
	7
	3
	6
	5
	8
	9
	6.333

	SVM+ TabPFN+ LR
	2
	8
	15
	4
	6
	13
	8

	TabPFN+ LR
	9
	7
	12
	6
	7
	11
	8.667

	SVM+ TabPFN+ GBM
	2
	4
	4
	25
	17
	1
	8.833

	SVM+ TabPFN
	3
	10
	16
	7
	5
	14
	9.167

	SVM+ CatBoost+ GBM
	5
	5
	8
	24
	15
	3
	10

	SVM+ CatBoost+ LR
	16
	3
	3
	23
	14
	2
	10.167

	SVM+ CatBoost
	14
	4
	5
	22
	13
	4
	10.333

	SVM+ TabPFN+ GBM+ LR
	1
	12
	18
	12
	5
	15
	10.5

	TabPFN+ GBM+ LR
	15
	8
	13
	11
	7
	12
	11

	SVM+ TabPFN+ CatBoost+ LR
	6
	13
	19
	9
	4
	17
	11.333

	SVM+ TabPFN+ CatBoost+ GBM
	12
	13
	19
	3
	3
	18
	11.333

	SVM+ CatBoost+ GBM+ LR
	20
	4
	7
	19
	12
	6
	11.333

	TabPFN+ CatBoost+ GBM+ LR
	21
	11
	17
	2
	4
	16
	11.833

	CatBoost+ GBM
	25
	5
	9
	13
	9
	10
	11.833

	SVM+ TabPFN+ CatBoost+ GBM+ LR
	10
	14
	20
	10
	4
	18
	12.667

	CatBoost+ GBM+ LR
	24
	6
	10
	20
	11
	8
	13.167

	CatBoost+ LR
	22
	7
	11
	21
	11
	9
	13.5

	SVM+ TabPFN+ CatBoost
	11
	16
	22
	14
	3
	20
	14.333

	TabPFN+ CatBoost+ LR
	17
	15
	21
	15
	4
	19
	15.167

	GBM+ LR
	23
	9
	14
	26
	16
	7
	15.833

	TabPFN+ CatBoost+ GBM
	18
	17
	23
	16
	2
	21
	16.167

	TabPFN+ CatBoost
	13
	19
	25
	18
	1
	23
	16.5

	TabPFN+ GBM
	19
	18
	24
	17
	1
	22
	16.833


Abbreviations: ACC, Accuracy; AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; F1, F1-score; GBM, Gradient Boosting Machine; LR, Logistic Regression; PRE, Precision; RF, Random Forest; SEN, Sensitivity; SPE, Specificity; SVM, Support Vector Machine.


[bookmark: _Hlk216908599]Supplementary Table 9. Comprehensive ranking of stacking models evaluated by 5-fold cross-validation.
	Model
	AUC Rank
	ACC Rank
	PRE Rank
	F1 Rank
	SEN Rank
	SPE Rank
	Composite Score

	TabPFN+GBM+LR
	1
	6
	7
	3
	8
	5
	5.000 

	GBM+LR
	4
	8
	8
	2
	5
	8
	5.833 

	SVM+CatBoost+GBM
	2
	1
	3
	12
	23
	1
	7.000 

	SVM+TabPFN+GBM+LR
	11
	3
	1
	7
	22
	1
	7.500 

	SVM+TabPFN+GBM
	10
	5
	5
	10
	18
	3
	8.500 

	CatBoost+GBM
	25
	2
	2
	1
	19
	2
	8.500 

	SVM+GBM+LR
	7
	7
	6
	15
	17
	4
	9.333 

	SVM+TabPFN+CatBoost+GBM+LR
	18
	9
	10
	5
	8
	7
	9.500 

	TabPFN+LR
	6
	16
	15
	9
	4
	13
	10.500 

	SVM+CatBoost+LR
	21
	10
	11
	6
	6
	9
	10.500 

	TabPFN+CatBoost+GBM+LR
	16
	11
	12
	8
	10
	8
	10.833 

	SVM+LR
	19
	4
	4
	20
	24
	1
	12.000 

	SVM+CatBoost+GBM+LR
	9
	13
	13
	16
	16
	6
	12.167 

	SVM+GBM
	3
	14
	19
	18
	11
	9
	12.333 

	SVM+TabPFN+LR
	14
	15
	9
	17
	12
	8
	12.500 

	TabPFN+GBM
	5
	25
	26
	4
	1
	17
	13.000 

	TabPFN+CatBoost+GBM
	8
	23
	23
	13
	3
	15
	14.167 

	CatBoost+GBM+LR
	15
	17
	22
	14
	7
	12
	14.500 

	TabPFN+CatBoost
	12
	24
	25
	11
	2
	16
	15.000 

	SVM+TabPFN
	13
	21
	16
	19
	9
	13
	15.167 

	SVM+TabPFN+CatBoost
	23
	12
	14
	23
	18
	5
	15.833 

	SVM+TabPFN+CatBoost+GBM
	17
	20
	18
	22
	15
	11
	17.167 

	SVM+TabPFN+CatBoost+LR
	22
	16
	17
	24
	21
	6
	17.667 

	TabPFN+CatBoost+LR
	24
	19
	21
	21
	14
	10
	18.167 

	SVM+CatBoost
	20
	18
	20
	25
	20
	7
	18.333 

	CatBoost+LR
	26
	22
	24
	26
	13
	14
	20.833 


Abbreviations: ACC, Accuracy; AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; F1, F1-score; GBM, Gradient Boosting Machine; LR, Logistic Regression; PRE, Precision; RF, Random Forest; SEN, Sensitivity; SPE, Specificity; SVM, Support Vector Machine.


Supplementary Table 10. Results of Delong test of the top10 stacking ensemble ML models
	Model A
	Model B
	AUC of Model A (95% CI)
	AUC of Model B (95% CI)
	ΔAUC
	P value

	SVM+GBM+LR
	SVM+GBM
	0.742 (0.679-0.801)
	0.744 (0.681-0.803)
	-0.002 
	0.895 

	SVM+GBM+LR
	SVM+LR
	0.742 (0.679-0.801)
	0.743 (0.675-0.800)
	0.000 
	0.532 

	SVM+GBM+LR
	SVM+TabPFN+LR
	0.742 (0.679-0.801)
	0.745 (0.679-0.805)
	-0.003 
	0.661 

	SVM+GBM+LR
	TabPFN+LR
	0.742 (0.679-0.801)
	0.742 (0.675-0.802)
	0.000 
	0.497 

	SVM+GBM+LR
	SVM+TabPFN+GBM
	0.742 (0.679-0.801)
	0.745 (0.679-0.804)
	-0.003 
	0.713 

	SVM+GBM+LR
	SVM+TabPFN
	0.742 (0.679-0.801)
	0.745 (0.679-0.804)
	-0.003 
	0.688 

	SVM+GBM+LR
	SVM+CatBoost+GBM
	0.742 (0.679-0.801)
	0.744 (0.682-0.804)
	-0.001 
	0.697 

	SVM+GBM+LR
	SVM+CatBoost+LR
	0.742 (0.679-0.801)
	0.740 (0.676-0.799)
	0.002 
	0.315 

	SVM+GBM+LR
	SVM+CatBoost
	0.742 (0.679-0.801)
	0.741 (0.677-0.800)
	0.002 
	0.352 

	SVM+GBM
	SVM+LR
	0.744 (0.681-0.803)
	0.743 (0.675-0.800)
	0.001 
	0.392 

	SVM+GBM
	SVM+TabPFN+LR
	0.744 (0.681-0.803)
	0.745 (0.679-0.805)
	-0.001 
	0.571 

	SVM+GBM
	TabPFN+LR
	0.744 (0.681-0.803)
	0.742 (0.675-0.802)
	0.002 
	0.392 

	SVM+GBM
	SVM+TabPFN+GBM
	0.744 (0.681-0.803)
	0.745 (0.679-0.804)
	-0.001 
	0.597 

	SVM+GBM
	SVM+TabPFN
	0.744 (0.681-0.803)
	0.745 (0.679-0.804)
	-0.001 
	0.580 

	SVM+GBM
	SVM+CatBoost+GBM
	0.744 (0.681-0.803)
	0.744 (0.682-0.804)
	0.000 
	0.426 

	SVM+GBM
	SVM+CatBoost+LR
	0.744 (0.681-0.803)
	0.740 (0.676-0.799)
	0.004 
	0.158 

	SVM+GBM
	SVM+CatBoost
	0.744 (0.681-0.803)
	0.741 (0.677-0.800)
	0.003 
	0.178 

	SVM+LR
	SVM+TabPFN+LR
	0.743 (0.675-0.800)
	0.745 (0.679-0.805)
	-0.003 
	0.610 

	SVM+LR
	TabPFN+LR
	0.743 (0.675-0.800)
	0.742 (0.675-0.802)
	0.000 
	0.483 

	SVM+LR
	SVM+TabPFN+GBM
	0.743 (0.675-0.800)
	0.745 (0.679-0.804)
	-0.003 
	0.627 

	SVM+LR
	SVM+TabPFN
	0.743 (0.675-0.800)
	0.745 (0.679-0.804)
	-0.003 
	0.624 

	SVM+LR
	SVM+CatBoost+GBM
	0.743 (0.675-0.800)
	0.744 (0.682-0.804)
	-0.001 
	0.563 

	SVM+LR
	SVM+CatBoost+LR
	0.743 (0.675-0.800)
	0.740 (0.676-0.799)
	0.002 
	0.373 

	SVM+LR
	SVM+CatBoost
	0.743 (0.675-0.800)
	0.741 (0.677-0.800)
	0.002 
	0.396 

	SVM+TabPFN+LR
	TabPFN+LR
	0.745 (0.679-0.805)
	0.742 (0.675-0.802)
	0.003 
	0.083 

	SVM+TabPFN+LR
	SVM+TabPFN+GBM
	0.745 (0.679-0.805)
	0.745 (0.679-0.804)
	0.000 
	0.500 

	SVM+TabPFN+LR
	SVM+TabPFN
	0.745 (0.679-0.805)
	0.745 (0.679-0.804)
	0.000 
	0.489 

	SVM+TabPFN+LR
	SVM+CatBoost+GBM
	0.745 (0.679-0.805)
	0.744 (0.682-0.804)
	0.002 
	0.403 

	SVM+TabPFN+LR
	SVM+CatBoost+LR
	0.745 (0.679-0.805)
	0.740 (0.676-0.799)
	0.005 
	0.238 

	SVM+TabPFN+LR
	SVM+CatBoost
	0.745 (0.679-0.805)
	0.741 (0.677-0.800)
	0.005 
	0.253 

	TabPFN+LR
	SVM+TabPFN+GBM
	0.742 (0.675-0.802)
	0.745 (0.679-0.804)
	-0.003 
	0.896 

	TabPFN+LR
	SVM+TabPFN
	0.742 (0.675-0.802)
	0.745 (0.679-0.804)
	-0.003 
	0.940 

	TabPFN+LR
	SVM+CatBoost+GBM
	0.742 (0.675-0.802)
	0.744 (0.682-0.804)
	-0.002 
	0.593 

	TabPFN+LR
	SVM+CatBoost+LR
	0.742 (0.675-0.802)
	0.740 (0.676-0.799)
	0.002 
	0.389 

	TabPFN+LR
	SVM+CatBoost
	0.742 (0.675-0.802)
	0.741 (0.677-0.800)
	0.001 
	0.414 

	SVM+TabPFN+GBM
	SVM+TabPFN
	0.745 (0.679-0.804)
	0.745 (0.679-0.804)
	0.000 
	0.487 

	SVM+TabPFN+GBM
	SVM+CatBoost+GBM
	0.745 (0.679-0.804)
	0.744 (0.682-0.804)
	0.002 
	0.362 

	SVM+TabPFN+GBM
	SVM+CatBoost+LR
	0.745 (0.679-0.804)
	0.740 (0.676-0.799)
	0.005 
	0.173 

	SVM+TabPFN+GBM
	SVM+CatBoost
	0.745 (0.679-0.804)
	0.741 (0.677-0.800)
	0.005 
	0.188 

	SVM+TabPFN
	SVM+CatBoost+GBM
	0.745 (0.679-0.804)
	0.744 (0.682-0.804)
	0.002 
	0.393 

	SVM+TabPFN
	SVM+CatBoost+LR
	0.745 (0.679-0.804)
	0.740 (0.676-0.799)
	0.005 
	0.209 

	SVM+TabPFN
	SVM+CatBoost
	0.745 (0.679-0.804)
	0.741 (0.677-0.800)
	0.005 
	0.225 

	SVM+CatBoost+GBM
	SVM+CatBoost+LR
	0.744 (0.682-0.804)
	0.740 (0.676-0.799)
	0.003 
	0.149 

	SVM+CatBoost+GBM
	SVM+CatBoost
	0.744 (0.682-0.804)
	0.741 (0.677-0.800)
	0.003 
	0.175 

	SVM+CatBoost+LR
	SVM+CatBoost
	0.740 (0.676-0.799)
	0.741 (0.677-0.800)
	0.000 
	0.744 


Abbreviations: AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; GBM, Gradient Boosting Machine; LR, Logistic Regression; RF, Random Forest; SVM, Support Vector Machine.


Supplementary Table 11. Results of Delong test of the ML models
	Model A
	Model B
	AUC of Model A (95% CI)
	AUC of Model B (95% CI)
	ΔAUC
	P value

	SVM
	TabPFN
	0.745 (0.679-0.802)
	0.742 (0.676-0.804)
	0.003 
	0.400 

	SVM
	CatBoost
	0.745 (0.679-0.802)
	0.728 (0.662-0.790)
	0.017 
	0.087 

	SVM
	GBM
	0.745 (0.679-0.802)
	0.723 (0.660-0.788)
	0.022 
	0.075 

	SVM
	LogisticRegression
	0.745 (0.679-0.802)
	0.726 (0.655-0.781)
	0.019 
	0.006 

	SVM
	RandomForest
	0.745 (0.679-0.802)
	0.711 (0.645-0.776)
	0.034 
	0.024 

	SVM
	XGBoost
	0.745 (0.679-0.802)
	0.697 (0.633-0.766)
	0.048 
	0.007 

	SVM
	LightGBM
	0.745 (0.679-0.802)
	0.697 (0.632-0.765)
	0.048 
	0.014 

	SVM
	KNN
	0.745 (0.679-0.802)
	0.670 (0.604-0.744)
	0.075 
	0.002 

	SVM
	DecisionTree
	0.745 (0.679-0.802)
	0.613 (0.543-0.680)
	0.132 
	0.000 

	TabPFN
	CatBoost
	0.742 (0.676-0.804)
	0.728 (0.662-0.790)
	0.015 
	0.047 

	TabPFN
	GBM
	0.742 (0.676-0.804)
	0.723 (0.660-0.788)
	0.019 
	0.037 

	TabPFN
	LogisticRegression
	0.742 (0.676-0.804)
	0.726 (0.655-0.781)
	0.016 
	0.133 

	TabPFN
	RandomForest
	0.742 (0.676-0.804)
	0.711 (0.645-0.776)
	0.031 
	0.010 

	TabPFN
	XGBoost
	0.742 (0.676-0.804)
	0.697 (0.633-0.766)
	0.045 
	0.002 

	TabPFN
	LightGBM
	0.742 (0.676-0.804)
	0.697 (0.632-0.765)
	0.046 
	0.007 

	TabPFN
	KNN
	0.742 (0.676-0.804)
	0.670 (0.604-0.744)
	0.072 
	0.002 

	TabPFN
	DecisionTree
	0.742 (0.676-0.804)
	0.613 (0.543-0.680)
	0.129 
	0.000 

	CatBoost
	GBM
	0.728 (0.662-0.790)
	0.723 (0.660-0.788)
	0.004 
	0.259 

	CatBoost
	LogisticRegression
	0.728 (0.662-0.790)
	0.726 (0.655-0.781)
	0.001 
	0.461 

	CatBoost
	RandomForest
	0.728 (0.662-0.790)
	0.711 (0.645-0.776)
	0.016 
	0.040 

	CatBoost
	XGBoost
	0.728 (0.662-0.790)
	0.697 (0.633-0.766)
	0.031 
	0.006 

	CatBoost
	LightGBM
	0.728 (0.662-0.790)
	0.697 (0.632-0.765)
	0.031 
	0.025 

	CatBoost
	KNN
	0.728 (0.662-0.790)
	0.670 (0.604-0.744)
	0.058 
	0.008 

	CatBoost
	DecisionTree
	0.728 (0.662-0.790)
	0.613 (0.543-0.680)
	0.115 
	0.000 

	GBM
	LogisticRegression
	0.723 (0.660-0.788)
	0.726 (0.655-0.781)
	-0.003 
	0.566 

	GBM
	RandomForest
	0.723 (0.660-0.788)
	0.711 (0.645-0.776)
	0.012 
	0.071 

	GBM
	XGBoost
	0.723 (0.660-0.788)
	0.697 (0.633-0.766)
	0.026 
	0.005 

	GBM
	LightGBM
	0.723 (0.660-0.788)
	0.697 (0.632-0.765)
	0.027 
	0.029 

	GBM
	KNN
	0.723 (0.660-0.788)
	0.670 (0.604-0.744)
	0.053 
	0.014 

	GBM
	DecisionTree
	0.723 (0.660-0.788)
	0.613 (0.543-0.680)
	0.110 
	0.000 

	LogisticRegression
	RandomForest
	0.726 (0.655-0.781)
	0.711 (0.645-0.776)
	0.015 
	0.214 

	LogisticRegression
	XGBoost
	0.726 (0.655-0.781)
	0.697 (0.633-0.766)
	0.029 
	0.084 

	LogisticRegression
	LightGBM
	0.726 (0.655-0.781)
	0.697 (0.632-0.765)
	0.030 
	0.108 

	LogisticRegression
	KNN
	0.726 (0.655-0.781)
	0.670 (0.604-0.744)
	0.056 
	0.017 

	LogisticRegression
	DecisionTree
	0.726 (0.655-0.781)
	0.613 (0.543-0.680)
	0.113 
	0.000 

	RandomForest
	XGBoost
	0.711 (0.645-0.776)
	0.697 (0.633-0.766)
	0.014 
	0.085 

	RandomForest
	LightGBM
	0.711 (0.645-0.776)
	0.697 (0.632-0.765)
	0.015 
	0.108 

	RandomForest
	KNN
	0.711 (0.645-0.776)
	0.670 (0.604-0.744)
	0.041 
	0.041 

	RandomForest
	DecisionTree
	0.711 (0.645-0.776)
	0.613 (0.543-0.680)
	0.098 
	0.000 

	XGBoost
	LightGBM
	0.697 (0.633-0.766)
	0.697 (0.632-0.765)
	0.000 
	0.486 

	XGBoost
	KNN
	0.697 (0.633-0.766)
	0.670 (0.604-0.744)
	0.027 
	0.152 

	XGBoost
	DecisionTree
	0.697 (0.633-0.766)
	0.613 (0.543-0.680)
	0.084 
	0.001 

	LightGBM
	KNN
	0.697 (0.632-0.765)
	0.670 (0.604-0.744)
	0.027 
	0.166 

	LightGBM
	DecisionTree
	0.697 (0.632-0.765)
	0.613 (0.543-0.680)
	0.084 
	0.002 

	KNN
	DecisionTree
	0.670 (0.604-0.744)
	0.613 (0.543-0.680)
	0.057 
	0.065 


Abbreviations: AUC, Area Under the Curve; CI, Confidence Interval; DT, Decision Tree; GBM, Gradient Boosting Machine; LR, Logistic Regression; RF, Random Forest; SVM, Support Vector Machine.


Supplementary Table 12. Performance comparison of the final stacking ensemble model using different feature sets across three datasets.
	Feature Set
	AUC
	Accuracy
	Precision
	F1
	Sensitivity
	Specificity

	Training set
	
	
	
	
	
	

	ITH+Clin
	0.623(0.575-0.669)
	0.498 
	0.366 
	0.506 
	0.817 
	0.352 

	Rad+Clin
	0.759(0.721-0.799)
	0.724 
	0.551 
	0.603 
	0.665 
	0.752 

	MH+Clin
	0.788(0.756-0.825)
	0.732 
	0.560 
	0.616 
	0.683 
	0.754 

	Clin
	0.597(0.550-0.645)
	0.322 
	0.316 
	0.480 
	0.995 
	0.013 

	Validation set
	
	
	
	
	
	

	ITH+Clin
	0.658(0.592-0.720)
	0.539 
	0.387 
	0.519 
	0.787 
	0.424 

	Rad+Clin
	0.741(0.680-0.799)
	0.700 
	0.525 
	0.544 
	0.564 
	0.764 

	MH+Clin
	0.742(0.679-0.801)
	0.734 
	0.565 
	0.622 
	0.691 
	0.754 

	Clin
	0.556(0.480-0.627)
	0.310 
	0.311 
	0.470 
	0.968 
	0.005 

	External test set
	
	
	
	
	
	

	ITH+Clin
	0.594(0.524-0.662)
	0.386 
	0.343 
	0.501 
	0.929 
	0.117 

	Rad+Clin
	0.644(0.578-0.705)
	0.620 
	0.429 
	0.429 
	0.429 
	0.716 

	MH+Clin
	0.721(0.660-0.776)
	0.583 
	0.435 
	0.577 
	0.857 
	0.447 

	Clin
	0.463(0.338-0.538)
	0.325 
	0.328 
	0.491 
	0.980 
	0.000 


Note: The final predictive model was developed using a stacking ensemble framework consisting of Support Vector Machine, Gradient Boosting Machine, and Logistic Regression (SVM + GBM + LR). The "Clin" feature set comprises the final clinical variables selected after variance inflation factor (VIF) screening and recursive feature elimination (RFE).
Abbreviations: ACC, Accuracy; AUC, Area Under the Curve; CI, Confidence Interval; Clin, Clinical features; F1, F1-score; ITH, Intratumoral Heterogeneity score; MH, Multidimensional Habitat features; PRE, Precision; Rad, Radiomics features; SEN, Sensitivity; SPE, Specificity.


