Supplementary Appendix

Development and Evaluation of Multi-Strategy Fusion Machine Learning Models for Predicting Postoperative Recurrence in Non-Small Cell Lung Cancer


1、Missing data and imputation methods
Missing data and imputation: BMI was missing in 31 patients (10.1%). Neutrophil count, Lymphocyte count, and Monocyte count were each missing in 1 patient (0.3%). AFP, CEA, CA125, and CA19-9 were each missing in 25 patients (8.1%). All variables were continuous and non-normally distributed. Missing values were imputed using the median in the main analysis.
To assess the impact of missing data, a clinical model was trained using the original, non-imputed dataset. Model performance was evaluated using five-fold cross-validation. Metrics for each fold and overall cross-validated performance are summarized below. No significant differences in model performance were observed between analyses conducted using the imputed dataset and the original non-imputed dataset, indicating that median imputation did not introduce substantial bias.
Supplementary Table S1. Clinical model performance on non-imputed data
	Fold
	AUC
	AUC (95% CI)
	Sensitivity
	Specificity
	Accuracy
	Precision
	F1-score

	1
	0.800
	0.800 (0.658–0.905)
	0.500
	0.969
	0.800
	0.900
	0.643

	2
	0.804
	0.804 (0.678–0.914)
	0.389
	0.875
	0.700
	0.636
	0.483

	3
	0.833
	0.833 (0.708–0.943)
	0.500
	0.875
	0.740
	0.692
	0.581

	4
	0.674
	0.674 (0.512–0.825)
	0.389
	0.750
	0.620
	0.467
	0.424

	5
	0.790
	0.790 (0.635–0.914)
	0.778
	0.750
	0.760
	0.700
	0.700

	Overall
	0.774
	0.774 (0.715–0.830)
	0.511
	0.844
	0.724
	0.648
	0.571




2、Detailed parameter settings of each models.

Supplementary Table S2A. Hyperparameter settings for the clinical model and Late Fusion model
	Model
	Classifier
	C
	Class Weight
	Penalty
	Solver

	Clinical
	LogisticRegression
	1.0
	balanced
	l2
	liblinear

	Late Fusion
	LogisticRegression
	1.0
	None
	l2
	liblinear



Supplementary Table S2B. Hyperparameter settings for radiomics and other fusion models
	Model
	Classifier
	n_estimators
	max_depth
	criterion
	min_samples_split
	min_samples_leaf
	max_features
	class_weight

	Radiomics
	RandomForest
	500
	None
	gini
	2
	1
	auto
	None

	Early fusion
	RandomForest
	500
	None
	gini
	2
	1
	auto
	None

	Feature-level Fusion
	RandomForest
	500
	None
	gini
	2
	1
	auto
	None

	Radscore-level Fusion
	RandomForest
	500
	None
	gini
	2
	1
	auto
	None




3、Supplementary Table S3. Features included in each outer fold for all models
	Model
	Fold
	Feature

	Clinical
	1
	CEA

	
	1
	Age

	
	2
	Age

	
	2
	CEA

	
	3
	Age

	
	3
	CEA

	
	4
	Age

	
	4
	CEA

	
	5
	Age

	Radiomics
	1
	mean_firstorder_Skewness

	
	1
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	1
	recursivegaussian_firstorder_Median

	
	1
	additivegaussiannoise_firstorder_Skewness

	
	1
	boxmean_glcm_Autocorrelation

	
	2
	additivegaussiannoise_firstorder_Skewness

	
	2
	boxsigmaimage_glrlm_RunLengthNonUniformity

	
	2
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	2
	curvatureflow_glrlm_LongRunHighGrayLevelEmphasis

	
	2
	binomialblurimage_glcm_Autocorrelation

	
	3
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	3
	shotnoise_firstorder_Skewness

	
	3
	original_gldm_LargeDependenceHighGrayLevelEmphasis

	
	3
	mean_gldm_LargeDependenceHighGrayLevelEmphasis

	
	3
	additivegaussiannoise_firstorder_Skewness

	
	4
	log_glrlm_log-sigma-0-5-mm-3D-RunVariance

	
	5
	log_glszm_log-sigma-2-0-mm-3D-GrayLevelNonUniformity

	
	5
	additivegaussiannoise_firstorder_Skewness

	Early Fusion
	1
	mean_firstorder_Skewness

	
	1
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	1
	shotnoise_glrlm_LongRunLowGrayLevelEmphasis

	
	1
	additivegaussiannoise_firstorder_Skewness

	
	1
	boxmean_glcm_Autocorrelation

	
	2
	boxsigmaimage_glrlm_RunLengthNonUniformity

	
	2
	curvatureflow_glrlm_LongRunHighGrayLevelEmphasis

	
	2
	additivegaussiannoise_firstorder_Skewness

	
	2
	log_glszm_log-sigma-2-0-mm-3D-GrayLevelNonUniformity

	
	2
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	3
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	3
	shotnoise_firstorder_Skewness

	
	3
	original_gldm_LargeDependenceHighGrayLevelEmphasis

	
	3
	mean_gldm_LargeDependenceHighGrayLevelEmphasis

	
	3
	additivegaussiannoise_firstorder_Skewness

	
	4
	log_glrlm_log-sigma-0-5-mm-3D-RunVariance

	
	5
	log_glszm_log-sigma-2-0-mm-3D-GrayLevelNonUniformity

	
	5
	additivegaussiannoise_firstorder_Skewness

	Feature-level Fusion
	1
	Age

	
	1
	CEA

	
	1
	mean_firstorder_Skewness

	
	1
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	1
	recursivegaussian_firstorder_Median

	
	1
	additivegaussiannoise_firstorder_Skewness

	
	1
	boxmean_glcm_Autocorrelation

	
	2
	Age

	
	2
	CEA

	
	2
	additivegaussiannoise_firstorder_Skewness

	
	2
	boxsigmaimage_glrlm_RunLengthNonUniformity

	
	2
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	2
	curvatureflow_glrlm_LongRunHighGrayLevelEmphasis

	
	2
	binomialblurimage_glcm_Autocorrelation

	
	3
	Age

	
	3
	CEA

	
	3
	T_stage

	
	3
	wavelet_gldm_wavelet-LLL-DependenceVariance

	
	3
	shotnoise_firstorder_Skewness

	
	3
	original_gldm_LargeDependenceHighGrayLevelEmphasis

	
	3
	mean_gldm_LargeDependenceHighGrayLevelEmphasis

	
	3
	additivegaussiannoise_firstorder_Skewness

	
	4
	Age

	
	4
	CEA

	
	4
	T_stage

	
	4
	log_glrlm_log-sigma-0-5-mm-3D-RunVariance

	
	5
	Age

	
	5
	CEA

	
	5
	log_glszm_log-sigma-2-0-mm-3D-GrayLevelNonUniformity

	
	5
	additivegaussiannoise_firstorder_Skewness

	Radscore-level Fusion
	1
	Age

	
	1
	CEA

	
	1
	Radscore

	
	2
	Age

	
	2
	CEA

	
	2
	Radscore

	
	3
	Age

	
	3
	CEA

	
	3
	T_stage

	
	3
	Radscore

	
	4
	Age

	
	4
	CEA

	
	4
	T_stage

	
	4
	Radscore

	
	5
	Age

	
	5
	CEA

	
	5
	Radscore





4、Supplementary Table S4. Per-fold performance of models evaluated by five-fold cross-validation.
	Model
	Fold
	AUC (95% CI)
	Sensitivity
	Specificity
	Accuracy
	Precision (PPV)
	NPV
	F1-score

	Clinical
	1
	0.757 (0.620–0.877)
	0.381 
	0.927 
	0.742 
	0.727 
	0.745 
	0.500 

	
	2
	0.767 (0.616–0.888)
	0.400 
	0.878 
	0.721 
	0.615 
	0.750 
	0.485 

	
	3
	0.827 (0.722–0.916)
	0.450 
	0.829 
	0.705 
	0.563 
	0.756 
	0.500 

	
	4
	0.787 (0.658–0.890)
	0.350 
	0.902 
	0.721 
	0.636 
	0.740 
	0.452 

	
	5
	0.752 (0.606–0.886)
	0.476 
	0.925 
	0.770 
	0.769 
	0.771 
	0.588 

	Radiomics
	1
	0.859 (0.759–0.946)
	0.952 
	0.707 
	0.790 
	0.625 
	0.967 
	0.755 

	
	2
	0.873 (0.757–0.963)
	0.900 
	0.829 
	0.852 
	0.720 
	0.944 
	0.800 

	
	3
	0.781 (0.642–0.902)
	0.850 
	0.732 
	0.770 
	0.607 
	0.909 
	0.708 

	
	4
	0.775 (0.638–0.904)
	0.700 
	0.829 
	0.787 
	0.667 
	0.850 
	0.683 

	
	5
	0.861 (0.739–0.953)
	0.857 
	0.825 
	0.836 
	0.720 
	0.917 
	0.783 

	Early Fusion
	1
	0.876 (0.784–0.951)
	0.952 
	0.732 
	0.806 
	0.645 
	0.968 
	0.769 

	
	2
	0.895 (0.787–0.976)
	0.850 
	0.878 
	0.869 
	0.773 
	0.923 
	0.810 

	
	3
	0.781 (0.642–0.902)
	0.850 
	0.732 
	0.770 
	0.607 
	0.909 
	0.708 

	
	4
	0.775 (0.638–0.904)
	0.700 
	0.829 
	0.787 
	0.667 
	0.850 
	0.683 

	
	5
	0.861 (0.739–0.953)
	0.857 
	0.825 
	0.836 
	0.720 
	0.917 
	0.783 

	Feature-level Fusion
	1
	0.884 (0.792–0.957)
	0.905 
	0.756 
	0.806 
	0.655 
	0.939 
	0.760 

	
	2
	0.910 (0.814–0.987)
	0.900 
	0.902 
	0.902 
	0.818 
	0.949 
	0.857 

	
	3
	0.820 (0.696–0.926)
	0.800 
	0.780 
	0.787 
	0.640 
	0.889 
	0.711 

	
	4
	0.833 (0.713–0.923)
	0.850 
	0.732 
	0.770 
	0.607 
	0.909 
	0.708 

	
	5
	0.845 (0.720–0.941)
	0.810 
	0.725 
	0.754 
	0.607 
	0.879 
	0.694 

	Radscore-level Fusion
	1
	0.882 (0.786–0.957)
	0.952 
	0.732 
	0.806 
	0.645 
	0.968 
	0.769 


	
	2
	0.904 (0.802–0.977)
	0.850 
	0.878 
	0.869 
	0.773 
	0.923 
	0.810 

	
	3
	0.843 (0.734–0.933)
	0.850 
	0.780 
	0.803 
	0.654 
	0.914 
	0.739 

	
	4
	0.834 (0.721–0.932)
	0.850 
	0.707 
	0.754 
	0.586 
	0.906 
	0.694 

	
	5
	0.881 (0.765–0.963)
	0.905 
	0.800 
	0.836 
	0.704 
	0.941 
	0.792 

	Late Fusion
	1
	0.848 (0.736–0.941)
	0.952 
	0.707 
	0.790 
	0.625 
	0.967 
	0.755 

	
	2
	0.859 (0.739–0.954)
	0.850 
	0.780 
	0.803 
	0.654 
	0.914 
	0.739 

	
	3
	0.763 (0.622–0.889)
	0.750 
	0.780 
	0.770 
	0.625 
	0.865 
	0.682 

	
	4
	0.832 (0.715–0.927)
	0.950 
	0.585 
	0.705 
	0.528 
	0.960 
	0.679 

	
	5
	0.830 (0.693–0.936)
	0.619 
	0.950 
	0.836 
	0.867 
	0.826 
	0.722 



Supplementary Figure S1. ROC curves for each model across the five outer folds in the nested cross-validation. Each panel shows the ROC curves of all five folds for one model: (A) Clinical model, (B) Radiomics model, (C) Early Fusion model, (D) Feature-level Fusion model, (E) Radscore-level Fusion model, and (F) Late Fusion model.
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(A) Clinical model
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(B) Radiomics model
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(C) Early Fusion model
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(D) Feature-level Fusion model
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(E) Radscore-level Fusion model
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(F) Late Fusion model


5、Sensitivity analysis of feature stability before and after ComBat harmonization
To further evaluate the stability of radiomic features after ComBat harmonization, a sensitivity analysis was performed using the entire dataset. The coefficient of variation (CV) was calculated for each radiomic feature before and after ComBat adjustment. CV was defined as the ratio of the standard deviation to the mean across all patients. Principal component analysis (PCA) was also conducted to visualize the overall distribution of radiomic features before and after harmonization.
It should be noted that in the primary analysis presented in the main manuscript, ComBat harmonization was implemented within the nested five-fold cross-validation framework, where the harmonization parameters were estimated separately within each training fold to avoid potential data leakage. The analysis presented here was performed on the entire dataset solely as a supplementary sensitivity analysis to illustrate the overall effect of ComBat on feature variability and distribution.
The distribution of CV values across radiomic features remained comparable before and after ComBat harmonization (Supplementary Table S5). The median CV was 0.584 before harmonization and 0.577 after harmonization, with similar interquartile ranges (0.312–1.128 vs. 0.309–1.114).
In addition, PCA demonstrated comparable feature distributions before and after ComBat adjustment (Supplementary Figure S2), suggesting that the harmonization procedure did not substantially alter the overall variability or structure of the extracted radiomic features.

Supplementary Table S5. Summary statistics of the coefficient of variation (CV) of radiomic features before and after ComBat harmonization.
	Metric
	Before ComBat
	After ComBat

	Median CV
	0.584
	0.577

	Interquartile range (IQR)
	0.312–1.128
	0.309–1.114



[bookmark: _GoBack]Supplementary Figure S2. Principal component analysis (PCA) of radiomic features before and after ComBat harmonization using the entire dataset. (A) PCA before harmonization. (B) PCA after ComBat adjustment. Each point represents one patient, and colors indicate different CT scanners.
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(A) Before ComBat harmonization
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(B) After ComBat harmonization
image7.tiff
PC2

PCA Before ComBat

_40_
([
l\"‘
» ¢ °
o
—60 - )
-50 =25 0 25 50 75 100 125

D
Scanner




image8.tiff
PCA After ComBat

Jauueds

125

100

50 75
PC1

25





image1.tiff
True Positive Rate

Clinical Model ROC (Nested 5-fold CV)

V4
| /z
IJ I 7
V4
V4
V4
V4
V4
V4
0.8 — e
V4
V4
V4
V4
V4
V4
V4
V4
V4
V4
0.6 - .7
V4
V4
V4
— V4
V4
V4
V4
. V4
— /
04 7 ] //
J P
p—— V4
V4
V4
- V4
V4
V4
V4
V4
:_|: ‘
02 . //
V4
_l_ , —— Fold 1 (AUC=0.757)
// —— Fold 2 (AUC=0.767)
R4 —— Fold 3 (AUC=0.827)
e —— Fold 4 (AUC=0.787)
001 7 —— Fold 5 (AUC=0.752)
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate





image2.tiff
True Positive Rate

Radiomics Model ROC (Nested 5-fold CV)

1.0 -
%
V4
V4
V4
V4
V4
|/ ,
0.8 - — -’
J /
V4
V4
V4
V4
V4
I ‘
V4
V4
V4
0.6 - e
V4
V4
V4
V4
V4
V4
V4
V4
V4
V4
0.4 - e
] V4
- V4
V4
V4
V4
V4
V4
V4
V4
V4
0.2 - Re
7 —— Fold 1 (AUC=0.859)
’ —— Fold 2 (AUC=0.873)
R4 —— Fold 3 (AUC=0.781)
7 —— Fold 4 (AUC=0.775)
0.0 - —— Fold 5 (AUC=0.861)
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate





image3.tiff
True Positive Rate

Early Fusion Model ROC (Nested 5-fold CV)

1.0 -
J %
V4
//
d |/ ,
V4
V4
0.8 - -’
V4
V4
| J ’
V4
L V4
V4
V4
V4
V4
V4
0.6 - I—— e
V4
V4
i V4
V4
V4
V4
- V4
V4
V4
V4
0.4 - //
V4
e V4
_— V4
V4
V4
- V4
V4
V4
V4
V4
02 7 [ g //
7 —— Fold 1 (AUC=0.876)
Re —— Fold 2 (AUC=0.895)
—A 7 —— Fold 3 (AUC=0.781)
7 —— Fold 4 (AUC=0.775)
0.0 - —— Fold 5 (AUC=0.861)
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate





image4.tiff
True Positive Rate

Feature-level Fusion Model ROC (Nested 5-fold CV)

1.0 -

0.8 -

i
o
1

<
1
I

0.2 A

0.0 -

—

Fold 1 (AUC=0.884)
Fold 2 (AUC=0.910)
Fold 3 (AUC=0.820)
Fold 4 (AUC=0.833)
Fold 5 (AUC=0.845)

0.4

False Positive Rate

0.6

0.8

1.0





image5.tiff
True Positive Rate

Radscore-level Fusion Model ROC (Nested 5-fold CV)

1.0 -

0.8 -

i
o
1

<
1
I

0.2 A

0.0 -

Fold 1 (AUC=0.882

Fold 2 (AUC=0.904

Fold 4 (AUC=0.834

)
)
Fold 3 (AUC=0.843)
)
)

Fold 5 (AUC=0.881

0.4 0.6
False Positive Rate

0.8 1.0





image6.tiff
True Positive Rate

Late Fusion Model ROC (Nested 5-fold CV)

1.0 -

0.8 -

i
o
1

<
1
I

0.2 A

0.0 -

N\

Fold 1 (AUC=0.848)
Fold 2 (AUC=0.859)
Fold 3 (AUC=0.763)
Fold 4 (AUC=0.832)
Fold 5 (AUC=0.830)

0.4 0.6
False Positive Rate

0.8 1.0





