
Supplementary Materials 1. Scanning parameters

	Parameters
	T1WI
	Fat-suppressed -T2WI
	APTWI
	DWI
	Contrast-enhanced imaging
	Sagittal delayed-phase imaging

	Postion
	Axial
	Axial
	Axial
	Axial
	Axial
	Sagittal

	TR/TE (ms)
	5.4/2.3
	4200/90
	6350/8.3
	5584/40
	8.2/1.6
	4.3/1.54, 2.8

	Slice thickness (mm)
	2
	4
	6
	4
	2
	3

	Slice gap (mm)
	1
	0.8
	0
	0.8
	1
	1.5

	Field of view (mm²)
	240×320
	280×340
	260×140
	200×320
	240×320
	300×220

	Matrix
	240×320
	280×340
	280×340
	78×128
	240×320
	300×220

	B value (s/mm²）
	/
	/
	/
	0,800
	/
	/

	Flip angle (°)
	120
	120
	120
	NA
	15
	10

	Scan time
	1 min 10 s
	3 min 5 s
	8 min 22 s
	3 min 4 s
	6 min 57 s
	73 s









Supplementary Materials 2. The details of the criteria for feature selection
For least absolute shrinkage and selection operator (LASSO), we defined the alpha range for LASSO as 5⁻³ ~ 5⁻² (i.e., 0.005 ~ 0.05). Smaller alpha (e.g., 0.005) implies weaker regularization (retaining more features), while larger alpha (e.g., 0.05) forces more coefficients to zero. This range suits medium-scale datasets to balance model complexity and overfitting. Using exponential spacing (e.g., 5**n) efficiently explores regularization strengths across orders of magnitude. We employed 5-fold CV via LassoCV (cv=5). Max_iter=1000 ensures numerical stability under relaxed convergence tolerance (tol), avoiding biased parameter selection due to non-convergence.
For recursive feature elimination (RFE), the parameter n_features_to_select=20 defines the desired final number range of features (1~20) to retain. RFE eliminates features iteratively until this target is reached. If the total number of input features is fewer than the target (e.g., only 15 input features), the algorithm automatically adjusts the target to the available maximum. The step=0.05 setting indicates that 5% of the remaining features are removed in each iteration. The elimination process terminates when the number of remaining features is less than or equal to n_features_to_select.
For the kruskal–wallis (KW) test, features are ranked by their F-values (Kruskal-Wallis statistic), which measure distribution differences across label groups. The top 1~20 features with the highest F-values are retained.
For relief, features are ranked by the absolute values of Relief weights (calculated via L2-norm distance and neighbor comparisons), and the top 1~20 features are retained.
For analysis of variance (ANOVA), features are ranked by ANOVA F-values (measuring mean differences across label groups), and the top 1~20 features are selected.
These criteria ensured that selected features contributed meaningfully to model performance while reducing the risk of overfitting.


Supplementary Materials 3. Detailed specific hyperparameter values
1. Hyperparameter Configuration and Tuning for LR
(1) Key Parameters and Defaults
Regularization (C): Default 1.0
Solver (solver): Default saga (supports l1, l2, and elasticnet penalties)
Penalty Type (penalty): Default l2; options include l1, elasticnet
Convergence Tolerance (tol): Default 0.01
Max Iterations (max_iter): Default 100
(2) Tuning Strategy
Cross-Validation: Use grid search to optimize:
-C: (0.01, 0.1, 1.0, 5)
-tol: (0.00003, 0.0003, 0.003)
-max_iter: (100, 200)
Evaluation Metric: Best validation set performance based on AUC.

2. Hyperparameter Configuration and Tuning for SVM
(1) Key Parameters and Defaults
Kernel (kernel): Default linear; alternatives include rbf, poly, sigmoid.
Regularization (C): Default 1.0
Kernel-Specific Parameters:
-gamma (for rbf/poly/sigmoid): Default scale (i.e., 1 / (n_features * X.var()))
-degree (for poly): Default 3
Convergence Tolerance (tol): Default 1e-3
(2) Tuning Strategy
Cross-Validation: Use grid search to optimize:
-Linear Kernel (kernel=’linear’): Optimize C as [0.1, 0.3, 1.0, 3.0].
-RBF Kernel (kernel=’rbf’): Jointly optimize gamma as [0.1, 0.3, 1.0, 3.0].
-Polynomial Kernel (kernel=’poly’): Test degree as [2, 3, 4].
Evaluation Metric: Best validation set performance based on AUC.

Supplementary Materials 4. Feature details for the models
	Starting feature set
	Final feature set (weight)

	ADC (number = 1684)
	(number = 29)

	Shape features, first-order features, second-order features, and texture features, including GrayLevelCooccurence Matrix (GLCM), Gray LevelRun Length Matrix (GLRLM), Gray LevelSize Zone Matrix (GLSZM), Neighbouring Gray Tone Difference Matrix (NGTDM), Gray Level Dependence Matrix (GLDM) from ADC images

	ADC_exponential_firstorder_Minimum (0.167)
ADC_exponential_glcm_SumSquares (-0.510)
ADC_gradient_glszm_SmallAreaLowGrayLevelEmphasis (0.200)
ADC_lbp-3D-k_glszm_SizeZoneNonUniformity (-0.798)
ADC_lbp-3D-m1_firstorder_Skewness (0.575)
ADC_lbp-3D-m2_firstorder_InterquartileRange (0.449)
ADC_lbp-3D-m2_firstorder_RobustMeanAbsoluteDeviation (-0.314)
ADC_log-sigma-1-mm-3D_glcm_ClusterShade (0.834)
ADC_logarithm_glcm_ClusterProminence (-0.706)
ADC_logarithm_glcm_ClusterTendency (1.115)
ADC_logarithm_gldm_LargeDependenceLowGrayLevelEmphasis (0.111)
ADC_logarithm_glrlm_GrayLevelVariance (-0.111)
ADC_logarithm_glrlm_LongRunLowGrayLevelEmphasis (-0.281)
ADC_original_firstorder_10Percentile (-0.715)
ADC_original_glcm_ClusterTendency (0.396)
ADC_original_glszm_SizeZoneNonUniformity (-0.334)
ADC_original_glszm_SmallAreaLowGrayLevelEmphasis (0.050)
ADC_square_firstorder_10Percentile (0.685)
ADC_squareroot_glcm_ClusterProminence (-0.772)
ADC_squareroot_glcm_ClusterShade (-0.320)
ADC_squareroot_gldm_LargeDependenceLowGrayLevelEmphasis (-0.503)
ADC_squareroot_glszm_SizeZoneNonUniformity (0.010)
ADC_wavelet-HHL_glcm_MCC (0.339)
ADC_wavelet-HLH_glcm_ClusterShade (-0.880)
ADC_wavelet-HLH_gldm_LargeDependenceLowGrayLevelEmphasis (0.524)
ADC_wavelet-LHH_glcm_Imc1 (-0.115)
ADC_wavelet-LLH_firstorder_Kurtosis (0.547)
ADC_wavelet-LLH_glcm_ClusterShade (0.642)
ADC_wavelet-LLL_glcm_JointEnergy (0.415)



	APT (number = 1409)
	(number = 29)

	Shape features, first-order features, second-order features, and texture features, including GrayLevelCooccurence Matrix (GLCM), Gray LevelRun Length Matrix (GLRLM), Gray LevelSize Zone Matrix (GLSZM), Neighbouring Gray Tone Difference Matrix (NGTDM), Gray Level Dependence Matrix (GLDM) from APT images

	APT_exponential_firstorder_Mean (-0.145)
APT_exponential_glcm_ClusterShade (-0.559)
APT_exponential_glszm_ZoneEntropy (0.337)
APT_gradient_gldm_SmallDependenceHighGrayLevelEmphasis (-0.607)
APT_log-sigma-1-mm-3D_firstorder_Minimum (0.195)
APT_log-sigma-1-mm-3D_glcm_ClusterShade (-0.252)
APT_log-sigma-1-mm-3D_gldm_LargeDependenceHighGrayLevelEmphasis (0.309)
APT_log-sigma-1-mm-3D_gldm_SmallDependenceEmphasis (-0.075)
APT_logarithm_firstorder_10Percentile (1.030)
APT_logarithm_firstorder_90Percentile (-0.065)
APT_logarithm_firstorder_Mean (0.404)
APT_logarithm_glcm_ClusterProminence (-0.017)
APT_logarithm_glcm_Imc2 (-0.762)
APT_logarithm_glrlm_GrayLevelNonUniformityNormalized (-0.195)
APT_logarithm_glrlm_GrayLevelVariance (0.182)
APT_logarithm_glrlm_ShortRunHighGrayLevelEmphasis (0.489)
APT_original_firstorder_10Percentile (-0.819)
APT_original_glrlm_GrayLevelNonUniformityNormalized (-0.139)
APT_original_glrlm_LowGrayLevelRunEmphasis (0.290)
APT_original_glszm_SizeZoneNonUniformity (-0.512)
APT_square_firstorder_10Percentile (-0.146)
APT_squareroot_firstorder_Kurtosis (-0.111)
APT_wavelet-HHH_ngtdm_Busyness (0.304)
APT_wavelet-HLH_gldm_LowGrayLevelEmphasis (-0.594)
APT_wavelet-HLH_glszm_GrayLevelVariance (0.186)
APT_wavelet-HLL_glszm_SmallAreaLowGrayLevelEmphasis (0.602)
APT_wavelet-LHL_gldm_SmallDependenceHighGrayLevelEmphasis (0.265)
APT_wavelet-LLH_firstorder_10Percentile (-0.129)
APT_wavelet-LLH_firstorder_90Percentile (-0.980)






	SUBC1 (number = 1684)
	(number = 1)

	Shape features, first-order features, second-order features, and texture features, including GrayLevelCooccurence Matrix (GLCM), Gray LevelRun Length Matrix (GLRLM), Gray LevelSize Zone Matrix (GLSZM), Neighbouring Gray Tone Difference Matrix (NGTDM), Gray Level Dependence Matrix (GLDM) from SUBC1 images

	SUBC1_wavelet-LHL_firstorder_Skewness (-0.881)


	SUBC2 (number = 1684)
	(number = 2)

	Shape features, first-order features, second-order features, and texture features, including GrayLevelCooccurence Matrix (GLCM), Gray LevelRun Length Matrix (GLRLM), Gray LevelSize Zone Matrix (GLSZM), Neighbouring Gray Tone Difference Matrix (NGTDM), Gray Level Dependence Matrix (GLDM) from SUBC2 images

	SUBC2_wavelet-HHL_firstorder_Skewness (0.336)
SUBC2_wavelet-HHL_glcm_ClusterShade (0.910)


	CF (number = 8)
	(number = 5)

	Age
ER
HER2
LNM
Menopause
PR
Ki-67
Subtype

	ER (-0.998) 
HER2 (1.067) 
Menopause (0.204) 
PR (0.146) 
Ki-67 (0.637)

	IMG (number = 61)
	(number = 28)

	ADC_exponential_firstorder_Minimum
ADC_exponential_glcm_SumSquares
ADC_gradient_glszm_SmallAreaLowGrayLevelEmphasis 
ADC_lbp-3D-k_glszm_SizeZoneNonUniformity 
ADC_lbp-3D-m1_firstorder_Skewness 
ADC_lbp-3D-m2_firstorder_InterquartileRange
ADC_lbp-3D-m2_firstorder_RobustMeanAbsoluteDeviation 
ADC_log-sigma-1-mm-3D_glcm_ClusterShade 
ADC_logarithm_glcm_ClusterProminence 
ADC_logarithm_glcm_ClusterTendency 
ADC_logarithm_gldm_LargeDependenceLowGrayLevelEmphasis
ADC_logarithm_glrlm_GrayLevelVariance 
ADC_logarithm_glrlm_LongRunLowGrayLevelEmphasis 
ADC_original_firstorder_10Percentile 
ADC_original_glcm_ClusterTendency
ADC_original_glszm_SizeZoneNonUniformity 
ADC_original_glszm_SmallAreaLowGrayLevelEmphasis 
ADC_square_firstorder_10Percentile 
ADC_squareroot_glcm_ClusterProminence
ADC_squareroot_glcm_ClusterShade
ADC_squareroot_gldm_LargeDependenceLowGrayLevelEmphasis 
ADC_squareroot_glszm_SizeZoneNonUniformity 
ADC_wavelet-HHL_glcm_MCC
ADC_wavelet-HLH_glcm_ClusterShade 
ADC_wavelet-HLH_gldm_LargeDependenceLowGrayLevelEmphasis 
ADC_wavelet-LHH_glcm_Imc1
ADC_wavelet-LLH_firstorder_Kurtosis
ADC_wavelet-LLH_glcm_ClusterShade 
ADC_wavelet-LLL_glcm_JointEnergy
APT_exponential_firstorder_Mean 
APT_exponential_glcm_ClusterShade
APT_exponential_glszm_ZoneEntropy
APT_gradient_gldm_SmallDependenceHighGrayLevelEmphasis
APT_log-sigma-1-mm-3D_firstorder_Minimum
APT_log-sigma-1-mm-3D_glcm_ClusterShade 
APT_log-sigma-1-mm-3D_gldm_LargeDependenceHighGrayLevelEmphasis
APT_log-sigma-1-mm-3D_gldm_SmallDependenceEmphasis 
APT_logarithm_firstorder_10Percentile 
APT_logarithm_firstorder_90Percentile
APT_logarithm_firstorder_Mean 
APT_logarithm_glcm_ClusterProminence 
APT_logarithm_glcm_Imc2
APT_logarithm_glrlm_GrayLevelNonUniformityNormalized
APT_logarithm_glrlm_GrayLevelVariance
APT_logarithm_glrlm_ShortRunHighGrayLevelEmphasis
APT_original_firstorder_10Percentile
APT_original_glrlm_GrayLevelNonUniformityNormalized
APT_original_glrlm_LowGrayLevelRunEmphasis
APT_original_glszm_SizeZoneNonUniformity
APT_square_firstorder_10Percentile
APT_squareroot_firstorder_Kurtosis
APT_wavelet-HHH_ngtdm_Busyness
APT_wavelet-HLH_gldm_LowGrayLevelEmphasis
APT_wavelet-HLH_glszm_GrayLevelVariance
APT_wavelet-HLL_glszm_SmallAreaLowGrayLevelEmphasis 
APT_wavelet-LHL_gldm_SmallDependenceHighGrayLevelEmphasis
APT_wavelet-LLH_firstorder_10Percentile
APT_wavelet-LLH_firstorder_90Percentile
SUBC1_wavelet-LHL_firstorder_Skewness
SUBC2_wavelet-HHL_firstorder_Skewness
SUBC2_wavelet-HHL_glcm_ClusterShade

	ADC_exponential_firstorder_Minimum (0.274)
ADC_gradient_glszm_SmallAreaLowGrayLevelEmphasis (0.221)
ADC_lbp-3D-m1_firstorder_Skewness (0.688)
ADC_log-sigma-1-mm-3D_glcm_ClusterShade (1.047)
ADC_logarithm_glcm_ClusterProminence (-0.005)
ADC_logarithm_glcm_ClusterTendency (0.426)
ADC_logarithm_glrlm_GrayLevelVariance (0.370)
ADC_logarithm_glrlm_LongRunLowGrayLevelEmphasis (-0.497)
ADC_original_firstorder_10Percentile (0.351)
ADC_original_glcm_ClusterTendency (-0.457)
ADC_original_glszm_SizeZoneNonUniformity (-0.531)
ADC_original_glszm_SmallAreaLowGrayLevelEmphasis (-0.056)
ADC_squareroot_glcm_ClusterProminence (-0.444)
ADC_squareroot_glcm_ClusterShade (0.656)
ADC_squareroot_gldm_LargeDependenceLowGrayLevelEmphasis (-0.595)
ADC_squareroot_glszm_SizeZoneNonUniformity (-0.069)
ADC_wavelet-HLH_gldm_LargeDependenceLowGrayLevelEmphasis (0.975)
ADC_wavelet-LLH_firstorder_Kurtosis (0.461)
ADC_wavelet-LLH_glcm_ClusterShade (0.754)
APT_gradient_gldm_SmallDependenceHighGrayLevelEmphasis (0.234)
APT_log-sigma-1-mm-3D_glcm_ClusterShade (-0.133)
APT_logarithm_glrlm_GrayLevelNonUniformityNormalized (0.808)
APT_original_glszm_SizeZoneNonUniformity (-0.751)
APT_squareroot_firstorder_KurtosisAPT_squareroot_firstorder_Kurtosis (0.189)
APT_wavelet-HLL_glszm_SmallAreaLowGrayLevelEmphasis (1.201)
SUBC1_wavelet-LHL_firstorder_Skewness (-0.387)
SUBC2_wavelet-HHL_firstorder_Skewness (-0.073)
SUBC2_wavelet-HHL_glcm_ClusterShade (0.867)


	Hybrid (number = 69)
	(number = 14)

	ADC_exponential_firstorder_Minimum
ADC_exponential_glcm_SumSquares
ADC_gradient_glszm_SmallAreaLowGrayLevelEmphasis 
ADC_lbp-3D-k_glszm_SizeZoneNonUniformity 
ADC_lbp-3D-m1_firstorder_Skewness 
ADC_lbp-3D-m2_firstorder_InterquartileRange
ADC_lbp-3D-m2_firstorder_RobustMeanAbsoluteDeviation 
ADC_log-sigma-1-mm-3D_glcm_ClusterShade 
ADC_logarithm_glcm_ClusterProminence 
ADC_logarithm_glcm_ClusterTendency 
ADC_logarithm_gldm_LargeDependenceLowGrayLevelEmphasis
ADC_logarithm_glrlm_GrayLevelVariance 
ADC_logarithm_glrlm_LongRunLowGrayLevelEmphasis 
ADC_original_firstorder_10Percentile 
ADC_original_glcm_ClusterTendency
ADC_original_glszm_SizeZoneNonUniformity 
ADC_original_glszm_SmallAreaLowGrayLevelEmphasis 
ADC_square_firstorder_10Percentile 
ADC_squareroot_glcm_ClusterProminence
ADC_squareroot_glcm_ClusterShade
ADC_squareroot_gldm_LargeDependenceLowGrayLevelEmphasis 
ADC_squareroot_glszm_SizeZoneNonUniformity 
ADC_wavelet-HHL_glcm_MCC
ADC_wavelet-HLH_glcm_ClusterShade 
ADC_wavelet-HLH_gldm_LargeDependenceLowGrayLevelEmphasis 
ADC_wavelet-LHH_glcm_Imc1
ADC_wavelet-LLH_firstorder_Kurtosis
ADC_wavelet-LLH_glcm_ClusterShade 
ADC_wavelet-LLL_glcm_JointEnergy
APT_exponential_firstorder_Mean 
APT_exponential_glcm_ClusterShade
APT_exponential_glszm_ZoneEntropy
APT_gradient_gldm_SmallDependenceHighGrayLevelEmphasis
APT_log-sigma-1-mm-3D_firstorder_Minimum
APT_log-sigma-1-mm-3D_glcm_ClusterShade 
APT_log-sigma-1-mm-3D_gldm_LargeDependenceHighGrayLevelEmphasis
APT_log-sigma-1-mm-3D_gldm_SmallDependenceEmphasis 
APT_logarithm_firstorder_10Percentile 
APT_logarithm_firstorder_90Percentile
APT_logarithm_firstorder_Mean 
APT_logarithm_glcm_ClusterProminence 
APT_logarithm_glcm_Imc2
APT_logarithm_glrlm_GrayLevelNonUniformityNormalized
APT_logarithm_glrlm_GrayLevelVariance
APT_logarithm_glrlm_ShortRunHighGrayLevelEmphasis
APT_original_firstorder_10Percentile
APT_original_glrlm_GrayLevelNonUniformityNormalized
APT_original_glrlm_LowGrayLevelRunEmphasis
APT_original_glszm_SizeZoneNonUniformity
APT_square_firstorder_10Percentile
APT_squareroot_firstorder_Kurtosis
APT_wavelet-HHH_ngtdm_Busyness
APT_wavelet-HLH_gldm_LowGrayLevelEmphasis
APT_wavelet-HLH_glszm_GrayLevelVariance
APT_wavelet-HLL_glszm_SmallAreaLowGrayLevelEmphasis 
APT_wavelet-LHL_gldm_SmallDependenceHighGrayLevelEmphasis
APT_wavelet-LLH_firstorder_10Percentile
APT_wavelet-LLH_firstorder_90Percentile
SUBC1_wavelet-LHL_firstorder_Skewness
SUBC2_wavelet-HHL_firstorder_Skewness
SUBC2_wavelet-HHL_glcm_ClusterShade
Age
ER
HER2
LNM
Menopause
PR
Ki-67
Subtype

	ADC_gradient_glszm_SmallAreaLowGrayLevelEmphasis (-0.081)
ADC_lbp-3D-m1_firstorder_Skewness (0.794)
ADC_log-sigma-1-mm-3D_glcm_ClusterShade (0.974)
ADC_original_glcm_ClusterTendency (-0.293)
ADC_squareroot_glcm_ClusterProminence (-0.127)
ADC_wavelet-LLH_glcm_ClusterShade (0.645)
APT_log-sigma-1-mm-3D_glcm_ClusterShade (-0.529)
SUBC1_wavelet-LHL_firstorder_Skewness (-0.047)
SUBC2_wavelet-HHL_glcm_ClusterShade (0.368)
ER (-0.043)
HER2 (1.446)
PR (0.054)
Ki-67 (0.542)
Subtype (0.731)




