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Supplementary Materials
[bookmark: _Hlk234945608][bookmark: _Hlk235370871]Details on radiomic feature 
· [bookmark: _Hlk235370881]image cropping and transformation
Since the IMPULSED model calculates microstructural parameters only within ROI, we cropped the original parameter mapping to retain only the ROI region extended outward by one voxel. During Feature Extraction stage, image transformation was also performed based on this cropped region.

[bookmark: _Hlk234955866]Table S1. Details of feature selection & reduction
	Feature Set
	Number of original features
	Number of features after LASSO
	Retained features after LASSO
	Number of final features after PCA

	mean values of ADC metrics & IMPULSED-derived parameters
	7
	7
	mean_ ADCPGSE
	4

	
	
	
	mean_ ADC25Hz
	

	
	
	
	mean_ ADC50Hz
	

	
	
	
	mean_
	

	
	
	
	mean_
	

	
	
	
	mean_ 
	

	
	
	
	mean_ 
	

	[bookmark: _Hlk234424251]radiomic features of ADC metrics
	3881
	4
	squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz
	4

	
	
	
	logarithm_gldm_HighGrayLevelEmphasis_50hz
	

	
	
	
	exponential_firstorder_Maximum_50hz
	

	
	
	
	logarithm_firstorder_Skewness_PGSE
	

	radiomic features of
[bookmark: _Hlk234424234]IMPULSED-derived parameters
	5170
	5
	squareroot_firstorder_10Percentile_d
	4

	
	
	
	square_gldm_LowGrayLevelEmphasis_
	

	
	
	
	square_glcm_MaximumProbability_
	

	
	
	
	wavelet-HHL_ngtdm_Contrast_
	

	
	
	
	gradient_gldm_DependenceVariance_ 
	

	[bookmark: _Hlk234424268][bookmark: _Hlk234424272]radiomic features of ADC metrics & IMPULSED-derived parameters
	9037
	6
	squareroot_firstorder_10Percentile_d
	5

	
	
	
	square_gldm_LowGrayLevelEmphasis_
	

	
	
	
	square_glcm_MaximumProbability_
	

	
	
	
	wavelet-HHL_ngtdm_Contrast_ 
	

	
	
	
	squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz
	

	
	
	
	exponential_firstorder_Maximum_50hz
	


Notes: For mean values of ADC metrics and IMPULSED-derived parameters, the number of original features were 3 and 4 respectively, no LASSO or PCA were employed. For PCA, retained principal components until the cumulative explained variance ratio exceeds 95%.




· Explanation of the names of radiomic features1
The names of radiomic features are divided into four parts using ‘_’, representing the image type, the radiomic feature type, the specific name of the radiomic feature, and the source of the parameter mapping. For example, ‘logarithm_firstorder_Skewness_PGSE’ refers to the first-order skewness of the image obtained by applying a logarithmic transformation (calculated by taking the logarithm of the absolute intensity + 1) to the original ADCPGSE parameter mapping.

· Explanations on retained radiomic features after LASSO
For ADC metrics, LASSO model preferentially selected the features derived from OGSE-50Hz (such as SmallDependenceHighGrayLevelEmphasis and Maximum) over those from the conventional PGSE. OGSE-50Hz provides an extremely short diffusion time , constraining water displacement to subcellular dimensions. We hypothesize that this may render the This makes the signal uniquely sensitive to intracellular organelles and cell membrane integrity, allowing the model to capture subtle pathological variations in cellular level.
For IMPULSED-derived parameters mappings, LASSO model preferentially selected the features derived from cell diameter d, intracellular volume fraction  and cellularity . We hypothesize that:
1. The selection of the 10th percentile of d (squareroot_firstorder_10Percentile_d) may potentially be associated withdirectly targets active cell proliferation. 
2. Features like LowGrayLevelEmphasis and MaximumProbability from  mapping may reflect the spatial coexistence of extremely packed tumor cells (high ) and regions of stromal reaction or early necrotic liquefaction (low ). 
3. High complexity and variance texture features from  mapping (Contrast and DependenceVariance) may capture intratumoral heterogeneity, potentially characterizing the chaotic spatial distribution of high-density tumor nests embedded in a complex tumor microenvironment.
All these proposed biological interpretations require further validation through dedicated histopathological or immunohistochemical studies.

squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz: The gray-level dependence matrix (GLDM) feature measures the joint distribution of small dependence with higher gray-level values obtained by applying a squareroot transformation (calculated by taking the square root of the absolute image intensities and scales them back to original range) to the original ADC50Hz parameter mapping. 

logarithm_gldm_HighGrayLevelEmphasis_50hz: The GLDM feature measures the joint distribution of small dependence with higher gray-level values obtained by applying a logarithmic transformation (calculated by taking the logarithm of the absolute intensity + 1) to the original ADC50Hz parameter mapping.

exponential_firstorder_Maximum_50hz: The first-order feature represents the maximum gray level intensity within the ROI obtained by applying an exponential transformation to the original ADC50Hz parameter mapping. 

squareroot_firstorder_10Percentile_d: The first-order feature measures the 10th percentile of image obtained by applying a squareroot transformation (calculated by taking the square root of the absolute image intensities and scales them back to original range) to the original d parameter mapping. 

square_gldm_LowGrayLevelEmphasis_: The GLDM feature measures the proportion in the image of the joint distribution of smaller size zones with lower gray-level values obtained by applying a square transformation (calculated by taking the square of the image intensities and linearly scales them back to the original range) to the original  parameter mapping.

square_glcm_MaximumProbability_: The grey-level co-occurrence matrix (GLCM) feature represents occurrences of the most predominant pair of neighboring intensity values obtained by applying a square transformation (calculated by taking the square of the image intensities and linearly scales them back to the original range) to the original  parameter mapping.

wavelet-HHL_ngtdm_Contrast_: The neighboring gray tone difference matrix (NGTDM) feature represents a measure of  the spatial intensity change from  mapping applying Wavelet filtering.

gradient_gldm_DependenceVariance_ : The GLDM feature measures the variance in grey level in the image obtained by applying a gradient transformation (returning magnitude of the local gradient) to the original  parameter mapping.

1. van Griethuysen JJM, Fedorov A, Parmar C, Hosny A, Aucoin N, Narayan V, Beets-Tan RGH, Fillion-Robin JC, Pieper S, Aerts HJWL. Computational Radiomics System to Decode the Radiographic Phenotype. Cancer Res 2017; 77: e104–e107.





Retained principal components
1) Mean values of ADC metrics 
Only three features, no PCA is required—use  ,  and   directly.

2) Mean values of IMPULSED-derived parameters 
Only four features, no PCA is required—use ,  ,   and directly.

3) Mean values of ADC metrics & IMPULSED-derived parameters
PC1 (EVR=0.727) = 0.4308 *  + 0.4069 * + 0.4185 *  + 0.3739 *  - 0.3485 *  - 0.3591 *  + 0.2890 * 
PC2 (EVR= 0.135) = 0.0135 *  + 0.3037 * - 0.0484 *  - 0.1440 *  + 0.3042 *  + 0.4679 *  + 0.7570 * 
PC3 (EVR= 0.092) = 0.0974 *  + 0.1288 * - 0.3541 *  + 0.5754 *  + 0.6671 *  - 0.2585 *  - 0.0749 * 
PC3 (EVR= 0.024) = 0.2203 *  - 0.1843 * + 0.2272 *  + 0.5186 *  - 0.0672 *  + 0.7308 *  - 0.2415 * 

4) Radiomic features of ADC metrics
PC1 (EVR = 0.554) = 0.4834*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz + 0.5698*logarithm_gldm_HighGrayLevelEmphasis_50hz + 0.5475*exponential_firstorder_Maximum_50hz + 
-0.3768*logarithm_firstorder_Skewness_PGSE  

PC2 (EVR = 0.213) = 0.4322*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz + 
-0.0587*logarithm_gldm_HighGrayLevelEmphasis_50hz + 0.2703*exponential_firstorder_Maximum_50hz + 0.8583*logarithm_firstorder_Skewness_PGSE  

 PC3 (EVR = 0.140) = 0.7596*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz + 
-0.3774*logarithm_gldm_HighGrayLevelEmphasis_50hz + 
-0.4593*exponential_firstorder_Maximum_50hz + 
-0.2636*logarithm_firstorder_Skewness_PGSE

PC4 (EVR = 0.093) = 0.0504*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz + 0.7276*logarithm_gldm_HighGrayLevelEmphasis_50hz +
-0.6451*exponential_firstorder_Maximum_50hz + 0.2276*logarithm_firstorder_Skewness_PGSE

5) Radiomic features of IMPULSED-derived parameters
PC1 (EVR = 0.388) = -0.2111*squareroot_firstorder_10Percentile_d + 0.6540*square_gldm_LowGrayLevelEmphasis_ + 0.6418*square_glcm_MaximumProbability_ + 0.1881*wavelet-HHL_ngtdm_Contrast_  + 
-0.2836*gradient_gldm_DependenceVariance_ 

PC2 (EVR = 0.271) = 0.1566*squareroot_firstorder_10Percentile_d + 0.2736*square_gldm_LowGrayLevelEmphasis_ + 0.2526*square_glcm_MaximumProbability_ + -0.6124*wavelet-HHL_ngtdm_Contrast_  + 0.6795*gradient_gldm_DependenceVariance_ 

PC3 (EVR = 0.228) = 0.8290*squareroot_firstorder_10Percentile_d + 0.0032*square_gldm_LowGrayLevelEmphasis_ + 0.2028*square_glcm_MaximumProbability_ +0.4911*wavelet-HHL_ngtdm_Contrast_  + 0.1749*gradient_gldm_DependenceVariance_ 

PC4 (EVR = 0.0485) = -0.4736*squareroot_firstorder_10Percentile_d + 0.0121*square_gldm_LowGrayLevelEmphasis_ + -0.0517*square_glcm_MaximumProbability_ + 0.5881*wavelet-HHL_ngtdm_Contrast_  + 0.6535*gradient_gldm_DependenceVariance_ 

6) Radiomic features of ADC metrics & IMPULSED-derived parameters
PC1 (EVR = 0.386) = -0.4595*squareroot_firstorder_10Percentile_d + 0.4341*square_gldm_LowGrayLevelEmphasis_ + 0.3593*square_glcm_MaximumProbability_ -0.1551*wavelet-HHL_ngtdm_Contrast_  + 0.4419*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz + 0.5020*exponential_firstorder_Maximum_50hz 

PC2 (EVR = 0.280) = 0.3071*squareroot_firstorder_10Percentile_d + 0.5253*square_gldm_LowGrayLevelEmphasis_ + 0.6076*square_glcm_MaximumProbability_ + 
0.3445*wavelet-HHL_ngtdm_Contrast_  + 
-0.2548*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz + 
-0.2774*exponential_firstorder_Maximum_50hz 

PC3 (EVR = 0.160) = -0.2583*squareroot_firstorder_10Percentile_d -0.1292*square_gldm_LowGrayLevelEmphasis_ + 
-0.1258*square_glcm_MaximumProbability_ + 0.8442*wavelet-HHL_ngtdm_Contrast_  + 0.4117*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz +
-0.1362*exponential_firstorder_Maximum_50hz 

PC4 (EVR = 0.082) = 0.6863*squareroot_firstorder_10Percentile_d -0.0515*square_gldm_LowGrayLevelEmphasis_ + 0.0581*square_glcm_MaximumProbability_ -0.1406*wavelet-HHL_ngtdm_Contrast_  + 0.7085*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz+ 
-0.0360*exponential_firstorder_Maximum_50hz 

PC5 (EVR = 0.070) = 0.3515*squareroot_firstorder_10Percentile_d -0.2379*square_gldm_LowGrayLevelEmphasis_ +
0.0906*square_glcm_MaximumProbability_ + 0.3385*wavelet-HHL_ngtdm_Contrast_  +
-0.2577*squareroot_gldm_SmallDependenceHighGrayLevelEmphasis_50hz + 0.7941*exponential_firstorder_Maximum_50hz

Notes: EVR represents explained variance ratio.





































Table S2. Details of grid search ranges for six machine learning models on six different feature sets
[bookmark: _Hlk234834812](a) mean values of ADC metrics
	model
	Hyperparameters range

	GNB
	'var_smoothing': [1e-8, 1e-4, 0.1, 1, 10, 100]

	SVM
	'C ': np.linspace(10,100,10)

	
	'gamma': ['scale', 'auto', 0.001, 0.01, 0.1, 1]

	
	'kernel': ['rbf', 'linear']

	LR
	'C': [0.01, 0.1, 1, 10, 100]

	
	'solver': ['liblinear', 'lbfgs','sparse_cg']

	RF
	'n_estimators': [50, 100, 150, 200, 250]

	
	'max_depth': [5, 7, 9, 11]

	GBC
	'n_estimators': [50, 100, 150, 200, 250]

	
	'learning_rate': [0.01, 0.1, 0.5, 1]

	
	'max_depth': [3, 4, 5, 6, 7, 8, 9]

	KNN
	'n_neighbors': [1, 3, 5, 7, 9, 11, 13]

	
	'weights': ['uniform', 'distance']

	
	'metric': ['euclidean', 'manhattan','minkowski']



(b) mean values of IMPULSED-derived parameters
	model
	Hyperparameters range

	GNB
	'var_smoothing': np.logspace(-9, -1, 10)

	SVM
	'C ': [0.1, 1, 10, 100]

	
	'gamma': ['scale', 'auto', 0.001, 0.01, 0.1, 1]

	
	'kernel': ['rbf', 'linear']

	LR
	'C': [0.01, 0.1, 1, 10, 100]

	
	'solver': ['liblinear', 'lbfgs','sparse_cg']

	RF
	'n_estimators': [50, 100, 150, 200, 250]

	
	'max_depth': [7, 9, 11]

	GBC
	'n_estimators': [50, 100, 150, 200, 250]

	
	'learning_rate': [0.01, 0.1, 0.5, 1]

	
	'max_depth': [3, 5, 7, 9]

	KNN
	'n_neighbors': [1, 3, 5, 7, 9, 11]

	
	'weights': ['uniform', 'distance']

	
	'metric': ['euclidean', 'manhattan']








(c) mean values of ADC metrics & IMPULSED-derived metrics
	model
	Hyperparameters range

	GNB
	'var_smoothing': [1e-6,1e-3,1,100]

	SVM
	'C ': np.arange(1, 10, 2)

	
	'gamma': ['scale', 'auto', 0.001, 0.01, 0.1, 1]

	
	'kernel': ['rbf', 'linear','poly']

	LR
	'C': [0.001,0.01,0.5,1,10]

	
	'solver': ['liblinear', 'lbfgs','sparse_cg']

	
	'penalty': ['l1', 'l2']

	RF
	'n_estimators': [200, 250,300,350]

	
	'max_depth': [7,9,11,13]

	
	'min_samples_split ': [5, 7, 9, 11]

	
	'min_samples_leaf': [3, 5, 7]

	GBC
	'n_estimators': [25,50, 75,100]

	
	'learning_rate': [0.001,0.05, 0.1, 1]

	
	'max_depth': [3,5,7,9,11]

	KNN
	'n_neighbors': [9,11,13]

	
	'weights': ['uniform', 'distance']

	
	'metric': ['euclidean', 'manhattan']



[bookmark: _Hlk215155033](d) mean values and radiomic features of ADC metrics
	model
	Hyperparameters range

	GNB
	'var_smoothing': np.logspace(-9, -1, 10)

	SVM
	'C ': [0.1, 1, 10, 100]

	
	'gamma': ['scale', 'auto', 0.001, 0.01, 0.1, 1]

	
	'kernel': ['rbf', 'linear']

	LR
	'C': [0.01, 0.1, 1, 10, 100]

	
	'solver': ['liblinear', 'lbfgs','sparse_cg']

	RF
	'n_estimators': [50, 100, 150, 200, 250]

	
	'max_depth': [1, 3, 5, 7, None]

	
	'min_samples_split ': [1, 3, 5, 7, 10, 12]

	GBC
	'n_estimators': [50, 100, 150, 200, 250]

	
	'learning_rate': [0.01, 0.1, 0.5, 1]

	
	'max_depth': [3, 5, 7, 9]

	KNN
	'n_neighbors': [1, 3, 5, 7, 9, 11, 13]

	
	'weights': ['uniform', 'distance']

	
	'metric': ['euclidean', 'manhattan']





(e) mean values and radiomic features of IMPULSED-derived parameters
	model
	Hyperparameters range

	GNB
	'var_smoothing': np.logspace(-9, -1, 10)

	SVM
	'C ': [0.1, 1, 10, 100]

	
	'gamma': ['scale', 'auto', 0.001, 0.01, 0.1, 1]

	
	'kernel': ['rbf', 'linear']

	LR
	'C': [0.01, 0.1, 1, 10, 100]

	
	'solver': ['liblinear', 'lbfgs','sparse_cg']

	RF
	'n_estimators': [50, 100, 150, 200, 250]

	
	'max_depth': [1, 3, 5, 7, None]

	
	'min_samples_split ': [1, 3, 5, 7, 10, 12]

	GBC
	'n_estimators': [50, 100, 150, 200, 250]

	
	'learning_rate': [0.01, 0.1, 0.5, 1]

	
	'max_depth': [3, 5, 7, 9]

	KNN
	'n_neighbors': [1, 3, 5, 7, 9, 11, 13]

	
	'weights': ['uniform', 'distance']

	
	'metric': ['euclidean', 'manhattan']



[bookmark: _Hlk234835267](f) mean values and radiomic features of ADC metrics & IMPULSED-derived parameters
	model
	Hyperparameters range

	GNB
	'var_smoothing': np.logspace(-9, -1, 10)

	SVM
	'C ': [0.1, 1, 10, 100]

	
	'gamma': ['scale', 'auto', 0.001, 0.01, 0.1, 1]

	
	'kernel': ['rbf', 'linear']

	LR
	'C': [0.01, 0.1, 1, 10, 100]

	
	'solver': ['liblinear', 'lbfgs','sparse_cg']

	RF
	'n_estimators': [50, 100, 150, 200, 250]

	
	'max_depth': [1, 3, 5, 7, None]

	
	'min_samples_split ': [1, 3, 5, 7, 10, 12]

	GBC
	'n_estimators': [50, 100, 150, 200, 250]

	
	'learning_rate': [0.01, 0.1, 0.5, 1]

	
	'max_depth': [3, 5, 7, 9]

	KNN
	'n_neighbors': [1, 3, 5, 7, 9, 11]

	
	'weights': ['uniform', 'distance']

	
	'metric': ['euclidean', 'manhattan']



[bookmark: _Hlk235368266]




Significance of AUC improvements 
[bookmark: _Hlk235038837][bookmark: _Hlk235039352][bookmark: _Hlk235039301]       In this study, a 5-fold cross-validation strategy was employed, which resulted in five distinct models trained for each machine learning method. It is statistically inappropriate to directly combine the predicted probabilities from different folds to plot a single ROC curve and then perform a traditional DeLong test. We instead performed the Wilcoxon Signed-Rank Test, a standard and robust non-parametric statistical test for comparing paired results in cross-validation settings. Specifically, we paired and statistical analyzed the AUC values across all folds and all machine learning methods (a total of 5[five folds]6 [six machine learning methods] = 30 pairs of results) in both the internal training and external test cohorts. Two main sets of comparisons were conducted:
(a) Mean-value-based models vs. Radiomics-based models
[bookmark: _Hlk235039316](b) Conventional ADC metrics vs. Combined metrics (ADC metrics + IMPULSED-derived parameters)
[bookmark: _Hlk235437237][bookmark: _Hlk235437540]In the training set, radiomics-based models significantly outperformed mean-value-based models (ADC metrics: Statistic W = 81.0, p = 0.0012; IMPULSED-derived parameters: W = 69.0, p = 0.0008; combined features of ADC metrics & IMPULSED-derived parameters: W = 61.5, p = 0.0007). The smaller the Wilcoxon statistic W, the stronger the consistency in the direction of the paired differences (i.e., for almost all folds/methods, the AUC of the radiomics-based model is higher than that of the mean model). This superiority was even more pronounced in the external test set, with lower test statistics (all W ≤ 22.0, p < 0.0001). Similarly, combined metrics achieved significantly higher AUCs than conventional ADC metrics in both the training (mean-value-based models: p = 0.0001; radiomics-based models: p = 0.0020) and test set (mean-value-based models: p < 0.0001; radiomics-based models: p < 0.0001). This confirms that radiomics features significantly improve the diagnostic performance compared to simple mean-value-based analysis; on the other hand, the MR cytometry-derived microstructural parameters provide complementary diagnostic value beyond the conventional ADC metrics, and combining these two sets of metrics facilitates more precise clinical decision-making.
Table S3.  Results of Wilcoxon Signed-Rank Test
(a) Mean-value-based models vs. Radiomics-based models
	dataset
	feature type
	Statistic W
	p value

	Training set
	ADC metrics
	81.0
	0.0012

	
	IMPULSED-derived
	69.0
	0.0008

	
	combined
	61.5
	0.0007

	Test set
	ADC metrics
	7.0
	＜0.0001

	
	IMPULSED-derived
	3.0
	＜0.0001

	
	combined
	22.0
	＜0.0001






(b) Conventional ADC metrics vs. Combined metrics
	dataset
	Model type
	Statistic W
	p value

	Training set
	mean-value-based
	48.0
	0.0001

	
	radiomics-based
	67.5
	0.0020

	Test set
	mean-value-based
	0.0
	＜0.0001

	
	radiomics-based
	8.0
	＜0.0001



