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[bookmark: _Toc172319922]Clinicopathologic data review
Except for HER2 status, the histopathologic information included histologic type (non-special type invasive carcinoma of breast, invasive lobular carcinoma or others), Ki-67 index, hormone receptor (estrogen receptor [ER] and progesterone receptor [PR]) status and tumor grade (Ⅰ or II, Ⅲ). ER or PR negativity was defined as less than 1% of tumor cells showing positive nuclear staining, while ER or PR positivity was defined as 1% or more of tumor cells exhibiting positive nuclear staining1. The threshold for Ki-67 was set at less than 20% for low Ki-67 level and 20% or more for high Ki-67 level2.
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[bookmark: _Toc172319923]MRI protocol and parameters
All breast MRI examinations were performed in the prone position on 3.0-T systems (center 1: Discovery MR 750W, General Electric Healthcare, Chicago, USA; center 2: UIH uMR 780, United Imaging Healthcare Technology Co., Ltd, Shanghai, China), both equipped with a breast-specific 8-channel phased array coils. The patient was placed in the prone position with both breasts allowed to hang naturally. 
In the training and validation cohort from center 1, the breast MRI sequence and scanning order is as follows: (1) an axial T2-weighted (T2W) fat-suppressed with a fast spin echo (FSE) sequence and the parameters are as follows: repetition time (TR), 3848 ms; echo time (TE), 83 ms; slice thickness, 6.0 mm; slice gap, 1.5 mm; field of view (FOV), 350 mm ×350 mm; and matrix, 320 ×256; (2) a diffusion-weighted (DW) imaging with an echo planar imaging (EPI) sequence and the parameters are as follows: TR, 3120 ms; TE, 76 ms; slice thickness, 4.0 mm; slice gap, 1.0 mm; FOV, 350 mm × 350 mm; matrix, 128 × 128; and diffusion-sensitive coefficient (b-value) selected at 800 s/mm2; and (3) a dynamic contrast-enhanced with a gradient echo (GRE) sequence. This sequence consisted of an axial T1-weighted fat-suppressed sequence with the following parameters: TR, 4.5 ms; TE, 2.1 ms; slice thickness, 1.5 mm; no gap; FOV, 350 mm × 350 mm; and matrix, 384 × 320. After the axial scan, 15 ml of contrast agent (gadopentetate dimeglumine, Gd-DTPA, flow rate of 3 ml/s, 0.1 mmol/kg) was injected, followed by 20 ml of saline. Twenty-three seconds after the injection, a continuous scan was performed 6 times, with each scan lasting about 60s, for a total scan time of 6 min 23 s.
In the test cohort from center 2, the breast MRI sequence included: (1) an axial T2W fat-suppressed with a fast spin echo (FSE) sequence and the parameters are as follows: TR, 4100 ms; TE, 76ms; slice thickness, 4.0 mm; slice gap, 1.0 mm; FOV, 339 mm × 339 mm; and matrix, 600× 600; (2) a DW imaging with an EPI sequence and the parameters are as follows: TR, 3000ms; TE, 70ms; slice thickness, 4.0 mm; slice gap, 1.0 mm; FOV, 199 mm × 279 mm; matrix, 93 × 216; and diffusion-sensitive coefficient (b-value) selected at 800 s/mm2; and (3)a dynamic contrast-enhanced with a GRE sequence. This sequence consisted of an axial T1-weighted fat-suppressed sequence with the following parameters: TR, 4.9 ms; TE, 2.0ms; slice thickness, 1.0 mm; no gap; FOV, 339 mm × 339 mm; and matrix, 672 × 672. After the axial scan, 20 ml of contrast agent (gadopentetate dimeglumine, Gd-DTPA, flow rate of 3 ml/s, 0.1 mmol/kg) was injected, followed by 20 ml of saline. Twenty seconds after the injection, a continuous scan was performed 6 times, with each scan lasting about 60s. The entire image acquisition process of DCE-MR sequences lasted for 6 min 20 s.
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Our methodology for delineating intratumoral subregions was multi-faceted and involved several intricate steps:
(1) Super-pixel Segmentation: the SLIC algorithm was used within the scikit-learn framework. We initially segmented each tumor into 100 subregions. The segmentation was fine-tuned with a compactness parameter set at 10.0, balancing color similarity and spatial proximity.
The SLIC algorithm is a method for super-pixel segmentation. It works by clustering pixels in the image based on their color similarity and proximity in the image space. The key formula for SLIC is the distance measure, which combines color and spatial proximity:

· D is the combined distance measure.
· dlab is the Euclidean distance in color space (Lab color space).
· ds is the Euclidean distance in the image plane.
· S is the grid interval or the size of the super-pixel.
(2) Comprehensive Radiomic Feature Extraction: For each of these subregions, a detailed extraction of 19 radiomic features was performed (Supplemental Table 1). This included an array of first-order statistical attributes and textural features, offering a multidimensional characterization of each super-pixel.
(3) Clustering Analysis: The K-means algorithm was employed to analyze the multidimensional feature space. We experimented with varying numbers of cluster centers (ranging from 3 to 10) to identify the optimal. The clustering performance was rigorously evaluated using the Calinski-Harabasz score, allowing us to select the most statistically significant clustering arrangement.
	The K-means algorithm is a method for clustering data into K distinct clusters. The algorithm iteratively updates the centroids of each cluster to minimize the within-cluster sum of squares. The key formula for K-means is the objective function to be minimized:

· J is the objective function.
· N is the number of data points.
· K is the number of clusters.
· wik is a binary indicator (1 if data point i is in cluster k, 0 otherwise).
· xi is the Habitat data point.
· μk is the centroid of cluster k.
· ∥xi-μk ∥2 is the squared Euclidean distance between data point i and centroid k.
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(1) Shape features (n = 14): 3D features reflecting the shape and size of the region;
(2) Histogram features (n = 360): first-order features reflecting the distribution of gray levels in pixels and their surrounding spatial neighborhoods;
(3) Texture features (n = 1460): Techniques including Gray Level Co-occurrence Matrix (GLCM), Gray Level Dependence Matrix (GLDM), Gray Level Run Length Matrix (GLRLM), Gray Level Size Zone Matrix (GLSZM) and Neighboring Gray Tone Difference Matrix (NGTDM) were used to extract texture features like contrast, homogeneity, entropy, and energy.
Totally, 1834 radiomics features were extracted from whole-tumor region and each specific habitat. Texture features extracted from filtered images; Shape features were extracted based on the volume of interest from the original images; texture features and high-order features were extracted from both the original and filtered images. A total of 11,004 habitats radiomics features (1834*3*2) and 3668 whole-tumor radiomics features (1834*2) were extracted for further selection.
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[bookmark: _Toc172319927]Table S1. Nineteen radiomics features extracted from each super-pixel.
	Feature subtype
	Specific feature name

	Histogram/first-order feature
	original_firstorder_Entropy
original_firstorder_MeanAbsoluteDeviation
original_firstorder_Median


	Texture/high-order feature
	original_glcm_DifferenceAverage
original_glcm_DifferenceEntropy
original_glcm_DifferenceVariance
original_glcm_Imc1
original_glcm_Imc2
original_glcm_InverseVariance
original_glcm_JointEnergy
original_glcm_JointEntropy
original_glcm_SumEntropy
original_glrlm_LongRunEmphasis
original_glrlm_RunEntropy
original_glrlm_RunVariance
original_glszm_SizeZoneNonUniformityNormalized
original_glszm_SmallAreaHighGrayLevelEmphasis
original_ngtdm_Contrast
original_ngtdm_Strength



[bookmark: _Toc172319928]Table S2. Habitat radiomics features and their coefficients in task 1.
	Features
	Coefficients

	DWI_lbp_3D_m2_glszm_GrayLevelNonUniformity_h3
	+0.038144

	C_wavelet_HLL_firstorder_RootMeanSquared_h1
	+0.029630

	C_logarithm_firstorder_RobustMeanAbsoluteDeviation_h3
	+0.012454

	DWI_wavelet_LLH_gldm_LargeDependenceHighGrayLevelEmphasis_h2
	+0.011729

	C_wavelet_HHL_glcm_ClusterProminence_h1
	+0.011641

	DWI_wavelet_HHL_glrlm_LongRunLowGrayLevelEmphasis_h3
	+0.011498

	C_lbp_3D_k_firstorder_RootMeanSquared_h1
	+0.011070

	DWI_lbp_3D_m2_firstorder_Maximum_h1
	+0.010495

	C_wavelet_HHL_firstorder_RootMeanSquared_h2
	+0.008844

	DWI_wavelet_HHL_glcm_ClusterProminence_h3
	+0.005194

	C_log_sigma_3_0_mm_3D_ngtdm_Strength_h1
	+0.001010

	DWI_wavelet_LHL_glcm_JointEnergy_h2
	-0.003458

	C_wavelet_LHL_glcm_InverseVariance_h1
	-0.044877



[bookmark: _Toc172319929]Table S3. Habitat radiomics features and their coefficients in task 2.
	Features
	Coefficients

	DWI_wavelet_LLH_glcm_ClusterShade_h2
	+0.029909

	DWI_wavelet_LLH_glrlm_LongRunLowGrayLevelEmphasis_h2
	+0.022689

	DWI_wavelet_HHH_glcm_ClusterShade_h3
	+0.020122

	C_exponential_ngtdm_Coarseness_h2
	+0.018847

	C_lbp_3D_k_ngtdm_Strength_h2
	+0.014587

	C_wavelet_LHL_firstorder_Mean_h2
	+0.014041

	DWI_lbp_3D_k_firstorder_Median_h1
	+0.013205

	DWI_wavelet_HHH_firstorder_Median_h2
	+0.013123

	C_wavelet_LLH_ngtdm_Coarseness_h2
	+0.010114

	C_wavelet_LLL_firstorder_RootMeanSquared_h3
	+0.006783

	C_wavelet_HLH_glszm_SmallAreaHighGrayLevelEmphasis_h1
	+0.004796

	DWI_original_firstorder_Kurtosis_h2
	-0.003165

	C_wavelet_LHL_glcm_InverseVariance_h1
	-0.008952

	C_wavelet_HHL_glszm_LargeAreaLowGrayLevelEmphasis_h1
	-0.015039

	C_wavelet_LHH_glcm_InverseVariance_h1
	-0.015251

	C_square_firstorder_Entropy_h2
	-0.023434

	DWI_lbp_3D_m1_glcm_ClusterShade_h2
	-0.034684

	C_wavelet_LLL_ngtdm_Strength_h2
	-0.037723

	DWI_wavelet_LHH_glrlm_LongRunHighGrayLevelEmphasis_h2
	-0.053920
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	Signature
	Classifier
	Training cohort
	Validation cohort
	Test cohort

	
	
	AUC (95% CI) 
	F1 score
	AUC (95% CI)
	F1 score
	 AUC (95% CI)
	F1 score

	ITH
	LR
	0.76 (0.69-0.82)
	0.45
	0.82 (0.74-0.89)
	0.50
	0.74 (0.65-0.84)    
	0.47

	
	RF
	0.82 (0.76-0.88)
	0.54
	0.72 (0.62-0.82)
	0.46
	0.77 (0.67-0.88)    
	0.45

	
	Extratrees
	0.81 (0.75-0.86)
	0.52
	0.81 (0.74-0.88)
	0.52
	0.81 (0.74-0.89)    
	0.52

	
	XGBoost
	0.86 (0.82-0.91)
	0.56
	0.73 (0.64-0.82)
	0.45
	0.71 (0.60-0.82)    
	0.40

	
	LightGBM
	0.87 (0.83-0.91)
	0.58
	0.74 (0.64-0.91)
	0.46
	0.73 (0.62-0.84)    
	0.41
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	LR
	0.79 (0.73-0.85)
	0.49
	0.68 (0.56-0.79)
	0.38
	0.72 (0.63-0.82)  
	0.44

	
	RF
	0.77 (0.70-0.83)
	0.47
	0.70 (0.60-0.80)
	0.40
	0.70 (0.58-0.82)    
	  0.39

	
	Extratrees
	0.79 (0.73-0.85)
	0.49
	0.71 (0.60-0.81)
	 0.41
	0.70 (0.59-0.82)    
	  0.44

	
	[bookmark: OLE_LINK9]XGBoost
	0.78 (0.72-0.83）
	0.50
	0.68 (0.59-0.77)
	 0.39
	0.68 (0.56-0.79) 
	  0.15

	
	LightGBM
	0.82 (0.72-0.83)
	0.48
	0.69 (0.59-0.78)
	0.40
	0.67 (0.55-0.80)
	0.41


LR, Logistic regression, RF, Random Forest, AUC, area under the curve (AUC) of the receiver operator characteristic, CI, confidence interval

[bookmark: _Toc172319931]Table S5.  Diagnostic performance of the ITH signature using various classifiers in task 2.

	Signature
	Classifier
	Training cohort
	Validation cohort
	Test cohort

	
	
	AUC (95% CI) 
	F1 score
	AUC (95% CI)
	F1 score
	 AUC (95% CI)
	F1 score

	ITH
	LR
	0.78 (0.72-0.83)
	0.74
	0.78 (0.67-0.88)
	0.87
	0.61 (0.50-0.73)
	0.65

	
	RF
	0.94 (0.91-0.96)
	0.88
	0.93 (0.88-0.98)
	0.89
	0.84 (0.77-0.92)
	0.75

	
	Extratrees
	0.95 (0.93-0.98)
	0.90
	0.86 (0.78-0.94)
	0.84
	0.77 (0.67-0.87)  
	0.64

	
	XGBoost
	0.87 (0.83-0.91)
	0.84
	0.80 (0.71-0.89)
	 0.75
	0.66 (0.55-0.77)
	0.63

	
	LightGBM
	0.84 (0.80-0.89)
	0.79
	0.79 (0.69-0.88)
	0.75
	0.67 (0.56-0.78)
	0.51


ITH, intratumoral heterogeneity, LR, Logistic regression, RF, Random Forest, AUC area under the curve (AUC) of the receiver operator characteristic, CI confidence interval

[bookmark: _Toc172319932]Table S6.  Diagnostic performance of the signatures across three cohorts for differentiating HER2-positive and -negative status.

	Cohort
	Signature
	AUC (95% CI)
	Sensitivity
	Specificity
	Accuracy
	F1 score
	 P1 value
	P2 value

	Training
	Clinical
	0.70 (0.63-0.76)
	0.80
	0.51
	0.56
	0.41
	＜0.01
	＜0.001

	
	Radiomics
	0.79 (0.73-0.85)
	0.74
	0.70
	0.71
	0.49
	0.57
	0.24

	
	ITH
	0.81 (0.75-0.86)
	0.66
	0.81
	0.78
	0.53
	Reference
	0.22

	
	Combined
	0.83 (0.77-0.88)
	0.74
	0.75
	0.74
	0.52
	0.22
	Reference

	Validation
	Clinical
	0.78 (0.69-0.87)
	0.85
	0.63
	0.67
	0.48
	0.52
	0.14

	
	Radiomics
	0.71 (0.60-0.81)
	0.59
	0.68
	0.66
	0.39
	0.04
	0.03

	
	ITH
	0.81 (0.74-0.88)
	0.82
	0.72
	0.74
	0.53
	Reference
	0.43

	
	Combined
	0.84 (0.76-0.91)
	0.74
	0.85
	0.83
	0.62
	0.43
	Reference

	Test
	Clinical
	0.69 (0.59-0.79)
	0.43
	0.87
	0.79
	0.42
	0.04
	0.02

	
	Radiomics
	0.70 (0.59-0.82)
	0.71
	0.67
	0.68
	0.44
	0.08
	0.06

	
	ITH
	0.81 (0.74-0.89)
	0.95
	0.64
	0.69
	0.53
	Reference
	0.15

	
	Combined
	0.83 (0.75-0.90)
	0.99
	0.64
	0.70
	0.55
	0.15
	Reference


P1 value denoted the results of Delong’s test among ITH signature and other models; P2 value revealed the results of Delong’s test among the combined model and other models; HER2, human epidermal growth factor receptor 2, ITH, intratumoral heterogeneity, AUC area under the curve (AUC) of the receiver operator characteristic, CI confidence interval
[bookmark: _Toc172319933]Table S7.  Diagnostic performance of the ITH signature across three cohorts for differentiating HER2-low and -zero status.

	Cohort
	Signature
	AUC (95% CI)
	Sensitivity
	Specificity
	Accuracy
	F1 score

	Training
	ITH
	0.94 (0.91-0.96)
	0.91
	0.76
	0.85
	0.89

	Validation
	ITH
	0.93 (0.88-0.98)
	0.92
	0.74
	0.87
	0.91

	Test
	ITH
	0.84 (0.77-0.92)
	0.68
	0.87
	0.79
	0.74


ITH, intratumoral heterogeneity, HER2, human epidermal growth factor receptor 2, AUC the area under the curve (AUC) of the receiver operator characteristic, CI confidence interval.
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[bookmark: _Toc172319935]Figure S1. CH score of K-means clustering. Figure exhibits the CH score in task 1 (a) and task 2 (b), respectively. The number 3 indicates the highest CH score from DWI and T1C, accounting for using 3 clusters for subsequent analysis in both tasks. CH, Calinski-Harabasz, T1C, contrast-enhanced T1-weighted imaging, DWI, diffusion-weighted imaging.
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[bookmark: _Toc172319936]Figure S2. Feature statistics for habitats radiomics features. (a) shows the feature share of each kind of habitat. (b) shows the specific number of each kind of feature, the final 11004 features extracted from three habitats include 84 shape features, 2160 histogram (first-order) features, 2640 glcm features, 1680 gldm features, 1920 glrlm features, 1920 glszm features and 600 ngtdm features. glcm = gray level cooccurrence matrix, gldm = gray level dependence matrix, glrlm = gray level run length matrix, glszm = gray level size zone matrix, ngtdm = neighboring gray tone difference matrix.
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[bookmark: _Toc172319937]Figure S3.  Feature selection through LASSO regression. (a) and (c) exhibit LASSO coefficients of the features in task 1 (a) and task 2 (c), respectively. (b) and (d) represent LASSO coefficient analysis of habitats radiomics features based on the MSE criteria with 10-fold cross-validation for selecting optimal log (Lambda) in task 1 (b) and task 2 (d), respectively. Lasso= least absolute shrinkage and selection operator, MSE=minimum squared-error
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