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Fig.S1 MRI automatic segmentation framework.
[image: ]
The two-stage breast cancer segmentation framework was consisted of breast segmentation and breast cancer segmentation. MRI, magnetic resonance imaging.





















Fig.S2 Performance of the ultrasound intra- and peri-radiomics signatures in disease-free survival prediction in patients with invasive breast cancer.
[image: ]
Kaplan-Meier curves of DFS according to the US intra-radiomics signature (a), and peri-radiomics signature with different thickness (1–7 pixel) in the US images (b1~7), the survival curves for the training, internal and external testing sets are shown on the left, middle and right of each subgraph, respectively. According to the cutoffs of the radiomic score, only the US-peri (3 pixel)-radiomics signature successfully stratified patients into high- and low-risk groups in all the training, internal and external testing sets (P < 0.05). For the US-intra-radiomic signature, the Kaplan–Meier survival analysis and Log-rank tests were only performed in the training and internal testing sets because of all the patients in the external testing set were divided into low-risk group according to the cutoff of the US intra-radiomics score. DFS, disease-free survival; US, ultrasound.


Fig.S3 Performance of the MRI intra- and peri-radiomics signatures in disease-free survival prediction in patients with invasive breast cancer.
[image: ]
Kaplan-Meier curves of DFS according to the MRI intra-radiomics signature (a), and peri-radiomics signature with different thickness (1–7 mm) in the MRI images (b1~7), the survival curves for the training, internal and external testing sets are shown on the left, middle and right of each subgraph, respectively. According to the cutoffs of the radiomic score, only the MRI-peri (2, 3 and 4)-radiomics signatures successfully stratified patients into high- and low-risk groups in all the training, internal and external testing sets (P < 0.05). DFS, disease-free survival; MRI, magnetic resonance imaging.





Fig.S4 Time-dependent receiver operating characteristic curves of 1-, 3-, and 5-year DFS for the radiomics signatures in the training, internal and external testing sets.
[image: ]
Time-dependent receiver operating characteristic curves of 1-, 3-, and 5-year DFS for the US-gross (6 pixel) radiomics signature, the MRI-gross (2 mm) radiomics signature, and the multi-modal radiomics signature in the training, internal and external testing sets. DFS, disease-free survival; US, ultrasound; MRI, magnetic resonance imaging. AUC, area under receiver operating characteristic curves.






Fig.S5 Decision curves of 5-year for the models in the training, internal and external testing sets.
[image: ]
[bookmark: _Hlk144823727][bookmark: _Hlk144823868]Decision curve analysis in predicting 5-year disease-free survival in patients with invasive breast cancer for the clinical traditional MRI model, the multi-modal radiomics signature, and the multi-modal clinical imaging model in the training (a), internal (b) and external (c) testing sets. The net benefit, measured on the y-axis, was calculated by summing the benefits (true positive results) and subtracting the harms (false positive results), weighing the latter by a factor related to the relative harm of an undetected cancer compared with the harm of unnecessary treatment. In the external testing set, the multi-modal clinical imaging model had the highest net benefit compared with the other models and simple strategies such as follow-up of all patients (gray line) or no patients (horizontal black line) within the probability threshold range of 0.00-0.45 at which a patient would choose to undergo imaging follow-up. MRI, magnetic resonance imaging.



















Table S1 Dynamic contrast enhanced MR scanning parameters for the patients.
	Hospital
	MRI scanner
	Sequence
	TR (ms)
	TE (ms)
	FOV (mm)
	ST (mm)
	Matrix
	FA°

	Center 1
	GE SIGNA EXCITE 1.5T
	axi lava 3d + C
	3.8
	1.8
	320 ~ 380
	3
	288*288
	12

	
	GE SIGNA HDx 1.5 T
	axi Vibrant + C
	5.5
	2.6
	260 ~ 340
	0.7
	384*256
	15

	
	
	or sag Vibrant + C
	4.9
	2.4
	210 ~ 260
	3.4
	288*192
	15

	
	GE DISCOVERY MR750 (750W) 3.0T
	axi WATER Vibrant + C
	3.9
	1.67
	360
	1.4
	320*320
	5

	
	GE SIGNA Pioneer 3.0T
	axi WATER Disco + C
	6.12
	1.82
	320
	1
	256*320
	5

	
	SIMENS TrioTim 3.0T
	fl3d_tra T1 + C
	4.4
	1.61
	280 ~ 350
	0.7
	384*416
	10

	
	
	or fl3d_sag T1 + C
	4.15
	1.55
	220 or 240
	2
	256*205
	10

	
	SIMENS Espree 1.5T
	fl3d_tra T1 + C
	4.72
	1.42
	370
	0.7
	448*350
	10

	
	Philips Achieva 3.0T
	axi eTHRIVE + C
	4.8
	2.4
	340
	2
	416*377
	10

	
	United Imaging 3.0T
	axi T1WI + C
	4.45
	1.99
	340
	0.67
	336*335
	10

	Center 2
	Philips INGENIA 3.0T
	axi eTHRIVE + C
	4.48
	2.25
	341
	3.0
	400*400
	12

	
	GE Signa HDxt 3.0T
	axi Vibrant + C
	4.29
	2.1
	350
	1.4
	416*320
	14

	Center 3
	SIEMENS Verio 3.0T
	fl3d_tra T1 +C
	4.67
	1.66
	384
	1.2
	384*296
	10

	
	SIEMENS Skyra 3.0 T
	fl3d_tra T1 +C
	4.66
	1.73
	448
	1.5
	488*372
	10


Abbreviations: Center 1, Sun Yat-sen University Cancer Center; Center 2, First Affiliated Hospital of Gannan Medical University; Center 3, Ganzhou People’s Hospital; TR, repetition time; TE, echo time; FOV, field of view; ST, slice thickness; FA, flip angle.













[bookmark: _Hlk99675816]Table S2 The selected lambda, radiomics features, and cutoff for ultrasound intra- and peri-radiomics signatures.
	Radiomics signature
	Cutoff
	Lambda
	Selected radiomics feature

	
	
	
	Feature name
	HR (95% CI)
	P value

	US-intra-RS
	0.2152367
	0.04844
	wavelet_LH_glrlm_RunLengthNonUniformity 
wavelet_HL_glszm_SizeZoneNonUniformityNormalized 
original_glszm_GrayLevelNonUniformity
	1.17 (0.75–1.83)
[bookmark: _Hlk172053186]1.46 (1.08–1.98)
1.25 (0.81–1.95)
	0.48
0.01
0.32

	US-peri (1 pixel)-RS
	0.4568837
	0.05483
	original_shape2D_MinorAxisLength
wavelet_HL_firstorder_Median
	1.47 (1.09–1.98)
1.74 (1.09–2.76)
	0.01
0.02

	US-peri (2 pixel)-RS
	0.8217126
	0.04136
	original_shape2D_MinorAxisLength 
lbp_2D_firstorder_90Percentile
wavelet_LH_gldm_DependenceVariance
wavelet_HH_gldm_DependenceVariance
wavelet_LH_firstorder_Median
wavelet_HL_glrlm_LongRunEmphasis
wavelet_HL_glrlm_RunVariance
	1.68 (1.20–2.35)
1.55 (0.94–2.58)
0.77 (0.48–1.23)
0.83 (0.54–1.29)
1.67 (1.04–2.68)
1.25 (0.51–3.01)
0.51 (0.20–1.29)
	< 0.005
0.09
0.27
0.41
0.03
0.63
0.15

	US-peri (3 pixel)-RS
	0.8625647
	0.02647
	original_shape2D_MajorAxisLength
original_shape2D_MinorAxisLength
square_ngtdm_Complexity
square_glszm_SmallAreaLowGrayLevelEmphasis
squareroot_glszm_SizeZoneNonUniformity
exponential_ngtdm_Coarseness
lbp_2D_gldm_SmallDependenceEmphasis
lbp_2D_glszm_SmallAreaEmphasis
logarithm_ngtdm_Busyness
wavelet_LH_glcm_MaximumProbability 
wavelet_LL_glcm_MCC
wavelet_HL_ngtdm_Contrast
wavelet_LL_gldm_DependenceVariance
wavelet_HH_gldm_DependenceVariance
wavelet_HL_glrlm_RunVariance
wavelet_HH_glrlm_LongRunLowGrayLevelEmphasis
	1.25 (0.70–2.22)
0.98 (0.56–1.71)
0.33 (0.18–0.63)
1.14 (0.77–1.69)
1.81 (1.15–2.85)
1.36 (1.07–1.72)
1.22 (0.76–1.95)
1.38 (1.01–1.88)
1.32 (1.09–1.60)
0.45 (0.25–0.81)
2.01 (1.13–3.58)
0.60 (0.27–1.35)
1.04 (0.64–1.69)
0.82 (0.49–1.39)
0.73 (0.40–1.32)
0.77 (0.46–1.31)
	0.44
0.95
< 0.005
0.51
0.01
0.01
0.41
0.05
< 0.005
0.01
0.02
0.22
0.88
0.47
0.29
0.34

	US-peri (4 pixel)-RS
	1.804808
	0.02664
	original_shape2D_MaximumDiameter
original_shape2D_MinorAxisLength
lbp_2D_gldm_SmallDependenceEmphasis
lbp_2D_glszm_SmallAreaEmphasis
lbp_2D_firstorder_RobustMeanAbsoluteDeviation
exponential_ngtdm_Coarseness
exponential_glcm_Contrast
exponential_glszm_SmallAreaLowGrayLevelEmphasis
squareroot_glszm_SizeZoneNonUniformity
logarithm_ngtdm_Busyness
wavelet_LL_gldm_DependenceVariance
wavelet_LH_gldm_DependenceVariance
wavelet_HH_gldm_DependenceVariance
wavelet_LL_gldm_DependenceNonUniformityNormalized
wavelet_HL_ngtdm_Contrast
wavelet_LH_glcm_ClusterShade
wavelet_HH_gldm_DependenceEntropy
wavelet_HH_glrlm_LongRunLowGrayLevelEmphasis
	1.37 (0.77–2.46)
0.91 (0.53–1.57)
1.46 (0.92–2.32)
1.32 (0.92–1.88)
0.98 (0.53–1.80)
1.31 (1.10–1.55)
0.72 (0.36–1.44)
1.16 (0.85–1.58)
1.97 (1.23–3.15)
1.17 (1.00–1.38)
0.68 (0.17–2.74)
0.58 (0.28–1.18)
1.03 (0.27–3.88)
0.41 (0.10–1.74)
0.72 (0.35–1.48)
0.80 (0.48–1.34)
0.53 (0.13–2.17)
0.84 (0.48–1.48)
	0.29
0.74
0.11
0.13
0.94
< 0.005
0.35
0.36
< 0.005
0.05
0.59
0.13
0.97
0.23
0.37
0.40
0.38
0.55

	US-peri (5 pixel)-RS
	0.6792071
	0.05113
	original_shape2D_MinorAxisLength
square_glszm_SmallAreaLowGrayLevelEmphasis
wavelet_LH_glrlm_RunLengthNonUniformity
wavelet_LH_gldm_DependenceVariance
	1.61 (1.08–2.39)
1.32 (0.96–1.82)
1.22 (0.84–1.77)
0.61 (0.39–0.95)
	0.02
0.09
0.29
0.03

	US-peri (6 pixel)-RS
	0.8204497
	0.04241
	original_shape2D_MinorAxisLength
exponential_glszm_SmallAreaLowGrayLevelEmphasis
exponential_ngtdm_Coarseness
logarithm_glszm_GrayLevelNonUniformity
wavelet_LH_glrlm_RunLengthNonUniformity
wavelet_LH_glcm_ClusterShade
wavelet_HH_gldm_DependenceVariance
square_glszm_SmallAreaLowGrayLevelEmphasis
	1.54 (1.04–2.26)
1.47 (1.10–1.96)
1.22 (1.06–1.39)
1.37 (0.84–2.23)
0.95 (0.53–1.71)
0.69 (0.51–0.95)
0.65 (0.41–1.03)
1.22 (0.87–1.72)
	0.03
0.01
< 0.005
0.20
0.87
0.02
0.07
0.25

	US-peri (7 pixel)-RS
	0.2835694
	0.05164
	original_shape2D_MinorAxisLength; square_glszm_SmallAreaLowGrayLevelEmphasis; wavelet_LH_glrlm_RunLengthNonUniformity.
	1.47 (1.00–2.16)
1.70 (1.29–2.26)
1.32 (0.92–1.91)
	0.05
< 0.005
0.13


[bookmark: _Hlk172052539]Abbreviations: US, ultrasound; RS, radiomics signature; HR, hazard ratio; CI, confidence interval; glcm, gray level co-occurrence matrix; glszm, gray level size zone matrix; glrlm, gray level run length matrix; gldm, gray level dependence matrix; ngtdm, neighborhood gray tone difference matrix.

Table S3 The selected lambda, radiomics features, and cutoff for MRI intra- and peri-radiomics signatures.
	Radiomics signature
	Cutoff
	Lambda
	Selected radiomics feature

	
	
	
	Feature name
	HR (95% CI)
	P value

	MRI-intra-RS
	0.6313371
	0.01775
	original_shape_Sphericity
exponential_firstorder_Kurtosis
exponential_glszm_SmallAreaLowGrayLevelEmphasis
exponential_glszm_LargeAreaLowGrayLevelEmphasis
logarithm_glszm_GrayLevelNonUniformity
wavelet_LLL_ngtdm_Busyness
wavelet_LHL_firstorder_Skewness
wavelet_HLL_glcm_Imc1
wavelet_LHL_glcm_MCC
wavelet_LHH_glcm_ClusterShade
wavelet_LHL_firstorder_Kurtosis
wavelet_LHL_ngtdm_Coarseness
wavelet_HHH_glcm_Imc1
wavelet_HLH_glszm_SmallAreaLowGrayLevelEmphasis
wavelet_LHH_glcm_Idn
wavelet_LHH_firstorder_Skewness
wavelet_HLH_firstorder_Kurtosis
wavelet_HHH_ngtdm_Contrast
	0.78 (0.50–1.21)
0.00 (0.00–0.42)
0.79 (0.51–1.23)
0.69 (0.38–1.26)
1.73 (1.17–2.56)
1.75 (1.34–2.27)
1.14 (0.76–1.73)
0.65 (0.23–1.81)
0.88 (0.43–1.80)
1.10 (0.69–1.76)
0.78 (0.46–1.34)
1.02 (0.43–2.44)
1.29 (0.49–3.38)
1.18 (0.75–1.86)
1.76 (0.92–3.37)
1.16 (0.73–1.84)
1.30 (0.94–1.81)
0.85 (0.50–1.43)
	0.27
0.02
0.30
0.23
0.01
< 0.005
0.53
0.41
0.72
0.68
0.37
0.96
0.60
0.47
0.08
0.54
0.11
0.54

	MRI-peri (1 mm)-RS
	0.9468464
	0.02519
	original_ngtdm_Busyness
lbp_2D_gldm_DependenceNonUniformityNormalized
lbp_2D_firstorder_10Percentile
lbp_2D_firstorder_90Percentile
exponential_ngtdm_Busyness
gradient_glcm_MCC
wavelet_LLL_ngtdm_Coarseness
wavelet_LHL_firstorder_Skewness
wavelet_LLH_glcm_Correlation
wavelet_LHH_glcm_ClusterShade
wavelet_LLH_glcm_Idmn
wavelet_LHH_ngtdm_Coarseness
	1.41 (1.11–1.78)
0.80 (0.53–1.20)
1.43 (0.85–2.39)
0.94 (0.59–1.49)
1.18 (0.88–1.58)
0.76 (0.51–1.13)
0.77 (0.31–1.88)
1.68 (1.10–2.55)
1.27 (0.83–1.95)
0.88 (0.71–1.08)
1.36 (0.75–2.47)
0.88 (0.34–2.27)
	< 0.005
0.27
0.18
0.78
0.28
0.18
0.57
0.02
0.27
0.21
0.31
0.79

	MRI-peri (2 mm)-RS
	-0.01072471
	0.04913
	lbp_2D_glrlm_RunEntropy
wavelet_HHL_firstorder_Skewness
	1.77 (1.23–2.54)
0.68 (0.53–0.87)
	< 0.005
< 0.005

	MRI-peri (3 mm)-RS
	-0.05476921
	0.05123
	lbp_2D_glrlm_RunEntropy
lbp_2D_gldm_DependenceEntropy
	1.49 (0.85–2.62)
1.29 (0.74–2.26)
	0.17
0.37

	MRI-peri (4 mm)-SR
	0.45658
	0.04735
	lbp_2D_gldm_DependenceNonUniformityNormalized
lbp_2D_gldm_DependenceEntropy
lbp_2D_glrlm_RunEntropy
	0.51 (0.20–1.28)
0.61 (0.16–2.36)
1.83 (0.90–3.71)
	0.15
0.47
0.10

	MRI-peri (5 mm)-SR
	-0.2366525
	0.04314
	lbp_2D_gldm_DependenceEntropy
lbp_2D_glrlm_RunEntropy
wavelet_HHL_ngtdm_Busyness
	1.54 (0.87–2.74)
1.33 (0.73–2.41)
1.25 (1.07–1.47)
	0.14
0.35
0.01

	MRI-peri (6 mm)-SR
	0.6386465
	0.04302
	lbp_2D_gldm_DependenceEntropy
wavelet_HHL_ngtdm_Busyness
	1.88 (1.30–2.71)
1.27 (1.09–1.47)
	< 0.005
< 0.005

	MRI-peri (7 mm)-RS
	0.6624369
	0.04364
	lbp_2D_gldm_DependenceEntropy
wavelet_HHL_ngtdm_Busyness
	1.89 (1.31–2.71)
1.27 (1.09–1.47)
	< 0.005
< 0.005


Abbreviations: MRI, magnetic resonance imaging; RS, radiomics signature; HR, hazard ratio; CI, confidence interval; glcm, gray level co-occurrence matrix; glszm, gray level size zone matrix; glrlm, gray level run length matrix; gldm, gray level dependence matrix; ngtdm, neighborhood gray tone difference matrix; DCE, dynamic contrast enhanced.








[bookmark: _Hlk124546634]Table S4 Univariate analysis of disease-free survival in the training set.
	Variables
	Hazard ratio (95% confidence interval)
	P value

	Age, years
	0.99 (0.96-1.03)
	0.73

	Menopausal status
	
	

	Pre-menopause
	Reference
	/

	Post-menopause
	0.94 (0.46-1.91)
	0.86

	Risk factors
	
	

	No
	Reference
	/

	Yes
	0.86 (0.26-2.81)
	0.80

	Pathologic tumor size (cm)
	1.31 (1.01-1.71)
	0.05

	ER
	
	

	Negative
	Reference
	/

	Positive
	0.83 (0.39-1.76)
	0.63

	PR
	
	

	Negative
	Reference
	/

	Positive
	0.65 (0.33-1.27)
	0.21

	HER2
	
	

	Negative
	Reference
	/

	Positive
	1.00 (0.47-2.14)
	0.99

	Ki-67
	
	

	Low
	Reference
	/

	High
	1.67 (0.73-3.82)
	0.22

	Molecular subtype
	
	

	Luminal A
	Reference
	/

	Luminal B
	2.04 (0.77-5.38)
	0.15

	HER2-enriched
	2.14 (0.57-7.99)
	0.26

	Triple-negative
	1.80 (0.48-6.69)
	0.38

	T stage
	
	

	1
	Reference
	/

	2
	2.09 (1.07-4.07)
	0.03

	3 or 4
	2.10 (0.28-15.97)
	0.47

	N stage
	
	

	0
	Reference
	/

	1
	2.03 (0.96-4.29)
	0.06

	2
	1.32 (0.39-4.55)
	0.66

	3
	6.90 (2.51-19.00)
	< 0.005

	TNM stage
	
	

	I
	Reference
	/

	II
	2.04 (0.94-4.42)
	0.07

	III
	2.91 (1.14-7.40)
	0.02

	Lymphovascular invasion
	
	

	Absent
	Reference
	/

	Present
	1.80 (0.92-3.52)
	0.08

	Associated ductal carcinoma in situ
	
	

	Absent
	Reference
	/

	Present
	0.79 (0.38-1.65)
	0.53

	Histological type
	
	

	invasive ductal carcinoma
	Reference
	/

	invasive lobular carcinoma
	0.76 (0.10-5.58)
	0.79

	Others invasive breast cancer
	0.53 (0.07-3.85)
	0.53

	Histological grade
	
	

	I or II
	Reference
	/

	III
	1.94 (0.98-3.81)
	0.06

	Missing
	0.46 (0.06-3.45)
	0.45

	Surgery type
	
	

	Mastectomy
	Reference
	/

	Breast conservation
	1.09 (0.56-2.14)
	0.80

	Adjuvant endocrine therapy
	
	

	No
	Reference
	/

	Yes
	1.26 (0.58-2.78)
	0.56

	Adjuvant chemotherapy
	
	

	No
	Reference
	/

	Yes
	2.53 (0.89-7.14)
	0.08

	Adjuvant radiotherapy
	
	

	No
	Reference
	/

	Yes
	1.31 (0.67-2.54)
	0.43

	Adjuvant targeted therapy
	
	

	No
	Reference
	/

	Yes
	0.58 (0.21-1.64)
	0.30

	MR tumor size (cm)
	1.42 (1.04-1.94)
	0.03

	Time-signal intensity curve
	
	

	Persistent
	Reference
	/

	Plateau
	2.43 (0.33-18.02)
	0.39

	Washout
	1.88 (0.25-14.41)
	0.54

	Shape
	
	

	Oval or Round
	Reference
	/

	Irregular
	1.96 (0.82-4.72)
	0.13

	Margin
	
	

	Circumscribed
	Reference
	/

	Irregular
	2.22 (0.52-9.54)
	0.28

	Spiculated
	2.28 (0.52-10.00)
	0.27

	Internal enhancement
	
	

	Homogeneous
	Reference
	/

	Heterogeneous
	0.45 (0.06-3.33)
	0.43

	Rim enhancement
	0.72 (0.09-5.47)
	0.75


[bookmark: _Hlk120397306]Abbreviations: ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; MR, magnetic resonance; TNM, tumor-node-metastasis.

















eAppendix 1 Image acquisition and preprocessing.
Ultrasound (US) examinations of the 643 patients for prognostic analysis were performed using the L7/LOGIQ E9/LOGIQ S8/Vivid 7 (GE, USA; n = 144), XG790/Aplio500/Aplio400 (TOSHIBA, Japan; n = 141), Mindray (China; n = 78), IU 22/IE Elite/ EPIQ7 (Philips, the Netherlands; n = 72), MyLab (Esaote; Italy, n = 71), EUB-5500 (Hitachi, Japan; n = 59), Aplio500 (Canon, China; n = 18), and other (n = 60) scanners. Details about US examinations of the 620 patients for developing the US automatic segmentation framework (uASF) are given in [1]. 

All the Magnetic resonance imaging (MRI) examinations was performed with an 8-channel breast dedicated coil in prone position and contained bilateral breasts, using a 1.5 T or 3.0 T scanner from GE, Philips, Siemens, or United Imaging Healthcare. The dynamic contrast enhanced (DCE) MRI was obtained by using a three-dimensional (3D) T1-weighted sequence with a gadolinium-based contrast agent, which was injected intravenously (0.1 mmol/kg), followed by a 20-mL saline flush, both at a rate of 3 mL/s. Each DCE-MRI contained six to twelve phases, including one pre-contrast and multi post-contrast phases, detailed DCE-MRI parameters are given in Table S1. 

[bookmark: _Hlk171195068][bookmark: _Hlk171195682][bookmark: _Hlk171198508][bookmark: _Hlk171195742][bookmark: _Hlk172493341]In order to minimize the influence of contrast and brightness variation of US images, Z-score normalization was applied for each patient prior analysis, and the resolution of US image was set to 384 ×384. In order to minimize the spatial and density distribution differences of voxels in the 3D MRI images, we adopted a unified preprocessing method for each patient prior analysis. This method was consisted of two steps: (1) to eliminate the difference in voxel space among patients, we uniformly resampled all the 3D MRI data and limited the voxel space to 1.5 mm × 1.5 mm × 1.5 mm, the third-order spline interpolation method was used to resample the original image data, and the nearest neighbor interpolation method was used to resample the corresponding labels; (2) to eliminate the difference in voxel intensity distribution among patients, Z-Score normalization was used to linearly transform the pixel values based on the foreground of the MR images, which would unify the distribution of all voxels into a normal distribution, in other words, the mean value is 0 and the variance is 1.


eAppendix 2 Image segmentation.
Using the tumor regions of interests (ROIs) based on manual segmentation (MSeg-intra-ROIs), we developed automatic segmentation framework (ASF) to segment breast cancer, to obtain the tumor ROIs based on automatic segmentation (ASeg-intra-ROIs). Dice similarity coefficient (DSC) between the MSeg-intra-ROIs and ASeg-intra-ROIs was calculated to assess the segmentation performance. 

For developing the uASF, data from 620 invasive breast cancer patients undergoing preoperative US were randomly divided into training and testing sets, to train a U-Net network by using the US-MSeg-intra-ROIs, which were manually delineated along the tumor margin, as previously described in [1]. The U-Net is a U-shaped symmetric encoder-decoder architecture, in which the encoding layer has 4 layers of convolution pooling layer and the decoding layer has 4 layers of deconvolution layer. The encoding layer learns features of the input image, the decoding layer fuses and analyzes the learned features and restore them to the segmented image, and the decoding layer fuses the features of the encoding and decoding layers, which helps to retain more image details in the process of feature recovery. 

[bookmark: _Hlk171607844]For developing the MRI ASF (mASF), data from 249 invasive breast cancer patients undergoing preoperative MRI were randomly divided into training and testing sets, to develop a two-stage breast cancer segmentation framework. As shown in Figure S1, we used the MRI breast mask to train a 3D ResUNet network for segmenting breast region, and then used the MRI-MSeg-intra-ROIs to train a WNet network for segmenting breast cancer region. The breast masks were automatically generated via a pre-trained deep learning breast segmentation model [2] and manually adjusted, the MRI-MSeg-intra-ROIs were delineated slice by slice along tumor edge on ITK-SNAP (version 3.8.0) by reader 1 and validated by reader 2, whom reached a joint decision by consensus. Therefore, the developed mASF was consisted of a 3D ResUnet and a WNet. 

The 3D ResUnet was constructed by four encoding modules and four decoding modules. Each module consisted of three convolutional layers with 3 × 3 × 3 kernel size, stride 1 and padding 1, followed by a rectified linear unit (ReLU). To backpropagate the gradient more easily during training, the input and output features of each module were added as the input of the next computing module. The down-sampling modules utilized one convolutional layer with 2 × 2 × 2 kernel size and stride 2, followed by a ReLU function. The up-sampling modules utilized one transpose convolutional layer with 2 × 2 × 2 kernel size and stride 2, followed by a ReLU function. The last layer of the model constituted one convolutional layer with 1 × 1 × 1 kernel size and stride 1, followed by a Sigmoid function. The size of the last output feature was consistent with that of the first input regarding the whole model. The deep learning features were extracted by multi-layer convolution and the size of the most abstract feature was one-sixteenth of the input image. 

The WNet, which was a network we proposed in this study based on the structure of U-Net, was constructed by three encoding modules and three decoding modules, consisted of three down-sampling modules and three up-sampling. The down-sampling modules utilized one convolutional layer with 3 × 3 × 3 kernel size, stride 2 and padding 1, followed by a ReLU function. The up-sampling modules utilized one transpose convolutional layer with 2 × 2 × 2 kernel size and stride 2, followed by a ReLU function. The features with the size of 1, 1/2, and 1/4 of the input image were used to construct the transition-skip connections respectively. After passing through the basic module, these features were fused with the original features, and the deep features of the same size obtained by the decoder and up-sampling, as the input of the decoder of this layer. 













eAppendix 3 Radiomics signature construction.
Using the PyRadiomics package of Python 3.7.11, seven categories radiomics features were extracted, including first-order statistical features, shape-based features, Gray Level Co-occurrence Matrix (GLCM) features, Gray Level Size Zone Matrix (GLSZM) features, Gray Level Run Length Matrix (GLRLM) features, Gray Level Dependence Matrix (GLDM) features, and Neighborhood Gray Tone Difference Matrix (NGTDM) features. The detailed definitions and calculations of all the radiomics features can be found in the image biomarker standardization initiative [3]. Totally, 1032 features were extracted from each US-ASeg-ROI, including 198 first-order statistical features, 9 shape-based features, 264 GLCM features, 176 GLSZM features, 176 GLRLM features, 154 GLDM features, and 55 NGTDM features; 1409 features were extracted from each MRI-ASeg-ROI, including 270 first-order statistical features, 14 shape-based features, 360 GLCM features, 240 GLSZM features, 240 GLRLM features, 210 GLDM features, and 75 NGTDM features.

[bookmark: _Hlk172040158][bookmark: _Hlk171890884]Before feature selection, each radiomics feature was standardized by removing its mean and scaling to unit variance. Then, a two-step method was performed to select features in the training set. First, Spearman correlation coefficients and Ward linkage method were used to measure the correlations among features. Features with distance ≤ 6 formed a flat cluster. For each flat cluster, only the feature with the smallest P value in the univariate Cox regression was considered in the following step. Second, the least absolute shrinkage and selection operator (LASSO) method was used to select the optimal features to construct the radiomics signature, and the radiomics score (Rad-score) was calculated via a linear combination of the selected features that were weighted by their respective LASSO coefficients. The LASSO method uses an L1 norm penalization to obtain a sparse solution that retains a small amount of non-zero feature coefficients. The parameter of lambda () in the LASSO is a constant that constrain the amount of non-zero coefficient and larger  results in a smaller amount of non-zero feature coefficients. We tuned  by using 10-fold cross validation and selected the optimal  via minimum criteria, which means the optimal  is the value for which the partial likelihood deviance is the smallest. Finally, the selected  and features are shown in Tables S2 and S3.



eAppendix 4 Supplementary references. 
1. Xiong L, Chen H, Tang X, Chen B, Jiang X, Liu L, et al. Ultrasound-Based Radiomics Analysis for Predicting Disease-Free Survival of Invasive Breast Cancer. Front Oncol. 2021;11:621993.
2. Jiao H, Jiang X, Pang Z, Lin X, Huang Y, Li L. Deep convolutional neural networks-based automatic breast segmentation and mass detection in DCE-MRI. Computational and mathematical methods in medicine. 2020; 2020:2413706.
3. Zwanenburg A, Vallières M, Abdalah MA, Aerts HJWL, Andrearczyk V, Apte A, et al. The Image Biomarker Standardization Initiative: Standardized Quantitative Radiomics for High-Throughput Image-based Phenotyping. Radiology. 2020;295(2):328-338.
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