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The qHDMI framework for microvasculature visualization and morphological feature/biomarker computation used in this study involves a number of steps, including data and image processing steps for clutter filtering and noise removal for blood flow signal separation, followed by vessel segmentation and morphological quantification. Some details on the different stages of this framework are presented in this document.

A) Microvasculature image visualization
As described in the main text, visualization of vascular networks within breast lesions begins by separating high intensity tissue clutter from low intensity blood signals through a singular value decomposition (SVD) of the spatiotemporally reshaped ultrasound data and an adaptive thresholding (based on the second-order derivative of the singular value decay function) operation on the singular vector space where low-rank tissue clutter can be removed, combined with spectral filtering. Power Doppler images are then generated and morphological top-hat filtering and the vessel enhancing Frangi filter denoise and improve the visualization of the microvasculature. A region of interest (ROI) is manually created around the boundaries of the lesion. The boundaries of the segmented lesion are then dilated omnidirectionally by 2mm to cover the lesion and its periphery. A mask is then generated and applied to the image to remove vasculature outside the ROI. The microvasculature image is binarized and skeletonized to prepare the vessel network for extraction of morphological features [1].
B) Quantification of microvasculature morphology, qHDMI biomarkers
a. Vessel segmentation and skeletonization: We have developed a method [2] to delineate vessel structure and determine its skeleton using the following set of algorithms: (1) Converting the microvessel image (e.g., THF+VEF output) to a binary image by thresholding; (2) Removing small noise-like objects through “erosion” followed by “dilation” operations; (3) Determining image skeleton by converting the vessel image into its central line using a “thinning” algorithm. Refer to [2, 3] for the details of the algorithms. The skeleton image is used to quantify morphological parameters of the vessel network. On the skeletonized image, branch points are determined and removed to isolate individual vessel segments. 
(b) quantification : Vessel morphological parameters,  extracted from HDMI include: Vessel Diameter D. Mean diameter, , is the average of the diameter along the vessel segment; Maximum vessel diameter; Dmax, Number of Branch Point NB: is obtained from image skeleton;  Number of Vessel Segments NV; Vessel Tortuosity, including 2 parameters: (a) Distance Metric (DM)[4] calculated as a ratio between the actual path length of a meandering curve and the linear distance between endpoints; (b) Sum of Angle Metric (SOAM) is the sum of angles of the turning points [2, 5, 6]; Vessel Density VD –the ratio of the number of pixels in vessels to the total number of pixels in ROI; Normalized number of vessel segments (NNV) is the number of vessels normalized to lesion area; Normalized number of branch points NNB (number of branch points normalized to lesion area). Our group has detailed the methods for measuring the above morphological parameters in [2].  Additionally, we present the second group of morphological parameters, as described in [7]. This group includes: Microvessel fractal dimension (mvFD), Bifurcation angle (BA), Murray’s deviation (MD), Spatial vascularity pattern (SVP). In total, 14 parameters are included. The second group of parameters” (mvFD, BA, MD, and SVP) are briefly described below:
Microvessel Fractal Dimension (mvFD) is a unit-less, geometrical feature that describes the blood vessels' structural complexity, which can be calculated using the “Box Counting” method. Knowing the box size, 𝑺, and the number of boxes, 𝑵𝒔, to cover all vessels, the mvFD can be calculated to identify the structural complexity of tumor vessels [7-9].  Fig. 7 shows microvasculature images of a benign and a malignant breast lesion with the associated graphs of log(Ns) vs. log(1/s), where the slope of each graph indicates the fractal dimension. This graph shows that mvFD for the benign and malignant masses are 1.14 and 1.46, respectively. These results demonstrate that the microvessel structure in the malignant mass is much more complex than in the benign mass. This example illustrates the importance of mvFD in the differentiation of breast masses [7].
Bifurcation angle (BA) refers to the angle between two “daughter vessels” (daughter vessels refer to branches of the main, i.e., mother vessel). Studies reported a decrease in BA in malignant tumors [10, 11]. To calculate BA, two straight lines are generated by fitting two daughter vessels, and the angle between them is calculated as BA [7].
Murray’s deviation (MD) is a diameter mismatch when the daughter vessels are wider than predicted by Murray's law. Increased MD is seen in the vasculature network of malignant tumors [12, 13]. Using the skeleton image, the diameters of sub-vessels are used to define the “mother vessel” (the sub-vessel with the largest diameter) and “daughter vessels” (the remaining sub-vessels). MD is calculated using. If NB = 0, then MD=1[7].
Spatial Vascularity Pattern (SVP) estimates whether the vascular patterns are more concentrated peripherally (peritumoral vascularization) or inside the lesion (intratumoral vascularization) [14]. The SVP is calculated as Vessel Density Ratio (VDR) [15] between the segmented center and peripheral regions of the lesion by image erosion operator,. If , the factorized SVP is defined as equal to 0, meaning the vascular patterns are more concentrated peripherally. If , the factorized SVP is defined as equal to 1, meaning the vascular patterns are more concentrated centrally [14]. Fig. 8 shows SVP diagrams for benign and malignant breast lesions larger than 20mm in size. The discriminatory definition is based on the mass size. Peripherally concentrated vascularity (VDR<1 or SVP=0) in breast masses≤ 20mm is associated with a benign diagnosis, but malignant diagnosis in masses ≥20mm. On the other hand, centrally concentrated vascularity (VDR>1 or SVP=1) in breast masses≥ 20mm is associated with benign diagnosis, but malignant diagnosis in masses ≤20mm [7]. 
More details on the image visualization and vessel quantification steps of the qHDMI framework can be found in [1, 2, 7].
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