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Development of branch software  

To calculate the ductal length and branching number of mammary glands from images, 

we first preprocessed the images with skeletonization, which transforms the RGB input 

image to a gray-scale image, as follows:  

 [1]   3/(݁ݑ݈ܤ + ݊݁݁ݎܩ + ܴ݀݁) = color image ݕܽݎܩ

Second, we eliminated the background noise by adopting a mean filter, as follows:  

  [2] (݁݃ܽ݉݅ ݀݁ݎ݁ݐ݈݂݅ ݊ܽ݁ܯ)– (݁݃ܽ݉݅ ݈ܽ݊݅݃݅ݎܱ)=݁݃ܽ݉݅ ݀݁ݒ݋ݎ݌݉ܫ

Third, we converted the gray-scale image to a binary image using the OTSU threshold 

(1). We then applied binary-image thinning using the Hessian matrix and template-

matching methods (2). The Hessian algorithm reduces noise while retaining shape 

information and detecting line patterns, and template matching eliminates noise lines and 

end points. After this processing, we counted the lines that divided at each of the remaining 

points. Adjoining branch points were clustered to represent a single true branch point. As an 

input, this algorithm needs a morphological image. In the absence of the usual binary 

imaging (I), it supposes that the background is valued as 0 and the image is valued as 1 The 
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Hessian matrix of an N-dimensional continuous function f contains the second-order 

derivatives. As we are working on a 2-dimensional image, our Hessian matrix is given as 

[3]: 

   [3].  

The Hessian matrix  was calculated at each pixel position  and scale s. Kim (3) 

used s as the standard deviation  of Gaussians to approximate the second-order 

derivatives. A celline vessel feature  was calculated at pixel position  from the 

eigenvalues <  of the Hessian matrix  using equations of “dissimilarity measure” 

 and “second order structuredness” S, as follows: 

   [4], 

 

   [5], and 

 

   [6], 

where  and  are constants that control the sensitivity of the filter.  accounts for 

the deviation from blob-like structures, but cannot differentiate background noise from the 

2018-09-05 15:31:16 10995 



                                                                               Baek et al. 

  4  

real cellline. Since the background pixels have a small magnitude, and thus small 

eigenvalues, S helps to distinguish between noise and background. If  in equation [6] 

represents the duct thickness at a specific scale , it can be expressed as equation [7] if it 

V0(s)  is expanded to multiple scales, as follows: 

   [7]. 

We can then detect ducts of various thicknesses. The larger the scale σ, the size variable 

the duct can be detected. After the Hessian matrix algorithm was applied, the noise 

decreased and the duct could be observed. To enable template matching during image 

processing, different line templates were used in the proposed scheme to search for 

directional components along all possible orientations. The number of dividing lines was 

counted at each branch point. Adjacent points were clustered to represent one point. For the 

evaluation of computation times, we used a single personal computer equipped with a 2.3-

GHz processor, 4-GB RAM, and a single core implementation of the algorithms. The 

template matching and Hessian matrix algorithm were measured using a homemade 

software branching point detector. Each branching point was classified based on how many 

lines were detected. As node point detection is an important means of characterizing some 
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features in an image, it is notable that we herein introduce a simple algorithm to detect node 

points in a skeletonized image via template matching and the Hessian matrix algorithm. 

This program should prove very useful for calculating branching points in cell images. 
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Supplementary Fig. 1. Measurement of mammary gland density and networks using 
the Branch software. (A) Images of mammary glands were analyzed by a simple 
algorithm that we designed to detect node points in a skeletonized image. The sequential 
image-processing scheme is shown. (B) Representative results from Branch software 
analysis of a mammary gland from a 2-month-old mouse.  
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Supplementary Table 1. List of fulvestrant positive response-associated genes 
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Supplementary Table 2. List of fulvestrant negative response-associated genes 
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Supplementary Table 3. Enriched pathways for genes with positive correlation (r>0.6) 
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Supplementary Table 4. Enriched pathways for genes with positive correlation (r<-0.6) 
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