CHAPTER 3

DRAWBACKS OF THE EXISTING ALGORITHM AND PROPOSED IMPROVEMENTS

Fixed sigma value

The matched spatial filter algorithm approximates all blood vessels to have equal width and relates this width to twice the value of sigma. The value of sigma used in the existing algorithm is 2.0. The response to this MSF (sigma = 2.0) is prominent for a blood vessel whose width is twice the value of sigma i.e. 4 pixels wide. Our retinal images have blood vessels whose widths are in the range of 2-10 pixels. Therefore, it would be interesting to study the response of the retinal images to matched spatial filters with different values of sigma. 

 


Fig. 3.1 Matched spatial filter kernel for ( = 1.5 for different orientations (.

It was decided to extend the sizes of the filter to detect blood vessels whose widths are to either side of the standard value (4 pixels). Blood vessels with widths greater than 6 pixels or lesser than 3 pixels are rare in our retinal images. Considering this the four values of sigma chosen are 1.5, 2.0, 2.5 and 3.0. 



Fig. 3.2 Matched spatial filter kernel for ( = 2.5 for different orientations (.
The new kernels for modified sigma values are calculated using the method discussed in the previous chapter. It is found that different sizes of kernels are required to accommodate the new sigma values. The size of the existing kernel for sigma = 2.0 is  15x15. The lowest sigma value (( = 1.5) requires a 11x11 kernel and the highest sigma value (( = 3.0) requires a 19x19 kernel. Therefore for ease of computation, the sizes of all the kernels are modified to be 19x19. Zeroes are inserted at the appropriate places in the smaller kernels to increase their sizes to 19x19. Figures 3.1 and 3.2 give the MSF operator kernels for ( = 1.5 and ( = 2.5. The implementation now includes calculating the MSF responses of filters with different sigma values. The MSF responses for different sigma values have to be combined properly to proceed to the next step of threshold probing. The basic sizes of the MSF kernels are different for different sigma values. The region of interest of each kernel that takes part in the actual convolution also varies with the sigma values. Table 3.1 gives the sizes of region of interest for different sigma values.

	Value of sigma
	Size of region of interest

	1.5

2.0

2.5

3.0
	9 x 9

13 x 9

15 x 9

19 x 9


 

Table 3.1  Sizes of region of interest for MSF of various sigmas.

	
	
	
	      Sigma
	        Min
	      Max

	
	
	
	1.5
	-2997
	6075

	
	
	
	2.0
	-7137
	10530

	
	
	
	2.5
	-9180
	14985

	
	
	
	3.0
	-13167
	20178


Table 3.2  Scales of MSF response of a retinal image for various sigmas.

From Table 3.1 it is clear that the size of region of interest increases with increasing sigma values. Because of this the range of MSF response values for a particular retinal image also increases with increase in sigma. Table 3.2 gives the range of MSF response values of a particular retinal image for different sigmas. This MSF response can be called as the MSF match per filter, as it represents the response for the entire filter. The scales for each response are different. This makes it impossible to compare MSF response of different sigmas across different scales. 
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Fig. 3.3 MSF response images for different sigma values. The images show the clarity of, smaller vessels in the response of smaller sigma values (( = 1.5) and larger vessels in the response of higher sigma values (( = 3.0).

As the sizes of the filters are different for different sigmas, the MSF response must be calculated as MSF match per pixel in the region of interest of each MSF. This can be done by dividing the MSF match per filter by the total number of pixels in the region of interest of the MSF. By doing so the response of a particular pixel to different sigmas can be directly compared. Figure 3.3 shows the MSF response of a retinal image to different sigma values. It is clear from this figure that thinner vessels are detected better by smaller sigmas (1.5 and 2.0) and wider vessels are detected better by larger sigmas (2.5 and 3.0). In fact the smaller sigma filters show a split response at each edge of wider blood vessels and the larger sigma filters show a faint response for thinner vessels that is hardly distinguishable.

False response to lesions

Lesions are physiological abnormalities in retinal images that appear as bright localized patches having non-vessel like structure. The matched spatial filter used to detect blood vessels models a cross-section of a short length of blood vessel. Parts of some lesions can look similar to this model. For example the region between two lesions close together imitates this model. Figure 1.3 demonstrates this example. 










Fig. 3.4 Intensity profile of pixels across a cross section of lesions and a blood vessel.

Figure 3.4 shows a comparison of intensity profiles across a lesion and a blood vessel. Therefore from Figure 3.4, the MSF response of this region is very high. The brightest parts of the MSF response are the regions between lesions. The MSF response images in Figure 3.3 clearly show that the region between lesions appears very bright.

Road operator

The classic road operator was invented to facilitate detection of roads in aerial imagery. The road operator is described in detail on pages 220-222 in [17]. It works by searching for similarity surrounding the object of interest. For example, country roads often cut through fields, so that the area on either side of the road is the same color. The same is true of most vessels in a retinal image, where the area on either side of the vessel is the same color. The larger lesions do not have this property.

Figure 3.5 shows an abstraction of the road operator. The idea is to compute the similarity between end zones (the middle zone is ignored). A two-dimensional kernel that implements a road operator is derived from the corresponding matched spatial kernel. The weights in the road operator kernel are 0,1 and –1 depending on the value and position of the weights of the matched spatial kernel K(x,y). The matched spatial kernel is divided in to three zones along directions parallel to the angular orientation of the kernel, with the middle zone representing the blood vessel profile and the end zones representing background. The middle zone has a width equal to 6(, adjusted to the nearest odd number. The end zones have a width of five elements. The size of the road operator kernel for the largest sigma value (( =3.0) is 29x29. Therefore, as done in the case of MSF kernels, sizes of all road operator kernels are adjusted to be 29x29. Zeros are added appropriately to the side bands of smaller kernels to increase their size. All weights of the road operator kernel falling in the middle zone are zeros and the weights on either of the end zones are assigned values –1 and  +1 respectively. Convolution with this filter results in the absolute difference of intensities on either side of the middle zone of the filter.

The kernel is rotated to obtain different angular orientations, as done with the MSF kernels. Figure 3.6 shows the road operator kernel at different orientations. The response of a pixel in the retinal image to the road operator is calculated at that particular angular orientation for which the MSF response is the highest. The response of a lesion should be higher than that of a vessel. The response of background to the road operator is zero. Figure 3.7 shows the road operator response of an example image. Therefore, the road operator affects only the responses of vessels and lesions. Note that the areas surrounding lesions and vessels produced the strongest response.






Fig. 3.5 Abstract block diagram of road operator.




Fig. 3.6 Road operator kernel for ( = 2.0.
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Fig 3.7 Retinal image and its road operator response.

Algorithm implementation

The road operator response has to be suitably combined with the MSF response to eliminate the false positive reponse due to lesions. The response of the vessels should not be affected by this manipulation. We identify two ways with which the road operator response can be combined with the MSF repsonse. First, the road operator response can be limited to a maximum value. Any pixel going above this value has its MSF response set to zero. Second, the road operator can be subtracted directly from the MSF response, suitably weighted.

For a pixel location (x,y) in the retinal image whose MSF response is MSF(x,y) and road operator response is RO(x,y), the following equations are used to implement the adjustments to the existing algorithm.
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The improvements to the existing algorithm of finding the MSF response of a retinal image can be done with respect to the multiple sigma values and the road operator. Each is implemented independently so that their effects can be studied separately and if needed a method can be devised to combine the two.

The multiple sigmas method compares the individual responses of each sigma filter and the highest amongst them would correspond to the effective MSF response. In the road operator method, the road operator response is suitably combined with the MSF response. Only the standard MSF with a sigma equal to 2.0 is used in this implementation. The MSF response images obtained by the new method are then subjected to threshold probing as explained in the previous chapter. The MSF response images obtained using the road operator and multiple sigma values are presented in Figure 3.8.
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a) MSFnew  = max(MSF of all sigmas )
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b) MSFnew  = MSF – 2/3*RO

Fig. 3.8 MSF response images using the new algorithm.
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c) MSFnew  = MSF – RO
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d) MSFnew  =  MSF – 4/3*RO

Fig. 3.8 continued
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e) MSFnew  =  0 , if RO > 0.45*ROmax
Fig. 3.8 continued.

Results and discussion

The evaluation plots for the multiple sigma method is presented in Figure 3.9 in comparison with the existing method. The performance curves for the road operator method was very poor and they are not presented. Evaluation was performed as explained in Chapter 2. We find that there is a marginal increase in the true positive rates but there is a huge increase in the false positive rates. The improvements over the existing method did not affect the results considerably. It produced marginally better results or even worse in some cases. The reasons for this performance can be attributed to certain factors like interference due to multiple sigma values and interference due to the road operator. 
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Fig. 3.9 Comparison of performance curves.

We hypothesize two reasons for the drop in peformance due to multiple sigma values: the presence of lesions and the parameters of threshold probing. The presence of lesions affects the multiple sigma method in the following manner. The MSF response is considered as the maximum of the individual match per pixel of all sigma values. The idea of match per pixel was introduced to linearly compare the responses of different sigma values as mentioned in the previous section. If the retinal image has lesions the range of MSF response values seem to increase with increasing sigma values. The lesions match higher sigma values better than vessels, i.e for higher sigma values there are more additional lesion matches than blood vessel matches. Table 3.3 given below shows the range of values over different sigma values for retinal images with and without lesions. Figure 3.10 shows performance curves for normal and abnormal images. Therefore at higher sigma values more information about lesions can be obtained than that of blood vessels can be obtained, as the lesions show better response than blood vessels would.

	
	
	
	
	
	
	
	
	

	
	        Retinal image with lesion
	
	          Normal retinal image 
	

	
	   Sigma
	    Min
	   Max
	
	   Sigma
	    Min
	   Max
	

	
	1.5
	-37
	75
	
	1.5
	-15
	92
	

	
	2.0
	-61
	90
	
	2.0
	-19
	86
	

	
	2.5
	-68
	111
	
	2.5
	-18
	81
	

	
	3.0
	-77
	118
	
	3.0
	-20
	84
	

	
	
	
	
	
	
	
	
	


Table 3.3 Range of MSF match per pixel values for multiple sigma values.

Another reason for drop in performance of multiple sigma method is the parameters of threshold probing. The parameters of threshold probing have to be modified while using multiple sigma filters. The existing set of parameters gives optimum performance for a single sigma filter.  The threshold count parameter identifies the starting points for threshold probing. With multiple sigma values the threshold count parameter identifies thicker vessels and thus starting points are close together and less distributed throughout the image, whereas in a single sigma case the points are sparse and more distributed in the image. Therefore some blood vessels in the multiple sigma case don’t get detected at all.
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Fig. 3.10 Performance curves of multiple sigma method for normal and abnormal images.

Figure 3.11 shows an illustration of how the threshold count influences blood vessel detection. An obvious solution to this problem is to increase the threshold count parameter. This was tried and again it is found that more lesions and background pixels are getting picked up than the blood vessel pixels. Fig 3.12 shows a thresholded MSF response for a higher value of threshold count than what was normally used.

The introduction of road operator also has its influence on the performance of our method. The road operator is defined completely based on the MSF. The MSF is modeled on an inverted gaussian profile. The nature of this model is such that it takes in to consideration not just the blood vessel profile but also to some extent the background. 
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a)





b)

Fig3.11 The thresholded MSF images obtained in the first step of threshold probing of MSF images using a)single sigma and b)multiple sigma values. The circled regions show the complete absence of certain vessels due to multiple sigma values.
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Fig3.12 The thresholded MSF images for a higher threshold count using multiple sigma values. The circled region shows that only a part of the vessel pixels are getting picked up.

Therefore the MSF by itself considers the differential response of the background on either side to a blood vessel. The road operator just extends this purpose and doesn’t introduce anything new in the MSF response. Figure 3.13 shows each of the profiles.




            Pixel Intensity



Fig 3.13 Intensity profiles of road operator and inverted gaussian.

  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   2   3   4   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0  -6  -3   0   3   4   0   0   0   0   0   0   0 


  0   0   0   0   0   0  -3  -6  -5  -2   1   3   4   0   0   0   0   0   0 


  0   0   0   0   3   2  -1  -5  -6  -4   0   2   4   4   0   0   0   0   0 


  0   0   0   0   4   3   0  -3  -5  -5  -2   1   3   4   0   0   0   0   0 


  0   0   0   0   4   4   2  -1  -4  -6  -4  -1   2   4   4   0   0   0   0 


  0   0   0   0   0   4   3   1  -2  -5  -5  -3   0   3   4   0   0   0   0 


  0   0   0   0   0   4   4   2   0  -4  -6  -5  -1   2   3   0   0   0   0 


  0   0   0   0   0   0   4   3   1  -2  -5  -6  -3   0   0   0   0   0   0 


  0   0   0   0   0   0   0   4   3   0  -3  -6   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   4   3   2   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 





			( = 30(


                    





 








  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   4   3   0  -4  -6  -4   0   3   4   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 





			( = 0(


                    





 








  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   4   4   4   4   4   4   4   4   4   0   0   0   0   0 


  0   0   0   0   0   3   3   3   3   3   3   3   3   3   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0  -4  -4  -4  -4  -4  -4  -4  -4  -4   0   0   0   0   0 


  0   0   0   0   0  -6  -6  -6  -6  -6  -6  -6  -6  -6   0   0   0   0   0 


  0   0   0   0   0  -4  -4  -4  -4  -4  -4  -4  -4  -4   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   3   3   3   3   3   3   3   3   3   0   0   0   0   0 


  0   0   0   0   0   4   4   4   4   4   4   4   4   4   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 





			( = 90(








  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   4   4   3   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   4   4   4   3   2   0   0   0   0   0   0   0 


  0   0   0   0   0   0   4   4   3   2   0  -1  -3   0   0   0   0   0   0 


  0   0   0   0   4   4   3   2   1  -1  -3  -5  -6  -6   0   0   0   0   0 


  0   0   0   0   3   3   1   0  -2  -4  -5  -6  -5  -3   0   0   0   0   0 


  0   0   0   0   2   0  -2  -4  -5  -6  -5  -4  -2   0   2   0   0   0   0 


  0   0   0   0   0  -3  -5  -6  -5  -4  -2   0   1   3   3   0   0   0   0 


  0   0   0   0   0  -6  -6  -5  -3  -1   1   2   3   4   4   0   0   0   0 


  0   0   0   0   0   0  -3  -1   0   2   3   4   4   0   0   0   0   0   0 


  0   0   0   0   0   0   0   2   3   4   4   4   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   3   4   4   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 





			( = 120(








  


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   4   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   3   4   4   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   2   3   3   4   4   0   0   0   0   0 


  0   0   0   0   0   0   0   0  -1   1   2   3   3   4   4   0   0   0   0 


  0   0   0   0   0   0   0  -4  -3  -1   1   2   3   3   4   4   0   0   0 


  0   0   0   0   0   0  -6  -5  -4  -3  -1   1   2   3   3   4   4   0   0 


  0   0   0   0   0  -4  -5  -6  -5  -4  -3  -1   1   2   3   3   4   4   0 


  0   0   0   0  -1  -3  -4  -5  -6  -5  -4  -3  -1   1   2   3   3   0   0 


  0   0   0   2   1  -1  -3  -4  -5  -6  -5  -4  -3  -1   1   2   0   0   0 


  0   0   3   3   2   1  -1  -3  -4  -5  -6  -5  -4  -3  -1   0   0   0   0 


  0   4   4   3   3   2   1  -1  -3  -4  -5  -6  -5  -4   0   0   0   0   0 


  0   0   4   4   3   3   2   1  -1  -3  -4  -5  -6   0   0   0   0   0   0 


  0   0   0   4   4   3   3   2   1  -1  -3  -4   0   0   0   0   0   0   0 


  0   0   0   0   4   4   3   3   2   1  -1   0   0   0   0   0   0   0   0 


  0   0   0   0   0   4   4   3   3   2   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   4   4   3   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   4   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 





			( = 45(








  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   4   4   3   1  -1  -3  -5  -6  -5  -3  -1   1   3   4   4   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


			


( = 0(











  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   4   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   4   4   3   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   4   4   3   3   2   0   0   0   0   0   0   0   0   0 


  0   0   0   0   4   4   3   3   2   1  -1   0   0   0   0   0   0   0   0 


  0   0   0   4   4   3   3   2   1  -1  -3  -4   0   0   0   0   0   0   0 


  0   0   4   4   3   3   2   1  -1  -3  -4  -5  -6   0   0   0   0   0   0 


  0   4   4   3   3   2   1  -1  -3  -4  -5  -6  -5  -4   0   0   0   0   0 


  0   0   3   3   2   1  -1  -3  -4  -5  -6  -5  -4  -3  -1   0   0   0   0 


  0   0   0   2   1  -1  -3  -4  -5  -6  -5  -4  -3  -1   1   2   0   0   0 


  0   0   0   0  -1  -3  -4  -5  -6  -5  -4  -3  -1   1   2   3   3   0   0 


  0   0   0   0   0  -4  -5  -6  -5  -4  -3  -1   1   2   3   3   4   4   0 


  0   0   0   0   0   0  -6  -5  -4  -3  -1   1   2   3   3   4   4   0   0 


  0   0   0   0   0   0   0  -4  -3  -1   1   2   3   3   4   4   0   0   0 


  0   0   0   0   0   0   0   0  -1   1   2   3   3   4   4   0   0   0   0 


  0   0   0   0   0   0   0   0   0   2   3   3   4   4   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   3   4   4   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   4   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


 			


( = 135(











  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   4   4   4   4   4   4   4   4   4   0   0   0   0   0 


  0   0   0   0   0   4   4   4   4   4   4   4   4   4   0   0   0   0   0 


  0   0   0   0   0   3   3   3   3   3   3   3   3   3   0   0   0   0   0 


  0   0   0   0   0   1   1   1   1   1   1   1   1   1   0   0   0   0   0 


  0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0 


  0   0   0   0   0  -3  -3  -3  -3  -3  -3  -3  -3  -3   0   0   0   0   0 


  0   0   0   0   0  -5  -5  -5  -5  -5  -5  -5  -5  -5   0   0   0   0   0 


  0   0   0   0   0  -6  -6  -6  -6  -6  -6  -6  -6  -6   0   0   0   0   0 


  0   0   0   0   0  -5  -5  -5  -5  -5  -5  -5  -5  -5   0   0   0   0   0 


  0   0   0   0   0  -3  -3  -3  -3  -3  -3  -3  -3  -3   0   0   0   0   0 


  0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0 


  0   0   0   0   0   1   1   1   1   1   1   1   1   1   0   0   0   0   0 


  0   0   0   0   0   3   3   3   3   3   3   3   3   3   0   0   0   0   0 


  0   0   0   0   0   4   4   4   4   4   4   4   4   4   0   0   0   0   0 


  0   0   0   0   0   4   4   4   4   4   4   4   4   4   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


			


( = 90((








Region between


        lesions





      Lesion





    Blood vessel





      Pixel


   intensity





Lesion





 Backgound





         Backgound





Distance of pixels across the cross section





4 pixels





End zone (background)





6( pixels





Middle zone


(presumed vessel)





4 pixels





End zone (background)








  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1 


  1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1 


  1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1 


  1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


 -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1 


 -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1 


 -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1 


 -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1  -1 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 





( =  0(





  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0 


  0   0   0   0   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 


  0   0   0   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1   0   0   0   0 





( =  90(





  0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0   0 


  1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0   0 


  1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0   0 


  1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0   0 


  1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1   0 


  1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1  -1 


  1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1  -1 


  1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1  -1 


  0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1  -1 


  0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1  -1 


  0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1  -1 


  0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0  -1 


  0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0   0 


  0   0   0   0   0   0   0   0   0   0   0   0   0   1   1   1   1   1   1   1   0   0   0   0   0   0   0   0   0 





( =  135(
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