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The complex algorithm for estimating a length of blood vessels’ newly created in angiogenesis process has been presented. A

filtering method using two-dimensional matched filter is a fundamental process in the presented algorithm. For proper ex-

traction of blood vessels’ network more image processing techniques has been used including spatial low-pass filtering,

binarisation, skeletonisation, and, developed by the author, algorithms for cleaning vessel network obtained in this process

and for removing vessels false detected in the previous steps.

The presented algorithm can be used for fully automatic vessels’ length estimating in medical images and can be helpful

for angiogenesis process’s research.
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1. Introduction

Angiogenesis is a process of growth of new blood vessels

and is an important natural process occurring in the body,

both in health and in disease. Angiogenesis occurs in the

healthy body for healing wounds and for restoring blood

flow to tissues after injury or insult. In females, angio-

genesis also occurs during the monthly reproductive cycle

(to rebuild the uterus lining, to mature the egg during ovu-

lation) and during pregnancy (to build the placenta, the cir-

culation between mother and fetus).

The healthy body controls angiogenesis through a series

of “on” and “off” switches:

• the main “on switches” are known as angiogenesis-

-stimulating growth factors,

• the main “off switches” are known as angiogenesis in-

hibitors.

When angiogenic growth factors are produced in excess

of angiogenesis inhibitors, the balance is tipped in favour

of blood vessel growth. When inhibitors are present in ex-

cess of stimulators, angiogenesis is stopped. The normal,

healthy body maintains a perfect balance of angiogenesis

modulators. In the body attacked by tumour, cancer cells

stimulate process of angiogenesis.

Medics experimenting with substance for controlling

the angiogenesis process – for stopping and stimulating

it. In their research, they need some tools for an auto-

matic process control allowing for estimating blood ves-

sel network length before and after use of the medical

substance.

Proposed method is useful for fully authomatic estimat-

ing the length of blood vessels newly created in angio-

genesis process. It is a combination of well known earlier

designed methods such as two-dimensional matched filters

[1], low-pass spatial filtering, binarisation, skeletonisation

and, developed by the autho, simple algorithms set for

cleaning skeleton pictures of blood vessels network and for

removing vessels false detected in previous steps.

2. Algorithms

For blood vessels’ network extraction, two-dimensional

matched filter technique described in Ref. 1 has been cho-

sen. Based on properties of the blood vessels in the consid-

ered images the authors assumed that:

• blood vessels usually have small curvatures and thus

anti-parallel pairs may be approximated by piecewise

linear segments,

vessels’ intensity profile can be approximated by the

Gaussian curve

f x y A k d( , ) { exp( )}= - -1 22 2s ,

where d is the perpendicular distance between the point

(x,y) and the straight line passing through the centre of the

blood vessel in a direction along its length, s defines the

spread of the intensity profile, A is the grey-level intensity

of the local background, and k is the measure of reflectance

of the blood vessel relative to its neighbourhood.

Because of the above-mentioned assumption, instead of

matching a single intensity profile of the vessel’s cross sec-

tion, a significant improvement can be achieved by match-
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ing a number of cross sections of identical profile simulta-

neously. Thus, a kernel can be used which mathematical

expression is

K(x,y) = –exp(-x2/2s2) for |y| £ L/2,

where L is the length of the segment for which fixed orien-

tation has been assumed. The direction of the blood vessel

here is assumed to be aligned along the y-axis and for dif-

ferent orientations the kernel has to be rotated accordingly.

Convolution of the generated kernel with a vessel intensity

profile function allows deciding if the pixel belongs to the

vessel or not.

Before using a matched filter for vessel detection it is

recommended to use a low-pass filter for noise removing.

Simple mean filter with a 5´5 mask has been used.

Next step after filtering stage is binarisation. A different

binarisation methods has been tested and Otsu’s method

described in Ref. 2 has been chosen as the one giving best

results. In short, this method consists in finding optimal

threshold for image based on selecting the lowest point be-

tween two pixels’ classes. First, variance of the two classes

is calculated separately (within-class variance) and a total

variance for a whole image. The criterion function involves

minimising the ratio of the between classes variance to the

total variance. Because the criterion function depends on

the threshold value we can find the optimal threshold cal-

culating criterion function’s value iterative and finding

minimum function’s value in this way.

Next, it is necessary to make a skeleton picture from a

binary image. An algorithm for this operation has been

taken from Ref. 3. Then, it is necessary to use some clean-

ing algorithms for removing false detected, unconnected

blood vessels, for removing standalone pixels, and for re-

moving false detected fork points. The applied algorithms

based on neighbourhood properties of local pixels’. Sche-

matic diagram of the whole process is presented in Fig. 1.

3. Application and results

Pictures of chicken egg surface with a few weeks old em-

bryos have been used for experiments. A photo of the

chicken egg surface is presented in Fig. 2.
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Fig. 1. Schematic diagram of the image processing algorithm.

Fig. 2. A photo of chicken egg’s. An analysed part of the image is

marked with a black line.

Fig. 3. Zoomed photo of the blood vessels’ structure.



The pictures have been obtained using digital camera

connected to a microscope set. Size of pictures taken in the

acquisition process was 3200´2400 pixels and the pixel bit

depth was 24 bits. Colour picture has been split into three

RGB components and for further analysis only the green

component has been taken because of the highest contrast.

From this picture a smaller one, including analysed part of

blood vessels’ network has been cut out and passed for fur-

ther analysis.

Zoomed picture of the part of blood vessels’ network

and three RGB components are presented in Figs. 3 and 4,

respectively. After smoothing the greyscale picture with

the spatial mean filter (5´5 mask has been used) a set of

matched filters have been used. A set of filters has been

constructed with different kernel sizes because of different

blood vessel diameters detected. For every supposed vessel

diameter a new kernel has been built with different widths

and lengths. A width of the kernel depends on the detected

vessel’s diameter and the length depends on the assumed

fixed orientation length. Because of the need to detect ves-

sels of different spatial orientation, the kernel has to be ro-

tated accordingly. Assuming an angular resolution of 15°,
12 different kernels are needed to span all possible orienta-

tions. Corresponding responses from every rotated filter are

compared and for each pixel only the maximum response

value is to be retained.

A filtering procedure is repeated as many times as the

different values of vessels’ diameter is assumed. At the end

of every filterbank, new output image is generated. The re-

sult of application of the matched filter to the image for

two assumed vessels’ diameters is given in Fig. 5.

For every kernel size its output image is binarised us-

ing the Otsu’s method. A result of the binarisation pro-

cess is given in Fig. 6. After that, all binary pictures are

added up (binary sum) and new image is generated as a

binary representation of the blood vessels network

(Fig. 7). Such a solution has been proposed because of

the effects of the applied matched filter. It can be seen in

Fig. 5 that for small kernel width blood vessels with the

bigger diameters are improperly represented in the same

way as the thin vessels are (only edges of the vessels are

detected). On the contrary, for the bigger kernels, the in-

formation about smaller vessels could be lost. For this

reason a set of the matched filters followed by a sepa-

rated binarisation and the final sum image has been pro-

posed.
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Fig. 4. RGB components of the image (green component in the middle).

Fig. 5. Matched filter output for the smallest (left) and biggest (right) vessel’s diameter.



Next step in presented algorithm is picture skeleto-

nising. The goal of the operation is to bring the informa-

tion about vessels’ network topology, ending points’ loca-

tion, fork points, passing over the information about blood

vessels’ thickness. The result of this operation is pre-

sented in Fig. 8. As it can be seen, the marked connection

network differs from the expected one. It is caused by the

algorithm properties. It marks forks and small vessels that

in fact do not exist. Because of that additional operations

are needed.

First, all isolated pixels are removed from the picture.

Next, all short vessels not connected with the rest of the

vesssels’ network are removed from the picture either. Ev-

ery fork point marked in the previous step is tested now if it

is a real fork point. For every fork, the point blood vessel

width is determined. The algorithm uses information from

the binary image presented in Fig. 7 for approximating

blood vessel’s width at the given point characterised by the

properties of the skeleton image. False detected fork points

are unchecked and marked blood vessels connected to them

are removed.

Two images are given in Fig. 9. One of them is a sepa-

rated blood vessels structure taken from the image and the

other is a corresponding skeleton image after initial “clean-

ing” procedure.

The final, cleaned skeleton image is used for marking

vessels’ ending points and fork points. Coordinates of

these points are used for estimating the blood vessels

length. A vessels geometry is approximated by a

piecewise linear segments and a sum of their lengths is

taken as a final vessels length. Except of that it is possible

to estimate the length of the newly created vessels or the
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Fig. 6. Binarised filter outputs for the pictures of Fig. 5.

Fig. 7. Sum of all binary pictures. Fig. 8. Binary image after skeletonising.



total area of the blood vessels’ network in the analysed

part of the image.

4. Conclusions

Presented set of algortihms can be used as a powerful tool

for fully automatic blood veesels’ network or newly cre-

ated vessels’ length estimating. It can be helpful in moni-

toring of the angiogenesis process stimulated or stopped by

the stimulators or the inhibitors accordingly making an

analysis of the results easier and faster.
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Fig. 9. Separated blood vessels’ network (left) and its skeleton representation.
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