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Abstract. The focus of this work is to create a methodology to separate the en-
tire vascular network into its independent veins and arteries networks in optical 
human fundus images. It has been developed following the logical procedure 
used by humans when they assemble a puzzle. In the development of the me-
thodology we take into consideration physiological properties, topological 
properties of the tree structure and morphological properties of both networks, 
that is, they have only bifurcations, crosses and ending points, and also that 
crosses are produced always between venous and arterial branches. For arterial 
blood vessels we get a classification capability, based on the pixel counting, of 
84.88% while for venous was 82.87%. This indicates that the methodology 
classified correctly as average 83.80% of the total blood vessels in the images. 

Keywords: Retinal image analysis, retinal vascular network separation,  
puzzle-based method. 

1 Introduction 

The human retina is mainly conformed anatomically by the optic disc (OD), the macu-
la luteal and the arterial and venous vascular networks. Arteries transport blood with 
high oxygen content to the organs and veins bring the oxygen-poor blood back to the 
heart-lung circulation. The separation of the retinal vascular network is a complex task. 
It can present some difficulties because frequently one of the networks obstructs the 
visibility of the other one, leading to a serious confusion between them. However, a 
good splitting of the vein and arterial networks allows the detection of some structural 
characteristics and functionalities that hides when the network is analyzed as a whole.  
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An important aspect to make a good vessel network splitting is to take into consid-
eration the topology of the tree structure and the morphological properties of both 
networks. An ophthalmologist is able to track the venous and arterial networks, but 
when they have too many branches, it demands to track more than once each network 
in order to analyze the entire vessels. 

The analysis of the vascular network by an ophthalmologist to make an accurate 
diagnosis will be easier and better if he/she have two images with the veins and arteri-
al networks separated. The situation is the same, or maybe more justified, if our inten-
tion consists of analyze by a computer automatically the quality of the retinal venous 
and arterial networks. Undoubtedly, the analysis will be easier if both networks are 
completely independent. Some common analysis of the retinal vascular network could 
be related with the detection of stenosis, aneurysms, hemorrhages, thrombus, tortuosi-
ty, and many other conditions that could indicate that the vascular network is not 
healthy. It is taken into consideration for the development of the proposed methodol-
ogy the important physiological property that arteries and veins never intersect be-
tween themselves neither creates loops, although a vein and an artery can concur 
forming an artery-vein joined trajectory. 

The focus of this work is to create a methodology to separate the entire vascular 
network into its independent veins and arteries networks in human fundus images. 
The methodology has been developed following the logical procedure commonly 
used by humans when they assemble a puzzle. 

2 Antecedents 

There is a lot of works about blood vessel network segmentation in the literature. 
However, works related to the separation of vascular blood vessels networks in its 
venous and arterial branches has received a limited attention so far. Computerized 
analysis of retinal fundus images potentially reduce the workload of ophthalmologists 
and can improve in many ways the diagnostic efficiency, mainly when it is related to 
the quality of the patient’s retinal vascular network [1-8, 13]. Its clinical status can say 
too much to physicians about the general status of the vascular network located in oth-
er zones in the human body. Besides this, particularly the retinal vascular network is 
affected with very dangerous results (blindness) with diabetes (diabetic retinopathy), 
high blood pressure (hypertensive retinopathy), and other common systemic diseases. 

The automated classification of blood vessels in the retina as venous and arterials 
is still an open problem in image processing. In a fundus image veins and arteries 
differ visually in their shapes, thickness, color and texture. These differences can be 
easily appreciated in main vessels near to the optic disc, but varies strongly in vessels 
more far from the optic disk. That is one of the reasons that the separation of the vas-
cular network of the retina cannot be done successfully under these bases.  

3 The Proposed Method 

The proposed methodology for splitting the retinal vascular network in their corres-
ponding venous and arterial branches follows the steps indicated in the flow diagram 
shown in figure 1. In this paper are described only the last three steps (from step 4 to 
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6). This means that we start the procedure from images having the vascular network 
already segmented. For the interpretation of the references to color in this study, the 
reader is referred to the web version of the paper.  

The algorithm is based on the analysis of adjacent cells appearing each time when 
the tracking through a given blood vessel is carried out. In this task is taken into ac-
count the situation occurring between the number of independent blood elements 
contained in each cell and the number of contacts that the branches of the vascular 
network makes with the sides of the corresponding cell. It is semi-supervised because 
at this stage of the work we have not solved yet the automatic initial classification in 
venous and arterial the cells bordering the optic disc. Currently this is done manually 
before running the program to separate the venous and arterial vascular networks, 
which is fully non-supervised (automatic). First of all, a rectangular (or square) regu-
lar grid is superimposed over the image before the beginning of the separation of the 
vascular network in its arterial and venous branches, regardless whether the image 
was rotated, translated or scaled. Therefore, it is not necessary to consider the 
amounts of translation, rotation or scaling. The separation of the networks will take 
place regardless of the conditions of the retina image to which the method is facing. 
Ten different images with well-segmented vascular network were more than enough 
to tune the separation algorithm and prove its effectiveness. 

 

 

Fig. 1. Steps for separating the vascular networks of an optical retinal image 

3.1 Retinal Image Databases  

Since it is not a particular goal of our work to segment the vascular network, the sys-
tem uses the corresponding segmented image from the DRIVE database, having the 
blood vessels visible at least until the second bifurcation. This means that the pro-
posed methodology was developed and evaluated by using the set of 40 color fundus 
images of the training and test sets in the publicly available DRIVE database [9], [10]. 

We also worked with the images from the ARIA database [11]. Images with the 
segmented vascular network can also come from other systems using any algorithm or 
methodology reported in the literature for that task, if they provide good results and 
fulfill with the condition that branches of the network are clearly visible at least until 
the second bifurcation. 

1. Loading of an optical retinal 
Image

2. Automatic detection of the optic 
disc and its hiding by a black disc

3. Segmentation of the vascular 
network

5. Separation of arterial and venous 
networks

4. Skeletonizing the vascular network

6. Evaluation of the quality of the 
separation
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3.1.1   Physiological, Morphological and Morphometric Characteristics to Take 
into Consideration for the Separation of the Vascular Network  

The main physiological, morphological and morphometric characteristics that distin-
guishes the vascular networks are:  

• Both branches (venous and arterial) of the vascular network present a tree  
structure. 

• The main topological characteristic of each type of network is the presence of 
bifurcations. Sometime could appear trifurcations which are transformed in two 
consecutive bifurcations. 

• Arterial blood always enters the retina and venous blood leaves the retina. 
• Through any of the branches of any vascular network the blood flows backward. 

Bifurcations cannot have an angle between branches greater than 90 degree. 
• The main arterial branch is called central retinal artery and the main venous 

branch is called central retinal vein. 
• Both branches dichotomize in nasal and temporal on each eye and then dichotom-

ize again into upper and lower branches. 
• In areas of the macula luteal are not appreciated either veins or arteries. Therefore, 

the fovea, located at the center of the macula, is avascular. 
• The zone where the optic disc appears in the fundus image is the nasal zone. The 

macula luteal of each eye is located at the opposite side. 
• Between two consecutive bifurcations, or between a bifurcation and a visible end 

of a vein or artery, appears correspondingly a single venous or arterial branch. 
• In a normal retina, branches between two consecutive bifurcations always have the 

same thickness, i.e. the thickness of the branch is constant. 
• The locations of venous or arterial bifurcations have not any relation with the 

locations of bifurcations of the other network. 
• The primary, secondary and tertiary arterial and venous branches are the most 

interesting. In a primary branch occur the first bifurcations; in a secondary branch 
occur the second bifurcations and in a tertiary branch occur the third bifurcation. 
A bifurcation always divides a vessel into two thinner vessels. 

• The branches of the arterial and venous networks at any level interbreed with a 
branch of another type. Crossings do not divide the branches. The crosses are al-
ways between venous and arterial branches. The crossing branches can be between 
arteries or veins of primary, secondary or tertiary level. The different branches of 
the arterial and venous networks may have crossings anywhere in the retina, ex-
cept on the macular zone. The branches of the venous network normally travel  
below the arterial network. 

• Both the veins and arteries in a normal network have tubular structure. We consid-
er as circular the cross section of veins and arteries. 

3.1.2   Mesh Creation 
Since the separation in the venous and arterial networks was carried out by local anal-
ysis within cells in a square lattice superimposed over the original segmented image, 
the size of the square cell considered suitable for the study was 20 x 20 pixels. This  
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size should ensure that the cells could contain a segment (or more than one) of a vein 
or of an artery, a branch of one kind or another, crosses between vessels of different 
types, or an ending point of either type [12]. This cell size constituted the “puzzle 
piece” of the proposed methodology. 

With this size of 20 x 20 pixels the percent of cells that will not be analyzed is less 
than 1% in images with a previously hidden optic disc. The number of key cells with 
crosses between veins and arteries, and arterial or venous bifurcations or trifurcations 
remained with an acceptable frequency of occurrence of about 37%. The rest was 
occupied by single segments of veins or arteries, endpoints of one kind or another, or 
simply they were empty. 

3.1.3   Methodology for the Separation of the Vascular Network 
Although in this paper the separation process starts from a binary image with the vas-
cular network already segmented, the complete methodology to separate the venous 
and arterial vascular networks covers the execution of the following procedures in the 
strict order indicated: 

1. Detection of the optic disc.  
2. Hiding of the optic disc with a black disc  
3. Splitting the image of the segmented vascular network superimposing a grid (or 

mesh) of disjoint square cells of size 20 x 20 pixels. 
4. Once the vessels around the optic disc have been manually classified as arterial or 

venous, explore the network starting from any of the previously identified cells 
surrounding the optic disc.  

5. Determine every time the number of contacts of vessels inside the cell with its 
four edges and the number of connected components inside it.  

6. With this information and the prior knowledge of the type of vessel(s) inside the 
current cell, and depending on the result of the analysis described in previous step 
5, it is possible to determine if the type of network in the next cell in any direction 
(North, South, West or East) is a simple branch (venous or arterial); or a bifurca-
tion (venous or arterial); or a cross between a venous and an arterial segments; or 
an ending point (arterial or venous); or simply an empty cell. 

7. Based on the decision of the previous step 6, to store the necessary data to tabulate 
the group of related pixels to create later cell by cell the corresponding output im-
ages. 

To determine the number of vessels contacts with the edges of the corresponding 
cell and the number of connected components within it, it is created the network ske-
leton of one pixel thick. The isolated pixels that do not make up a blood vessel are 
eliminated. 

To keep control of results during the analysis of each cell, a State Matrix of m x n 
integer elements is created, where m is the number of cells of height and n is the 
number of cells of width of the segmented image. The values stored in the array (ma-
trix) will indicate the status of the analysis of each cell according to their position in 
the image. This array will provide the necessary information for the separation algo-
rithm to recognize the situation about all cells of the segmented vascular network 
being analyzed. Empty cells without any blood vessel inside it (zero in the matrix), 
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obviously will be the last ones to be analyzed. A cell could be considered completely 
classified, when the analysis of it connection in all directions (N, S, W and E) has 
been completed.  

The cells around (or near to) the optic disc whose vessels already have been classi-
fied correctly by the user, either as venous or as arterial, before to initiate the separa-
tion of the vessel sub-networks, are taken as the baseline. From these initial cells a 
tree structure will be created taking it as the root.  

The tree indicates only the order in which the cells are analyzed sequentially ac-
cording to the path of blood vessels inside it. In each cell to be analyzed, not only are 
taken into account the characteristics of the vessels contained therein, but also the 
information inside of the adjacent cells in all directions. The end of each one of the 
shafts is determined by cells containing endpoint which obviously no longer generate 
children. 

As the tree is traversed, the characteristics or parameters from each cell are ob-
tained to determine the structure and type(s) of vessels contained inside it. For this, it 
is necessary to determine previously the following features and data of each cell being 
analyzed: 

• The number of contacts between the skeletonized vessels and the cell edges. 
• The number of connected components inside the cell. 
• Analyze each one of the connected components in the cell and with the aid of 

the skeleton determine if it is a bifurcation, trifurcation, crossing point, ending 
point, or simply a vessel segment. 

• Measure the thickness of the each blood vessel touching the edges of the cell 
with coordinates (X, Y) being analyzed and store the data together with the 
coordinates (x, y) where any pixel of the skeletonized blood vessel contacts 
with the edge. 

 

To carry out the entire process of classification of vessels contained in each cell, a 
decision tree must be generated with the necessary rules to be taken into account from 
the contents of each cell and those adjacent to it, in order to classify them as arterial 
or venous. These rules are the following: 

• To differentiate a crossing point from a bifurcation.  
• To detect the type of particular points of the segmented network.  
• If there is a branch which by their nature or position cannot be classified when 

it outs the optic disc, simply it is classified as indefinite and the white color is 
assigned to it. 

• Crosses are always between two branches of different type; the type of each 
vessel depends on the type of the vessel previously classified according to the 
direction that it comes from. 

Based on the parameters setting described previously and the cells already labeled 
that are located around the cell under analysis, the task is to classify this cell in one of 
possible combinations depending on the number of contacts with their four edges and 
on the structure of blood vessels located within it. This procedure is repeated with 
each one of the cells included in the table of cells not classified yet and those cells 
which still remains as partially classified, until all cells of the segmented image are 
completely classified.  
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networks. Likewise, Table 2 tabulates the average error in percent calculated compar-
ing the images with both networks manually separated in the original image and  
images with the venous and arterial blood vessels separated by our methodology.  

Table 2. Average error (in percent) obtained in vascular network classification 

Blood vessel type Average error (%) 

Arterial 18.49 

Venous 13.37 

Entire vascular network 15.84 

 
Another way to validate the quality of the separation of venous and arterial blood 

vessel networks is comparing the number of bifurcations and ending points, venous 
and arterials, as well as the crosses detected between the branches of both networks 
with the proposed methodology and those obtained from the composite image ma-
nually classified. As it can be noted the methodology was able to detect correctly, as 
average, 89.80% of crosses, 86.07% of bifurcations and 95.24% of ending points, 
resulting finally a global average detection of approximately 90%. Also, the metho-
dology was evaluated with respect to the invariance to the affine transformations like 
translation, rotation and scale. These tests were carried out over 10 images from the 
test set of the DRIVE database, to which small variations were applied in each case. 
After the application of small variations to the affine transformations of translation, 
rotation and changes in scale, the results obtained do not vary appreciably with re-
spect to those obtained in images without such transformations, inclusive the results 
are a little better probably because the test sample set is smaller than in all previous 
cases. Then, we can conclude that the proposed methodology is invariant to the affine 
transformations of translation, rotation and change in scale. This means that we can 
use the proposed procedure to separate the venous and arterial networks over different 
images of the same eye of the same person. In all cases the results will be similar. 

5 Conclusions 

In this paper it has been demonstrated that the retina vascular network can be sepa-
rated in its venous and arterial branches following the logical rules used for assem-
bling a puzzle. The procedure is based on the physiological properties of the human 
retina vascular networks and the morphological properties of a tree structure as well. 
For arterial blood vessels we get a classification capability, based on the pixel count-
ing, of 84.88% while for venous blood vessels was of 82.87%. This indicates us that 
the methodology classified correctly (as average) the 83.80% of the total blood ves-
sels in the images. The methodology was able to detect correctly, as average, 89.80% 
of crosses, 86.07% of bifurcations and 95.24% of ending points, resulting finally a 
global average detection of approximately 90%. The semi-supervised methodology 
was evaluated also with respect to the invariance to the affine transformations of 
translation, rotation and scale. These tests were carried out over 10 images from the 
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test set of the DRIVE database, to which small variations were applied in each case. 
In the case of translation, for the entire vascular network a Recall of 87.69%, a Preci-
sion of 88.79%, Coverage of 98.76, and an error of 11.21% was obtained. In the case 
of the scale, corresponding values were 85.22%, 85.44%, 99.74% and 14.56%. Final-
ly, for rotation they were, correspondingly, 85.45%, 86.49%, 98.80% and 13.51%. It 
is important to point out that the number of errors appears higher because those ven-
ous pixels located in cells where crosses were detected they were counted always as 
arterial ones. In the near future we will refine the error calculation when taking into 
consideration the venous pixels in all crosses detected.  
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