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a  b  s  t  r  a  c  t

In recent  years  researchers  have  found  that alternations  in  arterial  or venular  tree  of  the  retinal  vascul-
ature  are  associated  with several  public  health  problems  such  as  diabetic  retinopathy  which  is  also  the
leading  cause  of blindness  in the  world.  A prerequisite  for automated  assessment  of  subtle  changes  in
arteries  and veins,  is to  accurately  separate  those  vessels  from  each  other.  This  is a difficult  task  due  to
high  similarity  between  arteries  and  veins  in  addition  to  variation  of  color  and  non-uniform  illumination
inter  and  intra  retinal  images.  In this  paper  a novel  structural  and  automated  method  is  presented  for
artery/vein  classification  of blood  vessels  in  retinal  images.  The  proposed  method  consists  of three  main
steps.  In the  first  step,  several  image  enhancement  techniques  are employed  to  improve  the images.
Then  a specific  feature  extraction  process  is  applied  to separate  major  arteries  from  veins.  Indeed,  ves-
sels are  divided  to smaller  segments  and  feature  extraction  and vessel  classification  are  applied  to each
small  vessel  segment  instead  of  each  vessel  point.  Finally,  a post  processing  step  is  added  to  improve  the
results  obtained  from  the  previous  step  using  structural  characteristics  of the  retinal  vascular  network.  In
the  last stage,  vessel  features  at intersection  and bifurcation  points  are  processed  for  detection  of  arterial

and venular  sub  trees.  Ultimately  vessel  labels are  revised  by publishing  the  dominant  label  through  each
identified  connected  tree  of arteries  or veins.  Evaluation  of the  proposed  approach  against  two  different
datasets  of retinal  images  including  DRIVE  database  demonstrates  the  good  performance  and  robustness
of the  method.  The  proposed  method  may  be used  for determination  of  arteriolar  to  venular  diameter
ratio  in  retinal  images.  Also  the proposed  method  potentially  allows  for further  investigation  of  labels  of
thinner arteries  and  veins  which  might  be found  by tracing  them  back  to the  major  vessels.
. Introduction

Retinal image analysis has been an active field of research in
he scope of medical image processing for years since it has been
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
Med  Imaging Graph (2013), http://dx.doi.org/10.1016/j.compmedimag.201

ealized that alternations in retinal vascular network are associated
ith several cardiovascular disorders. Recently, ophthalmologists
ave assigned the small changes in the caliber of arteries and veins
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to several micro-vascular diseases such as diabetic retinopathy.
Diabetic retinopathy is an increasingly growing public health prob-
lem and the leading cause of blindness in the world. Also other
diseases such as atherosclerosis and hypertension affect arteries
and veins differently leading to an abnormal artery to vein width
ratio (AVR) in retinal vasculature [1–4]. Ophthalmologists sug-
gest that cardiovascular diseases may  affect the length of vessels,
increase their curvature and tortuosity, or modify the appearance
of vessels. Therefore investigation of changes in arteries and veins
might lead to significant foundations and deserves to be explored.

Manual assessment of subtle changes in arteries and veins is a
cumbersome task and requires highly trained personnel. As a result,
developing computer algorithms for this purpose are of paramount
importance in assisting doctors for early identification and timely
treatment of the associated diseases. An important pre-requisite for
automated measurement of small changes in each type of vessels,
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

is separation of arteries from veins. This task must be performed
precisely in order to detect early signs of the mentioned diseases.

Automated classification of retinal blood vessels into arteries
and veins is a difficult task and has been less explored in the
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iterature. Arteries and veins are very similar in appearance. In
ddition, the curved shape of retina and inappropriate illumina-
ion conditions during image acquisition process might lead to non
niform illumination through retinal images. Also biological char-
cteristics, in this case changes in color of retina from person to
erson, raise another problem [5,6].

There have been a number of methods reported in the liter-
ture for artery/vein classification of retinal blood vessels which
all into two categories: automated and semi-automated meth-
ds. The automated methods are based on feature extraction from
ajor vessels. In those methods first, vascular network is separated

rom image background and other structures in the image. Then the
enterline pixels or skeleton of vessels are extracted from the seg-
ented vascular tree. For each centerline pixel, various features are

alculated and finally each centerline pixel is assigned an artery or
 vein label by classifier. In a semi-automated approach, first, initial
oints of main vessels are labeled by ophthalmologists as arteries
r veins. Then those labels are propagated toward smaller vessels
sing the structural characteristics and connectivity information of
he vascular tree. According to structural features of vascular tree,
n artery or vein never crosses a vessel of the same type which
eans in a cross over point one vessel is artery and the other one is

ein. Also three vessel segments connected to each other through
 bifurcation point are of the same type of vessel.

The research work carried by Grisan and Ruggeri in 2003 [7] was
mong first attempts to separate arteries from veins automatically.
he main idea behind their method was the symmetric division
f the optical disk (OD) based retinal images into four partitions,
eature extraction from vessels and applying fuzzy clustering clas-
ification to vessels in each partition independently. The results in
ach region were then combined and the total error rate of 12.4%
or artery/vein classification in 24 images was reported. In another
aper, Li et al. [8], adjusted a piece-wise Gaussian model to capture
he central reflex feature of blood vessels which is more obvious
n arteries than veins and Jelinek et al. [9], tested different classi-
ers and features in RGB and HSL color spaces for discrimination of
rteries from veins. Also Konderman et al. [10] 2007 used features
ased on vessel profile at each centerline pixel as well as intensity
alues of pixels around those centerline points for classification of
rteries and veins. They achieved 96.32% accuracy for classification
f arteries and veins in 4 images. These methods are not compa-
able since they have been evaluated on different datasets most of
hich contain a few images.

In 2007 Rothaus et al. [11], proposed a semi-automated method
or separation of artery map  from veins. They assumed the vascular
ree as a graph where intersection and bifurcation points are con-
idered as vertices of the graph. The vessel segments connected at
ertices were treated as edges of the graph. Utilizing an optimiza-
ion problem they attempted to publish the manually labeled initial
essel points through the graph leaving the minimum conflicts pos-
ible using structural features of vessel tree. They have reported
heir results as the number of unresolved conflicts in vessel map.
iemeijer et al. [12], extracted features such as pixel intensity and
verage intensity values on profile of vessels in HSL color space.
hey have also exploit steerable Gaussian features from profiles of
essels at different angles in Green plane and classified the major
essels using kNN classifier. They have evaluated their method on
ublicly available database of DRIVE and achieved 88% area under
OC curve. V’azquez et al. [13], combined several feature vectors
nd clustering algorithms in regions of different radii from optical
isk. They achieved the best results by dividing the image into four
artitions and applying feature extraction to each partition sepa-
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
Med  Imaging Graph (2013), http://dx.doi.org/10.1016/j.compmedimag.201

ately repeating this process by rotating the image. Combining the
esults in the resulted overlapping regions they reported classifi-
ation accuracy of 86.34% on VICAVR dataset which consists of 58
D based retinal images. V’azquez et al. [14], raised this accuracy
 PRESS
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up to 91% by applying multi-scale retinex image enhancement to
the images before feature extraction step.

Accurate classification of arteries from veins has been studied
mainly for measurement of arteriolar-to-venular diameter ratio
(AVR) [15–18] so far and is based on feature extraction from major
vessels. The process of AVR estimation follows segmentation of ves-
sels in a region of interest for measuring AVR [19,20] separation
of major arteries from veins in the so-called region, and mea-
suring the mean diameter of vessels in each class for calculation
of final arteriolar-to-venular diameter ratio. However, extending
those methods to a broader range of vessels is of high interest
to ophthalmologists since will allow them to study the properties
of each type of vessels independently and analysis the probable
effects of micro vascular complications such as changes in curva-
ture, branching pattern or appearance of vessels. For this purpose,
structural characteristics of vessel network are exploited in order
to publish the labels to smaller vessels that are hardly recognizable
using their color features. Methods which use structural features
are dependent on the quality of vessel segmentation and how much
correctly labeled the major vessels are. Lack of information for
finding connectivity of vessels at cross over and bifurcation points
as well as publishing a wrong label may  decrease the recognition
rate considerably. Methods such as [21] use the manually labeled
vessels as start points for spreading the labels. The method also
requires user interference for revising the incorrectly labeled artery
or vein trees found by their algorithm. To develop an automated
method, initial points of vessels must be labeled using feature
extraction. This process however, increases the probability of pub-
lishing a wrong label comparing to semi-automated method and
thus requires the main vessels from which the thinner ones are
traced to be classified with a high accuracy.

In this paper we present an automated method for classification
of relatively major retinal vessels into arteries and veins. We intend
to develop an automated method for separation of all vessels from
which the secondary or small vessels are traced while we main-
tain the recognition rate of main vessel in the region of interest for
AVR measurement comparable with previous methods. The final
output of the proposed method is two  binary images of artery and
vein maps which can be used as start maps for spreading labels of
major vessels toward small ones. Also the method may  be used for
determination of AVR.

The major contributions of the paper are as follow:

1. The proposed method in this paper achieves high classification
rate without increasing the training samples or adding many fea-
tures. By dividing the vessels many redundant sample points are
removed.

2. Combination of image enhancement techniques such as his-
togram matching, CLAHE and MSRCR improves the results
significantly.

3. We  present an automated method which combines color fea-
tures with structural features of vessel networks that leads to
better results.

4. Also in this paper a new region separation scheme is proposed for
improving the clustering classification of retinal blood vessels.

This paper is organized as follows: Section 2 is devoted to
description of two datasets of retinal images used in this paper
including publicly available dataset of DRIVE. In Section 3 the pro-
posed method is explained which consists of three main steps
including image enhancement, classification of vessels into arteries
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

and veins and a post processing step for improving the classifica-
tion rate obtained from previous step. In Section 4 experimental
results are discussed in detail. Ultimately Section 5 concludes the
research.

dx.doi.org/10.1016/,DanaInfo=ac.els-cdn.com+j.compmedimag.2013.06.003
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Fig. 1. Sample images of DRIVE database. Note the high color and illumination variation inter and intra images.
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. Dataset

In this paper two different datasets of retinal images have
een used for evaluation of the proposed methods which will
e explained in this section. The first dataset is DRIVE which

s publicly available and has been widely used for evaluation
f algorithms developed to deal with different problems in the
rea of retinal image processing such as retinal vessel extrac-
ion. We  also use a second dataset which has been provided in
hatam-Al-Anbia eye hospital of Mashhad, Iran to evaluate the
obustness and performance of our proposed method on different
mages.

.1. DRIVE database

DRIVE database [35] was introduced in 2004 and is publicly
vailable for evaluation of research works on retinal vessel segmen-
ation. This database includes 20 train and 20 test images which
re selected randomly from 400 photographs taken from diabetic
ubjects. 7 of those images show early sign of diabetic retinopa-
hy. For each of those 40 images, there is a binary map  of vessels
hat is segmented manually and can be used as reference standard.
o compare the result of automated vessel classification, our oph-
halmologist separated relatively major vessels using blue color for
eins and red for arteries. These images are used as gold standard
n this paper. Some sample image from DRIVE database can be seen
n Fig. 1.

.2. Retinal images of Khatam

Khatam dataset has been obtained in Khatam-Al-Anbia eye hos-
ital of Mashhad, Iran and currently include 13 retinal images with
he resolution of 2592 × 3872. For every image two  separate binary

aps of arteries and veins have been provided under the supervi-
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
Med  Imaging Graph (2013), http://dx.doi.org/10.1016/j.compmedimag.201

ion of an ophthalmologist for evaluation of results of the proposed
ethod. Also the location of optical disk in each image is deter-
ined manually. This image set is used to evaluate the robustness

f our method. See Fig. 2.
3. The proposed method

In this section, the proposed method is presented which consists
of three steps: Image enhancement, vessel classification and post-
processing. Each step of these stages will be explained in detail.

The general approach an ophthalmologist utilizes for separation
of arteries from veins is as follows: First the optical disk in image is
detected. Optical disk is a bright approximately oval shape area in
retina which acts as an entrance region for vessels. Thus the initial
points of major vessels can be found around optical disk and traced
outwards to the thinner vessels. Major vessels in the region around
the (O.D.) can be discriminated based on features such as color,
illumination, central reflex and width of vessels. Generally, arteries
are brighter and thinner than veins and the central reflex at the
inner part of vessels is more obvious in arteries since they carry
blood rich in oxygen.

The ophthalmologists then track the major vessels toward thin-
ner ones. Tracking the vessels might be based on both color and
width of vessels and structural features at cross over and bifurca-
tion points in the vascular network. As the vessels become smaller,
tracking become dependent mostly on structural features at cross
over and bifurcation points. Cross over points are the points where
two vessels of different types cross each other. In bifurcation points
a vessel branches out into two thinner vessels. The structural char-
acteristics of vessels are used as rules explained below:

• Arteries never cross arteries and the same is true for veins. Thus
in any cross-over points where two  vessels cross each other, one
of them is artery and another on is vein.

• The retinal blood vasculature follows the structure of a binary
tree. Therefore, a vessel branches into two vessels of the same
type which means, in every bifurcation point, three vessel seg-
ments connected to each other are from the same class of vessel.

Fig. 3 illustrates the semi automated process of artery/vein clas-
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

sification. The semi-automated approach as was explained earlier is
based on tracking initial vessel points that are manually labeled by
ophthalmologists toward thinner vessels. The first idea that comes
to mind for developing an automated method for the artery/vein

dx.doi.org/10.1016/,DanaInfo=ac.els-cdn.com+j.compmedimag.2013.06.003
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ig. 2. (a) Sample images of Khatam database. Note the high color and illuminatio
rtery and vein maps separated manually by ophthalmologists.

lassification of retinal blood vessels may  be to classify the major
essels near optical disk and propagate their labels through the
hole vessel tree using color and structural features. However, if

he initial points are labeled incorrectly by the automated feature
ased method, a wrong label will be published through the vessels.
herefore, we attempt to classify the relatively major vessels all
ver the retinal images and connect the vessels of the same type
hrough finding sub trees of arteries and veins. Indeed after the ini-
ial classification of vessels using their color features, the dominant
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
Med  Imaging Graph (2013), http://dx.doi.org/10.1016/j.compmedimag.201

abel in each vessel sub tree is propagated through vessel points of
hat sub tree.

In the proposed method, first the contrast and quality of the
mages are improved. Then vessel network is extracted from the

ig. 3. (a) A sample RGB retinal image for which the semi-automated tracking based
rtery/vein classification is shown. As can be seen the main vessels near the optical
isk are labeled and tracked toward the thinner ones. (b) Two  vessels cross each
ther and make four vessel segments two of which are certainly veins and the other
wo segments are arteries. (c) A bifurcation point where three vessel segments are
onnected. All of the three vessels are of the same type.
ation inter and intra images. (b) The second and third rows respectively show the

image background and major vessels are classified into arteries
and veins. Finally connected sub trees of vessels are found using
structural features and the dominant label in each sub tree of ves-
sels is published through the entire tree. Fig. 4 shows stages of the
proposed method.

Next the first stage of the proposed algorithm which is image
enhancement will be explained followed by feature extraction and
post processing steps.

3.1. Image enhancement

Before classification of blood vessels into arteries and veins we
attempt to improve the retinal images by evaluation of several
image enhancement techniques. Image enhancement is an impor-
tant step in our method since the contrast between arteries and
veins in the retinal images are initially very low. Also the variation
of color and illumination inter and intra images significantly affect
the recognition rate of the automated methods [5–7].

For color normalization through images a histogram match-
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

ing algorithm is applied. Histogram matching algorithm takes two
images including the source image A and the reference image R
and returns image B as the output. Using the histogram match-
ing algorithm, image A is transformed so that the histogram of

Fig. 4. Stages of the proposed method.

dx.doi.org/10.1016/,DanaInfo=ac.els-cdn.com+j.compmedimag.2013.06.003
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esulted image B approximately matches the histogram of the ref-
rence image R. The reference image is chosen subjectively by
phthalmologist as an image which is better in quality and con-
rast comparing to other images in the training set. In this paper
he reference image has been selected from DRIVE database and is
sed for histogram matching in both DRIVE and Khatam datasets.
he histogram matching method is applied to each individual RGB
mage. For each RGB channel histogram matching is employed inde-
endently which means that the histograms of red, green and blue
hannels are matched respectively with histograms of red, green
nd blue channels of the reference RGB image.

After color image normalization, three different techniques
ncluding generalized histogram equalization (GHE), piece-wise
istogram equalization (PHE) and adaptive histogram equalization
AHE) are applied to the images for improving their contrast. GHE is
idely used in image processing applications for image enhance-
ent. GHE changes the intensity distribution in order to make it

niform to its utmost degree.
One of the variations of histogram equalization is piece wise

istogram equalization (PHE). These methods are usually more
ffective than simple histogram equalization and faster than local
ethods. In such methods, histogram of image is divided to sub his-

ograms based on different criterions such as local minima points
f the histogram. Then each sub histogram is equalized separately.

Wu et al. [22] proposed weighting mean-separated sub his-
ogram equalization method for contrast enhancement. They used
q. (1) for determining each sub histogram points:

t =
∑b

l=al × CDF(l)∑b
l=aCDF(l)

(1)

here t is the recursion level, [a b] is each sub histogram level ini-
ialized at [0 255], l is gray level and CDF represents the cumulative
ensity function for histogram of image.

Afterwards each sub histogram is equalized using the weighted
ransform function below:

k(Gk) = Xk + (Xk+1 − Xx) × (CDFk(Gk)) (2)

k represents the gray level for the respective sub histogram
Xk Xk+1].

We also examine a fully automated piece-wise linear histogram
qualization method introduced in [23] for image enhancement in
olor images. In their method, major picks of the histogram are used
s midpoints for histogram segmentation. First the histogram of
mage in each channel is obtained. Afterwards a smoothing function
s used to omit the frequent non-important picks of the histogram.
he input points are determined by the intensity values of the
espective picks and the output ones are indicated using Eq. (3).
inally each sub histogram is equalized piece wisely using the new
ransform function defined by Eq. (4)

k =
vk∑

x=0

Pr(x) × 255 (3)

k−1(x) = Yk − Yk−1

Xk − Xk−1
× (X − Xk−1) + Yk−1 (4)

here [Xk Xk−1] represent interval for each sub histogram. Yk rep-
esents the output for candidate midpoints and Pr is the probability
ensity function.

Their results are better comparing to GHE. Finally CLAHE is
pplied which leads to better results comparing to GHE and PHE.
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
Med  Imaging Graph (2013), http://dx.doi.org/10.1016/j.compmedimag.201

LAHE operates on small regions in the image, called tiles, rather
han the entire image. Each tile’s contrast is enhanced, so that the
istogram of the output region approximately matches the his-
ogram specified by the ‘Distribution’ parameter. The neighboring
 PRESS
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tiles are then combined using bilinear interpolation to eliminate
artificially induced boundaries. The contrast, especially in homo-
geneous areas, can be limited to avoid amplifying any noise that
might be present in the image. As can be seen in Fig. 5 the output
images from CLAHE technique look better. Also objective experi-
ments confirm the superiority of the CLAHE comparing to the other
methods. For further information refer to [24].

Although the contrast between arteries and vein increases, non
uniform illumination still remains a problem in the retinal images.
To lessen the effect of inhomogenous illumination Multi-scale
retinex with color restoration (MSRCR) image enhancement tech-
nique is employed [25,26]. Multi-scale retinex (MSR) method has
gained special attention in recent years for shadow removing and to
overcome the problem of non-uniformity of illumination in image
.The idea behind Retinex theory is to approximate the illumination
in image using Gaussian function and subtracting the estimation
from the original image. The output is an image invariant to illumi-
nation. The single scale retinex output is obtained using:

Ri = log Ii(x, y) − log[F(x, y) ∗ Ii(x, y)] (5)

F(x, y) = Ke
− x2+y2

�2 (6)

where Ri represents the output of single scale retinex, I is the input
image, F represents the surround function, sigma is the scale for
controlling the surround function and i is the respective index for
each RGB plane. The multi-scale version is the summation of single
scale retinex (SSR) output in multiple desired scales as follow:

Rm =
N∑

n=1

WnRni
(7)

where Wn is the respective weight for each SSR output and N is the
number of scales. As was discussed by Jobson et al. [25], usually
three scales (small, medium and large) are enough for the most
images. MSRCR combines the dynamic range compression of the
small-scale retinex and the tonal rendition of the large scale retinex
with a universally applied color restoration. Indeed, color restora-
tion is added to preserve a reasonable degree of color constancy in
the images.

MSRCRi = G[Ci{log Ii − log[Ii ∗ Fn]} + b] (8)

where G and b are the final gain and offset values and:

Ci = ˇ

{
log[˛Ii] − log

[
s∑

i=1

Ii

]}
(9)

where  ̌ is a gain constant and  ̨ controls the strength of the non-
linearity. V’azquez et al. [14], previously discussed the influence of
single scale and multi-scale retinex on retinal images of VICAVR
dataset and the result demonstrated that the images were best
improved using a multi scale retinex with three scales including
small, middle and large scales. In our method, The MSRCR approach
is applied to each channel of RGB color space for every individ-
ual retinal image in DRIVE and Khatam-Al-Anbia datasets. The
parameters are set using an evaluation set of data so that the color
information is preserved while the illumination condition improves
in the images.

Fig. 5 demonstrates resulted images after applying CLAHE and
MSRCR on two  mainly used planes for classification of vessels
including red and green. Blue channel usually contains much noise
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

and is removed from the process of feature extraction. Later objec-
tive comparisons also demonstrate that applying MSRCR after
CLAHE improves the classification rate of vessels substantially in
red and green planes [24].
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ig. 5. (a) First column shows sample images in Red and Green channels of RGB co
nd  before applying MSRCR. (c) Third column shows the resulted images after apply
n  this figure legend, the reader is referred to the web  version of the article.)

.2. Feature extraction and vessel classification

There have been a number of methods in the literature pro-
osed for artery/vein classification of blood vessels. The automated
pproaches are based on feature extraction from major vessels.
articularly most of those methods concentrate on classification
f vessels in the region of interest for AVR measurement.

For classification of vessels first vascular structure must be
xtracted from image as a binary image which indicates the loca-
ion of vessel pixels. There have been many approaches presented
or vessel extraction from retinal images [27–30]. In this paper we
ave used the method proposed by Soares et al. which uses Gabor
avelets for feature extraction [31].

After vessel extraction small vessel thinner than three pixels are
emoved from the vessel network using morphological structures
nd a thinning algorithm [32,33] is applied to the rest of vessels
or extraction of their centerline points. The thinning algorithm
emoves the outer pixels of the vessels until a structure of one
ixel thickness is obtained. The thinning method used in this paper
aintains the connectivity of the vessels. See Fig. 6. The skeleton

f vessels is used for feature extraction and tracking of the vessels
hrough the vessel tree.
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
Med  Imaging Graph (2013), http://dx.doi.org/10.1016/j.compmedimag.201

After extraction of centerline pixels of vessels, bifurcation and
ross-over points are discarded from vessel skeleton. Cross over
nd bifurcation points are the pixels in skeleton for which there
re more than two adjacent pixels in the skeleton. Indeed, they

Fig. 6. (a) A sample retinal image. (b) Binary map  of vascular tree for the
ace. (b) Second column shows respective images after enhancement using CLAHE
AHE and MSRCR image enhancement. (For interpretation of the references to color

indicate where two vessels pass each other or a vessel branches
into two thinner vessels. The output of this stage contains a binary
image of vessel segments.

Most of the previous studies discriminate vessels based on pixel
classification which means for each centerline pixel features are
extracted and assigned to that pixel. The extracted features are usu-
ally obtained by taking the average or variance of intensity values
of pixels located on profile of vessels or neighbor pixels around the
centerline ones. Profile is a one pixel thick line perpendicular to the
vessel direction. See Fig. 7. In addition to profile based features from
RGB planes of color images, pixel intensity features from HSL color
space have been employed for artery/vein classification [7]. Some
methods used the Gaussian derivatives of pixel intensities at differ-
ent angles that are suitable for capturing the central reflex property
of blood vessels [12]. Arteries and veins can be discriminated the
best using the red plane since veins have dark red color and arteries
are bright red. However, since we have great loss of information for
some images in the red channel and this channel is very saturated
for some images and thus has less space to improve, green plane
must be added for feature extraction. We also investigate the HSL
and LAB color spaces since the contrast between arteries and veins
in some green images is very low.
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

All the pixels in each vessel segments are connected and of the
same type, and usually features do not change much for consecu-
tive pixels in a close neighborhood. Therefore, we  divide each vessel
segment into smaller vessels and extract our features for new sub

 image in (a). (c) Skeleton of vascular tree for the respective image.
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Fig. 7. (a) In previous works features were extracted from pixels on profile of vessel
for  every centerline pixel. The label assigned to the majority of centerline pixels
by  the classifier was  then propagated through the whole vessel segment. (b) In this
work each vessel segment is divided to smaller sub vessels and features are extracted
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Fig. 8. (a) Major arteries and veins classified by the proposed method. (b) Artery map
before post-processing. (c) Vein map  before post processing. (d) Artery map after

ously classified vessel segment for which the respective connected
ver pixel in the skeleton of sub vessel or in the whole sub vessel inside the circular
indow.

essels instead of each centerline pixel. See Fig. 7. Each vessel seg-
ent consists of an inner part and outer part or walls of vessels.

he color and illumination in the inner part and walls of vessels
re different for arteries and veins. Since arteries carry blood rich
n oxygen their inner part is brighter than their walls comparing
o veins which means the central reflex feature is more obvious in
rteries.

After dividing the vessel, for each new sub vessel features such
s mean and variance of intensity values for the centerline pix-
ls as well as the pixels of the entire sub vessel are extracted and
ssigned to that sub vessel. Also difference of the average value
f pixel intensities over centerline pixels and walls of vessels are
btained in each planes of image in RGB, HSL and LAB color spaces
nd added to the feature vector. Using mean and variance of pixel
ntensities for a broader range of pixels comparing to profile or
ixel based features decrease the effect of noise and outliers in the
lassification process. For calculation of mean and variance values
n inner points of vessels, skeleton of vessels is exploited since the
keleton has much overlap with the centerline pixels of the ves-
els. For measurement of other features a window of size 12*12 is
ocated on the middle point of each sub vessel and the mean and
ariance are calculated for the pixels of vessels inside the window
34]. See Fig. 7.

Finally, a forward feature selection method is used for selection
f the most discriminant features for training the classifier. Each
eature is added to the feature vector. If the accuracy for the evalu-
tion set of images increases, that feature is considered for the final
eature vector. Table 1 shows the best features that have been cho-
en by feature selection process and have been used for the final
lassification of vessels. As is seen in Table 1, most selected features
re extracted from red and green channels which means arteries are
ecognized from veins better in these two channels.

Also several classifiers including Kmeans, fuzzy clustering, SVM
nd LDA are evaluated for classification of arteries and veins. For
raining and evaluation of the classifiers we use DRIVE database
hich include 20 train and 20 test images. The training set is divided

nto two sets of 10 images. The first 10 images are used for training
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
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he classifiers. The other 10 images are used for determination of
arameters, features and the best classifier. Finally the best classi-
er is trained with the set of 10 training images and is applied to
post-processing. (e) Vein map  after post-processing. As can be seen some incorrectly
labeled vessels are returned to their true map using connectivity information and
structural features of vascular tree.

20 test images. The classifier assigns an artery or vein label to each
sub vessel segment.

All vessel points in each initial vessel segment are of the same
class. Thus number of pixels of that vessel segment which are artery
or vein are counted and dominant label is assigned to every pixel of
that vessel segment. The total accuracy of the classification method
is measured by:

Accuracy = nc

nc + ni
× 100 (10)

where nc is the number of vessel points that receive a correct artery
or vein label by the classifier and ni is the number of incorrectly
labeled pixels.

3.3. Post-processing

In the previous step vessels thicker than 3 pixels all over the reti-
nal images have been classified into arteries and veins. The output
of the previous step is two  binary images of vessel maps for arteries
and veins. As can be seen from Fig. 8 there are some vessel segments
that are not connected to the detected artery or vein tree. Indeed
these vessel segments were incorrectly labeled and must return to
the other vessel map. In this section we  attempt to correct the label
of such vessels based on the labels of their adjacent vessel segments
or other vessels that are connected to them.

The post-processing stage includes two  steps. First connected
vessels of the same type are found using the structural knowledge
at cross over and bifurcation points. The structural knowledge of
the retinal vascular tree is used in form of two  rules. The first rule
demonstrates that if three vessel segments are connected to each
other through a bifurcation point, then all of the three vessels must
be of the same type. The second rule demonstrates that if two  ves-
sels cross each other, one is artery and the other one is vein. In the
second step, for each detected sub tree of artery or vein, number
of vessel points labeled as arteries and veins are counted and the
dominant label in that sub tree is found. If the number of vessel
pixels with the dominant label exceeds a threshold then the dom-
inant label of that vessel sub tree is assigned to all vessel points of
that tree.

To find sub trees of connected vessels, we start from vessel seg-
ments labeled as arteries or veins in the previous step. We  also need
the skeleton of the entire vessel network to discriminate cross over
and bifurcation points. Consider vessel segment I as the first previ-
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

tree is going to be found. We must find all other vessel segments
which are connected to this segment I directly or indirectly. To find
these vessels, two  end points of vessel I are investigated. If the end

dx.doi.org/10.1016/,DanaInfo=ac.els-cdn.com+j.compmedimag.2013.06.003
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Table  1
Explains the best features extracted from vessels.

F# Feature description for each sub vessel

1 Mean value for pixels of the skeleton of each sub vessel in red image
2  Mean value for pixels of the skeleton of each sub vessel in green image
3  Mean value for all pixels of sub vessel in red image
4  Mean value for all pixels of sub vessel in Green image
5  Variance value for all pixels of sub vessel in A channel of LAB color space
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regions improves the classification result comparing to when clus-
tering is performed on the whole image. Finally after comparing the
artery/vein classification rate obtained by support vector machine

Fig. 9. (a) Retinal image is partitioned into four symmetric regions based on O.D.
6  Variance value for all pixels of sub vessel in B chan
7  Difference of mean of intensity values on pixels of 

8  Difference of mean of intensity values on pixels of 

oint is a bifurcation point as was indicated by rule number one
he other two vessel segments connected to I are of the same type
s I and belong to the sub tree. However we only add those vessels
or which the classifier has assigned a label. If the end point is a
ross over, then one of the vessel segments adjacent to I is of the
ame type as I. To find that vessel segment from the three adjacent
essels, we pick the vessel segment which has the same direction
s vessel I. The procedure is then repeated for each vessel segment
hat has been added to the sub tree until there is no more vessel
egment to be added. Then the dominant label for the sub tree of
essels is found. If the number of vessel points of the same type as
he dominant label is higher than threshold � (above 75%) then the
ominant label is propagated through the vessel sub tree.

The procedure indeed attempts to find artery or vein sub trees
f major vessels with the maximum connected vessels possible
sing the structural knowledge and revise the vessel labels consid-
ring the dominant label in each sub tree. Also note that during the
xtraction of vessel centerline points, cross over points turn into
wo bifurcation points very close to each other. Therefore instead
f counting the number of adjacent pixels to each centerline points

 window is located on the centerline point and if the number of
ntersections of vessel with that window is four, the point might be

 cross over. In this paper we have used a circular window of radius
 pixels.

As seen in Fig. 8 some of the vessel segments that has been
abeled mistakenly and thus are not connected to the detected
rtery or vein map  are returned to their true vessel map.

. Experimental results

In this section we study the performance of our proposed
ethod on two datasets described previously and attempt to per-

orm a fair comparison with other approaches proposed in the
iterature for artery/vein classification of retinal blood vessels.

Automated classification of blood vessels has been much
nvestigated for classification of major vessels aimed at AVR mea-
urement. For AVR measurement as was explained previously,
ajor vessels in a circular region around the (O.D.) and of a cer-

ain distance from O.D. are extracted and classified into arteries and
eins. Major vessels are usually considered as those vessels which
irectly exit from optical disk. In some methods only main arter-

es and veins running parallel to each other are taken into account
or AVR measurement [16]. Other methods consider major vessels
s those which are distinguishable by ophthalmologist using only
heir color features [12]. For classification of major vessels using
upervised methods, classifier is trained using arteries and veins
hich have been marked by ophthalmologists only considering

heir color features. Indeed, involving secondary vessels greatly
ecrease the recognition rate of major vessels since small vessels
re hardly recognizable by their color.
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
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Also classification rate of arteries and veins is affected by the
egion where vessels are located. V’azquez et al. [14] discussed the
rtery/vein classification rate of vessels in regions of different dis-
ances from O.D. to determine the best region for AVR calculation
 LAB color space
nd centerline pixels of vessels in Red channel
nd centerline pixels of vessels in Luminance channel

in their paper. They concluded that the region of radius 2.5 times
the optic disk radius is the best one for AVR measurement for their
database. In addition to these problems, another factor that might
make the comparison of different methods difficult is the recogni-
tion rate of the method used for extraction of vessels. In Table 2,
the most recent methods for classification of retinal blood vessels
are compared.

In this paper, we  attempted to classify the vessels thicker than
three pixels all over the retinal image with high recognition rate
while maintaining the recognition rate in ROI high for AVR cal-
culation. Classification of major vessels all over the images will
potentially allow for developing an automated method for classi-
fication of the complete vascular network since small vessels are
labeled by tracing them back to the major vessels. For vessel seg-
mentation we  used the Soares [31] code which is publicly available.
The accuracy of their method on DRIVE database is 96%.

For separation of arteries from veins we  investigate both unsu-
pervised and supervised classification. Unsupervised classification
of vessels is of high interest for ophthalmologist due to indepen-
dent classification of vessels in each image and preventing the
method from being favored toward a particular dataset. How-
ever, high variation of illumination through each image makes it
hard for clustering based methods to efficiently classify vessels
all over the retinal image. Some methods such as [8,14] divide
the O.D. based images into four symmetric partitions and perform
clustering on each region independently to lessen the effect of non-
uniform illumination. However, in these methods it is necessary
that each region includes at least a pair of artery and veins. Since
our data is not necessarily O.D. centered, instead of dividing the
image into four regions based on O.D. we use overlapped circu-
lar regions as is shown in Fig. 9 and perform clustering in each
region independently. Combination of results in different circular
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

Each partition is rotated 20◦ and clustering is applied [14]. (b) Retinal image is par-
tition into circular regions around O.D. and also into two upper and lower regions
A  and B. clustering is applied on each circular region and also on two  consecutive
circles in each region A and B independently. Final results are combined based on
major voting.
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Table 2
Result of most recent automated methods for retinal blood vessel classification against public available databases.

Method Database Accuracy Description

Vazquez et al. [14] K-means clustering VICAVR 91% OD based images
Niemeijer et al. [12] kNN classification + 12 features DRIVE 0.88 ROC curve area Major vessels separated by

ophthalmologist + manually
segmented vessels

Niemeijer et al. [15] LDA classification + 27 features 65 High resolution O.D.
centered images

0.84 ROC curve area All vessels in ROI  of 1–1.5 dist diameter

Muramatsu et al. [16] LDA classification + 5 features DRIVE 93% Vessels thicker than three pixel in ROI
of  0.5–1 DD from OD
margin + sensitivity for vessel
extraction method is 87%

Table 3
Result of the proposed method for vessels in the entire retina.

Database Average Min  Max Arteries Veins Description

DRIVE 84.05 70.71 93.91 82.65 85.74 Vessel thicker than three pixel all over
retina + vessel extraction accuracy is 96%Khatam  80.10 68.55 88.89 71.18 88.13
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three pixels all over the retina and include many secondary vessels.
In addition the images used in this paper are not O.D. based thus
they contain less major vessels comparing to O.D. based images.
Also we  used an automated method for extraction of vessels which

Table 4
Shows number of images for which we have rise, fall or no change in accuracy after
post processing.

Database Image numbers with
ig. 10. (a) A sample RGB image. (b) Result of classification of vessels in AVR measu
ap  produced by the proposed method. (e) Vein map  produced by the proposed
ethod.

lassifier, linear discriminant analyzer classifier and fuzzy c-means
lustering, LDA is chosen as the best classifier for our method.

For each feature vector, appropriate label is assigned using
he reference labels provided by our ophthalmologist and LDA is
rained. The 20 test images are then preprocessed similarly to train-
ng images and one time trained LDA classifier is applied to them.
ince all vessel points in a vessel segment are of the same type, the
ominant label for each vessel segment is obtained and assigned
o every pixel of that vessel segment. Then the post-processing
tep is applied to images to revise the incorrectly labeled vessels
sing labels of their connected vessels which raise the accuracy up
o 1.40%. Final results on centerline pixels of major vessel which
nclude approximately 48% of all centerline pixels in our method
re shown in Table 3. In Table 3 min/max refers to the mini-
um/maximum percentage of vessels correctly classified in an

mage of a dataset; average is the average of correctly classified
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
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essels in the whole dataset; and arteries/veins is the average per-
entage of correctly classified arteries/veins in the whole dataset.
able 4 shows number of images for which we have rise, fall or
o change in accuracy after post processing. Also Fig. 10 shows a
nt zone. (c) Manual labels for arteries and veins excluding small vessels. (d) Artery
od. (f) All vessels thicker than three pixels classified by the automated proposed

sample retinal image and the respective outputs of the proposed
method.

Niemeijer et al. method [15] achieved the 84% roc curve area
for classification of all vessels in ROI while Mutamatsu et al. [16]
demonstrated 93% accuracy on vessels thicker than three pixels.
In comparison, our method, is trained with all vessels thicker than
ation of blood vessels as arteries and veins in retinal images. Comput
3.06.003

Rise of accuracy Fall in accuracy No change in
accuracy

Total images

DRIVE 8 2 10 20
Khatam 7 1 5 13
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Table  5
Result of the proposed method in the region of interest for AVR measurement.

Database Average Min  Max  Arteries Veins Description

0.85 

5.21 

e
r
f
fi
v
i
v

d
m
o
v
t
f
0

m
i
t
p
i
l
t
p
p
t
a
s
d
D

t
a
l
i
c
s
m
v
c
c
t

5

s
p
e
r

w
w
i
b
v
f

a

[

[

[

[

[

[

DRIVE 90.16 76.22 100 9
Khatam 88.18 78.97 100 9

xtracted 96% of vessels correctly. Finally we have achieved high
ecognition rate without increasing number of training samples or
eatures. Indeed our method divides vessel segments and classi-
es sub vessels segments instead of vessel points. Using mean and
ariance of color and light over more pixels comparing to one pixel
ntensity features or profile based features, lead to smaller feature
ector with features robust to outliers.

We  also evaluate the classification results in regions of different
iameters from O.D. to determine the best region for AVR deter-
ination. For this purpose optical disk is manually detected by our

phthalmologist, and artery/vein classification rate is calculated for
essels in regions of different radii from O.D. Results demonstrate
hat the best region has a distance of 0.5 to 1 disk diameter (DD)
rom O.D. margin. Final results in the region of interest with radii
.5 to 1 optical disk from O.D. margins are shown in Table 5.

To test the robustness of the proposed method, we  evaluate the
ethod on a second database of high resolution images consist-

ng of 13 retinal images. All the images are preprocessed similarly
o the images in DRIVE database. Since the DRIVE images are of a
articular resolution, applying the trained classifier to the Khatam

mages might not produce adequate results. Thus the high reso-
ution images are down sampled with the factor of 4. One time
rained LDA classifier is applied to the images without changing any
arameters previously used for DRIVE database. Finally images are
ost processed by the method explained in Section 2.3. Although,
raining the classifier with the images from the same database
nd adjusting the parameters will produce better results due to
ame illumination condition while imaging for images in the same
atabase, final results achieved using the LDA classifier trained with
RIVE images still are considerably good.

Finally we believe that, the problem of non-uniform illumina-
ion and variation of color between images still may  be improved to
chieve better results. This may  be achieved by taking advantage of
ocal information through partitioning the image. Also exploiting
mage segmentation methods which maintain high degree of vessel
onnectivity in vascular network and adding a conflict resolution
tep may  help considerably for developing an efficient automated
ethod for propagating the labels of major vessels toward small

essels. Finally using features that capture the characteristics of
enterline points of vessels as well as variation of lightness and
olor along the vessels more precisely will help to further improve
he method.

. Conclusions

In this paper a novel automated and structural method for clas-
ification of retinal blood vessels into arteries and veins has been
resented. The proposed method classifies the major vessels in the
ntire image while maintain high classification rate for vessels in
egion of interest for AVR measurement.

We  have employed several image enhancement methods to deal
ith the main problems in classification of retinal blood vessels
hich are non-uniform illumination and color variation through

mages. In feature extraction step, we attempted to decrease num-
er of the training sample points and features by classification of
Please cite this article in press as: Mirsharif Q, et al. Automated characteriz
Med  Imaging Graph (2013), http://dx.doi.org/10.1016/j.compmedimag.201

essel segments instead of vessel points along with investigating
eatures in RGB, HSL and LAB color spaces.

We  also employed connectivity information at cross over
nd bifurcation points to revise some incorrectly labeled vessels.

[

[

89.83 Vessels thicker than three pixels in ROI  of
0.5–1 DD from O.D. margin81.26

Evaluation of our method against two different datasets of retinal
images demonstrates the good performance and robustness of our
method. While we trained the classifier with vessels in the entire
image we could achieve high classification rate in region of interest
for AVR measurement. Our method may  be used for AVR measure-
ment and as a start map  for extending the artery/vein classification
to the entire vascular network.

We  believe further investigation of local information and ves-
sel connectivity, using larger datasets of images and better image
enhancement techniques for color normalization inter images may
help for improving the method.
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