Retinal Vessel Enhancement Based on Directional Field
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ABSTRACT

Motivated by the goal of improving detection of micro-vessels with low contrast, a new technique based on
directional field is presented for enhancing vessels in retinal images. This technique consists of two steps: the
estimation of directional field and the enhancement. We will make enhancement along the vascular direction
and normalize the brightness of image in a single step. After estimating the directional field, the mean and
variance values in a local neighborhood were calculated pixel-by-pixel, accordingly normalize and enhance the
local neighborhood. In order to eliminate the artificial boundary between two adjacent areas, an anisotropic
Gaussian kernel was introduced to weight the enhancement. The proposed method can obviously increase the
contrast of retinal vessels. 20 retinal images were tested in our experiments, and the results demonstrate an
effective vessel enhancement algorithm.
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1. INTRODUCTION

In ophthalmic practice, optic fundus photography technique has become a common procedure to diagnose vascu-
lar and nonvascular pathology. This is not only because of the development of computer science, but the fundus
images can duly indicate a lot of diseases in early phase. The retina is the very unique region of the human body
where the vascular condition can be directly observed in vivo, and the assessment of the characteristics of the
vessels plays an important role in a variety of medical diagnoses and treatment. Many ophthalmic diseases, e.g.
choroidal neovascularization,! retinal artery occlusion,? and glaucoma, reveal the retinal pathological changes,
so do many world-wide non-ophthalmic diseases, such as diabetes mellitus, hypertension, arteriosclerosis, cardio-
vascular disease,® and stroke.

The main structures of retinal image are optic disc and vascular network.* Automatic analysis techniques®67®

instead of manual measurements have been widely used for the reason that the vascular network is very complex.
Vessel extraction of retinal image is a significant procedure of diagnosing many diseases. However, it is difficult
to automatically extract the micro-vessel because its low contrast (there is a wide range of vessels widths in
retinal images®,'? from less than 1 pixel to more than 10 pixels. The small vessels which are of less than 2 pixels
widths have generally low contrast. The vessels which have been affected by pathologies are also of low contrast).
A enhancement of vessel before extraction can greatly improve the performance of vessel extraction algorithm.

This paper proposed a vessel enhancement algorithm based on directional field (DF). The basic goal is to
highlight the micro- low-contrast vessels. As you know, the majority of retinal vessel, especially the micro-vessel,
have the property that its orientation and gray intensity vary slowly along the vessels, which makes it possible
to obtain precise directional field of retinal image. If there exists a vessel in an area, the orientation of DF will
point to the exact direction of vessel and the coherence of DF will be close to 1. On the other hand, if there
does not exist a vessel, the orientation of DF will equally distribute in all directions or the coherence will be
close to 0. Therefore, using directional field to enhance the retinal vessels would be a good choice. We will
make enhancement along the vascular direction and normalize the brightness of image in a single step, and will
highlight the vascular network using the directional Gabor filter.
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2. METHODS

The proposed technique consists of three steps, Fstimation of Directional Field, Enhancement and Normalization
and Gabor filtering. FEstimation of DF: The orientation 6, coherence coh and strength str of directional field
are estimated by the algorithm discussed in section 2.1. Enhancement and Normalization: The enhancement
algorithm is applied to highlight the vessels. We use Ig to denote the enhanced image masked by ROI of original
image. Gabor filtering: The Gabor filter is capable of tuning the specific frequencies and orientations, thus
allowing noise filtering and vessel enhancement in a single step. At the same time, the Gabor filter may break
some vessels because the orientation 6 of DF may be disordered at bifurcations.

2.1 Estimation of Directional Field

There are two ways to estimate the directional field from a retinal image. One is called directional mask approach
which is of poor accuracy with limited number of fixed possible directions. The other is called gradient-based
method''.1? This method theoretically can provide arbitrary directions but is more complicated than the first
one. An accurate directional field is needed to increase the overall accuracy when extracting the retinal vessels,
so we choose the latter in this paper. In the next context, three parameters refer to DF will be estimated, they
are the direction 6, the coherence coh and the strength str.

The direction 6 is perpendicular to the gradient, so we can estimate 8 from gradient. The gradient is defined

as follows:
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where I(z,y) represents the gray-scale image. The first element of the gradient vector has been chosen to always
be positive because opposite directions of gradient indicate equivalent 8. Note that in a retinal image, there is no
difference between a local vascular orientation of 90° and 270°, since the vessels oriented at 90° and the vessels
oriented at 270° in a local neighborhood cannot be differentiated from each other. Gradients cannot directly
be averaged in some local neighborhood since opposite gradient vectors will then cancel each other, although
they indicate the same vascular orientation. For example, the unit gradient vectors oriented at 90° and 270° are
indicate equivalent 6 at 0°, but the two vector will cancel each other if directly averaged.

A solution to this problem is proposed by squaring the gradient vectors considered as complex numbers before
averaging. With this solution, the angle of gradient vector is doubled and the length is squared, therefore, the
opposite gradient vectors (e.g., 90° and 270°) will point to the same direction (180°). As a consequence, the
opposite gradients will reinforce each other while the perpendicular ones will cancel. The gradient vectors are
first estimated using Cartesian coordinates, in which a gradient vector is given by [G, G,]T. For doubling the
angle and squaring the length, the gradient vector is converted to polar coordinates, in which it is given by

[G, G,]T. This conversion is given by:
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then the squared gradient vectors [Gs . Gs,]7 is given by:

Gsa | _ [ Gieos(2Gy,)
Gsy | Gisin(ZGd

_[G -G
| 266, |

Next, the average squared gradient [G . Gs,y]T can be calculated as follows:
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where W is the window of averaging filter. This operation will reinforce each other when gradient vectors are
opposite.
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After averaging, the gradient vectors have to be converted back to their single angle representation. The
vascular orientation is then perpendicular to the direction of the average gradient vector. Now, the average
gradient direction ®, with —47 < ® < %, is given by:

1
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and the average direction 0, with —%7‘( <P < %777 is perpendicular to ®:
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The coherence coh indicates how well all squared gradients in a local neighborhood share the same orientation.
It can be calculated by:
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If all squared gradients point to exactly the same direction, the value of coherence is 1. On the other hand,
if the squared gradients are equally distributed in all directions, the coherence value is 0. Between these two
extreme situations, the coherence will vary between 0 and 1, thus the required measurement is obtained.

coh =

In other literatures, the coherence and the strength of a DF are exactly the same indicator. But in this paper,
we endue the strength with new meanings:

_ >w Gp
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The strength indicates the sum of the moduli of the gradient vectors while the coherence indicates how well all
squared gradients share the same orientation. In some background regions with noise of texture, the coherence
value reach to 1 but the strength is quite small. On the other hand, small coherence value and large strength
value will appear at bifurcations of vessels. The reason of this definition of strength is that we can make it easier
to differentiate the vessels from the background using the combination of strength and coherence. We do not
use the same size of window to calculate these three measures. The sizes of windows are 9 x 9 to the direction
but 5 x 5 to the coherence and the strength.

2.2 Enhancement and Normalization

The principal objective of enhancement is to process an image so that the result is more suitable than the original
image for a specific application. In this subsection, we propose a new method to enhance the retinal image.

The small vessels which are of less than 2 pixels widths have generally low contrast. Furthermore, the vessels
which have been affected by pathology are also of low contrast. Sometimes these vessels cannot be recognized
by human observer, this can be shown in two sets of results segmented by two individual observer respectively
in the two databases. The main differences between the two manual results are generally at the low contrast
vessels. Thus, the enhancement of low contrast vessels has great significance.

The well-known enhancement algorithms, such as histogram specification and Laplacian operator, cannot
achieve the intended purpose of enhancement. Furthermore, we want to enhance the low contrast vessels and
normalize the image in a single step. So we developed a new local enhancement algorithm.

Let I(z,y) be the gray-level value of original image at pixel (z,y), M(x,y) be the estimated mean value at
pixel (x,y) obtained by a chosen exploration window, the variance value at pixel (z,y), V(x,y), can be calculated

as follows:
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