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Abstract Accurate measurement of vessel diameters on retinal images plays an important part in diagnosing cardiovascular
diseases. In this study, a method of vessel diameter measurement has been developed incorporating with a tracking technique.
Twin Gaussian functions are introduced to model the distribution of grey level profile over a vessel cross section. The tracking
technique is utilised to study the variations of vessel diameter in the direction of vessel longitude axis. This enables us to obtain
an average diameter over any length of a vessel and to develop more parameters for study of vascular diseases.

1. Introduction

Retinal vessels are affected by some diseases[1]. These diseases can be analysed and diagnosed by studying and
measuring the vessel geometry at bifurcations, such as vessel diameters, branch angles and branch lengths [2, 3].
With these data, other cardiovascular related characteristics can also be obtained [4,5], such as volumetric flow,
velocity of flow, velocity profile, and vessel-wall shear stress for circulatory and respiratory systems. Therefore,
accurate measurement of retinal vessel diameter and geometry is of potential clinical diagnostic use.

Many methods for accurate measurement of vessel diameters have been developed. Most involve improving the
accuracy of edge location on an intensity distribution curve derived from a vessel cross-section. However, there is no
direct method in vivo for estimation of vessel diameters. The vessel geometry has to be estimated via an apparatus
applied to a fundus photograph taken through an eye of a subject, a unique window for viewing microcirculation on
the retinal. These measurements not only vary a lot depending on the type of instruments being used to record the
vessel profile as well as observers’ experience, but also are time-consuming. Significant improvements were reported
following the use of single Gaussian function to model the vessel intensity profile [6]. However, high resolution
fundus photographs often display a central light reflex[7]. Intensity distribution curve is not always of single
Gaussian form, so that using a single Gaussian model for simulating intensity profile of vessel could produce poor
fits and subsequently provide inaccurate diameter estimations.

In this paper, intensity profiles over vessel cross-section have been modelled using twin Gaussian functions to
acquire adequate information for subsequent image characterisation, leading to the development of automatic system
measurement for retinal images.

2. Methods

2.1 Modeling of Vessel Intensity Profile

Fig. 1 gives two typical examples of intensity profiles from different vessels. Each intensity profile consists of two
regions. One is light reflex area due to light refraction on the inner blood cell, part of a three-layer vessel before it is
reflected to the camera. Another region is the reflection curve from outer layer of a cylindrical blood column [7].
They are plotted as intensity against geometric distance across the vessel. The horizontal axis is the distance to the
first left point in pixel units on a cross-sectional line perpendicular to the vessel, while the vertical axis represents the
intensity value at each pixel position in the range of [0,255]. The length of normal line studied in Fig.1 is about three
times of an estimated vessel width so that it covers both vessel cross-sectional and background areas.
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To model these two-region intensity profiles, we apply two functions with one for each region, so that the difference
of these two functions matches the vessel intensity profile. This is expressed in Eq. (1)
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Figure 1. Intensity distribution over a cross Figure 2. Best fit curves to vessel intensity distributions over
section for different vessel a normal vector using twin Gaussian function.

where x is the geometry distance and I(x) the intensity function. In practice, both g;(x) and g,(x) are taken Gaussian
function forms and given in Eqs.(2) and (3) respectively.
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In Eq.(2), a, is the amplitude of the Gaussian function, a, the x location of the peak of the curve, while a; indicates
the spread of the Gaussian curve, and a4, the grey level of the background. In reality, a, to a; also provide very useful
information we need. For example, a, represents a centre position of vessel over a cross section and a; is the vessel
diameter estimator on that cross section. The meaning of as to a, is similar to that of a, to as.

To determine the values of parameters a, to a, in Egs. (2) and (3), the best-fit curve to the intensity distribution over
a cross section is applied. This fitting is carried out by the application of non-linear Levenberg-Marquardt
method[8]. From a given set of proper initial values for the unknown parameters, this method works iteratively to
minimise a y* merit function and to determine the best-fit parameters. Fig. 2 gives an example showing the
performance of the vessel profile model.

2.2 Vessel Tracking

Vessel tracking describes a computer automatic process of searching vessel centre locations over each cross section
of a vessel along vessel longitude axis, if two ending positions are given. In this study, vessel is tracked twice.
During the first time of tracking, a vessel is divided into many small segments that provide accurate vessel longitude
directions for the following vessel tracing. Vessel geometry measurements are then taken place when the vessel is
tracked during the second time.

2.2.1 Vessel Tracking for Vessel Segmentation

An arteriolar vessel is a curved cylinder and is considered to be a linkage of many small vessel segments [9]. Each
segment is identified by a centre location and a direction along axial prolongation of the vessel. A vessel is then
segmented according to the change of its directions. Users need to give staring position (cy) and ending location (c,)



as a prior condition. Fig. 3 illustrates the procedure of a vessel tracking. Firstly, a line is drawn at ¢, that is
perpendicular to the direction dir, = (cg,c,). The length of the normal line is fixed to be about three times of vessel
width. Then modelling of intensity distribution along the normal line using Eq.(1) takes place. After the modelling,

Cy is re-positioned at the centre of Gaussian curve (2, in Eq.(2) and shown as in Fig. 3) and is considered as one

of the vessel centre points. The next searching point (SP) (‘/\,2,’) in Fig. 3) is subsequently found out based on current
new centre point using Eq.(4):
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Figure 3. Schematic diagram showing vessel tracking. Figure 4. The performance of vessel tracking.
Distance (current-centre, next-SP) = 2 pixels 4)

Direction (current-centre, next-SP) = dir,

The first 6 successive centre points then form the first segment of the vessel (decided empirically). The centre of it
(c,) is defined by the middle point of these 6 points. Hence for segment i, its direction used for segmentation is dir;.
1=(cia,ci.1), Where 1 2 2, ¢;,; and c;., are the centre positions of segments i-1 and i-2 respectively. The first segment
has a segmentation direction of diry=(cy,c,,) -

2.2.2 Vessel Tracking for Vessel Diameter Measurement

As shown in Fig. 3, during the first time of tracking, the initial direction (diro) that is used is only a guessing
direction and may not represent true vessel direction. A new direction is therefore given to the iy segment by dir;;,
(=(ci,ci+1)). Vessel measurement is then obtained by tracking the same vessel second time based on its new segment
direction. During this process, vessel measurements such as the variation of vessel widths along vessel longitude axis
can be obtained. Parameter a; is used to estimate a proportion of the vessel width over each cross section in pixels
and is called diameter estimator.

2.3 Determination of Vessel Diameters

Further experiment has been carried out to determine the factor of diameter estimations, i.e., where to cut Gaussian
tails of Eq.(2) to determine vessel edges. In this study, as vessel geometry measurements are mainly carried out on
red-free images that are easily available, fluorescein images are utilised to determine the scaling factor of diameters.
Hence, a vessel diameter measurement from fluorescein images is equal to the value of a; calculated from Gaussian
functions multiplied by a scaling factor.



Fifty-eight arteriolar vessels from 9 images of red-free and fluorescein pairs with resolutions of 2410 x 2860 pixels
are chosen and measured and compared. Fluorescein images are measured by applying Sobel operators. The
comparison results show that the measurement from two kind of images have strong linear relationship. So that
vessel diameters from red-free images can be measured accurately by diameter estimators (a;) multiplied by a factor.
For this group of images, this factor is 2.4 as provided by the best fitting line in the figure.

The results can be seen in Fig. 4 showing an image with vessel tracking in operation. The white dots along a vessel
represent the centre line of the vessel, while black dots reflect locations of vessel edges acquired by parameter a;
multiplied by factor 1.2 (2.4/2) on either side of a vessel width.

3. Conclusion

The technique of vessel diameter measurement discussed in the paper leads to determination of accurate vessel
information. The model of twin Gaussian functions not only gives excellent performance in fitting the intensity
profile of over a cross section of a vessel, but also has theory in line with the findings by other researchers[7]. It
develops simple relationships between vessel width and the intensity distribution parameters. Furthermore, this
parametric approach could potentially provide robust estimators of vessel width in the presence of image noise, and
varying background intensities. Table 1 shows an example of comparison measurement of vessel length between
manual and the computerised system. Only 1% difference is found between manual and computerised system.
Compared to the manual measurement, the developed system requires less time and provides more reliable and
repeatable information about vessels.

Vessel No 1 2 3 4 5 6 7 8 9 10 Mean
Com 131.1 | 181.6 | 604.2 | 246.3 | 300.1 | 869.6 | 341.4 | 171.6 | 254.1 | 534.8
Man 132.3 | 180.2 | 609.0 | 248.6 | 303.5 | 842.4 | 3459 | 173.3 | 253.8 | 526.7
Dif 1.2 1.4 4.8 2.3 3.4 27.2 4.5 1.9 0.3 6.1 1%

Table 1. Comparison of length measurement in pixels between computerised system and manual method. In the
table. ‘Com’ is the measurement by the computerised system and ‘man’ is manual measurement. ‘dif’ is the absolute
difference between the two measurements.
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