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Over one-third of adult Native Americans in Oklahoma have noninsulin-dependent diabetes
mellitus, and hence this population is at significant risk for diabetic eye disease and subsequent visual
impairment. One of the leading causes of the visual impairment is diabetic retinopathy. A large-scale
epidemiologic study of diabetes (including diabetic retinopathy through eye examinations and fundus
photography) in American Indians in Oklahoma was conducted by Kelly West [1] and Elisa Lee [2] over
a period of 30 years (1972-1992) involving 1,012 Indians. 1.n this study 824 fundus photographs were
taken from the subjects and manually examined and graded.

The long-term objective of this project is to develop a low-cost, real-time computer vision expert
system to analyze and grade retinal images and to diagnose diabetic retinopathy. In achieving it, we
propose to develop an expert system which will detect and quantitate retinal lesions and grade the extent
of diabetic retinopathy based on fundus photographs (or images). Applications for this system include
large-scale retinopathy screening, epidemiologic studies, clinical trials, and in routine-clinical settings,
it may provide a useful quantitative index of disease for ophthalmologists and primary care providers.

The development of such a system will require achieving the following specific aims: (1) 
determine the gradability of the image, (2) to apply and develop image processing techniques for image
enhancement and restoration such as for images with poor focus due to cataracts or vitreous hemorrhages,
(3) to establish standard chromatic characteristics for fundus images and to develop standardization
procedures, (4) to develop computer vision methods for the identification of essential retinal features, the
optic disc, the macula, and the blood vessels, and for the detection and differentiation of specific retinal
lesions and vascular abnormalities. Based on the detection of retinal lesions, to use computer vision to
grade the severity of diabetic retinopathy based on developed classification criteria and to compare
computer grading results with grading results by retinal specialists. In addition, the technical feasibility
of a low-cost, real-time computer vision diagnostic system for diabetic retinopathy will be assessed.

Chromatic and geometric analyses of retinal lesions/features and deterministic and statistical
pattern recognition techniques will be applied to the development of the expert system. A readily
available set of 824 fundus images will be used to develop the expert system as well as to test the
reliability of the system.
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1. Color Analysis of Fundus Images

The first question which arose was whether chromatic information of a fundus image alone is
sufficient to discriminate the essential retinal features, e.g., optic disc, macula, vessels, etc., and lesions,
e.g., hemorrhages and microaneurysms, hard exudates, cotton-wool spots, etc. It is found that (1) the
chromatic information of fundus images is approximately represented by the u-coordinate of the UCS
color coordinate system and the retina is roughly separated from blood vessels in the coordinate, and (2)
arteries and veins cannot he completely distinguished in any coordinate, but if the area in the image is
limited, the V-values (indicating intensity) are useful for discriminating arteries from veins.

To verify their findings, we conducted a chromatic analysis of a number of fundus images using
35mm color transparencies. Some of the transparencies were standard images used for comparison in
the Modified Airlie House Classification System for Diabetic Retinopathy. The slides were projected onto
a screen and the images captured by a CCD color camera (Sony CCD-G5) which was connected to 
80386 personal computer through an image digitization board (Professional Image Board from Atronics).
Images were digitized at resolution of 512 x 256 pixels. Each pixei in the digitized image occupied 15

hits which consisted of red (R), green (G), and blue (13) components and each assigned 
corresponding to 32 gray levels.

We sought to obtain chromatic signal information on the following retinal features/lesions: (1)
optic disc, (2) macula, (3) vessels (arteries and veins), (4) hemorrhages, (5) hard exudates, (6) 
wool spots, (7) drusen, (8) laser photoeoagulation scars, (9) fibrous proliferation, and (10) background
retina. The digitized data for sample areas of each of the above features were plotted onto the UCS color

¯ coordinate system (u,v,V) to see if these features could be distinguished. We found that, except for
retinal images from normal young adults or persons with early stage nonproliferative retinopathy, the
background retina cannot be separated from blood vessels by the u-coordinate. In fact, they cannot be
separated from each other by any single or combined coordinates of the UCS color coordinate system.
Furthermore, because the color of the background retina may differ substantially from one fundus image
to another, none of the essential features or lesions could be separated from the background retina by a
single or multiple color threshold. In addition, we found that there is a considerable amount of overlap
among the features/lesions in the u-v and u-V spaces; none of the essential retinal features and lesions
could be distinguished from one another by an ordinary global thresholding method.

We also found that, among the three components, u, v, and V, the V component can best separate
the retinal features and lesions. The results of using the V intensity values can be enhanced if an
appropriate color filter is employed. Since the major color component of the fundus image is red, a
green color filter would produce an image with the highest contrast in intensity, which results in sharper
edges than those of the original image. By doing so, we found that not only the vessels could be
separated from the other features/lesions much more easily than from the unfiltered original image, but
also the arteries and veins in the entire image could be distinguished.

From these results, we conclude that the chromatic characteristics of the same feature/lesion
within a given image, as well as between images, differed significantly and color analysis alone is not
sufficient to distinguish among retinal features/lesions. However, the usefulness of color filters was
encouraging. More refined procedures were attempted by using color filters and information about their
geometry (shape, size, orientation, etc.). In other words, the principles of pattern recognition should 
applied.
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2. Pattern Recognition

Based on the optical and special properties of the features/lesions to be recognized, we
constructed a filter with four different templates to seek edges in all four directions. This multi-template
matched filter approach combines edge detection and shape detection into a single computational step.
In the actual implementation of the algorithm, twelve or possibly more templates should be considered
depending on how refined the lines and shapes are desired. An edge is detected when the convolution
of the image data by the template whose direction is the same as the edge line exceeds a certain threshold
value. A round spot of high (low) intensity is detected when the convolutions of the image data by all
of the templates are greater (less) than a certain threshold value. For this reason, the multi-template
matched filter technique can be designed to extract any line edges, for example, edges of the optic disc
and vessels, and any high or low intensity spots, such as hemorrhages and mieroaneurysms (HMAs), and
exudates. However, this method cannot distinguish between hard and soft exudates. An example of
comparing the detections of HMAs and exudates in a fundus image by an ophthalmologist and by our
pattern recognition method are shown in Figure 1. It should be noted that while detecting HMAs and
exudates by the matched-filter method, edges of vessels and the optic disc were also detected. Since our
interest is in the detections of HMAs and exudates, edges of other features/lesions were eliminated in this
display. We see that without using a green filter, only five out of eight HMAs and three out of seven
exudates were detected. The spots illuminated in Figure l(b-2) and (e-2) indicated the lesions detected.

Applying a green filter to the feature extraction of the transparencies, we obtained the
feature/lesion detection results shown in Figures 2. Figures on the left-hand side are results obtained
from a fundus image taken without a green filter whereas the ones on the right-hand side show the results
obtained with a green filter. Figure 2(b-2) and (c-3) show that (1) the HMAs and exudates, 
previously were missed, are now detected and (2) vessel edges, which were broken, are now connected.
In fact, all the eight HMAs were correctly detected. The ninth HMA, located on the lower left side of
the optic disc and which was missed by human eye, was detected by this method. A comparison of the
vessel and optic disc edges taken without and with a green filter is shown in Figure 3. It is seen that
edges in the image taken with the filter are much clearer and display less disrupted lines.

In summary, from the preliminary study we learned that:

(1) a green filter enhances the detectability,

(2) the matched filter pattern recognition method provides good accuracy in the detection of
HMAs and exudates,

(3) solely based on the shape and size of the lesion, this method cannot distinguish between
hard and soft exudates.

3. Knowledge-Based Expert System

The above two studies indicated that due to various possible sources of noise and artifacts and
the inherent close resemblances and similarities of some retinal features and lesions, without the use of
biological/pathological information, the chromatic and geometric analyses are not sufficient to distinguish
them. We must incorporate the available and necessary biological/pathological knowledge normally
exercised by the ophthalmologist in every step of the decision making process. With this in mind, we
initiated a preliminary study to detect/locate the optic disc using a knowledge-based color analysis/pattern
recognition (CAPR) method. Because it is required as an essential element by every existing grading
criterion, the optic disc was selected as our first target. The transparencies we have are single-field
fundus photographs, each includes both the optic disc and the macula, which are roughly symmetrical on

52



the two sides of the center line. Once we could locate the optic disc, the tasks of locating the macula and
the landmark vessel reference points would be easier.

In our studies, we observed the following two distinct features of the optic disc with respect to
its color and intensity: (1) The disc contains an area of distinctly high intensity (very bright and white
in color). (2) The average intensity of the optic disc is usually higher than that of its surrounding area.
It may have surrounding yellow-white atrophy that confounds the picture. The shape of the disc is always
round and its size varies sightly from individual to individual. Using these facts, a knowledge-based
CAPR algorithm described below for detecting and locating the optic disc was developed.

.
Define the permissible regions of the disc. If a retinal image including the optic disc is
divided into four regions by two mutually perpendicular diagonal lines, the two regions
on the right and left are def’med as the permissible re~ions of the disc.

.
Find the intensity histogram of the permissible regions of the contrast-enhanced intensity
with a green filter.

.
Find the areas in these regions whose intensity corresponds to the first high-intensity peak
in the histogram and whose sizes are less than the size of the disc.

4. Find the geometric center of each of these areas.

.
For each center, create a square area with a size of 2Do, where Do denotes the diameter
of the disc (see Figure 3Co)). Whenever the square areas exceed the boundaries of 
disc permissible regions, use the disc permissible region boundaries as their boundaries.
These newly defined areas are referred to as Oisc-~earch areas.

.
Apply the multi-template matched filter to each disc-search area to detect all the edge
points in the region.

.
Apply the Hough transform to the edge points to detect circles with their sizes close to
that of the disc.

J
If such circles are found, proceed with the following verification process. Compute the
average intensity of the pixels inside the circle and the average intensities of the
surrounding circular areas of the same size. If the former is greater than the latter, the
circle found is confirmed to be the optic disc.

.
If, in step 8, none of the circles was verified as the disc, go back to step 2, find
additional disc search areas from the second high-intensity peak in the histogram and
repeat steps 3-7, and so on. When all the areas of the disc permissible regions have been
searched and yet no disc is found, we then conclude that the retinal image under study
does not contain the disc or it is out of focus.

A preliminary version of the algorithm has been implemented. The result is shown in
figure 4. Figures 1-4 will be presented at the Poster Presentation.
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