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ABSTRACT 

Glaucoma is one of the leading causes of blindness in Japan and the US. One of the indices for diagnosis of glaucoma is the 
cup-to-disc ratio (CDR). We have been developing a computerized method for measuring CDR on stereo fundus 
photographs. Although our previous study indicated that the method may be useful, cup determination was not always 
successful, especially for the normal eyes. In this study, we investigated a new method to quantify the likelihood of 
glaucomatous disc based on the similarity scores to the glaucoma and non-glaucoma models. Eighty-seven images, 
including 40 glaucomatous eyes, were used in this study. Only one eye from each patient was used. Using a stereo fundus 
camera, two images were captured from different angles, and the depth image was created by finding the local 
corresponding points. One of the characteristics of a glaucomatous disc can be not only that the cup is enlarged but it has an 
acute slope. On the other hand, a non-glaucomatous cup generally has a gentle slope. Therefore, our models were 
constructed by averaging the depth gradient images. In order to account for disc size, disc outline was automatically 
detected, and all images were registered by warping the disc outline to a circle with a predetermined diameter using thin 
plate splines. Similarity scores were determined by multiplying a test case with both models. At the sensitivity of 90.0%, 
the specificity was improved from 83.0% using the CDR to 97.9% by the model-based method. The proposed method may 
be useful for differentiation of glaucomatous eyes. 
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1. INTRODUCTION 
Glaucoma is the second leading cause of blindness worldwide, and the number of affected patients is expected to be about 
80 million in 2010. 1 It has been found in a population-based prevalence survey of glaucoma in Tajimi, Japan, that 93% of 
the patients diagnosed with primary open-angle glaucoma were previously undiagnosed.2, 3 This is likely due to the slow 
progressive nature of this disease and the lack of symptom in those with early-stage glaucoma. Once ganglion cells are 
damaged, they cannot be restored. Therefore, early detection and treatment are considered the best way to minimize the 
likelihood of significant visual impairment.  

Retinal fundus photography is frequently obtained for diagnosis and record in ophthalmology visit and sometimes in 
internal medicine examination. It is relatively inexpensive and easy to perform; therefore, it may be effectively used for 
screening purposes. One of the signs of glaucoma that can be found on retinal fundus images is enlargement of optic cup, 
called cupping. For the assessment of cupping, a cup-to-disc ratio (CDR), which is measured by the ratio of the largest 
vertical diameters of optic cup and disc, is often used as the clinical guide. However, it is rarely quantitatively measured in 
routine clinical practice, but visually assessed in general. Even if it is measured, the measurement includes intra- and 
inter-reader variations. The studies have reported that these variations would not be negligible, making the consistent 
diagnosis difficult.4, 5 
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2.2 Disc Localization and Segmentation 

After a stereo pair was separated in the middle into two images, one was used for localization and segmentation of optic 
disc. The methods for the localization and segmentation have been described in detail elsewhere.11, 13 In brief, for the 
localization of disc, bright regions were detected using red and green planes with the p-tile thresholding method. 
Subsequently, a region of interest with 600 x 600 pixels centered at the detected location was extracted and used for precise 
segmentation. The potential disc boarder was detected by the Canny edge detector. Using it as an initial model, the final 
boarder was determined by an active contour model. 

2.3 Reconstruction of Depth Map 

The depth image was reconstructed by searching the corresponding points between two views of a stereo image pair.11, 14 
For every four pixels, the corresponding points on the other view were searched by matching the local regions of interest 
with 21 x 21 pixels on the basis of the cross correlation. The lateral distance between the corresponding points were 
converted to the depth. If the correlation value was lower than the prespecified threshold value, it was considered that the 
corresponding point was not found. After all points were searched, the missing points were interpolated from surrounding 
pixels. Subsequently, the depth map was smoothed to reduce noise. Figure 1 shows original stereo pair images, ROIs of the 
discs, and depth images of a glaucomatous eye and a non-glaucomatous eye. 

2.4 Construction of Cup Gradient Models 

The characteristics of the glaucomatous disc include the enlarged cup and the steepness of the cup shape. On the other hand, 
it was observed that the depth of the cup gradually changes in the non-glaucomatous eyes. Therefore, we attempted to use 
the statistics of cup gradient for the differentiation of glaucomatous discs from normal discs. First, magnitude of the depth 
gradient was determined for each pixel inside the disc region using a Sobel-like filter with a 5 x 5 kernel. In order to 
account for the size variation of discs, the gradient images were warped by registering the sample points on the disc margin 
to a circle using thin plate splines with bicubic interpolation. The number of sample points was set to 72 points, i.e., every 
5 degrees, and the diameter of the circle was set to 340 pixels. Two models were constructed by averaging the warped 
gradient images of the glaucomatous cases and control cases. Figure 2 shows the depth gradient images of the glaucoma 
and non-glaucoma cases in Fig. 1 and the examples of two models created by 39 glaucoma and 47 non-glaucoma cases 
excluding a glaucoma test case. 

 

 
Figure 2. The depth gradient images. (a), (c) The gradient images of Fig.1 (c) and (f); and (b), (d) examples of glaucoma and 
non-glaucoma cup gradient models. 
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2.5 Determination of Similarity Scores and Classification 

Similarity scores were determined by multiplying the gradient image of a test case with the two models. Because the 
number of cases in this study was not very large, training and testing were performed by a leave-one-out cross validation 
method, in which two models were constructed using all cases but a test case. The difference in similarity scores to the 
glaucoma model and the non-glaucoma model was used for evaluation by the receiver operating characteristic (ROC) 
analysis (PROPROC software; the University of Chicago). 

 

3. RESULTS  
Using the CDR determined by the previous method, the classification accuracy for the glaucomatous and 
non-glaucomatous eyes was relatively high, with the sensitivity of 90.0% and the specificity of 83.0%. By using the 
proposed method, the specificity was 97.9% at the same sensitivity level. At the sensitivity of 95.0%, the specificities for 
the CDR and the proposed method were 72.3% and 78.7%, respectively. Based on the ROC analysis, the area under the 
curves (AUC) was slightly improved from 0.952 to 0.960. Figure 3 shows the ROC curves for the CDR and the similarity 
score by the model-based method. Note that the difference between two curves appears smaller because of the curve fitting. 

 

 
Figure 3. ROC curves for differentiation of glaucomatous eyes from non-glaucomatous eyes using the CDR and the similarity 
score by the model-based method. 

 

4. DISCUSSION AND CONCLUSION  
In our previous study, cup and disc borders were determined using the active contour model and dynamic programming. 
Based on the segmentation results, CDRs were determined and used for differentiation of glaucomatous eyes from 
non-glaucomatous eyes. The method was applied to a new database, and relatively good result in terms of classification 
accuracy was obtained. However, in some cases, CDRs were not determined correctly when the depth images include some 
noise and do not include strong edges at cup margin. In this study, we investigated a new method that does not require 
segmentation of cup but utilizes the cup curvature information for differentiation of glaucomatous eyes from 
non-glaucomatous ones. Figure 4 shows a case in which strong edges in the depth image were absent, and it was difficult to 
segment the cup. The CDR was relatively high for the non-glaucomatous case, but the similarity score with the 
non-glaucoma model was higher than that with the glaucoma model. On the other hand, when disc is tilted, and the large 
gradient was observed near the center of the disc, a glaucoma case may be incorrectly classified as non-glaucoma by the 
model-based method, as shown in Fig. 4. In this case, CDR was high because the vertical diameter of the segmented cup 
was large. 
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Overall, the classification accuracy was slightly improved by the proposed model-based method in terms of AUC. 
However, CDR has some value because it is a quantitative measure and in accordance with the clinical practice. The result 
of this study indicates that two methods could supplement each other for distinction between glaucomatous and 
non-glaucomatous eyes. Further improvement is needed for both methods. 

 

 
Figure 4. Examples of results by both methods. (a) Non-glaucomatous eye and (e) glaucomatous eye; (b), (f) the depth images 
of (a) and (e); (c), (g) the gradient images; and (d), (h) cup and disc outlines determined by the previous method.11 
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