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Abstract. This work presents a methodology for detecting human retina images suspect of glaucoma based on the measurement of displacement of the vascular bundle caused by the growth of the excavation or cup. The results achieved are due to the relative increase in size of the cup or excavation that causes a displacement of the blood vessel bundle to the superior, inferior and nasal optic disc areas. The method consists of the segmentation of the optic disc contour and the vascular bundle located within it, and calculation of its displacement from its normal position using the chessboard metric. The method was successful in 62 images of a total of 67, achieving an accuracy of 93.02% of sensitivity and 91.66% of specificity in the pre-diagnosis. Keywords: Glaucoma detection, vascular bundle displacement, excavation detection, optic papilla segmentation, chessboard metric.
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Introduction



Application of noninvasive techniques in automatic retina analysis is an important area in medicine [1]. The information achieved from the analysis of these digital images permits to decide about the existence of ocular diseases as the glaucoma [2]. The optic disc or optic papilla is the clearest area in images of the rear pole of the retina. In a normal papilla, the vascular network coming out from the choroids travels through the center of the nervous fibers that constitutes the optic nerve, which goes through a tube-like structure toward the brain. Glaucoma, an ocular asymptomatic neuropathy, is caused by an excessive intraocular pressure that creates an excavation (or cup) in the papilla that damages the optic nerve. This excavation produces a thickening of the wall of the papilla, which moves the cluster of veins and arteries (called ∗
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also vascular bundle), toward the nasal side of the affected eye. In time, the optic nerve is damaged, and if it is not medically treated in time, it causes first a progressive irreversible loss of peripheral vision and finally leads to blindness. Between a 12% and a 15% of the total world population is affected by various degrees of blindness due to glaucoma [2, 3] and in Mexico glaucoma represents the second cause of blindness [4]. Consequently, it is important to work in the search of new methods for effective early detection of glaucoma. The clinical procedures for the diagnosis of glaucoma are: (a) Analysis of the clinical history; (b) measurement of the intraocular pressure; (c) analysis of alterations in the optic disc; and (d) functional study of the visual field (Campimetry test). We use the term pre-diagnosis, to emphasize that the (final) diagnosis is done exclusively by the physician specialized in glaucoma. This work presents a new method for the pre-diagnosis of glaucoma based in morphological alterations detected within the optic disc (initial test for the disease identification). The approach is based on the close relationship found between the vascular bundle displacement and the excavation growth within the optic disc in the superior, inferior and nasal zones. It is possible using the proposed method to classify normal images (with a physiological excavation) and glaucoma suspect images, even when they are in its initial stages of development. The method was tested using 67 retina images of 43 patients (20 healthy and 23 suspect patients), which 24 are retinal images from 20 normal patients, and the rest of 43 images are formed by 21 isolated images and 11 pairs of images from 23 suspect patients. Images of the database used in this research were supplied by a physician specialized in glaucoma and used without performing any pre-processing before use. This group of images is a part of the private collection of retinal images that belongs to the Center for Computing Research of the National Polytechnic Institute, Mexico.
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Background



A medical procedure used in the detection of glaucoma consists of evaluating the morphological alterations in the optic disc, visible with the help of instruments such as a slit lamp; high-power convex lenses [7]; optical photographs of the retina [5]; retinal confocal tomography [8, 9]; laser polarimetry tomography [8, 9], and optical coherence tomography [8, 10]. The performance and reproducibility of papillary measurements in glaucomatous retinas have been successfully evaluated and compared in numerous investigations [11]. The analysis of glaucoma begins with the detection and evaluation of some parts of the retina, mainly the optic disc (or optic papilla), the excavation and the blood vessels located within it (vascular bundle), since in function of its characteristics is possible to reach to important and valuable clinical findings. The main characteristics more frequently analyzed are the measurement of the Cup/Disc ratio and the reviewing of the neuro-retinal rim thickness, which in normal eyes is thicker in the inferior zone. The images used in this research are all retina fundus images, namely those that are captured through the eye pupil.
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Essentially, even with a large variety of methods for the detection of the optic disc and cup, based primarily on thresholding methods as Otsu [6] and in the use the standard deviation [12, 14]; dynamics border methods as the circular Hough transform [15, 24] and the active contours (Snakes) [20, 22, 23, 24]; interpolation methods of borders as spline [16, 22, 23], clustering methods [18, 19]; and the combination of some of them, such as the OOCE rule which uses the Otsu thresholding method, the Opening morphologic operator (defined as the erosion followed by an dilation), the Closing morphologic operator (defined as the dilation followed by an erosion) and the External border method [13], the success of the segmentation process had difficulties caused mainly by the natural coverage of the blood vessels coming from the choroid, since their leaving from and spreading on the retina cover parts of the optic disc. To solve this difficulty authors has attempted to reduce the effect of the blood vessel by the use of the Black-Top-Hat morphologic operator (defined as the difference between the original image and its morphological closing) for the detection of the blood vessels [17], and the Opening and Closing operators for remove them [12, 24], However, these problems sometimes even precludes the exact contour detection of the optic disc and the possible excavations. Despite this, many reported results on glaucoma detection are based only on the Cup/Disc ratio [13], where if the diameter of the cup (or its equivalent in area) exceeds to 0.4 of the diameter (or area) of the optic papilla, then the eye probably becomes glaucomatous and cause invariably blindness in the patient, such as [14, 15] and [16]; they show accuracy between 60% to 94% of sensitivity and 82% to 94.7% of specificity in pre-diagnosis. Other works measure this same characteristics using pairs of stereo retinal images to find the disparity of the corresponding points of both images [20] achieving accuracy of 87% of sensitivity and 82% of specificity. However, even achieving results within the reported international ranges, this remains a subject of much controversy. Other authors, have reviewed other characteristics, combining the Cup/Disc ratio and the analysis of vessel bends or kinks, which are small vessels that when they come out from the excavation provide physiological validation for the boundary cup [22, 23], achieving accuracy between 18.6% to 81.3% of sensitivity and 45.5% to 81.8% of specificity, and the ISNT rule [12, 18] and [19], where, instead of measuring the neuroretinal rim thickness, they measure the proportion of the blood vessels in the inferior, superior, nasal and temporal disc zones, achieving accuracy between 97.6% to 100% of sensitivity and 80% to 99.2% of specificity in the pre-diagnosis.
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Methodology



This work presents a new classification method of retina images with excavation suspect of glaucoma. The method relies only on the analysis of morphological alterations that can be detected within the optic disc, even when the excavation is in the initial stage of glaucoma. The method proposes a different way for the detection of the excavation, where it is not necessary to detect the exact contours of the disc and the excavation, commonly required by current method. The method is based in the analysis of the vascular bundle displacement within the optic disc due to the excavation, since we have observed a near correlation between the excavation growth and the blood vessels
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displacement in the inferior, superior and nasal optic disc zones. The proposed method consists of the following steps: 1. RGB image acquisition; 2. Segmentation of the optic disc region; 3. Detection of a reference point in the excavation or cup; 4. Detection of centroids of three zones of the vascular bundle; 5. Measurement of the distance between the reference point of the cup to the three centroids. Now we will describe in detail each procedure. 1. The proposed method was evaluated in 43 patients (20 healthy and 23 diseased), using 67 RGB retina images (24 normal and 43 suspect) of size 720 pixels of width and 576 pixels of height, in a JPG or BMP graphic format, which exhibit normal and suspect retinas with glaucoma at different stages of development. Images were acquired with a conventional eye fundus camera [5] and previously evaluated by an ophthalmologist specializing in glaucoma. Figure 1 shows an eye fundus image of our collection with the most important anatomic parts indicated: a. Optic disc; b. excavation or cup; c. vascular bundle; d. blood vessels; e. macula and fovea, whose excavation according to a specialist is classified in this case as suspect of glaucoma, due to the excessive size of the excavation with respect to the size of the optic disc.



Fig. 1. Optical color eye fundus image classified as suspect of glaucoma showing the following anatomic parts: a. optic disc; b. excavation or cup; c. vascular bundle; d. blood vessels; e. macula and fovea



2. The objective of the optic disc region segmentation is to obtain approximately the diameter of the disc to be used in the process of result normalization. We use the method developed in [24] for the optic disc segmentation. This method consists of six steps from which we occupy only the first five because we need only the segmentation of the optic disc area; we do not use the optic disc contour segmentation mentioned in the sixth step. The method in general find the region of interest (ROI), the elimination of the arterioles and venules and finally segments the optic disc with the use of morphological operators and the combination of the circular Hough transform and active contours. The method has an accuracy of 92.5% and is robust in images with low contrast, high levels of noise and edge discontinuities. The segmentation of the image shown in Fig.1 appears in Fig.2, where (a) shows the ROI containing the optic disc in RGB color model; (b) segmented optic disc area, and (c) the segmented area shown in (b) superimposed to the image shown in (a). 3. The detection of a reference point in the excavation begins with the automatic segmentation of the excavation by the method developed in [13], which uses the OOCE (Otsu, Opening, Closing, External border) rule. There, an accuracy of 92.52% was achieved. Then, a reference point farther toward the temporal region is selected
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as shown in Fig.3 marked with a cross enclosed by a rectangle, and denoted by the capital letter A. This zone was selected because it is where the excavation border is farther from the center of the optic disc. We assumed that the displacement of the vessel bundle to the left is a consequence of the growth of the excavation to the right.



Fig. 2. Details of the optic disc contour which results from applying the algorithm detailed in [24]



Fig. 3. Reference point in the excavation located at the temporal optic disc zone



4. The detection of centroids of three zones of the vascular bundle (superior, inferior and nasal zones) is required for analyzing the displacement of blood vessels located within the optic disc. For this we take into account some reference points in the vascular bundle. These points approximately describe the tendency to grow in size of the excavation (located at the temporary zone) and the vascular bundle what is displaced to the nasal zone. This step begins with the segmentation of blood vessels located within the optic disc (the vascular bundle). For this, the central point of the optic disc is obtained in figure 2(c), which serves as a reference point for coupling it individually with the three triangular masks shown in Fig. 4. The central point of each mask must match the central point of the optic disc, with the purpose of the right choice of the target zone, even when the masks protrude from the ROI (the point does not always coincide with the center of the ROI). Figure 4(a) shows the mask for the superior zone; 4(b) for the inferior zone, and 4(c) for the nasal zone, in the case that the image to be analyzed is from the left eye. If the image to be analyzed is from the right eye, then the mask should be the mirror image of that shown in Fig. 4(c).



(a)



(b)



(c)



Fig. 4. Masks used for the segmentation of blood vessels located in different zones of the optic disc. (a) Mask for the superior zone; (b) for the inferior zone; (c) for the nasal zone (in case of the left eye).
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The blood vessel segmentation is carried out in the red channel of the RGB images, since the best results were achieved with this channel probably due to the common orange-reddish color of the optic papilla. The segmentation uses the morphologic Black-top-hat operator and the Otsu for thresholding method [17]. The Black-top-hat is a morphologic transformation defined as the difference between the original image and its morphological closing. This highlights the elements deleted by the closing which, in this case, are the blood vessels located within the optic disc. The result of the segmentation of blood vessels in the different zones is shown in Fig. 5, (a) superior zone; (b) inferior zone and (c) nasal zone.



(a)



(b)



(c)



Fig. 5. Segmentation of blood vessels located in the different zones of the optic disc, (a) superior zone; (b) inferior zone; (c) nasal zone



To find the reference point that describes the trend in the position of vessels being analyzed, we calculate the centroid for each zone. The centroid of a body coincides with the center of mass if the object density (area) is homogeneous or when the material distribution is symmetrical; however, if an area has irregular borders defined by relative complex mathematical expressions, the simplest method is to calculate the area of the objects (vessels) with help of the individual summations described in (1) [21]. n



n



n



i =1



i =1



i =1



A =  ΔAi Qx =  yiΔAi Qy =  xiΔAi x =



Qx Qy y= A A



(1)



Where ΔAi is the area of the ith element; n is the number of elements; yi is the coordinate y of the ith centroid of the element; xi is the coordinate x of the ith centroid of the element; x is the coordinate x of the centroid of the object; y is the coordinate y of the centroid of the object. The positions of centroids are shown in Fig. 6. They are marked by a cross enclosed by a rectangle, and denoted by capital letters. The letter B represents the centroid of vessels in the superior zone; the letter C the centroid of vessels in the nasal zone and the letter D represents the centroid of vessels in the inferior zone.



Fig. 6. Centroid of blood vessels located in the different zones of the optic disc, B: Superior zone; C: Nasal zone, and D: Inferior zone
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5. In this stage the blood vessels displacement is calculated with respect to the excavation growth, which is carried out by using the reference point of the cup (A in Fig. 3) and the vessel centroids (Fig. 6) in the zones defined by the masks (Fig. 5). The measurement of the displacement consists of obtaining the distances d1, d2 and d3 from the centroids B, C and D to the reference point A located in the temporal part of the excavation, as shown in Fig. 7. Since normally the vessel displacement is in the horizontal direction, distances are measured using the chessboard metric defined as:



d c = max(| x2 − x1 |, | y 2 − y1 |)



(2)



Where (x1, y1) are the coordinates of the first point and (x2, y2) are those of the second.



Fig. 7. Distance d1, d2 and d3 between the centroids denoted by B, C and D and the reference point of the excavation A



The distances are normalized with respect to the horizontal diameter of the optic disc Dh. The normalized distance dn is:



dn =



100 d Dh



(3)



Where Dh is the horizontal diameter of the optic disc and d is the distance to normalize. The final result of the blood vessels displacement with respect to the proportional growth of the excavation is calculated using the average of the three normalized distances just measured. For pre-diagnosing if an optic disc is suspect to suffer glaucoma or not, we need to use a cut point to decide the question. Tests were carried out with 67 images. The cut point was selected at a normalized distance of 45 pixels obtained empirically from our experiments. If the average of distances calculated was less than the cut point, then the retina was pre-diagnosed as normal. On the other hand, if the average of distances was equal or greater than 45, the retina is pre-diagnosed as suspect to have glaucoma.
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Discussion of Results



Figure 8 shows some images from the collection of 67 images of human retinas which were analyzed using the proposed method. The image population for the discussion of results was obtained in function of images with normal and suspect excavation.
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The factors taken in account to select the test images population were: Images with suspect excavation; images with generalized thinning of the neuroretinal rim (a); having wide excavation and ostensible scleral holes (b); images with normal excavation. Rule ISNT preserved the excavation and the normal output of the papilla vessels (c), (d). Figure 9 shows in detail the regions of interest (ROI) with the centroids and the reference points detected in different zones. The results achieved in these test images, were correct in all cases. The optic discs of the figures (a) and (b) have suspect excavations and the figures (c) and (d) have normal excavations.



(a)



(b)



(c)



(d)



Fig. 8. Some images used for the test of the proposed method



(a)



(b)



(c)



(d)



Fig. 9. Detail of the regions of interest (ROI) of the optic disc with the centroids and reference points detected in different zones: (a) and (b) images with suspect excavation; (c) and (d) images with normal excavation



The proposed method was tested with 67 retina images of real patients from which 24 were normal and 43 suspect to have glaucoma. From achieved results, 40 images had True Positives (TP), 22 images had True Negatives (TN), 2 images had False Positives (FP) and 3 images had False negatives (FN). To calculate the Sensitivity and Specificity, we used the following expressions based on the results above:



 TP   40  Sensitivit y =  100 =  100 = 93 .02 %  TP + FN   40 + 3 



 TN   22  Specificit y =  100 =  100 = 91 .66 %  TN + FP   22 + 2 



(4)



Then, it was achieved a Sensitivity of 93.02% and a Specificity of 91.66%, with an area under the curve of 0.923. In Table 1 are shown our results and some related to other state of the art solutions. The number of samples and the origin of the retina image databases in each case are listed below the table. Conversely, these ranges allow appreciating a confidence interval of the diverse method accuracies, demonstrating that the results achieved by the proposed method are within the range of those achieved by other state of the art solutions.
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Table 1. Comparison of our results with those achieved by other state of the art solutions #



Type of analysis



Sensitivity



Specificity



1



Cup/Disc ratio [13]1, [14]2, [15]3, [16]4



60% to 94%



82% to 94.7%



2



Cup/Disc ratio used pairs of stereo retinal images [20]5



87%



82%



3



Cup/Disc ratio and vessel bends [22]6, [23]7



18.6% to 81.3%



45% to 81.8%



4



Cup/Disc ratio and ISNT rule [12]8, [18]9, [19]10



97.6% to 100%



80% to 99.2%



5



The proposed method11



93.02%



91.66%



1



107 images, from the Center for Computing Research of IPN database.



2



140 images, from the Singapore Eye Research Institute database.



3



90 images, from the Manchester Royal Eye Hospital database.



4



45 image, from the Gifu University Hospital database.



5



98 images pairs, from the Gifu University Hospital database.



6



138 images, from the Particularly Ophthalmology Clinic database.



7



27 images, from the Singapore Eye Research Institute database.



8



61 images, from the Kasturba Medical College database.



9



550 images, from an Aravind Eye Hospital database.



10



36 images, from an Aravind Eye Hospital database.



11



67 images, from the Center for Computing Research of IPN database.



Figure 10 shows two normal images that were classified as suspect of glaucoma. Fig. 10(a) has a Cup/Disc ratio less than 0.4 and meets the exigencies of the ISNT rule. Fig. 10(b) has a Cup/Disc ratio equal to 0.4 and also meets the exigencies of the ISNT rule. Then, both images have a pre-diagnosis of normal given by the specialist.



(a)



(b)



Fig. 10. Normal images classified as suspect of glaucoma
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Figure 11 shows two out of three retinal images that caused false negative results. They are suspect of glaucoma (diagnosis given by the specialist) and the system gave a result of healthy optic disc. Fig. 11(a) has an excavation with inferior polar notch, and a lightly asymmetric Cup/Disc ratio 0.4H (horizontal) and 0.5V (vertical). Fig. 11(b) presents a loss of nervous fibers (it is observed the channel without fibers, below of the superior temporal vascular bundle) at XI (eleven o’clock) that coincides with the superior notch of the excavation, having a vertical predominance. Figure 11(c) shows another situation, even when this appears as normal image belongs to a pair of image (in the work was used 11 pairs of images) of a patient with glaucoma; that is not a common situation. This occurs frequently when the glaucoma is caused by a traumatism, where only one optic disc is strongly affected and the other remains as normal. The fact of the high Cup/Disc ratio asymmetry is the reason by which the optic disc of that eye does not satisfy the ISNT rule to be considered as suspect of glaucoma.



(a)



(b)



(c)



Fig. 11. Images that caused false negatives with the proposed method



As it is shown in Table 1, the sensitivity and the specificity in pre-diagnosis of our proposed method is within the results achieved in the state of the art related solutions. Analyzing the results in detail, images where our method failed, it was observed that the expert pre-diagnosis are suspect because apart of the growth characteristics of the excavation, there is also the presence of nicks and localized loss optical fiber. On this basis, we can say that the effectiveness of the method presented is high.
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Conclusion



This paper presents a method for classifying color images of human retinas suspect of having glaucoma on the basis of the displacement of the vascular bundle produced caused by the excavation growth in the optic disc. A close relationship was found between the excavation growth and the vascular bundle displacement in the superior, inferior and nasal optic disc zones. The proposed methodology achieved an accuracy of the 93.02% of sensitivity and 91.66% of specificity in the pre-diagnosis, even with excavations in early stages of development. This shows that the proposed approach is effective and can be used as a method for developing new ophthalmic medical systems suitable for computerized pre-diagnosis.
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