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Cost-sensitive Linear Reconstruction based Optic Cup Localization 

Field of the invention 

The present invention relates to methods and systems for processing at least one 

image of an eye, such as for measurement of a cup-to-disk-ratio (CDR). The CDR 

measurement may be used as part of a process for glaucoma diagnosis, optionally 5 

including also a step of treatment of glaucoma. 

 

Background of the invention 

Glaucoma is a chronic eye condition in which the nerve that connects the eye to the 

brain (optic nerve) is progressively damaged. Patients with early glaucoma do not 10 

have visual symptoms. Progression of the disease results in loss of peripheral vision, 

so patients may complain of “tunnel vision” (only being able to see the centre). 

Advanced glaucoma is associated with total blindness.   

Worldwide, glaucoma is the second leading cause of blindness, affecting 60 million 

people by 2010, and responsible for approximately 5.2 million cases of blindness 15 

(15% of the total burden of world blindness). The problem is even more significant in 

Asia, as Asians account for approximately half of the world’s glaucoma cases. 

Finally, because it is a condition of aging, it will affect more people in Singapore and 

Asia with population aging.  

Vision loss in glaucoma cannot be recovered. However, as treatment can prevent 20 

progression of the disease, early detection is critical to prevent blindness. Routine 

screening for glaucoma in the whole population is not cost effective and is limited by 

poor sensitivity of current tests. However, screening may be useful for high risk 

individuals, such as first degree relatives of a glaucoma patient, older age (e.g., 65 

years and older) and elderly Chinese women (who are at risk of angle closure 25 

glaucoma).  

Currently, there is no systematic way to detect and manage early glaucoma. 

Glaucoma patients are often unaware they have the condition, and consult 

ophthalmologists (eye doctors) only when severe visual loss is already present. 
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Treatment at this stage is limited to surgery, is expensive, requires skilled personnel, 

and does not restore vision. 

There are three current methods to detect glaucoma:  

(1) Assessment of raised intraocular pressure (IOP),  

(2) Assessment of abnormal visual field  5 

(3) Assessment of damage to the optic nerve  

IOP measurement is neither specific nor sensitive enough to be an effective 

screening tool and visual field testing requires special equipment only present in 

tertiary hospitals. 

Assessment of damage to the optic nerve is more promising and superior to IOP or 10 

visual field testing. However, it presently requires a trained specialist 

(ophthalmologist), or the use specialized equipment such as the HRT (Heidelberg 

Retinal Tomography) system. Optic disc assessment by an ophthalmologist is 

subjective and the availability of HRT is very limited because of the cost involved as 

well as a shortage of trained operators. 15 

It has been observed that glaucoma is associated with “optic disc cupping” in which 

the central “cup” portion of the optic disc becomes larger in relation to the disc. Optic 

disc cupping is accordingly one of the most important features in the diagnosis of 

glaucoma. For the optic disc, a variational level-set approach, which is based on 

global optimization concepts, can be used to segment the disc boundary and extract 20 

the optic disc region from the retinal image. However, segmentation of the optic cup 

is more challenging than the optic disc due to the optic cup’s interweavement with 

blood vessels and surrounding tissues. Once the cup has been found a cup-to-disc 

ratio (CDR) value can be obtained. The CDR values are used for the glaucoma 

screening, diagnosis and analysis. 25 

Segmentation and learning are two classes of widely used methods for optic cup 

localisation, and several techniques are known for automated glaucoma diagnosis. 
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For example, the ARGALI (an Automatic cup-to-disc Ratio measurement system for 

Glaucoma AnaLlysIs) system has previously been developed for glaucoma detection 

based on a single non-stereo fundus image (PCT/SG2008/000186). In ARGALI, the 

cup-to-disc ratio is used to automatically measure the optic nerve. The ARGALI 

system makes use of contour-based methods in the determination of the cup and 5 

disc from retinal images, through analysis of pixel gradient intensity values 

throughout the retinal image. On some occasions, where the gradient values are 

gradual, difficulties in the correct cup identification can occur. 

Another known system, known as the AGLAIA system (disclosed in 

PCT/SG2010/000434), uses up to 13 image cues for glaucoma diagnosis/screening. 10 

However, it has a limitation of confusing of images with very small cups as large 

cups. Moreover, errors from optic disc and cup segmentation affect the extraction of 

other features. 

In another “kink-based” system that was previously reported, analysis of blood 

vessel architecture was used to determine the location of the cup within the optic 15 

disc. Using this method, bends in the retinal vasculature over the cup/disc boundary, 

also known as kinks, were used to determine the physical location of the optic cup. 

Although this method is not reliant on color or pallor, some of the challenges include 

correct identification of kinks, as well as the non-presence of kinks in some retinal 

images. 20 

Some other work has also been presented making use of information from stereo 

photographs for the determination of the optic cup and disc. While some of the 

results presented are promising, the key challenge lies in the use of stereoscopic 

photography as compared to monocular photography. Stereoscopic photography 

demands specific hardware and requires specialized training, both of which may be 25 

unsuitable for the needs for mass screening. 

Discriminatory color-based analysis has also been used to determine the location of 

the cup and disc from retinal images. Histogram color analysis was performed on the 

image to determine the threshold cutoff between the cup and the disc. To determine 

the disc, statistical analysis of the pixel intensities was performed on different 30 
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features of the retinal image. However, no results were presented on the accuracy of 

results compared to clinical ground truth.  

Furthermore, a sliding window-based regional ranking approach has been proposed 

for optic cup localization. Sliding windows are used to generate as many cup 

candidates as possible, and a pre-learned regression model is used to rank all the 5 

candidates. Finally an unique cup location is determined using non-maximal 

suppression (NMS). This method is relatively slow, and in fact presently takes 6 mins 

per image.   

In other previous work, the input disc image is first segmented into “superpixels”. 

Superpixels corresponding to blood vessels are next removed. The remaining 10 

superpixels are labelled as the cup or rim based on structure priors and the labels 

are propagated to remaining superpixels. After the superpixel label refinement, a cup 

location is determined by ellipse fitting. This method is the state-of-the-art optic cup 

localization method, which has high accuracy and relatively high speed. However, a 

yet higher speed and accuracy would be desirable.  15 

In summary, segmentation methods have been used widely for cup localization, 

segmentation methods in the past decade. Recently, some learning based method 

has been introduced and achieved some improvement. However, most of these 

methods aim at either small CDR error or diagnosis accuracy, and the practical 

requirements are difficult to meet by current state-of-art methods. 20 

 

Summary of the invention 

 

The present invention aims to provide an effective and efficient method to obtain, 

from one or more retinal images (particularly non-stereo images), data characterizing 25 

the optic cup, such as data indicating the location and/or size of the optic cup. The 

location and/or size may be expressed in relation to a pre-specified optic disc, such 

as an optic disc segmented by ASM or other established algorithms.  



5 

 

In general terms, the invention proposes a linear reconstruction approach, in which a 

disc region of a given retinal image (“test image”) of an eye, is expressed as a 

weighted sum of a plurality of pre-existing “reference” retinal images in a library, with 

the weights being chosen to minimize a cost function. The data characterizing the 

cup of the eye is obtained from cup data associated with the pre-existing disc 5 

images, and from the corresponding weights. 

The cost function typically includes a construction error term indicating a difference 

between the disc region of the retinal image and a sum of the reference retinal 

images weighted by the corresponding weight value wi. The construction term is 

chosen to be smooth. 10 

The cup data includes numerical values describing the position of the cup in the 

reference retinal images and/or the CDR value of the reference retinal images. 

The present invention is inspired by an atlas-based method which has been used for 

other medical image segmentation problems (such as tumors). The invention 

introduces linear reconstruction-based methods, such as sparse coding and LLE 15 

(Locally linear embedding), into the optic cup localization problem. 

According to our experiments, the use of linear reconstruction methods (e.g., linear 

reconstruction with a sparse constraint) can be performed with higher accuracy if the 

method further includes a process for selecting, or emphasizing, those of the 

reference retinal images which are most similar to the disc region of the test image. 20 

Thus we introduce a cost/penalty term to LLE, to simultaneously minimize the 

reconstruction error and the reconstruction cost.  

Like the construction error term, the cost/penalty term is chosen to be smooth, so 

that the overall cost function is smooth too (as in conventional LLE) and preferably 

has a closed form solution. Thus the new method has a higher performance, 100% 25 

repeatability, and a higher speed, and is more robust. 

The cost term may be specified in any of a number of ways. Preferably, it is sum 

over the reference retinal images of a respective cost value for each reference retinal 

image, weighted by the corresponding weight value. 
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In one possibility, the cost term may be generated using a weighted sum over the 

reference retinal images of cost values di, indicative of a difference between the disc 

region of the test image and the corresponding i-th reference retinal image. 

Another possibility would be to identify a predefined number (say “M”) of the 

reference retinal images which are the closest (i.e. have least difference to) the test 5 

image (in other words, these are the M nearest neighbors to the test image). Then 

the cost value can be chosen to be very high (effectively infinite) for all the other 

reference retinal images. For the M nearest-neighbour reference retinal images, the 

cost value takes a much smaller value, e.g. 0 or 1 for all of them. When the cost 

function is minimized, this forces the weight values to become zero except for the M 10 

nearest neighbour reference retinal images. The resultant algorithm is equivalent to 

the LLE form of linear reconstruction. 

The method typically includes a step of segmenting the test image to extract the disc 

region. The reference retinal images are themselves preferably disc regions of 

previously-imaged eyes. The step of segmenting the images of those eyes may be 15 

done at the time the present method is carried out, or more preferably in advance. 

Experimentally, embodiments of the present invention have been found to have high 

accuracy for both cup localization and glaucoma diagnosis. 

The cost function is preferably chosen to be one such that the optimal weights may 

be expressed as a closed form solution. This means that no training process is 20 

required, and therefore high processing speed may be achieved. In this case, the 

method is especially suitable for (offline) batch processing. Furthermore, the method 

is robust, i.e. stable with 100% repeatability. Experimentally, it has been found that 

diagnosis accuracy is not very sensitive to disc localization errors. 

The proposed technique also has potential applications to diagnosis of other eye 25 

illnesses. 

The proposed method has the following novel features: 

1) As mentioned above, the method makes use of a database of existing retinal 

images and associated cup data, which may be considered a “codebook”. In other 
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words, the present method is a knowledge-based optic cup detection method, and in 

fact, so far as we know, it is the first knowledge-based optic cup detection method, 

which is different from existing segmentation based methods; 

2) It is very fast and robust, especially for large scale batch processing, making it 

suitable for population study and screening, as well as the basis for a cloud-based 5 

remote service; 

3) It has a tolerance to disc segmentation error, which avoids being dependent 

on optic disc accuracy and can be easily combined with other new or existing disc 

segmentation methods; 

4) Since it is a knowledge(codebook)-based method, its performance can be 10 

further improved by extending the codebook with new domain knowledge. 

The invention may be expressed as a method of obtaining data about the cup of the 

eye, or as a computer system programmed to perform the method, or as software in 

a computer program product, such as a non-transitory program stored on a tangible 

recording medium, operative when performed by a processor to cause the processor 15 

to perform the method. The invention may also be expressed as a method to 

diagnose glaucoma (or another disease) including a step of using the data about the 

cup of the eye to make the diagnosis. It may even be expressed as a method of 

treating glaucoma (or other disease) including performing the diagnosis and then, if 

glaucoma is diagnosed, performing a treatment step. 20 

Brief description of the drawings 

An embodiment of the invention will now be described for the sake of example only, 

with reference to the following drawings in which: 

 Fig. 1 is a flow chart of the steps of the embodiment; 

 Fig. 2 compares the Glaucoma diagnosis performance of the embodiment of 25 

Fig. 1 with other algorithms, using a first dataset (ORIGA); and 

 Fig. 3 compares the glaucoma diagnosis performance of the embodiment of 

Fig. 1 with other algorithms, using a second dataset (SECS). 
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Detailed description of the embodiment 

Referring to Fig. 1, the steps are shown of an embodiment of the invention, which 

performs Optic Cup Localization. As described in detail below the method employs 

cost-sensitive Linear Reconstruction.  5 

The starting point of the embodiment is a single, non-stereo retinal image of an eye 

(typically a fundus image), referred to as the test image. In step 1, the optic disc of 

this eye is segmented within the test image using existing methods, for example 

Active Shape Model and template matching. Active shape matching is described at  

Yin, F., Liu, J., Ong, S.H., Sun, D., Wong, D.W.K., Tan, N.M., Baskaran, M., Cheung, 10 

C.Y., Aung, T., Wong, T.Y., Model-based Optic Nerve Head Segmentation on 

Retinal Fundus Images. In :IEEE Int. Conf. Engin. in Med. and Biol. Soc., pp. 2626–

2629 (2011) . Template matching is described at, J., Liu, J.,Wong, D.W.K., Yin, F., 

Cheung, C.Y., Baskaran, M., Aung, T.,Wong, T.Y.: Automatic Optic Disc 

Segmentation with Peripapillary Atrophy Elimination. In: IEEE Int. Conf. Engin. in 15 

Med. and Biol. Soc., pp. 6224–6227 (2011).  

 

In the case that the test image is of a left eye, the method is applied directly, but if 

the test image is of a right eye, it is flipped to the left first. 

 20 

In step 2, the segmented disc is normalized to a unified circle with a radius of 128 

pixels. Furthermore, each pixel value is scaled to the range 0~1 by dividing 255 and 

then subtracting the mean value of the whole disc to eliminate the influence of the 

illumination change.  

In step 3, the normalized disc is used in a cost-sensitive linear reconstruction method 25 

to estimate the cup location. Then in step 4, the cup location is used to obtain a CDR 

value for glaucoma diagnosis.  

We now turn to a detailed description of how step 3 is carried out. The method 

employed a database 5 of N reference ground truth disc images (codebook) indexed 

by the integer variable i. These are denoted by { } Nk

Ni RxxxxX ×∈= LL ,,, 21
, where k 30 
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is the number of pixels in the disk of the reference images (i.e. in our experiments 

using discs with radius 128, k should be 3.14*128*128=51,446. For each reference 

ground truth disc image the database 5 also contains four numbers referred to as 

cup data, describing the corresponding ground truth cup. The cup data is denoted 

{ } N

Ni RccccC ×∈= 4

21 LL ,,,  where { }iiiii bavuc ,,,=  denotes the cup descriptors of the 5 

i-th reference disc. ui and vi are the co-ordinates of the centre location of the ellipse 

cup for the i-th reference disk image, and ai is the horizontal diameter. ib  is its CDR 

(which is also half of the vertical diameter of the cup. Here ai and ib  are in the range 

0< ai, ib  <1, and the diameter of the disc is 2. In other embodiments, different cup 

data can be used, e.g. the values ib  alone. 10 

We denote the normalized disc obtained in step 2 by 1×∈ kRy . Step 3 finds a set of N 

weight values { }iww =  where 11 =∈ × wRw N
,   . The set of weight values functions 

as an optimal linear reconstruction coefficient to minimize the reconstruction error 

2
y Xw− .  

After w  is obtained, step 4 estimates the location and/or CDR of the cup of y by 15 

using Cw . The cup is assumed to be a non-rotated ellipse. To find the location of the 

cup of y , step 4 uses some or all of { }iiii bavu ,,,  . For example, the u for the cup of 

the test image y  is just the vector product of the { }iu  and w. More generally, to 

estimate any one ( p ) of the four parameters u,v,a or b, we simply multiply { }ip  by w. 

Thus, to find the CDR of the cup of y , only { }ib  may be used. The estimated CDR is 20 

just the product of the N-vectors w  and { }ib . 

To do the reconstruction with fewer but more related images in the codebook, 

instead of using them all, we introduce a cost/penalty term into the objective function. 

We first construct a cost vector { } 1

21

×
∈=

NT

Ni Rddddd LL ,,,  for the reference ground 

discs X , where id  is the cost of using ix  for reconstruction, then we can compute 25 

the whole reconstruction cost  ‖� ∘ �‖�  and minimize it together with the 
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reconstruction errors,  where ∘ denotes the Hadamard product. Thus we can obtain 

the cost function 

arg	min


‖� − ��‖� + �‖� ∘ �‖�	s. t. |�| = 1     (1) 

which can be easily solved by using Lagrange Multiplier method, and the solution is 

in closed form:  5 

11 ˆ ˆ ˆ( ) , ( )
ˆ ˆ( )

T T T

T T T
w X X D D X y X

X X D D
λ

λ

−= + = ⊗ −
+

1 1
1 1

.    (2) 

If there are multiple test images for a single patient, the method may find a CDR for 

each separately (by finding a respective set of weights for each image, and then a 

CDR (or other data characterizing the cup) for that set of weights) and then 

averaging them. If there are test image(s) for multiple patients, then the image(s) for 10 

each patient are treated separately using the method above. 

For simplicity and matching our observation, we define the cost id  as the 

(normalized) Gaussian Distance between the testing sample and the i-th reference 

disc in our implementation, i.e., 

2

22

i

f

y x

id e
δ

−

= , where fδ is a parameter to control the 

feature noise. Note that if id  is small, the influence of the corresponding reference 15 

disk will be greater. Since id is not infinite for any image, this means that all N 

images still have some influence. However, in a possible variant of the method it 

would be possible to exclude completely images for which the cost value is, for 

example, above a certain threshold, i.e. there are few reference discs but ones which 

are more highly related to the test image. This may result in the algorithm operating 20 

at a higher speed.  

 

Experimental results 

 

Two large datasets ORIGA and SCES were used for testing. The ORIGA dataset 25 

comprises 650 retinal images with manually labeled ground truth disc/cup 
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boundaries and clinical diagnosis results; the SCES dataset comprises 1766 retinal 

images with clinical diagnosis only. 

 

We tested the proposed method with several settings on these two datasets. For a 

comparison of cup localization accuracy, the metrics m1, m2 and CDR error (δ ) are 5 

computed with following definition: 

|)()(|,
)(

|)()(|
,
)(

)(
1 21 GcdrDcdr

Garea

GareaDarea
m

GDarea

GDarea
m −=

−
=−= δ

U

I
, 

where D  and G  are the detected cup and ground truth cup, ()area  and ()cdr are the 

functions for calculating the area and CDR value respectively. To compare the 

diagnostic capabilities of the different methods, receiver operating characteristic 10 

(ROC) curves of different methods are plotted on the same figure and area-under-

curve (AUC) values are also calculated for comparison.  

When using the ORIGA dataset, with the ground truth cup available, we can test 

both cup localization accuracy (m1, m2 and CDR error) and diagnostic accuracy 

(AUC). However, for the SCES dataset, only diagnostic performance using the AUC 15 

can be compared. 

 

(i) Codebook generation: For codebook generation, a random sampling method 

with even distribution was used, in order to cover a full range of all possible CDR 

values without any bias. For example, when the size of the codebook is set to N 20 

(discs), since CDR is between 0 and 1, then for each subset with CDR in {0, 0.1, 0.2, 

O, 0.9, 1} (s=11 subset), N/s discs are randomly selected from the whole sample set 

with corresponding CDR value. 

 

(ii) Settings of the proposed method: To test the robustness of the proposed 25 

method and the influence of disc detection accuracy/method, we designed the 

following experiments. 
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1) Test on the ORIGA dataset, using 100 randomly selected images with manually 

labelled ground truth cups and discs as reference to test the other 550 images. To 

make the reference images cover a wide range of CDR, we categorized the disc into 

3 groups: large, median and small. The reference images were randomly selected 

from the 3 groups according to prior ratio.  5 

2) Test on the ORIGA dataset, using ASM/template matching method to detect all 

the discs first, and then using 100 random selected images with ground truth discs 

and cups as a reference to test on the other 550 detected discs. 

3) Test on the ORIGA dataset, using ASM/template matching method to detect all 

the discs first, and then use 100 random selected detected images with 10 

corresponding ground truth cup descriptors as reference to test on the other 550 

detected discs. 

4) Test on the SCES dataset, using all of the 650 ORIGA discs with ground truth cup 

descriptors as reference (codebook) to test on all of the 1676 SCES images. For 

reference images, discs were manually labeled ground truth, for SCES images, discs 15 

are segmented by using ASM/template.  

5) Test on the SCES dataset, using all of the 650 ORIGA discs with ground truth cup 

descriptors as reference (codebook) to test on all of the 1676 SCES images. For all 

images, ASM/template matching method is used to obtain the discs. 

 20 

In the experiments, we compared the embodiment with the following publicly-known 

systems: AGLAIA (which can be considered as a pixel based method), air puff IOP 

measurement (state-of-the-art method used clinically), region based ranking and two 

superpixel-based methods. A first of the super-pixel based methods, referred to here 

as ARARAT, is the one disclosed in PCT/SG2013/000370, which performs both disk 25 

and cup localization. The other superpixel based method (referred to below as the 

“second super-pixel based method”) is as disclosed in the paper “Efficient Optic Cup 

Detection from Intra-Image Learning with Retinal Structure Priors” by Y. Xu, J. Liu, S. 

Lin, D. Xu, C. Cheung, T. Aung and T. Y. Wong in Medical Image Computing and 

Computer-Assisted Intervention(MICCAI), 2012, Pages 58-65, which focuses on cup 30 
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localization only. For cup localization accuracy comparison, the results tested on the 

ORIGA dataset are listed in Table 1. The glaucoma diagnosis (based on CDR) 

performance comparison on the ORIGA and SCES datasets is shown in Fig 2 and 3, 

respectively. From Table 1, one can observe that the proposed method significantly 

improved the cup localization accuracy. Compared with AGLAIA, the relative error 5 

deduction on m1, m2 and CDR error were 43%, 48% and 30%, respectively. 

Compared with the state-of-the-art method ARARAT, the relative error deduction on 

m1, m2 and CDR error were 8%, 22% and 13%, respectively. 

 

Table 1.  Performance comparison for cup localization using the ORIGA dataset 10 

 

Method m1 m2 CDR error 

AGLAIA 0.40 0.44 0.10 

Proposed @ Setting 

1) 0.23 0.22 0.07 

Proposed @ Setting 

2) 0.23 0.24 0.07 

Proposed @ Setting 

3) 0.22 0.21 0.07 

Region based 0.28 0.31 0.09 

Second Superpixel 

based method 0.27 0.29 0.08 

ARARAT 0.24 0.27 0.08 

 

Comparing the proposed method with the 3 different settings, one can observe that, 

the proposed method is robust and not very sensitive to the method by which the 
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disc is obtained (e.g., manual and ASM/template matching), and can achieve slightly 

better performance when the reference discs and test discs are obtained by using 

the same method, which can be treated as feature alignment pre-processing. The 

algorithm which is an embodiment of the invention had a 15.7% improvement in 

quality compared to the second super-pixel based method, were 200 times faster, 5 

and were more stable with respect to different disc segmentation algorithms. 

Comparing the embodiment to ARARAT, the improvement in m1 (which is the 

unique evaluation metric of cup localization accuracy) is 8.3%. The present algorithm 

had a 12.5% improvement in CDR error compared to both the superpixel-based 

methods. 10 

From Fig.2 and Fig.3, one can observe that the proposed method outperforms the 

other methods on both datasets. 

In fact, remarkably, as may be seen from Fig. 2, the present method actually 

performs better glaucoma diagnosis than when the images are segmented manually. 

This is because CDR (as obtained by a manual method) is not perfectly correlated 15 

with correct diagnosis of glaucoma. Cases are known in which the manually-derived 

CDR is 0.8, but there is no glaucoma; conversely, cases are known in which the 

manually-derived CDR is 0.4 but glaucoma is present. Although, by definition, the 

cup cannot be segmented better by the present method than by a manual 

segmentation (since our measure of how well the present method is performing 20 

segmentation is by comparing how closely it matches the manual segmentation), the 

CDR produced by the method is actually better correlated with a correct diagnosis of 

glaucoma than the CDR produced manually. 

 

 25 

Industrial application 

The proposed approach can achieve high accuracy for optic cup localization, and 

glaucoma diagnosis. It has acceptable tolerance to disc segmentation error, and is 

fast and robust in batch processing. It is thus suitable for performance by single local 

machines or by cloud-based services.  30 
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Variants of the embodiment 

Many variations of the embodiment can be made within the scope of the present 

invention. For example, the cost value di can be set in any of a number of different 

ways, representing different measures of the difference (similarity) of the images. 5 

Furthermore, although in the embodiment described above the images (both the test 

image 1×∈ kRy as modified in steps 1 and 2, and the reference retinal images { }ix ) 

employed in step 3 are simply circles of predetermined size, both kinds of images 

may be represented in many other ways. That is, step 2 may be changed so as to 

reformat the test image in a different way, and in step 3 the reference retinal images 10 

are also in this format. In a first example, the radius of the k images at the start of 

step 3 may of course may be different.  

 

 

 15 










	SG5647_DWC
	SKM_754e17103116090

