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Glaucoma Detection from Retinal Images Using Statistical and Textural Wavelet Features

Glaucoma is a silent progressive eye disease that is among the leading causes of irreversible blindness. Early
detection and proper treatment of glaucoma can limit severe vision impairments associated with advanced
stages of the disease. Periodic automatic screening can help in the early detection of glaucoma while reducing
the workload on expert ophthalmologists. In this work, a wavelet-based glaucoma detection algorithm is
proposed for real-time screening systems. A combination of wavelet-based statistical and textural features
computed from the detected optic disc region is used fo determine whether a retinal image is healthy or
glaucomatous. Two public datasets having different resclutions were considered in the performance analysis of
the proposed algorithm. An accuracy of 96.7% and area under receiver operating curve (AUC) of 94.7% were
achieved for the high-resolution dataset. Analysis of the wavelet-based statistical and textural features using
three different methods showed their relevance for glaucoma detection. Furthermore, the proposed algorithm is
shown to be suitable for real-time applications as it requires less than 3 s for processing the high-resolution
retinal images.

Keywords: Glaucoma; Retinal images; Wavelet transform; Gray-level co-occurrence matrix; Statistical features;
Classification

Introduction

According to the World Health Organization, glaucoma is a leading cause of blindness worldwide accounting
for over 12% of global blindness [[ 1]]. In 2010, it was estimated that 60.5 million people suffered from
glaucoma, a figure expected to increase to 80 million by the year 2020 [[ 2]]. Generally, glaucoma is more
common in elderly individuals with African and Hispanic origins than in Caucasians, specifically those suffering
from severe nearsightedness, diabetes, or high blood pressure. Glaucoma causes progressive impairment of
the optic nerve responsible for sending image signals from the eye to the brain. At its early stages, glaucoma
has absolutely no effect on vision hence usually passes unnoticed by patients. In more advanced stages,
glaucoma causes loss of peripheral sight that can progress to irreversible blindness. However, early diagnosis
and proper treatment can help control glaucoma progression thus avoiding vision loss.

Periodic eye examination of candidate glaucoma patients is thus essential to facilitate the early detection of the
disease. In an eye examination, a patient's retinal image is captured then manually inspected by an
ophthalmologist to determine whether or not glaucoma symptoms are present. Manual analysis of retinal
images can be very time consuming [[ 3]]. In addition, the images should be inspected by highly trained
ophthalmologists in order to assure accuracy of the performed diagnosis [[ 4]]. Periodic manual screening
would hence cause a huge overload on expert ophthalmologists who would be required to examine a large
number of patient images, most of which have no disease symptoms. Automatic screening systems have the
potential o overcome these limitations by automatically capturing and processing retinal images, advising only
patients with detected glaucoma symptoms to seek medical treatment.

In retinal images, the damage of the optic nerve associated with glaucoma can be depicted in the cupping of
the optic disc, which is the increase of the cup size with respect to the optic disc, as well as in the change of its
overall characteristics [ 5]]. Automatic methods thus commonly rely on analysis of the optic disc region for
glaucoma diagnosis. Generally, there are three types of glaucoma detection algorithms in literature: ( 1)
structural, { 2) generic, and ( 3) hybrid.
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Structural glaucoma detection algorithms rely on the segmentation of both the optic disc and cup followed by
the computation of structural measures to determine whether or not the disease is present. Common measures
for glaucoma detection include the cup-to-disc ratio {CDR) [[ 6] 8]], inferior superior nasal temporal {ISNT)
rule [[ 9]], disk damage likelihood scale (DDLS) [[10]], and glaucoma risk index (GRI) [[11]], all which are
computed using the vertical disc and cup heights [[12]]. The performance of structural glaucoma detection
algorithms is thus highly dependent on the segmentation accuracy of the optic disc and cup from the retinal
images. Consequently, the accurate detection of the boundaries of both the disc and cup is essential to ensure
the efficiency of these methods [[13]]. However, in some cases, the cup and disc are hardly distinguishable
which would make their accurate segmentation extremely challenging [[ 8], [14]]. Moreover, segmentation
algorithms can be complex and time consuming making them unsuitable for real-time automatic retinal
screening systems.

Generic methods are based on the intuition that the damage of the optic nerve associated with glaucoma
affects the overall characteristics of the optic disc region. Generic methods thus rely on a combination of
statistical and textural features, computed from either the spatial or wavelet domains of the image. Dua et al.
[[15]] proposed using average wavelet energy computed from the retinal images’ level 1 detail subbands for
glaucoma classification. They reported an accuracy of 93% using tenfold cross validation with support machine
vector (SVM) classifier for a dataset consisting of 30 normal and 30 glaucomatous images. In another work,
Singh et al. [[16]] calculated the mean and energy of the optic disc region’s first wavelet level detail subbands
for differentiating between normal and glaucomatous images.For both k nearest neighbor (kNN) and SVM
classifiers, an accuracy of 94.7% was achieved using a 63-image dataset, where 70% of the data was used for
training and the rest for testing. In their work, Singh et al. concluded that wavelet features extracted from the
optic disc region were more clinically significant than features computed from the whole retinal image. They
also showed that their method gave higher results than several other approaches from literature. Dey et al.
[[177] implemented a glaucoma detection algorithm using spatial textural features calculated from the gray-level
run and co-occurrence matrices. An overall accuracy of 94% was achieved using tenfold cross-validated SVM
classifier tested with a private dataset.

Hybrid approaches combine both structural measures, requiring optic disc and cup segmentation, along with
generic textural and statistical features for glaucoma detection. Hybrid methods hence share the limitation of
the structural glaucoma detection methods in that they can be prone to segmentation errors as well as being
computationally expensive. Akram et al. [18]] integrate spatial and spectral features along with cup-to-disc and
rim-to-disc ratios for glaucoma detection. Their method resulted in accuracies between 85 and 95% for several
public and private datasets. Vijapur et al. [[19]] implemented several structural measures along with wavelet
energy features for glaucoma classification. The best performance was achieved by combining both the
structural and wavelet features resulting in an accuracy of 86.7% using the SVM classifier on a public dataset
consisting of 30 retinal images. Khalil et al. [[20]] used a combination of textural and intensity features along
with several structural features calculated from the segmented optic disc and cup in order to classify
glaucomatous retinal images. Their algorithm resulted in accuracies of 84% and 83% for the textural and
structural features, respectively, using a tenfold cross-validated SVM classifier. These results show the
superiority of textural over structural features for glaucoma classification.

Generic glaucoma detection algorithms thus have the potential to overcome the limitations of structural
methods by being computationally inexpensive while giving reliable results. In literature, generic features were
most commonly computed from the images' spatial domain. Few researches have also computed generic
features from the wavelet decomposition of the retinal images. However, wavelet-based generic glaucoma
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detection algorithms introduced in literature mainly relied on only a limited number of statistical features such
as the mean and energy [[15]].

In this work, a novel wavelet-based generic glaucoma detection algorithm is proposed that relies on a
combination of both textural and statistical features. Wavelet transform is a multiresolution technique that has
the advaniage of being localized in both time and frequency [[21]]. Wavelet decomposition separates an
image's edge and luminance information in its detail and approximation subbands, respectively. Detail
subbands mainly include information related to the retinal vessels which are of low relevance to glaucoma
detection. On the other hand, approximation subbands include the image's illumination and textural
information. Consequently, only the retinal images’ approximation subbands were considered in the proposed
algorithm. Initially, the optic disc region was detected from the image's red channel approximation subband.
Next, several statistical and textural features were computed from the detected optic disc region's green and
blue approximation subbands. Feature selection was then employed fo find the most relevant features and the
reduced feature set was used 1o classify two publicly available retinal image datasets of different resolutions
into healthy or glaucomatous. Finally, perfromance and timing analysis along with comparisons to other
methods were perfromed demonstrating the superiority of the proposed glaucoma detection algorithm.

Materials
In this work, balanced subsets of two publicly available retinal image datasets were used to evaluate the
performance of the proposed method.

» GlaucomaDB [[20]]: includes 33 healthy and 33 glaucomatous images taken with a TopCon TRC 50EX
camera originally having a resolution of 1504 x 1000 pixels. However, images publicly provided within this
dataset only include the optic disc and a small surrounding region. The cropped image sizes vary slightly
among them but are generally less than 200 x 200 pixels.

« High-resolution fundus (HRF) image database [[22]]: consists of 15 healthy and 15 glaucomatous retinal
images captured using a Canon CR-1 fundus camera at a resolution of 3504 x 2336 pixels. All images
within the HRF dataset were taken at a 45° field of view (Fig. 1a). In order to increase the processing speed
of the proposed algorithm, the HRF images were initiaily cropped to separate only the part including the
optic disc and surrounding region. Images were cropped by first excluding the black image edges. Next, the
retinal image was divided into three rows and three columns and only the block containing the optic disc
was considered for further processing. The considered region thus had a resolution of 870 x 780 pixels (Fig.
1b).

Graph: Fig. 1 Retinal image from the HRF dataset a before and b after cropping

Methods

Glaucoma is associated with the damage of the optic disc resulting in the change of its overall characteristics
within the retinal image [[ 5]]. Optic discs are generally characterized by their bright yellowish appearance as
opposed to the reddish-orange retinal image. Figure 2 shows an example of the red, green, and blue channels
of a cropped retinal image from the HRF dataset. The optic disc is seen to be most distinguishable in the
retinal image's red channel. However, the green and blue channels demonstrate a larger contrast between the
disc and cup. Conseguently, in this work, the red channel was used for optic detection whereas the green and
blue channels were used for the feature extraction. The proposed wavelet generic glaucoma detection
algorithm is summarized in Fig. 3 and its details are given within this section.
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Graph: Fig. 2 The a red, b green, and ¢ blue channels of the optic disc region (for an image from the HRF
dataset)

Graph: Fig. 3 Flowchart of the proposed glaucoma detection algorithm

Preprocessing

Several enhancement techniques were implemented to make the red channel more suitable for optic disc
detection. Initially, the illumination of the red channel was normalized by subtracting its mean from all the
channel pixels. Next, unsharp masking [[24]] and contrast-limited adaptive histogram equalization (CLAHE)
[[25]] were performed in order to increase the overall contrast of the red channel hence enhancing the
appearance of the optic disc with respect fo the image background (Fig. 4c).

Graph: Fig. 4 a Cropped retinal color image from the HRF dataset. b Cropped image's red channel. ¢
Preprocessed red channel. d Approximation subband of the preprocessed red channel. e Clean optic disc
mask created by thresholding of the preprocessed red channel. f Detected optic disc identified on the green
approximation subband

Wavelet Decomposition

Wavelet transform is a multiresolution technique that can separate the edge and illumination information of an
image in its detail and approximation subbands, respectively. Wavelet detail subbands contain information
conveying the sharpness of the retinal structures whereas the wavelet approximation subbands mainly inciude
the luminance information of the structures [[26]]. In this work, we are interested in the illumination
characteristics of the optic disc in order to determine whether the inspected retinal image is healthy or
glaucomatous. Accordingly, retinal images were decomposed using Daubechies4 wavelet and only the
approximation channel subbands were considered in all subsequent processing. Specifically, the second and
fourth wavelet subbands were considered for the GlaucomaDB and cropped HRF images, respectively, in
order to account for the size difference between the two datasets [[27]]. Accordingly, the resolution of the final
processed images for both datasets was ~ 55 x 60 pixels.

Optic Disc Detection

Initially, image thresholding of the preprocessed red channel's approximation subband was performed to
generate a binary image including the highest intensity pixels within the retinal image. The threshold was
chosen to be the nth quantile of the approximation subband where n is dependent on image size, taken as 80
and 90 for the GlaucomaDB and HRF datasets, respectively. Next, the binary image was cleaned by removing
regions whose area was less than 6% of the total image size representing high-intensity pixels within the
background of the retinal image that are not part of the optic disc. The cleaned binary image hence only
includes the optic disc mask (Fig. 4e). Finally, the BoundingBox function in MATLAB [[28]] was used to identify
the center, radius, and rectangular borders of the optic disc from the cleaned binary image (Fig. 4f). The
rectangular borders of the detected optic disc were then employed to crop the optic disc from both the green
and blue approximation subbands to be used for feature extraction (Fig. 5). In this work, the approximation
subbands were normalized prior to feature computation in order to account for the luminance variations within
different retinal images [[29]].

Graph: Fig. 5 Final cropped optic disc region in the a green and b blue approximation subbands

Features Extraction
A healthy optic disc is typically orange to pink in appearance becoming paler in color for glaucomatous retinas
whereas the optic cup, located in the center of the optic disc, is refatively brighter and more yellowish [[12]].
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Generally, glaucomatous images are characterized by enlarged cup size with respect to the optic disc. Figure 6

shows examples of normal and glaucomatous images demonstrating the difference in size and color between

healthy and abnormal optic discs.

Graph: Fig. 6 Examples of a healthy and b glaucomatous optic discs from the HRF dataset

In this work, a combination of wavelet-based textural and statistical features was computed from the green and

blue normalized approximation subbands of the detected optic disc region (Fig. 5) in order to thoroughly
characterize the optic disc for glaucoma classification. Feature selection was then used to remove the
insignificant features in order to improve the overall classification performance.

Textural Features

Texture features are widely implemented in medical image analysis to give useful information about the
characteristics of certain objects or regions of interest within an image. Gray-level co-occurrence matrices
(GLCM) are among the most commonly used methods for texture feature computations. GLCM describes
image texture by showing how often specific pixel pairs occur in an image, thus giving information about the
pixel arrangement of color intensities in that image. In this work, preliminary ten textural features were
implemented for specification of the optic disc characteristics: contrast, energy, entropy, dissimilarity,

correlation, homogeneity, cluster shade, cluster prominence, difference variance, and information measure of

correlation [[30]].

Contrast and difference variance were used to measure the image's contrast whereas the cluster shade and
cluster prominence emulated human perception [[30]]. Furthermore, the information measure of correlation,
energy, entropy, dissimilarity, homogeneity, and correlation measures were used to represent the image’s
homogeneity. All features were calculated from the gray-level co-occurrence matrices in four directions (0°,
450, 90°, 135°), then averaged in order to efficiently describe the textural characteristics of the detected optic
disc. The GLCM are specified as p(i, j} where / and j indicate the row and column within a certain matrix. The
GLCM textural features were calculated using the following equations:

Contrast=3}1%ji—j2.pij

Graph
Energy=3 i¥ ipij2

Graph

Entropy=-31i¥ jpij.logpij
Graph

Dissimilarity=51¥]li~jl.pij
Graph

Correlation=Y S ji-pxj-pypijoxoy

Graph

Homogeneity=3 i3 jp(i,j)}1+(i-j)2
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where u,, [, 0, and o, are the means and standard deviations for the rows and columns of p(j, j), whereas p, (i}
and p,{j) are the t and f elements in the marginal x and y probability matrices of p(i, j) and

px—yk=2i3 jpij.forli~jl=k

Graph
HXY =~ i¥jpijlogpij
Graph
HXY2=-%i% jpxipyilogpxipyi
Graph

Statistical Features

Glaucoma affects the overall illumination characteristics within the optic disc as a result of the associated optic
cup enlargement [[32]]. Initially seven different statistical features were considered: mean, variance, skewness,
kurtosis, energy, entropy, and super pixels. The mean and skewness described the overall intensity of the
detected optic disc region whereas the variance and kurtosis measured its illumination discrepancy. The
energy and wavelet Shannon entropy [[33]] evaluated the information content within the optic disc region.
Super pixels refer to the highest intensity pixels within a specific region of interest, specifically the pixels whose
value is larger than or equal to 0.9. The number of super pixels is thus associated with the increase in cup size
characteristic of glaucoma.

Feature Selection

In order to study the relevance of the proposed wavelet textural and statistical features for glaucoma
classification, three different analyses were performed: two-sample { test, Relief algorithm [[34]], and
Information Gain [[35]]. The two-sample ¢ test is a statistical test used to determine whether the average
difference between two feature classes is significant or if it is mostly due to random chance. The Relief
algorithm weights each of the different features according to its relevance to a specific class. Initially, all
weights are set to zero and then weights are updated iteratively in accordance with their significance.
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Information Gain is an entropy-based method that evaluates the discriminatory potential of features in different
classes by measuring their information content.

Resuits

The proposed glaucoma classification algorithm was tested using two different retinal image datasets,
GlaucomaDB and HRF. All features were computed using the MATLAB software (Mathworks, Inc., Natick, MA,
USA). For feature selection, the two-sample f test was performed in MATLAB whereas Weka [[36]]
implementations of the Relief and Information Gain algorithms were utilized.

The kNN classifier was chosen for classification as it is easy to tune and gives consistent results as well as

being efficiently used for glaucoma classification in literature. In all experiments, the k parameter was varied
over the range from 1 to 15 and best classification results were reported. Al classifications were performed

using fivefold cross-validation in Weka.

Reduced Feature Vector

All three feature selection methods were found to give highly consistent results for both the GlaucomaDB and
the HRF datasets. Among the wavelet-based textural features, the correlation, information measure, and
cluster prominence computed from the green approximation subband were generally found to be the most
significant followed by the contrast, dissimilarity, difference variance, and cluster shade. As for the statistical
features, the variance, entropy, and super pixels from both the green and blue approximation subbands were
the most relevant for glaucoma detection. The rest of the features had negligible association with the glaucoma
detection problem hence were removed from the final feature vector.

Classification Results

Performance analysis was made by calculating the sensitivity, specificity, accuracy, and area under the
receiver operating characteristic curve (AUC). Sensitivity, specificity, and accuracy indicate the percentage of
correctly classified images within the diseased class, the healthy class, and both classes, respectively,
whereas the AUC shows how good a test can distinguish between the healthy and diseased classes. Tables 1
and 2 show the confusion matrices of the GlaucomaDB and HRF, respectively. Table 3 summarizes the
performance metrics for the two datasets.

Confusion matrix of the GlaucomaDB

HealthyGlaucoma
Mealthy 30 3
Glaucoma4 29
Confusion matrix of the HRF dataset

HealthyGlaucoma
Healthy 15 0
Glaucoma 14
Summary of performance metrics for the GlaucomaDB and the HRF datasets

Sensitivity (%)Specificity (%)Accuracy (%)AUC (%)
GlaucomaDB87.9 80.9 89.4 92,2
HRF 93.3 100 96.7 847
For the GlaucomaDB, the proposed glaucoma classification algorithm was able to cotrectly detect 28 out of 33
glaucoma cases and 30 out of 33 normal cases hence achieving a sensitivity of 87.8%, a specificity of 90.9%,
and an overall accuracy of 89.4%. More superior results were achieved when using the HRF dataset where all
web.a.ebscohost.comiehost/delivery?sid=d032b4f0-139¢-421-843¢-57067 a1622d5%40sdc-v-sessmgr02&vid=28&ReturnUrl=htp%3a%2f%2fweb.a....  8/13



3/18/2021 EBSCOhost

web.a.ebscohost.comfehost/delivery?sid=d032baf0-130c-4£21-943¢-57067a1c22¢5%40sde-v-sessmgr02&vid=28&ReturnUrl=http%3a%2f%2fweb.a....

healthy images as well as all but one glaucomatous images were accurately classified. A sensitivity of 93.3%,
specificity of 100%, and overall accuracy of 96.7% were hence achieved. Moreover, AUCs of 92.2% and
94.7% were attained for the GlaucomaDB and the HRF datasets, respectively.

Timing Analysis

The proposed glaucoma classification algorithm is intended for real-time systems; consequently, rapid
processing times are very important. For the high-resolution HRF dataset in which images are of size 3504 x
2336 pixels, image cropping, preprocessing, wavelet decomposition and feature extraction all required less
than 3 s per image. On the other hand, for the GlaucomaDB having a resolution of ~200 » 200 pixels, complete
analysis and feature computation required less than 0.25 s per image.

Discussion
In this work, wavelet textural and statistical features computed from retinal images’ approximation subbands
were shown to be suitable for glaucoma detection.

Wavelet features were previously shown to be computationally inexpensive when used for retinal image
processing [[37]] making them attractive for implementation within real-time systems. Wavelet decomposition
involves subsequent image down sampling; hence, image resolution is halved with every wavelet
decomposition resulting in much faster feature computation times for the lower wavelet levels. A strong merit of
the proposed glaucoma detection algorithm is thus its fast processing speed resulting from adopting lower
wavelet levels for feature computations. In this work, high-resolution retinal images of size 3504 » 2336 pixels
required less than 3 s for preprocessing, optic disc detection, and feature extraction. Previous glaucoma
classification methods have reported significantly larger run times. For example in [[16]], approximately 30 s
were required for optic disc segmentation, blood vessel inpainting, and feature extraction for images of
resolution 1696 = 2544 pixels which is approximately 10 times slower than the proposed algorithm, and for
smaller images.

Glaucoma detection algorithms reported in literature commonly use private datasets for their evaluation.
Moreover, a limited number of glaucoma classified datasets are publically available. Consequently, a
comparison of different glaucoma detection algotithms is somewhat challenging [[38]]. Nevertheless, most
related works report an accuracy that is usually within the range from 85 to 95% [[12]]. In this work, accuracies
of 89.4% and 96.7% were achieved for the balanced subsets of the GlaucomaDB and HRF datasets,
respectively, using fivefold cross-validated ANN classifier. In [[18]], a hybrid glaucoma detection algorithm
resulted in accuracies of 90.8% and 91.1% for the complete GlaucomaDB and HRF datasets, respectively.
Another approach in [[19]] reported accuracies of 80% and 86.7% when using the CDR and hybrid features,
respectively, using the balanced HRF dataset. The proposed wavelet-based feature detection algorithm is thus
shown to give superior results specifically for the high-resolution HRF dataset.

Wavelet features have the advantage of capturing both the spatial and frequency information of an image
making them effective for glaucoma classification [[16], [32]]. Wavelet-based glaucoma detection algorithms in
literature usually relied on only the detail subbands within the first wavelet level for feature computation. In this
work, the wavelet textural and statistical features were computed from the retinal images’ approximation
subbands under the intuition that approximation subbands convey more information related to the optic disc’s
luminance and texture [[26]]. Furthermore, multilevel wavelet decomposition was used to reduce information
related to the blood vessels, which are of minimal relevance to glaucoma detection.

In literature, structural methods are commonly employed for automatic glaucoma detection in retinal images.
However, generic methods have been shown to give reliable results for glaucoma detection, at times

9/13
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exceeding the performance of structural methods [[20]]. In this work, wavelet-based textural and statistical
features were used for glaucoma diagnosis. Feature selection showed that wavelet statistical features were
more significant for glaucoma classification than the wavelet textural features. Moreover, statistical features
calculated from both the green and blue channels were found to be closely relevant. Overall, the five most
significant features in both datasets were found to be the variance, super pixels along with the GLCM
correlation, information measure, and cluster prominence. Consequently, feature ranking showed that although
wavelet features computed from the approximation subbands have the potential to efficiently classify between
healthy and glaucomatous retinal images, not all features were equally relevant. In order to enhance the
performance of the glaucoma detection algorithm, future work involves exploring the significance of more
wavelei-based textural and statistical features.

Conclusions

Early detection and treatment of glaucoma with the aid of automatic screening systems can limit the increasing
number of irreversible blindness occurring in progressive stages of the disease. In this work, a wavelet-based
generic glaucoma detection algorithm is implemented that is intended for automatic screening systems. A
combination of statistical and textural wavelet features was computed from the green and blue approximation
subbands of the optic disc segmented region. An accuracy of 96.7% was achieved by the proposed method
using the kNN classifier. Several statistical analyses performed showed the relevance of wavelet-based
statistical and textural features calculated from the approximation subbands for glaucoma classification. The
proposed algorithm also has the advantage of being computationally inexpensive requiring less than 3 s for
processing and analysis of high-resolution retinal images.
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Abstract: This paper investigated the incidence and risk of newly diagnosed
glaucoma after the initiation of maintenance dialysis in Taiwan. A case-
control study was conducted using the National Health Insurance
Research Database (NHIRD) in Taiwan. There were 3949 patients with
dialysis in the study group and 78,980 non-dialysis subjects matched by
age and sex in the comparison group. The incidence of newly
diagnosed glaucoma after the initiation of maintenance dialysis was
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analyzed based on the diagnostic code for glaucoma. Patients with
dialysis had a higher risk of glaucoma (adjusted hazard ratio (aHR):
1.270; 95% confidence interval (Cl}: 1.035-1.560) then patients without
dialysis. The incidence rate of glaucoma was 8.18 per 10,000 person
months in the dialysis group, which was higher than that in the non-
dialysis group (5.01 per 10,000 person months). Patients with dialysis
exhibited a significantly higher risk of angle-closure glaucoma (ACG)
(aHR: 1.550; 95% CI: 1.074-2.239). In contrast, there was no significant
risk of developing open-angle glaucoma or normal-tension glaucoma in
dialysis patients. Our data suggest that dialysis patients are more
susceptible to ACG. Regular ophthalmic examinations may be useful in
patients with dialysis to identify high-risk individuals with glaucoma, and
preventive measures can be applied to avoid permanent vision loss as
soon as intraocular pressure (10P) elevation is identified.
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Risk of Glaucoma in Patients Receiving Hemodialysis and Peritoneal Dialysis: A Nationwide
Population-Based Cohort Study

This paper investigated the incidence and risk of newly diagnosed glaucoma after the initiation of maintenance
dialysis in Taiwan. A case~control study was conducted using the National Health Insurance Research
Database (NHIRD) in Taiwan. There were 3949 patients with dialysis in the study group and 78,980 non-
dialysis subjects matched by age and sex in the comparison group. The incidence of newly diagnosed
glaucoma after the initiation of maintenance dialysis was analyzed based on the diagnostic code for glaucoma.
Patients with dialysis had a higher risk of glaucoma (adjusted hazard ratio (aHR): 1.270; 85% confidence
interval (CI): 1.035—1.560) than patients without dialysis. The incidence rate of glaucoma was 8.18 per 10,000
person months in the dialysis group, which was higher than that in the non-dialysis group (5.01 per 10,000
person months). Patients with dialysis exhibited a significantly higher risk of angle-closure glaucoma (ACG)
(aHR: 1.550; 95% Cl: 1.074-2.239). In contrast, there was no significani risk of developing open-angle
alaucoma or normal-iension glaucoma in dialysis patients. Our data suggest that dialysis patients are more
susceptible to ACG. Regular ophthalmic examinations may be useful in patients with dialysis to identify high-
risk individuals with glaucoma, and preventive measures can be applied to avoid permanent vision loss as
soon as intraccular pressure (IOP) elevation is identified.

Keywords: end-stage renal disease; hemodialysis; intraocular pressure

1. Introduction

End-stage renal disease (ESRD) is a chronic condition in which patients rely on either maintenance dialysis or
a renal transplant, and it is also associated with a significant socioeconomic burden. Taiwan has been reported
to have the highest incidence (493 per million) and prevalence (3392 per million) of treated ESRD in the world
[[ 11; 87.5% of these patients receive hemodialysis (HD), while 8.5% receive peritoneal dialysis (PD} [[ 2]]. In
2010, it was estimated that 2.6 million individuals worldwide received renal replacement therapy, and the
number is estimated to be more than 5.4 million by 2030 [[ 411
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Several studies have discussed intraocular pressure (10P) changes during HD since the first demonstration of
an increase in IOP during dialysis in 1964 [[ 5]]. Some studies have revealed that IOP may be elevated [[ 6], [
8], [10]], some have shown that IOP does not change [[11]}, and some have demonstrated that IOP decreases
[[13], [15], [17]]. However, these previous results were either limited by small patient numbers, a short follow-up
period, or lack of a comparative group. Moreover, the relationship between IOP changes and the subsequent
development of glaucoma is also not well studied. Doshiro et al. [[14]] showed that IOP decreased during HD
possibly due to plasma colloid osmotic pressure increase; however, patients with HD for more than 12 years
had a tendency for increased |OP.

It has become an accepted concept that eyes with impaired aqueous outflow facilities, such as shallow anterior
chambers of angle closure, may have a significant increase in IOP during HD {[12]]. Because of the high
prevalence of occludable angles in Taiwanese people [[18]], it is of clinical importance to investigate the
development of glaucoma after the initiation of maintenance dialysis in Taiwan. Utilizing a nationwide
population-based dataset in Taiwan, namely, the National Health Insurance Research Database (NHIRD), we
designed a cohort study to investigate the incidence and risk of newly diagnosed glaucoma after the initiation
of maintenance dialysis in Taiwan.

2. Materials and Methods

2.1. Data Source

This retrospective population-based cohort study was approved by the National Health Insurance
Administration and the Institutional Review Board of Chung Shan Medical University (Registration Number:
CSMUH CS82-15061). The claim data originated from the National Health Insurance Research Database
(NHIRD) in Taiwan. National Health Insurance (NHI} in Taiwan is a nationwide healthcare program that was
launched in 1995. NHI covers 99.82% of Taiwan residents, with a total of 23.948 million by the end of 2018
[[19]). The NHIRD provides individuals' encrypted information—date of birth, sex, place of residence, inpatient
and outpatient services, details of medications, intervention procedures, date of admission and discharge, and
diagnosis records (based on the International Classification of Diseases, 9th Revision, Clinical Modification
(ICD-8-CM)). We utilized the Longitudinal Health Insurance Database (LHID), a dataset released by the
NHIRD, which contains all of the original claim data (from 1997 to 2013) of 1 million individuals who were
randomly sampled from the NHIRD. Several high-quality studies have shown the accuracy of the NHIRD [[20],
[22]].

2.2. Patient Selection

Our study cohort included individuals newly diagnosed with ESRD who had received HD or PD more than
twice, and whose freatment period of HD or PD was more than three months during the study period from
January 1997 to December 2013. The index date was defined as 90 days after the first dialysis. To evaluate
the correlation between dialysis and new-onset glaucoma, the following exclusion criteria were defined: ( 1)
Diagnosis of glaucoma before the index date; ( 2) legal blindness at any time; ( 3) an index date earlier than
2000; ( 4) age younger than 20 or older than 100; ( 5) deceased before the index date; ( 6) diagnosis of an
ocular tumor before the index date; {( 7) absence of an eyeball or anophthalmos before the index date; ( 8)
cataract surgery before the index date. After the exclusions, 3949 patients with dialysis remained in the study
cohort. This study design compared the difference in the risk of glaucoma between dialysis and non-dialysis
cohorts. Each dialysis patient was assigned to 20 controls matched by age and sex, and a total of 78,980
comparison cases were included in this study (Figure 1).

2.3. Main Qutcome Measurement
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The primary outcome was defined as newly diagnosed glaucoma after the initiation of maintenance dialysis
based on the diagnostic code for glaucoma (ICD-9 codes: 365.1x, 365.2x%, 365.7x, and 365.9; ICD-10 codes:
H40.1x, H40.2x, H40.89, and H40.9) afier the index date. The study period was from 1 January 2000 to 31
December 2013, Subgroups of glaucoma, including open-angle glaucoma (CAG) (ICD-9 code: 365.10, 365.11,
365.13, and 365.15; ICD-10: H40.10x, H40.11x, H40.13x, and H40.15x), angle-closure glaucoma (ACG) (ICD-
9: 365.2x; ICD-10: H40.2x), and normal-tension glaucoma (NTG) (ICD-9: 365.12; ICD-10: H40.12x), were
analyzed to identify their relationships with dialysis. To ensure accuracy, only patients with diagnostic codes of
glaucoma made by ophthalmologists (department code: 10), 22 clinic visits, and prescribed with glaucoma
medications (categorized using the Anatomical Therapeutic Chemical (ATC) drug code, including
sympathomimetics in glaucoma therapy (S01EA), parasympathomimetics (S01EB), carbonic anhydrase
inhibitors (S01EC), beta blocking agents (SO1ED), and prostaglandin analogues (SO1EE)) were included in this
study. Moreover, glaucoma-related codes that indicate identifiable factors (e.g., pigment dispersion in
pigmentary glaucoma, pseudoexfoliative material of pseudoexioliation syndrome, and steroid-induced
glaucoma), suspected glaucoma, ocular hypertension, steroid responders, anatomical narrow angle, and pre-
glaucoma were excluded from the current study to avoid overestimation and confusion of the diagnosis.

2.4, ldentification of Comorbidities

We identified the comorbidities of each participant to evaluate their health status and to investigate the
correlation between glaucoma and comorbidities. Comorbidities included hypertension, diabetes mellitus,
hyperlipidemia, ischemic heart diseases, congestive heart failure, cerebrovascular disease, dementia, liver
disease, hemiplegia or paraplegia, uveifis, retinal vessel occlusion, non-praliferative diabetic retinopathy, and
proliferative diabetic retinopathy. Participants were confirmed to have these comorbidities if the relevant ICD
codes were diagnosed once or more at the inpatient service or twice or more at the outpatient service with a
minimal interval of more than 30 days within one year before enroliment.

2.5, Statistical Analysis

All analyses were conducted using SAS version 8.4 (SAS Institute Inc., Cary, NC, USA). After 1:20 matching,
the absolute standardized difference (ASD) was used to evaluate the balance between the study and control
groups. Student's t-tests were used to compare continuous variables, while chi-square tests or Fisher's exact
tests were used to compare the differences between categorical variables. Calculations of the incidence rate
and the corresponding 95% confidence intervals were conducted using the Poisson assumption. Cumulative
incidence rates were calculated according to analysis of the cumulative incidence of competing risks. Multiple
Cox proportional hazards regressions were used to generate an adjusted hazard ratio (aHR) by integrating
individuals' demographic information and comorbidities. The aHRs of the dialysis, demographics, and
comorbidities were analyzed. Glaucoma was divided into three subgroups: OAG, NTG, and ACG. The
incidence rates of each subgroup were computed. A p-value < 0.05 was regarded as statistically significant.

3. Results

3.1. Baseline Characieristics of the Study Cohort

A total of 3949 subjects under maintenance dialysis were included in the study group, and another 78,980 non-
dialysis subjects served as the control group. The flow chart of subject selection is shown in Figure 1. Table 1
summarizes the differences in the baseline characteristics between the dialysis and non-dialysis groups. The
number of people diagnosed with hypertension, diabetes mellitus, ischemic heart diseases, hyperlipidemia,
congestive heart failure, cerebrovascular disease, dementia, non-proliferative diabetic retinopathy, and
proliferative diabetic retinopathy was significantly higher in the dialysis group than in the non-dialysis group.
The frequency of visits to ophthalmologists of the two groups is shown below.
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3.2. Comparison of the Incidence Rates and Cumulative Risk of Glaucoma between Dialysis and N...
The incidence rates for new glaucoma cases are presented in Table 2. The incidence rate of glaucoma per
10,000 person months was 8.18 (85% Cl: 7.01-9.54) in the dialysis group, which was significantly higher than
that in the non-dialysis group (5.01; 95% Cl: 4.83-5.2). The cumulative incidence of glaucoma in the dialysis
group after approximately 120 months of follow-up was significantly greater than that in the non-dialysis group
(p < 0.0001, log-rank test; Figure 2), and the crude relative risk was 1.618 (95% ClI: 1.38-1.897).

3.3. Adjusted Hazard Ratios of Glaucoma Related to Dialysis Based on Various Covariates

The risk of glaucoma development based on the multivariate Cox proportional hazards models is presented in
Table 3. After adjustment for potential confounders, the dialysis group was associated with a significanfly
higher risk of glaucoma (adjusted HR: 1.270; 95% Cl: 1.035-1.560). In addition, older age (older than 60 years
old), hypertension, diabetes mellitus, ischemic heart disease, hyperiipidemia, uveitis, retinal vessel occlusion,
and proliferative diabetic retinopathy were also associated with an increased risk of glaucoma.

3.4. Incidence Rate and Adjusted Hazard Ratios of Different Types of Glaucoma and Trabecuiect...

After stratifying by different types of glaucoma, subevent analysis demonstrated that the dialysis group had a
significantly higher incidence rate of ACG than the control group-—2.28 (95% CI: 1.71-3.04) for the dialysis
group, and 1.52 (95% CI: 1.43-1.63) for the non-dialysis group (Table 4). After adjusting for potential
confounders, dialysis patients were associated with a significantly higher risk of ACG (adjusted HR: 1.550;
95% ClI: 1.074-2.239). Furthermore, dialysis was also associated with trabeculectomy, which is a surgical
treatment for severe glaucoma (adjusted HR: 3.666; 25% CI. 1.366-9.840). The incidence rate and adjusted
HR of OAG and NTG showed no significant differences between the dialysis and non-dialysis groups (Table 4).

4. Discussion

To the best of our knowledge, this is the first study to investigate the role of dialysis in the cumulative risk of
glaucoma using population-based claims big-data analysis. The large sample size of Taiwan's NHIRD allowed
for a statistically powerful assessment of rare events. In this population-based follow-up study of 3849 patients
first receiving HD or PD and 78,980 control cases, the incidence rate of new-onset glaucoma per 10,000
person months was 8,18 (95% Cl: 7.01-9.54) in the dialysis group, with a relative risk of 1.618 (95% ClI: 1.38—
1.897) (Table 2). In subevent analysis, the adjusted hazard ratios for ACG and trabeculectomy for subjects who
were undergoing dialysis were 1.550 (95% CL 1.074—-2.239) and 3.666 (95% Cl: 1.366—9.840), respectively,
compared with the control cases (Table 4). On the other hand, OAG and NTG showed no difference between
the dialysis and control groups.

Ocular abnormalities are frequently associated with patients on chronic dialysis, including 0P fluctuation,
corneal calcification, retinal hemorrhage, retinal toxicity related to desferrioxamine, anterior ischemic
neuropathy, and uremic optic neuropathy {[24]]. Among them, the relationship between IOP changes and
dialysis has been reported with various results [{ 6], [ 8], [10], [12], [14], [16], [25]]. Moreover, there has long
been a debate regarding whether transient IOP changes during HD would result in the progression of
glaucoma {[26]]. The present study utilized a population-based claims database, applied mulfivariate
regression methods with adjustment of confounders, and proved that patients receiving dialysis were at a
higher risk of developing glaucoma (Table 2 and Table 3).

Our study confirmed the hypothesis that HD has a greater impact on eyes with impaired agueous outflow
facilities, such as a shallow anterior chamber of the ACG. The mechanism of |IOP changes during dialysis is
still unknown, but the proposed mechanism is as follows: During HD, the dialysis procedure removes
osmotically active substances by diffusion, which leads to a decrease in serum osmolality and loss of body
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fluids. Rapid reduction in plasma osmolality results in disequilibrium between the intraocular fluid and plasma
because of the rapid decrease in plasma osmolality and the unchanged ocular osmolality during HD [[ 6]]. The
relatively high urea concentration in the intraocular fluid compartment during HD [[27]] might cause fluid shifting
from blood plasma fo the anterior chamber [[12], [26], [28], [30]]. For eyes with normal outflow facilities, water
movement on this scale might not influence the 10OP. In contrast, for eyes with impaired aqueous outflow
facilities, the increment of IOP is more prominent [[12], [31]]. The decrease in anterior chamber depth during
HD further compromises outflow facilities [[32], [34]]. Therefore, detailed ophthalmic examination should be
conducted among patients receiving dialysis to screen high-risk individuals who have the potential to develop
ACG.

Because I0OP elevation usually occurs during dialysis, and patients receiving maintenance dialysis have a
greater risk of glaucoma, preventive measures during dialysis should be taken with high-risk patients to avoid
irreversible vision loss. Conventional HD protocols consist of three sessions per week, and each session lasts
approximately three to four hours. For those individuals susceptible to experiencing IOP elevation during HD,
chronic elevation in IOP might result in optic nerve damage. Some approaches have been reported to hinder a
symptomatic rise in IOP during dialysis, including infravenous mannitol [[35]], hypertonic sodium dialysis or use
of hyperosmotic agents [[12]], slower urea removal [[36]], modified dialysis parameters with colloid infusion
[[30]], and intravenous glucose administration [[37]].

Acute primary angle closure (APAC) is a medical emergency and remains a therapeutic challenge, particularly
in ESRD patients. Conventional management of APAC includes medical therapy and laser periphery iridotomy
(LP1). However, LPI is extremely difficult to perform due to severe corneal edema during APAC. Patients with
APAC frequently present with ocular pain, nausea, and vomiting. Orai medications (including acetazolamide,
glycerol, and isosorbide) are often contraindicated in ESRD patients and are unable o be administered when
patients are experiencing nausea and vomiting. The iris sphincter may be unresponsive to topical miotic agents
at high IOP due to pressure-induced ischemic paralysis of the iris. Rapid |IOP reduction is important for
relieving ocular symptoms and clearing the cornea for a more definitive procedure, such as LP| or cataract
extraction. Intravenous hyperosmotic agents (e.g., mannitol) are the first drugs of choice for APAC.
Nevertheless, in ESRD patients, infravenous administration of mannitel should be followed by dialysis to avoid
fluid overload [[38]]. To avoid this challenging conundrum, prophylactic LPI or cataract extraction may be
considered a preventive measure in patients with ESRD who are at risk of APAC. Trabeculectomy and Ahmed
valve implantation [[39]] are surgical options for medically uncontrolled IOP, The Xen Gel Stent, an ab interno
minimally invasive glaucoma surgery, offers an alternative option for mild to moderate OAG with the advantage
of lower ocular surface inflammation compared to topical therapy and trabeculectomy {[40]].

There are still some limitations to our study. First, identification of the demographic information and associated
comorbidities of these patients depended on the accuracy of the ICD-9-CM codes, so coding errors might
exist, and the disease codes might be less accurate. Second, the observational cohort study design may not
have elucidated causal inference, and the findings of this study should be interpreted with discretion. Third, the
prevalence of open-angle glaucoma and normal tension glaucoma is underestimated in the Asian population
[[41]] and most of the insurants of Taiwan are Chinese; therefore, it is unclear whether these results can be
generalized to other racial/ethnic groups. Fourth, the diagnosis of glaucoma relies only on diagnostic codes
made by ophthalmologists without supporting evidence, such as optic disc and visual field analysis, so the
results should be interpreted with caution. Fifth, the prevalence of glaucoma in the non-dialysis group may
have been underestimated due to limited clinic visits compared to the dialysis group. Sixth, the inclusion and
exclusion criteria in our study may have excluded some cases of mild glaucoma under observation without
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treatment, thus reducing the number of participants; however, this could have enhanced the accuracy of the
diagnosis of glaucoma and precluded cases of suspected glaucoma.

5. Conclusions

The presented results support the hypothesis that patients with dialysis are at an increased risk of glaucoma
compared with non-dialysis individuals. Furthermore, our data suggest that dialysis patients are more
susceptible to ACG, which is possibly due to decreased ACD and, subsequently, increased IOP during dialysis.
As a consequence, regular ophthalmic examinations may be useful in patients with dialysis to identify high-risk
individuals with glaucoma, and preventive measures should be applied to avoid permanent vision loss as soon

as IOP elevation is identified.

Figures and Tables

Graph: Figure 1 Flow diagram showing the selection of the study participants with and without dialysis. Index
date: For dialysis patients, the index date was 90 days after the first dialysis. For non-dialysis individuals, the

index date nested with the paired dialysis patients. All study participants were at risk on the index date.

Graph: Figure 2 Kaplan—Meier curves of the cumulative probability of glaucoma.

Table 1 Baseline characteristics.

Non-Dialysisn = 78,980 Dialysisn = 3949 ASD
Sex 0.000
Female 37,440 (47 .40%) 1872 (47.40%)
Male 41,540 (52.60%) 2077 (52.60%)
Age 0.003
20--39 5968 (7.56%) 295 (7.47%)
4059 30,032 (38.02%) 1504 (38.09%)
60-79 35,310 (44.71%) 1767 (44.75%)
80-100 7670 (9.71%) 383 (9.70%)
Urbanization 0.031
Urban 45,437 (57.53%) 2256 (57.13%)
Suburban 23,815 (30.15%) 1197 (30.31%)
Rural 9728 (12.32%) 496 (12.56%)
Low income 504 {0.64%) 35 (0.89%) 0.029
Length of hospital stay * 3.081
0 days 69,845 (88.43%) 251 (6.36%)
1-6 days 4371 (5.53%) 365 (9.24%)
>7 days 4764 (6.03%) 3333 (84.40%)
Comorbidity *
Hypertension 24,337 (30.81%) 3438 (87.06%) 1.393
Diabetes mellitus 10,574 (13.39%) 1885 (60.27%) 0.862
Ischemic heart disease 8239 (10.43%) 1180 (29.88%) 0.500
Hyperlipidemia 10,546 (13.35%) 1017 (25.75%) 0.317
Congestive heart failure 2650 {3.36%) 1282 (32.46%) 0.821
Cerebrovascular disease 5580 (7.07%) 728 (18.44%) 0.348
Dementia 915 (1.16%) 90 (2.28%) 0.086
Uveitis 116 (0.15%) 12 {0.30%) 0.033
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Non-Dialysisn = 78,980 Dialysisn = 3949 ASD
Retinal vessel occlusion 94 (0.12%) 29 (0.73%) 0.095
NPDR 440 (0.56%) 241 (6.10%) 0.313
PDRFrequency of visits to 153 (0.199%)57,165 (72.38%)8938 375 (9.50%)2632 (66.65%)433 0.4440.128
ophthalmologists after index date0122 (11.32%)12,877 (16.30%) {10.96)884 (22.39%)

* The length of hospital stay and comaorbidities were identified within one year before the index date. ASD, absolute
standardized difference; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.
Table 2 Incidence of glaucoma in the non-dialysis and dialysis groups.

Non-Dialysisn = 78,980 Dialysisn = 3949

Follow-up person months 5,737,499 196,905
New glaucoma cases 2877 161
Incidence rate * (95% CI) 5.01 (4.83-5.2) 8.18 (7.01-2.54)
Crude relative risk (95% CI) Reference 1.618 {1.38-1.897)

* Incidence rate, per 10,000 person months. Cl, confidence interval.
Table 3 Multiple Cox proportional hazards regressions for the estimation of adjusted hazard ratios for
glaucoma.

Variable aHR (95% CI
Dialysis (ref: Control) 1.270 {1.035-1.560)
Sex (ref: Female)

Male 0.898 {0.836-0.965)

Age (ref: 40-59)
20-39 0.445 (0.353-0.561)
6079 2.069 (1.902-2.251)
80-100 1.399 (1.185-1.652)

Low income 0.968 (0.592-1.582)
Co-morbidity *
Hypertension 1.133 (1.041-1.233)
Diabetes mellitus ~ 1.524 (1.383-1.678)
Ischemic heart diseases1.151 (1.035—-1.279)
Hyperlipidemia 1.155 (1.046-1.278)
Uveitis 3.555 (2.203-5.737)
Retinal vessel occlusion2.330 (1.3154.128)
* Co-morbidity was identified within one year before index date. aHR, adjusted hazard ratio; Cl, confidence interval.
Table 4 Subevent analysis in age- and sex-maiched population.

Incidence Rate * (95% CI)
Sub-~Event Control Dialysis aHR + (95% CI)

OAG 0.94 {0.86-1.02)1.53 (1.08-2.17)1.008 {0.637-1.595)

NTG 0.18 (0.15-0.22)0.29 (0.13~0.66)0.901 {0.327—2.483)

ACG 1.52 {1.43-1.63)2.28 (1.71-3.04)1.550 (1.074-2.239)
Trabeculectomy0.11 (0.08-0.14)0.44 (0.23-0.85)3.666 (1.366-9.840)
* Per 10000 person years; + adjusted for demographic variables, length of hospital stay, and comorbidities at baseline.
ACG, angle-closure glaucoma; aHR, adjusted hazard ratio; Cl, confidence interval; NTG, normal-tension glaucoma;
OAG, open-angle glaucoma.
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