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Abstract: Recently, the development of a rapid detection approach for glaucoma has been widely
proposed to assist medical personnel in detecting glaucoma disease thanks to the outstanding
performance of artificial intelligence. In several glaucoma detectors, cup-to-disc ratio (CDR) and disc
damage likelihood scale (DDLS) play roles as the major objects that are used to analyze glaucoma.
However, using CDR and DDLS is quite difficult since every person has different characteristics
(shape, size, etc.) of the optic disc and optic cup. To overcome this issue, we proposed an alternative
way to detect glaucoma disease by analyzing the damage to the retinal nerve fiber layer (RNFL). Our
proposed method is divided into two processes: (1) the pre-treatment process and (2) the glaucoma
classification process. We started the pre-treatment process by removing unnecessary parts, such as
the optic disc and blood vessels. Both parts are considered for removal since they might be obstacles
during the analysis process. For the classification stages, we used nine deep-learning architectures.
We evaluated our proposed method in the ORIGA dataset and achieved the highest accuracy of
92.88% with an AUC of 89.34%. This result is improved by more than 15% from the previous research
work. Finally, it is expected that our model could help improve eye disease diagnosis and assessment.

Keywords: disease classification; deep learning; glaucoma; retinal nerve fiber layer; eye assessment

1. Introduction

Glaucoma is a chronic eye disease estimated to be the second leading cause of blindness
globally. It is indicated by the degeneration of optic fiber, which leads to gradual optic
nerve damage [1,2]. The number of glaucoma patients reached 80 million in 2020, in which,
approximately 50% of people affected by glaucoma are unaware of this eye disease [3].
Irreversible vision loss will occur if the patients are not treated properly. Hence, early
screening and gradual proper treatment are necessary to avoid vision loss and to retard the
progression of glaucoma disease [4].

Traditionally, the glaucoma early screening procedure is conducted by calculating
and analyzing the value of the cup-to-disc ratio (CDR) and disc damage likelihood
scale (DDLS) [3,5]. CDR and DDLS values are the gold standards in diagnosing glau-
coma, which define the ratio between the optic cup and optic disc and consist of some
range that indicates the level of the damage [3]. To calculate CDR and DDLS, the doc-
tor needs to measure some parameters, such as the diameter of the optic disc (OD) and
optic cup (OC), the angle of the optic cup, and the closest distance between the optic cup
and optic disc. OD and OC become the major objects used to calculate CDR and DDLS since
the degeneration of optic fiber gives a direct effect on the neural rhyme, which enlarges
the optic cup area. According to this situation, the optic cup becomes larger than the
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optic disc, which changes the value of CDR and DDLS [3] (see Figure 1a,b). In addition
to this screening procedure, the doctor often uses alternative procedures by analyzing
the damage to the retinal nerve fiber layer (RNFL) [5,6]. The progressive damages to the
RNFL are indicated by the loss of nerve fiber around the optic nerve head (ONH). This
progressive damage can be relatively well-defined as a texture change in the retinal images
(see Figure 1c). An example image in Figure 1c represents the RNFL loss around the optic
disc and blood vessel, with an average result of the green and blue channels. Accentually,
red green blue (RGB) color space cannot illustrate the RNFL clearly, hence, a different color
space or channel should be utilized in an image [6].
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Figure 1. An example of (a) OD (marked by a white circle) and OC (marked by a black circle) indicates
a healthy optic nerve, (b) OD (marked by a white circle) and OC (marked by a black circle) indicates
a glaucomatous optic nerve and (c) glaucoma location [3,6].

In the glaucoma early screening procedure, the calculation and analysis of CDR,
DDLS, and RNFL are conducted manually, which needs an expert, more time, and thor-
oughness of result. As an alternative, several researchers have developed a computer-aided
diagnosis (CAD) to assist doctors in diagnosing glaucoma, and to be an alternative so-
lution for the screening process, which needs a large amount of data to be examined.
Recently, the machine learning approach became one of the solutions for developing CAD
for glaucoma. As proposed by Lu et al. [7], 52 patients consisting of 20 with glaucoma and
32 healthy were classified into two classes by using four classifiers: linear logistic regression,
support vector machine (SVM), random forest classifier, and gradient boosting classifier. Their
proposed method successfully achieved an accuracy of 98.3%. Thangaraj and Natarajan [8]
proposed a classification model for glaucoma by using a support vector machine. Other
automated detection methods for glaucoma also have been researched using several
machine-learning methods [9–12].

Regardless of enthusiasm for machine learning performance, it seems unadaptable,
particularly for this big dataset. As a solution, a deep learning approach has been im-
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plemented in the development of CAD for glaucoma. Deep learning (DL) is a powerful
learning model that has been widely used in some field studies, especially those which
have complex behavior that can be solved with traditional machine learning. Despite the
DL model having higher computational time and complexity than the machine learning
approach, DL provides robust results, particularly in the big dataset. Several studies also
reported that DL can be used to build a high-performance prediction model in many areas
such as agriculture [13], manufacturing [14], and even behavioral science [15].

The various DL-based approaches are also widely used in the image analysis field. In
the studies related to eye image analysis for glaucoma detection, Raghavendra et al. [16]
applied eighteen layers of a convolutional neural network (CNN) on the 1426 images
(589: normal and 837: glaucoma). Their method successfully attained an accuracy of 98.13%,
a sensitivity of 98%, and a specificity of 98.3%. Vinícius dos Santos Ferreira et al. [17] applied
a convolutional neural network to the classification model starting with the segmentation
of the optic disc. Their proposed method was performed on the RIM-ONE, DRIONS-DB,
and DRISHTI-GS databases and achieved 100% on all metrics by using the red channel of
RGB. Another convolutional neural network for glaucoma classification was proposed by
Al-Bander et al. [18]. Their study performed a fully automated system based on the CNN
model without using other methods. Another researcher [19] performed a transfer learning
method called ImagedNet to distinguish normal and glaucoma images. Their proposed
method was performed on 277 normal data samples and 170 glaucomas and achieved an
accuracy of 92.3% in the training process and 80% in the testing process. Phasuk et al. [20]
applied a convolutional neural network on the ORIGA-650, RIM-ONE R3, and DRISHTI-GS
datasets and achieved an area under the curve (AUC) of 0.94.

According to some previous studies of both machine learning and deep learning
approaches, we concluded that OD and OC were the major objects used to classify the
healthy and glaucomatous eyes based on images, which means that most of the previous
research works focused on the CDR and DDLS characteristics. However, traditionally,
it was difficult to ensure that the optic cup was enlarged as an indication of glaucoma,
because every person may have a different characteristic of the optic disc. Hence, other
solutions may have better potential to increase the accuracy of glaucoma assessment.

The performance of the DL-based model can also be enhanced by applying data
treatment/pre-processing steps, as reported in earlier studies, in many applications, such as
for human activity recognition [21], breast cancer classification [22], and dental
biometrics [23]. Therefore, in this study, we suggested that applying data preprocess-
ing will help in improving the performance of glaucoma detection/classification.

Besides analyzing the optic disc and optic cup, glaucoma can also be recognized by
analyzing the damage to the retinal nerve fiber layer. The progression of the damage was
easier to recognize by measuring the thickness of the retinal nerve fiber layer. According to
a medical report [24], analyzing the thickness of the retinal nerve fiber layer was a more
objective and reliable method for assessing the possibility of glaucoma. They also said
that analyzing the progress of the retinal nerve fiber layer was extremely impactful in
the disease monitoring process. Regarding those facts, we proposed an effective solution
for detecting glaucoma by analyzing the characteristic of the retinal nerve fiber layer. To
address the research gaps, we presented the contributions including:

(i) We proposed an alternative way to detect glaucoma disease by analyzing the damage
to the retinal nerve fiber layer (RNFL). Our proposed method consists of novel step-
by-step preprocesses to extract RNFL features from digital fundus images.

(ii) We further analyze our methods by applying them in ORIGA dataset with nine
pre-trained CNN and compared them with similar earlier studies about glaucoma
classification which used the same dataset.

(iii) Finally, we developed a prototype application to categorize fundus images in order to
demonstrate the viability of our proposed model. The designed and developed appli-
cation is expected to be valuable for practitioners and decision-makers as practical
guidelines for glaucoma detection and classification.



Appl. Sci. 2023, 13, 37 4 of 21

The remainder of this research is structured as follows. The materials and meth-
ods are presented in Section 2, including the dataset description, proposed method, data
pre-processing, and experimental and DL model settings used in this research. Section 3
provides the experimental results and a comparison with the similar scenario in earlier
works. Discussion and comparison with earlier works are presented in Section 4. Section 5
presents the conclusion, including future research directions. Finally, the list of abbrevia-
tions used in this research is provided in the Abbreviations section.

2. Materials and Methods

Generally, our proposed method consisted of four major processes, as shown in
Figure 2. The four processes were the pre-processing step, data augmentation, glau-
coma classification using several deep learning architectures, and evaluation process. We
first describe the dataset used in this experiment, then, all steps are described in the
following subsection.
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Figure 2. Flowchart of our proposed method.

2.1. Dataset

Developing an automated glaucoma detection system requires a lot of data to be
trained. In this study, we used the ORIGA-light public dataset provided [25], which
contained 650 images and was equipped with OD and OC ground truth, classification
ground truth, CDR value, and diameter of OD. The ORIGA-light dataset provided
168 glaucomatous images and 482 healthy images. Table 1 illustrates the summary of
the dataset used in our study.

Table 1. Characteristic of ORIGA-light dataset.

Component Description

Case of dataset Glaucoma

Type of data RGB image

Dimension of data 3072 by 2048 pixel

Availability Online access in [19]

Number of classes 2 classes (normal and glaucomatous)

Ground truth information CDR value, segmentation ground truth of OD and OC, classification ground truth (normal and
glaucomatous classes)

Number of data in each class 168 glaucomatous images and 482 healthy images
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The ORIGA-light dataset has been studied intensively for several years and has
produced various successes. As summarized in Table 2, several researchers used the
ORIGA-light dataset in three ways, i.e., (1) analyzing the presence of glaucoma using
CDR value; (2) segmenting the OD and OC; (3) recognizing the glaucoma damage using
the characteristics of OD and OC. However, most of the studies only focus on image
segmentation parts rather than glaucoma detection and classification. Therefore, in our
study, we proposed an alternative method to detect glaucoma disease by analyzing the
damage to the retinal nerve fiber layer (RNFL).

Table 2. Recent studies in using ORIGA-light dataset.

Scope of Research Researcher

Optic disc and optic cup localization and segmentation [26–36]

Classification of glaucoma disease [20,37–41]

Glaucoma detection [42–46]

CDR estimation [47]

Explainable or interpretable AI for glaucoma detection [48,49]

2.2. Data Preprocessing

In the pre-processing step, we focused on developing an image-processing technique
that can delineate the characteristics of RNFL. RNFL is located around blood vessels and
also close to the OD. As illustrated in Figure 1, the occurrence of RNFL was not clear, as
there were blood vessels and OD in the way. Hence, we analyzed the RGB color space
by separating every color channel and took a closer look into each of them. Finally, we
found that the green channel of the RGB color space delineated the RNFL clearly. However,
OD and blood vessels might still become an obstacle in the analysis process. Hence, in
this step, we performed an OD and blood vessel removal scheme. The complete steps
of the scheme are illustrated in Figure 3. As illustrated in Figure 3, the first step that is
conducted in our experiment is OD and blood vessel removal. This process is carried out by
conducting OD and blood vessel segmentation. The first important step before beginning
the segmentation step is to locate the optic disc or optic nerve. This step is necessary to
eliminate any peripheral area and merely focus on the optic nerve area.
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In addition to Figure 3, Figure 4 illustrates the proposed technique of optic disc
localization. Optic disc localization is conducted by first creating frames for every side of
the input image. The frame width is 600 pixels from the peripheral to the center of the
image, as shown in Figure 5b. This frame is useful to avoid the bright fringes around the
retinal image. The bright fringe shown in Figure 5a is an area with a resemblance to the
optic disc in terms of intensity value. A large area of the fringe can be mistaken as the
optic disc, thereby leading to lower accuracy of localization. Hence, the RGB images need
to subsequently be converted into a gray image by only taking the green channel. Then,
this gray image can proceed to the next step. Since the dataset used in this experiment
contained RGB images, we need to remove two channels and retain the other one. Because
OC and OD may be seen in the green channel with more clarity than in the other two
channels, the green channel is kept while the other two channels are discarded. Figure 6
illustrates the differences between each channel. Figure 6a illustrates an image of a red
channel, Figure 6b illustrates an image of a green channel, and Figure 6c illustrates an
image of a blue channel. According to these pictures, we can see that the image of the green
channel appears clearer than other channels.
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To yield a coherent RoI (region of interest) of the optic disc, searching for the center
point is necessary. The search is conducted automatically by utilizing every column of the
gray image’s matrix to find the highest pixel value. In Algorithm 1, I, queue, Total_Column,
val, Idx represent the gray image, array lists containing the index of val, the number of
columns of the gray image, the maximum intensity value of the current column, and the
index of the maximum intensity value, respectively.

Algorithm 1. The search for the highest pixel value from every column of the image.

1: input: given I
2: given queue
3: for n = 1 to Total_Column do
4: val = maximum value of In
5: Idx = index of val
6: If val ≥ 100 then
7: store Idx to queue
8: end if
9: end for

If there is more than one highest value found in the column, only the value with
the least index number can proceed to the conditional process. Based on our empirical
experiment, generally, the pixel intensity inside the optic disc is above 100 (inside the green
channel). Hence, we define 100 as the threshold. Once the desired indexes are gathered
and stored in the queue, we make 61 × 61 rectangles using every index inside the queue as
the center of it. These rectangles are like a sample from every area that probably contains
an optic disc. Thus, selecting the right sample is important, as it will represent the optic
disc. The optic disc area tends to have a higher intensity value than the surroundings.
Additionally, the value ranges are not varied. With that being said, we select the most
representative sample through two requirements. First, the sample should not have a
standard deviation less than the constant. This term’s objective is to get a probable optic
disc area with the least intensity value variation. Second, it should have the highest mean
value among other samples. Both requirements are implemented as shown in Algorithm 2.
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Algorithm 2. The sample selection process.

1: input: import queue
2: initialize qvalue size to queue size
3: set all qvalue elements to zero
4: get Area from queue
5: for n = 1 to Total_queue
6: Mean = mean value of Arean
7: SD = standard deviation value of Arean
8: k = 0.1 ×Mean
9: If SD < k then→ conditional statement to
satisfy the first requirement
10: store Mean to qvalue[n]
11: end if
12: end for
13: search the maximum value of qvalue
14: get the index of the maximum value
15: return queue[index]
16: get Idx

Note that qvalue, Area, Total_queue, Mean, SD, and k stand for array lists to store the
mean value, the 61 by 61 rectangles, the total element of the queue, the mean value of the
area, the standard deviation (SD) of the area, and the constant. At the end of the process in
Algorithm 2, it returns the index of the most representative sample from the queue that we
got from Algorithm 1. Moreover, this index will be the coordinate for the center point of
the RoI.

Following the selection process in Algorithm 2 is the marking of RoI, or in this matter,
the area that we conclude to be the optic disc. We mark the RoI with a rectangle of
702 by 702-pixel size using the current index as the center point. To proceed into the
preprocessing and segmentation process, we cropped only the rectangle area yielding a
702 by 702-pixel size image with a prospective optic disc area inside. Figure 7a,b illustrate
the marked and cropped RoI, respectively.
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(b) the cropped RoI from the rectangle.

RoI itself is not adequate to perform an optic disc extraction. A segmentation process
is needed to get only the optic disc area. Only after that, the optic disc can be eliminated.
However, several steps need to be taken to prepare the RoI before the segmentation.
These steps are called pretreatment, which comprises red channel extraction, filtering,
contrast adjustment, artifact removal, and morphological reconstruction sequentially. This
compound is meant to remove any unnecessary artifacts around the optic disc and enhance
the shape of the optic disc. Thus, the segmentation process can be more optimal. Figure 8
outlines the sequence of the pretreatment and segmentation process.
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Figure 8. The flow process of pretreatment.

The first step in the pretreatment process is to get only the red channel inside of the
RoI. Despite the green channel delineating the RFNL, it is not doing much in the case of the
optic disc. To describe the shape of the optic disc distinctly, we found that the red channel
can do the work for all the images in the dataset. Figure 9 depicts the comparison of RoI
before and after red channel extraction.
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The next step is to enhance the optic disc area from the background. To do this, we
perform filtering, contrast adjustment, and artifacts removal, then subsequently, morpho-
logical reconstruction. We use a moving average filter (filtering) to smooth out the RoI
texture so it then enhances the boundaries between the optic disc and the background.
Moreover, the adjustment to the contrast will intensify the difference, since the optic disc
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area (where the brightest pixels mostly lie) will become brighter while the background will
get less bright [6]. After some experiments, we empirically set the kernel of the average
filter to 20 by 20. To further enhance the presence of the optic disc, the unnecessary artifacts
surrounding the optic disc area are removed by combining the top hat and bottom hat
methods. Following this process is morphological reconstruction. This step is to reconstruct
the optic disc area after artifact removal. After the pretreatment, the optic disc is now ready
to be extracted. To separate the optic disc from its background, an active contour [46] is
used. We empirically set the iteration to 400 times, as this gave the best result for all images.
Figure 10a shows the result of the segmented optic disc. Despite the pretreatment process
to optimize the segmentation process, in some cases, the segmentation process still failed
to extract only the optic disc region. To solve this problem, a region selection process is
conducted by eliminating the regions that do not satisfy the requirements. This special case
is depicted in Figure 10b.
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After leading a successful OD segmentation, we continued our experiment in blood
vessel segmentation. Since blood vessels were not clearly appearing, we applied an en-
hancement process to the blood vessel to increase the quality of the image. Determining a
method that was able to enhance the contrast of blood vessels was very difficult because
the blood vessels were often of low intensity. This study required a method that was able
to enhance the specific area. Adaptive histogram equalization had the ability to enhance
the specific area by calculating the cumulative distribution function (CDF). However, this
method produced high complexity and needed a long time [50]. Contrast limited adaptive
histogram equalization (CLAHE), which works by finding the histogram limit value for
enhancing the specific area, was considered to resolve this limitation [51]. The limit value
was called a clip limit, describing the highest maximum limit of a histogram. The clip limit
can be calculated by using Equation (2),

β =
M
N

(
1 +

α

100
(Smax − 1)

)
(1)

with M being region size, N being the grayscale value, and α defining the clip factor, which
has a range value of 0 to 100. After removing the noises and enhancing the quality of the
image, we performed Otsu thresholding [52] to find the specific blood vessel area, followed
by a closing morphological operation to remove artifacts. The Otsu thresholding method
can be defined as follows,

σ2
B(k
∗) = max

1≤k≤L
σ2

B(k) (2)
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σ2
B(k) =

[µTω(k)− µ(k)]2

ω(k)[1−ω(k)]
(3)

with µTω(k) is the total mean value which can be calculated by using Equation (4), µ(k)
defines the first cumulative moment value which can be formulated as Equation (5), and
ω(k) is the zeroth cumulative moment value formulated in Equation (6).

µT =
L

∑
i=1

i.Pi (4)

µ(k) =
k

∑
i=1

i.Pi (5)

ω(k) =
k

∑
i=1

Pi (6)

Remember that the first point of conducting the thresholding process is that it creates
the histogram of an image. This histogram is used to determine the number of the pixel
value in each gray level. Suppose that we annotate that the gray level is defined as i. Hence,
Pi is defined as the probability value of each pixel at the gray level i. Pi can be calculated by
using Equation (7). k is the threshold value which sets up in 1 to 255, L is the maximum
pixel value, n represents the pixel value in each level, and N is the total pixel value of
an image.

Pi = ni/N (7)

The result of OD and blood vessels were then multiplied with the original image.
Hence, we got an image without OD and blood vessels.

2.3. Data Augmentation

Since our proposed method was performed in the imbalance and insufficient dataset,
we should conduct data augmentation first, before performing the training model. In this
process, we performed the synthetic minority over-sampling technique (SMOTE) filter
function. The SMOTE filter function is a kind of over-sampling method [53,54], which was
used to alleviate the risk of overfitting caused by a random sampling process. The SMOTE
filter function was also powerful enough to overcome the imbalance data problem. The
SMOTE filter function worked by applying the three following steps:

1. Select a random minority observation
→
a .

2. Select instance
→
b amidst its k nearest minority-class neighbors.

3. Create a new sample
→
x by applying (8) as a randomly interpolating formula of two

samples with w defining a random weight (see Figure 11).
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In this study, we use k of 3 to produce a new sample with the closest characteristic of data.

→
x =

→
a + w ∗

(→
b −→a

)
(8)

2.4. Glaucoma Classification

In this study, we performed nine deep learning (DL) pre-trained models for evaluating
our processed data. The nine pre-trained models were AlexNet [55], GoogleNet [56],
Inception V3 [57], XceptionNet [58], ResNet-50 [59], InceptionResNet [60], MobileNet [61],
NasNet [62], and DenseNet [63]. The configuration of each network is described in Table 3.
The input images for all those networks are RGB images.

Table 3. Configuration and properties of each deep learning pre-trained model.

Network [Ref.] Depth Size (MB) Parameters Input Size

AlexNet [55] 8 227 58,266,306 227 × 227
GoogleNet [56] 22 27 1,252,072 224 × 224
Inception V3 [57] 48 89 23,855,837 299 × 299
XceptionNet [58] 71 85 20,865,578 299 × 299
ResNet-50 [59] 107 98 23,591,810 224 × 224
InceptionResNet [60] 164 209 26,530,290 299 × 299
MobileNet [61] 53 13 4,256,893 224 × 224
NasNet [62] * 360 5,329,777 331 × 331
DenseNet [63] 201 77 7,039,554 224 × 224

3. Results

In the first step of our experiment, we removed the blood vessel and optic disc by
applying a heuristic method of a blood vessel and optic disc segmentation. The result
of this process is illustrated in Figure 12. Images in Figure 12 illustrate the process of
pre-processing steps. Figure 12 illustrates the results of each process, including those
of the localization process, segmentation of OD, and segmentation of blood vessels. As
illustrated in Figure 12, our localization method is suitable to recognize the location of the
OD candidate. The result of localization is depicted with a red rectangle in Figure 12. For the
overall localization process, our proposed method successfully achieved an accuracy of 100%,
which means that our proposed method can precisely recognize all OD. After finding the
location of OD, we conducted the OD segmentation. The result of this process can be
seen in the step of OD segmentation shown in Figure 12. This result illustrates that the
segmented optic disc seems close to the OD in the original images. Since the ORIGA-light
dataset also provided an optic disc ground truth, then we evaluated our segmentation
method and achieved an accuracy of 93.61%.

According to the optic disc segmentation result that appeared in Figure 12 and achieve-
ment accuracy, we concluded that our proposed OD segmentation method was powerful
enough to find and segment the optic disc area. After the OD segmentation was accom-
plished, the process was continued with blood vessel segmentation. In the next step, we
conducted a blood vessel segmentation process by using a heuristic method, as described
in Section 2. This process was started by multiplying the segmented OD with the original
image, then, it was followed by extracting the green channel extraction. As our goal was
that RNFL should become the major object to be analyzed, the green channel was chosen,
because RNFL seemed clearer than RGB. The result of the blood vessel segmentation can
be seen in the step of blood vessel segmentation shown in Figure 12. Since ORIGA-light
did not provide the ground truth of blood vessels, we evaluated our segmentation process
by analyzing the result visually. However, as depicted in Figure 12, almost the entire blood
vessel area is successfully segmented. The last picture in Figure 12 illustrates the final result
of the pre-processing step, which was the fundus image without the optic disc and blood
vessel. This picture then became the input image of the deep learning process.
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In the next step, we performed a data augmentation process to alleviate the data
imbalance problem. Before that, the dataset was then separated into training and testing
parts, with a proportion of 80% (520) of data set up as training data and 20% (130) of data
set up as testing data. To reach this goal, we applied the SMOTE filter function to the
training data and achieved balanced training data of 1460 images. We utilized this training
data on nine deep learning architectures using a transfer learning pre-trained model, as
outlined in Table 3. On each of the training processes, the images were resized to satisfy the
pixel dimension required by the corresponding pre-trained model. The results of our exper-
iment are presented in Table 4. In Table 4, we also presented the result of the pre-trained
model tested in the testing data of the ORIGA-Light dataset without any pre-treatment
processes. In addition, we compared our work with a previous study that had similar
experiment scenarios.

Table 4. Comparison results to a previous study that had similar scenarios.

Network [Ref.] Input Size

Accuracy (%)

Sreng et al. (2020) [64]
Our Proposed Model (2022)

Pre-Trained Model CNN+SVM

AlexNet [55] 227 × 227 68.42 76.41 92.61
GoogleNet [56] 224 × 224 71.79 74.87 87.95
Inception V3 [57] 299 × 299 75.38 78.97 75.57
XceptionNet [58] 299 × 299 77.44 75.9 71.76
ResNet-50 [59] 224 × 224 75.9 75.38 84.93
InceptionResNet [60] 299 × 299 80 78.46 74.05
MobileNet [61] 224 × 224 80.51 74.36 75.57
NasNet [62] 331 × 331 73.85 74.87 78.63
DenseNet [63] 224 × 224 77.44 78.46 92.88

Table 4 demonstrates the results of our experiments compared to two different ap-
proaches. The pre-trained model conducted by [64] was carried out by utilizing the original
CNN pre-trained model without any additional treatment. They used the original cropped
optic disc of the ORIGA-Light dataset as input images. According to Table 4, MobileNet
performed the best in the ORIGA-Light dataset, with an accuracy of 80%, followed by
InceptionResNet, with an accuracy of 90%, and XceptionNet and DenseNet, with similar
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accuracies of 77.44% each. Whilst, the CNN+SVM proposed by Sreng et al. [64] achieved
an accuracy of less than 80% in all deep learning architecture. The highest performance
of this method was carried out by Inception V3, with an accuracy of 78.97%, followed by
InceptionResNet dan DenseNet, with similar accuracies of 78.46% each.

Similar to the previous study, this method used cropped optic discs as input images
in their deep learning model. Those results show that their proposed method was good
enough in the ORIGA-Light dataset. Offering another solution, we proposed a different
way to analyze glaucoma disease. We used the characteristic of RNFL as the major object to
recognize the progression of glaucoma disease. In our experiments, almost all deep learning
architectures achieved good enough performance. The highest accuracy was carried out by
DenseNet, with an accuracy of 92.88%, followed by AlexNet, with an accuracy of 92.61%, and
GoogleNet, with an accuracy of 87.95%. This result successfully improved by more than 15%
from the two previous research works proposed by [64]. According to the results presented
in Table 4, we might conclude that our proposed method was suitable enough to recognize
glaucoma in the ORIGA-Light dataset with the highest accuracy, as compared to other models
and previous studies techniques, with a more than 15% accuracy improvement.

The confusion matrix shown in Figure 13 was provided to add more detailed infor-
mation about the model performance. The confusion matrix depicted in Figure 13 was
obtained by performing DenseNet. This result indicated that utilizing RNFL became a
proper and effective solution to analyze the progression of glaucoma disease. In addition,
Figure 14 is an example of the classification results predicted by DenseNet, using the image
data preprocessed by our proposed approach. Figure 14a,b show the glaucomatous and
normal eyes, respectively.
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4. Discussions

The intelligent glaucoma detection system played the role of an essential tool used to
monitor the progression of glaucoma disease more objectively and reliably. This intelligent
system was able to assist medical personnel in recognizing glaucoma symptoms faster and
more cheaply. Currently, several research undertakings have been performed, aiming to
aid in the development of an automated glaucoma detection system. Almost all of those
research works used optic discs and optic cups as input data to detect the presence of
glaucoma. However, utilizing the optic disc and optic cup as a major object to diagnose
glaucoma was extremely risky due to the differences between the optic disc and optic cup
of each patient. This condition often leads to misinterpretation.

The ORIGA-Light dataset was one of the most popular glaucoma datasets that was
often used by several researchers. The ORIGA-Light dataset had a variety of data that was
quite complex. It was proven by previous results, as illustrated in Table 4, though it could
not easily achieve an accuracy of more than 90%. Regarding that problem, we offered an
alternative way of evaluating glaucoma disease. We considered analyzing RNFL instead of
using an optic disc and optic cup, due to their uncertain standard of size.

We compared our proposed method with previous works that used the same dataset
for glaucoma classification purposes. Table 5 illustrates the comparison result of our
proposed method to other different ways of glaucoma classification using the ORIGA-Light
dataset. According to Table 5, it can be recognized that our proposed solution successfully
outperformed several previous studies, with an accuracy of 92.88% and an AUC of 89.34%.

Table 5. Comparison results with findings from earlier works.

Reference Accuracy (%) AUC (%) Notes

[64] 88.86 83.59 Experiment 1: using CNN pre-trained model

[64] 85.26 80 Experiment 2: using CNN+SVM

[65] - 86.8 Experiment 1: using a random training technique

[65] - 87.4 Experiment 2: using cross-validation

[66] - 83.1 -

[67] - 83.8 -

[68] - 83.8 -

[69] - 82.3 -

[32] - 85.1 -

[40] - 84.83 -

[41] 91.2 - -

Our proposed method (2022) 92.88 89.34 Using DenseNet

As demonstrated in Tables 4 and 5, we can conclude that our proposed solution
successfully outperformed the previous research works. Hence, it can be inferred that
analyzing RNFL was more suitable for recognizing the presence of glaucoma than using an
optic disc and optic cup, particularly given the complex dataset. This result also proves the
medical theory [24] that measuring the thickness of RNFL is an objective and reliable way
to monitor the progression of glaucoma disease. Therefore, it is expected that our proposed
model could help improve eye disease diagnosis and assessment.

5. Practical Application

Artificial intelligence (AI) and machine learning (ML)-based diagnostics have been
widely utilized by researchers and practitioners to detect risks and facilitate decision-
making in a range of contexts, from the prediction of chronic diseases like cancer [70,71]
to psychological disorders [72]. Therefore, this ML-based deep learning model yield
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in this experiment can be further implemented in web/mobile-based applications for
practical usage and gives maximum benefits of early glaucoma detection to the worldwide
community. Hence, the further objective of this work is to design and implement an early
glaucoma detection platform. This platform then can be implemented as Software as a
Service (SaaS) to facilitate medical teams’ decision-making in glaucoma screening.

In this research, we demonstrated the practicability of our developed model using
the TensorFlow framework implemented using Python programming language. Python
has a feature which allows the trained model to be saved on the specified so-called HDF5
filesystem. HDF5 (Hierarchical Data Format version 5) is an open-source file format that
supports large, complex, and heterogeneous data, which is perfectly suited to save the
distributed representation of the DL model and its weights. Since Python seamlessly
supports HDF5, we then used Python-based architecture as the main ingredient for the
glaucoma detection platform and provided API (Application Programming Interface)
services for this purpose. Figure 14 illustrates the workflow and architecture of the proposed
system design. In the architecture depicted in Figure 15, an application can be accessed by
the user (the medical team) either through their personal computer (PC) and a web browser,
or through their mobile device and an application that is connected to the fundus camera.
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Figure 15. The architecture and workflow of early glaucoma detection platform.

The proposed architecture required a fundus camera as the input device. A fundus
camera is a specified device used for fundus photography. The back of the eye, also
called the fundus, is the subject of photography in the field of fundus photography. In
fundus photography, the usage of specialized fundus cameras that consist of a complex
microscope attached to a camera with a flash capability is required [73]. The central
and peripheral retina, optic disc, and macula are the primary components that can be
seen in a fundus photograph. Other structures, such as the choroid, may also be visible.
Photography of the fundus can be done using colored filters or with specific dyes like
fluorescein and indocyanine green [74]. Currently, many types of fundus cameras with
various specifications are widely available on the market. Figure 16 shows a picture of a
fundus camera that is typically used in a healthcare facility.
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The fundus camera serves as an input device that scans the eyes in order to provide
an accurate image of the eye. That image is then transmitted together with the feature data.
After that, the input feature data are sent to a web server, where our proposed model is
utilized to determine whether or not the subjects in question have glaucoma. The user is
then supplied with the result of the diagnosis using the interface for the prediction output.
Figure 17, below, shows the design of a mobile application prototype in which users can
interact with the early glaucoma diagnostic platform. Users can take an image of an eye for
diagnostic using the application connected to the fundus camera, as shown in Figure 17a,
then the user can submit the image to the proposed cloud platform and have information
about the diagnostic result sent back to the mobile application, as shown in Figure 17b.
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Our proposed model may not be used for general subjects because it was only trained
on a particular dataset. Additionally, due to the constraints of the dataset used in our
research, we did not apply the model to clinical trials with real patients. We could do
clinical studies by working with doctors or university hospitals once another group of
demographic subjects (for instance, in Indonesia and Republic of Korea) is gathered, but
that is currently outside the scope of our current study.

6. Conclusions

Our research work presented the development of intelligent tools for monitoring the
progression of glaucoma disease as more objective and reliable. Our proposed solution is
comprised of two major processes; the pre-treatment process and the classification process.
In the pre-treatment process, we removed unnecessary parts, such as the optic disc and
blood vessels. Those two parts are considered for removal since they might be obstacles in
the analysis process. For the classification stages, we used nine deep-learning architectures.
We evaluated our proposed method in the ORIGA dataset and achieved an accuracy of 93.61%
in the segmentation process, and the highest accuracy of 92.88% with an AUC of 89.34%
in the classification process. This result is improved by more than 15% from the previous
research work. Finally, it is expected that having an improved glaucoma detection model
could help improve eye disease diagnosis and assessment.

Despite the promising nature of our findings, future research will still be necessary to
develop a better method. One of the limitations of our experiment was that we restricted
our experiment only to the ORIGA-Light dataset, and a different performance may be
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provided by another dataset. Additionally, we did not consider the computational time
performance of our method; therefore, considering this factor would be beneficial for
improving the diagnosis time, as well as the performance of our current findings.
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Abbreviations

Abbreviation Definition
CDR Cup-to-disc ratio
DDLS Disc damage likelihood scale
OD Optic disc
OC Optic cup
RNFL Retinal nerve fiber layer
ONH Optic nerve head
RGB Red green blue
CAD Computer-aided diagnosis
DL Deep learning
AUC Area under the curve
RoI Region of interest
SD Standard deviation
CDF Cumulative distribution function
CLAHE Contrast limited adaptive histogram equalization
SMOTE Synthetic minority over-sampling technique
CNN Convolutional neural network
SVM Support vector machine
HDF5 Hierarchical data format version 5
API Application programming interface
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