J’-—j algorithms

Article

A Segmentation-Based Automated Corneal Ulcer Grading
System for Ocular Staining Images Using Deep Learning and
Hough Circle Transform

Dulyawat Manawongsakul ! and Karn Patanukhom %*

check for
updates

Citation: Manawongsakul, D.;
Patanukhom, K. A Segmentation-
Based Automated Corneal Ulcer
Grading System for Ocular Staining
Images Using Deep Learning and
Hough Circle Transform. Algorithms
2024, 17,405. https://doi.org/
10.3390/a17090405

Academic Editor: Frank Werner

Received: 22 May 2024
Revised: 3 September 2024
Accepted: 5 September 2024
Published: 10 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Data Science Consortium, Faculty of Engineering, Chiang Mai University, Chiang Mai 50200, Thailand;
dulyawat_mana@cmu.ac.th

Department of Computer Engineering, Faculty of Engineering, Chiang Mai University,

Chiang Mai 50200, Thailand

*  Correspondence: karn.patanukhom@cmu.ac.th

Abstract: Corneal ulcer is a prevalent ocular condition that requires ophthalmologists to diagnose,
assess, and monitor symptoms. During examination, ophthalmologists must identify the corneal
ulcer area and evaluate its severity by manually comparing ocular staining images with severity
indices. However, manual assessment is time-consuming and may provide inconsistent results.
Variations can occur with repeated evaluations of the same images or with grading among different
evaluators. To address this problem, we propose an automated corneal ulcer grading system for
ocular staining images based on deep learning techniques and the Hough Circle Transform. The
algorithm is structured into two components for cornea segmentation and corneal ulcer segmen-
tation. Initially, we apply a deep learning method combined with the Hough Circle Transform
to segment cornea areas. Subsequently, we develop the corneal ulcer segmentation model using
deep learning methods. In this phase, the predicted cornea areas are utilized as masks for training
the corneal ulcer segmentation models during the learning phase. Finally, this algorithm uses the
results from these two components to determine two outputs: (1) the percentage of the ulcerated
area on the cornea, and (2) the severity degree of the corneal ulcer based on the Type-Grade (TG)
grading standard. These methodologies aim to enhance diagnostic efficiency across two key aspects:
(1) ensuring consistency by delivering uniform and dependable results, and (2) enhancing robustness
by effectively handling variations in eye size. In this research, our proposed method is evaluated
using the SUSTech-SYSU public dataset, achieving an Intersection over Union of 89.23% for cornea
segmentation and 82.94% for corneal ulcer segmentation, along with a Mean Absolute Error of 2.51%
for determining the percentage of the ulcerated area on the cornea and an Accuracy of 86.15% for
severity grading.

Keywords: corneal ulcer; convolutional neural network; deep learning; Hough transform; image
processing; image segmentation; U-Net

1. Introduction

Corneal ulcer is an ocular condition associated with eye diseases that can result from
various causes, including inflammation, infection, and injury [1]. Corneal ulcers can be
categorized into three main types. The first type, point-like corneal ulcer, is characterized
by small scar dots distributed on the corneal surface [2]. The severity of this condition
correlates with the number of dots on the corneal area. One of the causes of this type is
dry eye syndrome [3]. The second type, flaky corneal ulcer, consists of scar areas on the
corneal surface. The severity is determined by the size and location of the corneal ulcer [2].
This type can be caused by many factors, such as bacterial infection or corneal surgery.
The last type, mixed point—flaky corneal ulcer, has both small scar dots and scar patches on
the cornea.
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In diagnosing the severity of corneal ulcers, ophthalmologists commonly use fluo-
rescein dye on the ocular surface. The corneal ulcer becomes stained green, while the
non-ulcer area remains unstained. Subsequently, clinicians examine and evaluate the
corneal ulcer severity by analyzing images captured through the slit lamp microscope by
themselves [3-5]. However, manual grading is a time-consuming task and can yield incon-
sistent results depending on the evaluator [6]. Therefore, developing a reliable end-to-end
algorithm for grading the severity of corneal ulcers can significantly improve treatment
outcomes and save valuable time for ophthalmologists.

In this study, we propose an automated grading system for flaky corneal ulcers based
on their size and location. The algorithm comprises three main components. First, we
employ deep learning models to segment the cornea area from eye staining images and
apply the Hough Circle Transform (HCT) to refine the result area into a circular shape.
The corneal area identified in this process can be used in the corneal ulcer segmentation
and severity grading process. Second, the corneal ulcer area is segmented using deep
learning techniques. In this process, the novelty of our approach lies in using the predicted
corneal area from HCT as additional training data during the learning phase to develop
the corneal ulcer segmentation models. This method benefits our models by guiding the
weight adjustments to focus on the corneal areas. Third, the severity of the corneal ulcer is
graded based on two properties: the percentage of the ulcerated area on the cornea, and
the ulcer’s distribution across five corneal zones.

2. Related Work

Traditionally, the severity of corneal ulcers has been assessed by ophthalmologists
through manual grading. For instance, the Oxford Grading System (OGS) is widely used as
a standard for evaluating point-like corneal ulcers. Specialists need to compare the corneal
ulcer area with the OGS index, which is divided into five grades, for manual assessment
of symptoms [3,7]. This method may yield imprecise diagnostic results, as patients with
varying symptoms could be categorized within the same severity grade. In addition,
to assess the severity of flaky corneal ulcers, ophthalmologists use specialized software
such as Image-]J [5] to locate or count the pixels in the corneal ulcer region for diagnosis.
These manual processes are notably time-consuming and may lead to inconsistencies in
subsequent diagnostic results.

In response to these challenges, Ayse Bagbaba et al. [3] proposed an automated grading
system for Dry Eye Syndrome (DES) based on the OGS using fluorescein-stained images.
Their method involved using the HCT for corneal area segmentation and utilizing the green
channel to identify damaged areas caused by DES. They applied a connected component
algorithm to count dots in the corneal area and determined a correlation between the
number of dots and DES severity using linear regression. However, this technique is only
suitable for point-like corneal ulcers, not flaky corneal ulcers.

There has been increasing interest in the development of automated segmentation
algorithms for identifying flaky corneal ulcer areas. Zhenrong Liu et al. [8] utilized the
Gaussian Mixture Model (GMM) and Otsu thresholding techniques to segment corneal
ulcers. They used 150 fluorescein-stained corneal ulcer images from Zhongshan Ophthalmic
Center, Sun Yat-sen University. Their algorithm first converted these images to grayscale
and applied gamma correction, Otsu binarization, and morphological operations to obtain
the segmentation result. Additionally, they transformed the same images into a Hue
Saturation Value (HSV) color space and utilized the GMM to segment the area of interest.
Finally, they combined the results from both methods.

In fluorescein-stained eye images, fluorescent staining outside the corneal area can lead
to incorrect localization of the corneal ulcer area. To enhance the accuracy of identifying the
corneal ulcer area, it is crucial to first establish a reliable delineation of the cornea area. In
research on iris segmentation, Jus Lozej et al. [9] identified the iris area in eye images using
the U-Net model, emphasizing performance enhancement through adjustments to depth
and batch normalization layers. On the other hand, Anis Farihan Mat Raffei et al. [10]
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implemented a corneal detection algorithm using edge detection and HCT to locate the
cornea and pupil. Additionally, they employed the Linear Hough Transform to locate the
eyelid boundary to specify the iris area.

Lijie Deng et al. [5] proposed a superpixel-based method for corneal ulcer segmen-
tation using 150 fluorescein-stained images from Zhongshan Ophthalmic Center. Their
methodology involved employing an iris locating algorithm from previous research and
applying the coordinates to an ellipse equation. Corneal ulcer segmentation was achieved
using a superpixel segmentation technique and a Support Vector Machine (SVM) classi-
fier, followed by morphological operations to enhance system performance. Isam Abu
Qasmieh et al. [11] applied image processing and eye-border recognition to locate the eye
border in the image. They determined the iris region by fitting a circle into the eye border
area. Finally, they located the corneal ulcer area by extracting the green channel from the
image, which was masked by the iris region.

Recently, deep learning techniques have been employed in eye disease for classification
tasks [12-14] and segmentation tasks [4,11,15,16]. Qichao Sun et al. [15] manually selected
the cornea area and trained a Deep Neural Network (DNN) model to segment the corneal
ulcer area, selecting the result from the intersection area. Tingting Wang et al. proposed
two studies focused on end-to-end corneal ulcer segmentation, utilizing the SUSTech-SYSU
dataset [2] for training and testing. The first work, CU-SegNet [16], utilized the Multiscale
Adaptive-aware Deformation Module (MAD) and the Multiscale Global Pyramid Feature
Aggregation Module (MGPA) to reduce the influence of large variations in the morphology
and size of ulcers and guide the model towards multiscale deformation. In a subsequent
study [4], they utilized the Multiscale Self-Transform Network (MsSTNet) for corneal
ulcer segmentation. They enhanced performance by feeding the results into a Generative
Adversarial Network (GAN) discriminator to predict whether images were real or fake
during training. Isam Abu Qasmieh et al. [11] selected ResNet-18 to develop a corneal ulcer
segmentation model. The model was trained and evaluated using 354 fluorescein-stained
images from the SUSTech-SYSU dataset.

In the context of our study, we propose a novel end-to-end algorithm for identifying
the severity degree of corneal ulcers in fluorescein-stained images. This algorithm leverages
a combination of techniques:

1.  Cornea Segmentation Module: This component is developed through the integration
of deep learning techniques, image processing, and the HCT.

2. Corneal Ulcer Segmentation Module: This module is developed using deep learning
methodologies, utilizing the predicted cornea mask during the model learning phase.

The utilization of these two components is fundamental to our approach to accurately
determining two grading results:

1.  The percentage of the ulcerated area on the cornea.
2. The severity degree based on the ulcer’s distribution across five corneal zones.

3. Methods

This section explains the methods and techniques applied in this research to develop
the proposed automated corneal ulcer grading system. The entire contents can be separated
into three sections: (1) cornea segmentation, (2) corneal ulcer segmentation, and (3) severity
grading. An overview of this research is illustrated in Figure 1.

3.1. Cornea Segmentation
3.1.1. Simple CNN Encoder-Decoder Model

To segment the cornea area in ocular-stained images, a Convolutional Neural Network
(CNN) model is an effective choice [17,18]. The boundary of the cornea region is circular,
which is a simple shape for image segmentation tasks. Therefore, we utilize the Simple CNN
Encoder-Decoder (SCED) network to address this problem [19]. The SCED architecture
comprises two crucial paths: (1) the encoder network and (2) the decoder network. There is
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no skip-connection from the encoder network to the decoder network in this architecture.
The encoder network consists of convolutional layers and pooling layers. Convolutional
layers extract the feature maps from the input image, while pooling layers reduce the
feature maps’ spatial resolution. These processes are repeated according to the depth (1) of
the designed architecture. In the decoder network, upsampling layers increase the spatial
resolution of the feature maps, while convolutional layers refine the features and extract
more details. Finally, the feature maps are passed to the output layer and the activation
function in the output layer assigns labels to each pixel to generate the output image.
The SCED model architecture for cornea segmentation is shown in Figure 2.
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Figure 1. Overview of the proposed method.
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Figure 2. Simple CNN Encoder—Decoder network architecture.

3.1.2. Image Processing

The outputs of the SCED segmentation model are expressed in grayscale images,
with values ranging from 0 to 1 for each pixel. To segment the cornea area, we apply image
thresholding to transform grayscale images into binary images. The pixels segmented
as 1 represent the cornea area, while the pixels segmented as 0 denote non-cornea areas.
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However, there is an issue with noise pixels, which are predicted as 1 for the non-cornea
area at the edges of the predicted cornea region. To address this concern, we utilize image
processing techniques to minimize noise in the model outcomes. Morphological operations
are employed on the predicted cornea area in this work. These operations aim to modify
the structure of the input images by utilizing a kernel to interact with the objects within
the image. The basic operations used in this context consist of erosion and dilation to
respectively decrease and increase the target area. The variation from adjustments on the
output region is based on the size and shape of the kernel defined in the operations [20,21].

Another approach to addressing noise problem involves utilizing the connected com-
ponent labeling technique. This method aims to detect the group of connected pixels
defined as the same label within a binary image. The algorithm scans the image pixel-by-
pixel to determine the connectivity between each pixel and its neighboring pixels. Common
connectivity types used to identify the connected components include 4-connectivity and
8-connectivity. A group of connected pixels is counted as a component [22,23]. In this
experiment, we apply the connected component algorithm to detect all components from
morphological operation outputs and remove artifact regions that are smaller than a spe-
cific size.

3.1.3. Hough Circle Transform

The HCT is an adaptation of the Hough Transform algorithm. This technique is used
to detect circular objects in images [24,25]. The algorithm utilizes edge detection to identify
potential edges within the image and evaluates all possible coordinates that are able to fit
the center and radius of the circles. In general, the cornea and iris are different structural
components; however, they share the same boundary in the front portion of the eye [26].
The characteristics of both components are almost circular in shape; therefore, the HCT
is widely used for iris segmentation tasks and yields excellent results [3,10,27-29]. In this
research, we employ the HCT with the output images from the image processing module
to refine the segmented cornea area into a circular shape. The algorithm detects all circles
in the input images and stores them in a circle list. Then, the circles with low confidence
scores are eliminated by thresholding. The remaining circles are stored with their center
coordinates and radius values as the cornea candidates. Finally, we select a circle C that
maximizes our proposed objective function F, (C) to represent the cornea area, as shown in
Figure 3. The proposed objective function is defined as follows:

F(C) = —e/M 1)
(1+ (re/W))*
where N¢ denotes the cornea predicted area that intersects with the circle from HCT, M
denotes the cornea predicted area, ¢ denotes the radius of the circle from the HCT, W
denotes the input image width, and « denotes the fine-tuning parameter.

3.1.4. Voting Ensemble

To solve a specific problem using machine learning, multiple individual models are
usually developed in order to determine the most appropriate method for the task. Instead
of relying on a prediction from one model, a voting ensemble can be used to combine the
results of all models and make a final decision. The voting ensemble technique can be
applied to improve performance, particularly in regression and classification tasks. There
are various implementations of this method, such as hard voting, which make a final
prediction based on the majority vote, and soft voting, which uses average of probabilities
from all individual models [30,31]. In this research, we apply the concept of a voting
ensemble to enhance segmentation performance. All corresponding predicted images of
each method are combined through the hard voting ensemble approach. The resulting
area from this technique is determined using the pixels voted by more than half of all
corresponding models in each method. This methodology is then applied to both cornea
segmentation and corneal ulcer segmentation.
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Figure 3. HCT and circle selection for cornea segmentation.

3.2. Corneal Ulcer Segmentation

Corneal ulcer segmentation demands a highly precise model due to the rich details
on ocular staining images. To achieve accurate results, we adopt the U-Net model as the
base model architecture for our proposed method. The U-Net model is a CNN encoder—
decoder network specifically designed for image segmentation tasks, and is widely used in
biomedical image analysis [9,32-36]. In terms of architecture, the U-Net model diverges
from the SCED model primarily due to its implementation of skip connections. The skip
connections in U-Net connect the convolutional layers in the encoder and decoder networks,
operating on the corresponding feature maps. This integration aims to retain data resolution
and improve segmentation performance [37]. During the experiment, the U-Net model is
initially trained to identify the corneal ulcer regions. The model outputs are multiplied
by the raw cornea segmentation result in the inference phase. This method serves as the
baseline for our work.

For the proposed model, we modify U-Net by including the cornea segmentation
result from the HCT as a second input. The final model layer is multiplied by the predicted
cornea mask in the learning phase. This approach benefits our corneal ulcer segmentation
model by directing the model’s attention to learning features within specific regions and
guiding weight adjustments to the cornea areas. The proposed model architecture for
corneal ulcer segmentation is shown in Figure 4.
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Figure 4. Model architecture of U-Net with HCT mask multiplication in the learning phase (UNET-H-L).

3.3. Severity Grading

There are several methods for identifying the severity of ocular staining images [38]. In
this work, we utilize the same ulcer position-based severity grading as in the Type-Grade
(TG) grading system, an accepted method for assessing the severity of corneal ulcers based
on the stained area within the cornea region [2,39—-41]. This method categorizes the severity
of corneal ulcers into five grades (Grade0-4). The cornea area is divided into five zones,
comprising four surrounding quadrants and one central area, as shown in Figure 5. The
threshold used for grading in this experiment is one pixel. The criteria for each grade are
as follows [2]:

*  Grade4: Ulceration is found in the central area of the cornea.

*  Grade3: Ulceration is found in three or all four quadrants surrounding the central area.
¢ Grade2: Ulceration is found in two quadrants surrounding the central area.

*  Gradel: Ulceration is found in one quadrant surrounding the central area.

*  Grade0Q: The cornea area is completely clear with no ulcerated area present.

According to the definition, the classification is based on the number of quadrants
where ulcers are present and whether the ulcer appears in the pupil area or the central zone

of the cornea, which is critical for vision. In such cases, the severity is graded as the highest
degree (Grade4).

0 1 2 3 4q

o - - - - n

Figure 5. Samples of corneal ulcer severity grading based on the TG grading system.

However, this methodology categorizes symptoms into discrete degrees of severity,
meaning that the results from this process may lead to inaccuracies in assessing the actual
severity of the symptoms. Therefore, we include the percentage of the ulcerated area on the
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Ocular staining
images

cornea in order to support the severity grading of the patient’s condition. The calculation

can be performed as follows:
Ay
P =—x100 2
o @
where P denotes the percentage of ulcerated area on the cornea, Ay; denotes the number
of pixels in the predicted corneal ulcer area, and Ac denotes the number of pixels in the
predicted cornea area.
These methodologies offer multiple benefits for measuring symptoms in terms of

several aspects:

1.  Consistency: Utilizing software for grading the severity of corneal ulcers yields more
consistent outcomes compared with manual grading. This is because the program
consistently provides the same outcome on the same image, whereas manual mea-
surement may result in different values each time or for different individuals.

2. Robustness: Variations in image size or cornea size have minimal impact on severity
grading when using software.

3. Resolution: Including the calculation of the percentage of the ulcerated area on the
cornea can provide better resolution than relying solely on discrete severity levels.

4. Experiments and Results
4.1. Dataset

For our experiments, we utilized ocular staining images from the SUSTech-SYSU
public dataset [2]. This dataset was separated into two parts for our work, as shown in
Figure 6. First, 712 ocular staining images with cornea-labeled images were used in the
cornea segmentation algorithm. Image augmentation was applied to prevent overfitting
by adjusting the saturation, brightness, and blurring as well as by vertically flipping the
input images. Second, within the 712 ocular staining images, there were 354 images in
the dataset labeled as containing corneal ulcer and showing flaky corneal ulcer symptoms.
These images were utilized for corneal ulcer segmentation in the experiment. Data aug-
mentation was implemented with the following parameters: vertical shifting, horizontal
shifting, distortion, zooming, vertical flipping, horizontal flipping, brightness, rotation,
and noise addition.

To use these data in the experiment, the original images were resized to 512 x 512 for
training the models and 1600 x 1200 for the other operations, which included the image
processing and HCT process for cornea detection, the severity grading process, and all
evaluation processes. Additionally, the dataset was randomly divided into three folds for
validation during training and evaluation.

Sample dataset for cornea segmentation Sample dataset for corneal ulcer segmentation

Ocular staining
images

Cornea
labeled images

Corneal ulcer
labeled images

Figure 6. Sample dataset for training and testing cornea segmentation models and corneal ulcer
segmentation models.

4.2. Evaluation Metrics

To evaluate the algorithm’s performance, we calculated the Accuracy, Dice Similarity
Coefficient (DSC), Sensitivity (Sen), and Intersection over Union (IoU) for pixelwise com-
parison of the cornea and corneal ulcer segmentation results with the ground truth data.
In addition, the Mean Absolute Percentage Error (MAPE) was calculated to compare the
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predicted size of the cornea to the actual cornea size in pixels, while the Mean Absolute
Error (MAE) was calculated to compare the predicted percentage of the ulcerated cornea
area to the percentage of the actual sizes. For TG grading results, Accuracy was calcu-
lated as the ratio of correct predictions for corneal ulcer severity grading to all predictions.
The evaluation metrics were calculated as follows:

2TP
DS = TPy FP T EN ¥
TP
Sen = TP+ EN @)
TP
U= TP P AN ”
1 XA — Acil
APE = Yy = x1
M L (©6)
i=1
1Y 5
MAE =~ Y|P~ P 7
N =
. TP+ TN
Segmentation Accuracy = TP+ TN + EP + EN ®)
Grading Accuracy = g ®)

where TP denotes the number of cornea/corneal-ulcer pixels which are classified correctly,
TN denotes the number of non-cornea/non-corneal-ulcer pixels which are classified cor-
rectly, FP denotes the number of non-cornea/non-corneal-ulcer pixels which are classified
as cornea/corneal-ulcer, FN denotes the number of cornea/corneal-ulcer pixels which are
classified as non-cornea/non-corneal-ulcer, Ac; and Ac; respectively denote the actual
cornea size of sample i and the corresponding predicted cornea size, N denotes the number
of samples in the experiment, P; and P; respectively denote the actual percentage of ulcer-
ated area on cornea for sample i and the corresponding predicted percentage, and S and S
respectively denote the number of correct severity grading results and the total number
of samples.

4.3. Implementation Details

This experiment was implemented on Lenovo Legion 5 (model 15IAH7H) laptop,
manufactured in China, with an 17-12700H processor, 16 GB of RAM, and an Nvidia RTX-
3060 GPU with 6 GB of RAM. The environment for training and testing all models was
based on Python 3.8.13 and Tensorflow 2.5.0. The learning rate and batch size in this work
were set to 0.0001 and 1, respectively. For evaluating resource usage and training time,
the experiment was conducted on Google Colab using cloud computing resources with an
A100 GPU.

4.4. Cornea Segmentation Results

For the first part of this experiment, we built SCED networks for segmenting the
cornea area by using corneal fluorescein-stained images as inputs. Five SCED networks
with different configurations were tested, as shown in Table 1. For the encoder network,
the input size was set to 512 x 512 x 3. The feature map for the convolutional layer in the
encoder network was set to 64, followed by the Rectified Linear Unit (ReLU) activation
function and max pooling with a stride of 2 x 2 . The kernel size of the convolutional
layer varied from 7 to 11 and the depth of the CNN layers varied from 3 to 5. Dropout
layers were included to prevent overfitting. For the decoder network, the upsampling size
was 2 x 2, while the other parameters were defined the same as in the encoder network.
The decoder’s output layer consisted of one feature map with a sigmoid activation function.
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The model depth and other parameters were referenced from the work by
Jus$ Lozej et al. [9]. In this experiment, aiming to obtain a smooth shape of the predicted
cornea area, we increased the kernel size to expand the receptive field. The differences
among the models” architectures are as follows: SCED1-3 used a kernel size of 9 for all
models and varying model depths of 3, 4, and 5, respectively; SCED4 increased the kernel
size to 11 with a model depth of 3; and SCED5 employed different kernel sizes in each
layer. In the encoder network, the kernel size for depth layers 1 and 2 were configured
as 11, layers 3 and 4 were configured as 9, and layer 5 was configured as 7, maintaining
this setup in the corresponding layers of the decoder network. The memory (VRAM) and
training time per epoch required for training each model are also presented in Table 1.

To benchmark cornea segmentation performance, we implemented two U-Net models.
The first U-Net model followed the original design proposed by Ronneberger et al. [32],
while the second used transfer learning by combining the pretrained ResNet-50 encoder [42]
with U-Net’s decoder structure. The details of U-Net and U-Net-ResNet-50 are provided in
Table 1.

Table 1. Cornea segmentation model architectures and resources required for training.

Trainable Memory Usage Training Time

Model Name Feature Maps Kernel Size  Depth Parameters (GBI per Epoch

[s/Epochs]
SCED1 64 9 3 2,338,561 8.7 63
SCED2 64 9 4 3,332,241 8.8 67
SCED3 64 9 5 3,997,761 8.9 69
SCED4 64 11 3 3,493,121 8.8 74
SCEDS5 64 11,11,9,9,7 4 4,029,889 8.9 77
U-Net 64,128, 256, 512, 1024 3 4 36,605,317 21.0 96
U-Net-ResNet-50 64, 128, 256, 512, 1024, 2048 1,3,7* 5 ** 73,378,625 11.3 110

* The kernel size of the initial convolutional layer was 7; for blocks 2 to 5, the convolutional layers used kernel sizes
of 1-3-1 for each block. ** U-Net-ResNet-50 included 54 convolutional layers distributed across five depth levels.

The training and validation accuracy and loss curves for the cornea segmentation
models, illustrated in Figure 7, provide crucial insights into the models’ learning process
and performance. These graphs display the accuracy and loss metrics for both training
and validation sets throughout the training epochs. The data presented in these graphs
represent the first fold of a three-fold cross-validation process for all models. The plots
reveal that all SCED models reach convergence within 30 to 40 epochs. Among the SCED
model variants, the SCED3 model stands out by converging the fastest and achieving the
highest accuracy on the validation set. Conversely, U-Net and U-Net-ResNet-50 show
signs of overfitting, as evidenced by the discrepancy between training and validation
performance. This can be observed in the accuracy and loss curves, where the training set
accuracy continues to improve while the validation loss progressively increases from the
early epochs. In this study, model selection is based on the criterion of minimal validation
loss observed during the training process.

As mentioned in Section 3, the raw outputs from SCED networks are postprocessed
by image processing techniques and the HCT. In the experiment, we name the SCED
networks with this postprocessing the Simple CNN Encoder-Decoder Model with Hough
Circle Transform (SCED-HT). First, we utilized morphological erosion to separate excess
pixels from the main cornea predicted area using a circular kernel with a radius of 4.
Then, the connected component technique was applied to remove noise areas smaller than
400 pixels. After obtaining the desired area, the cornea region was expanded back to the
original size using morphological dilation with the previous circular kernel. Subsequently,
we applied HCT to locate the entire circle under the specified parameters. The resolution
of the HCT accumulator was 1600 x 1200 pixels, the minimum distance for the center of
each detected circle was set to 40 pixels, and the radius of the detected circles was set to
120-1600 pixels.
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Figure 7. Training and validation accuracy and loss curves for cornea segmentation models.

All circles obtained from this process were evaluated using the objective function F, (C)
mentioned in Equation (1). The circle that maximizes F,(C) was selected to represent the
cornea area. In the experiment, we determined the best hyperparameter « by varying the
values of & between 4.6 to 5.8 and calculating the IoU of the detected cornea areas for each «
value. We first identified the optimal value of « using 120 additional ocular staining images
that were not included in the SUSTech-SYSU dataset. An « value of 5.2 achieved the highest
IoU for cornea segmentation. These « values were also verified with 712 images from the
SUSTech-SYSU dataset, and provided the same results. The relation between the IoU and &
is shown in Figure 8. The optimal « value of 5.2 was used for the entire experiment.

To evaluate the performance of the objective function F,(C) for circle selection to
represent the cornea regions, we calculated the percentage of the selected circles based on
their IoU rankings among the candidates. From the graph in Figure 9, the circle which
maximized F,(C) is 67.79% of the circles which obtained the highest IoU from all candidates;
84.53% of the selected circles were among the two highest-ranked candidates, and 92.27%
were within the top three highest-ranked candidates.

To assess the segmentation performance, the SCED and SCED-HT models were evalu-
ated based on accuracy, IoU, and MAPE of cornea size. Table 2 displays the results from all
models in this experiment. The values following MAPE represent the standard deviation of
MAPE, indicating the variability of the error in predicted cornea area around the mean in
percentage. From the results, the SCED3 model has the highest accuracy and IoU compared
to other methods, with 96.97% and 90.21%, respectively. The SCED2 model has the lowest
MAPE at 7.28%. Overall, SCED models perform slightly better than SCED-HT models
with the same architecture. The samples of cornea segmentation results for our work are
illustrated in Figure 10.
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Figure 8. Cornea segmentation IoU from « values in the proposed objective function (Equation (1)).
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Figure 9. The percentage for the highest IoU value of the top five candidate circles calculated from
the objective function (Equation (1)).

Table 2. Evaluation results for the individual cornea segmentation models.

Method Accuracy Micro IoU MAPE (Cornea Size)
SCED1 96.32 88.29 8.02+13.22
SCED2 96.74 89.50 728 £11.25
SCED3 96.97 90.21 7.45 +12.48
SCED4 96.39 88.50 8.14 + 13.07
SCED5 96.62 89.18 7.55+11.19
SCED1-HT 96.40 88.37 9.11 + 14.11
SCED2-HT 96.36 88.18 9.06 +13.54
SCED3-HT 96.49 88.56 8.58 +13.28
SCED4-HT 96.39 88.31 9.09 £ 15.44

SCED5-HT 96.48 88.56 8.90 + 12.67
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Figure 10. Sample results from the cornea segmentation algorithm.

Finally, we combined all segmentation results from all SCED networks using a voting
ensemble. The results from the ensemble models are shown in Table 3. The EM-5-SCED
is an ensemble model of SCED1 to SCED5, while the EM-5-SCED-HT is an ensemble
model of SCED1-HT to SCED5-HT. The results from the ensemble models outperform their
individual models. The EM-5-SCED has the best performance for cornea segmentation in
this experiment, achieving 97.08% accuracy, 90.58% IoU in micro-average, and 6.93% MAPE
for cornea size. For the EM-5-SCED-HT results, the accuracy and IoU are comparable to
EM-5-SCED but cannot yield a lower MAPE value, as EM-5-SCED-HT employs the HCT
to identify the cornea area based on the segmentation results from EM-5-SCED. When
EM-5-SCED generates inaccurate cornea shapes but still closely approximates cornea sizes,
employing the HCT to determine the cornea region can result in incorrect areas, leading to
errors in cornea size.

To evaluate the efficacy of our proposed method, we conducted a comprehensive
comparative analysis using both image processing and deep learning approaches for cornea
segmentation. The first comparison focused on the image processing method developed
by Isam Abu Qasmieh et al. [11], who proposed techniques for cornea and corneal ulcer
segmentation. We implemented the process as described in their study to extract the cornea
area for direct comparison with our method. The image processing method utilizes the
Otsu thresholding algorithm [43] and morphological operators to determine the eye border
pixels. Then, the upper and lower eye border pixels are fitted with Gielis curves [44].
Finally, the cornea region is obtained from the enclosed circle formed by the upper and
lower eye border curves. The second approach involved the deep learning-based SLIT-
Net model developed by Jessica Loo et al. [45]. This model, based on the Mask R-CNN
architecture [46], is designed for ocular staining image segmentation, including the limbus
(cornea region). In the experiment, we utilized the SLIT-Net model originally provided by
the authors, which was trained with 133 slit-lamp images from the University of Michigan
Kellogg Eye Center (Ann Arbor, MI, USA) and Aravind Eye Care System (Madurai, India)
without additional training on the SUSTech-SYSU dataset to generate cornea segmentation
results for evaluation. Both methods were tested using the same dataset employed in our
study to ensure a consistent comparison. Additionally, we included the U-Net and U-Net-
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ResNet-50 models in the analysis to establish a comprehensive baseline for performance
comparison. The results reveal that the EM-5-SCED and EM-5-SCED-HT variants of our
proposed method both achieve superior cornea segmentation performance compared to all
other examined methods. This enhanced performance is evident across multiple metrics,
including Accuracy, IoU, and MAPE in cornea size estimation, as presented in Table 3.

Table 3. Comparison of the cornea segmentation performance across various methods.

Method Accuracy Micro IoU MAPE (Cornea Size)
Image Processing Method [11] 88.53 66.89 25.26 + 34.34
SLIT-Net [45] 94.10 82.02 14.64 + 20.54
U-Net 95.99 87.24 9.28 +16.17
U-Net-ResNet-50 95.95 86.85 9.74 +16.30
EM-5-SCED 97.08 90.58 6.93 +11.19
EM-5-SCED-HT 96.70 89.23 8.14 +11.71

Figure 11 illustrates the cornea segmentation results of the eight methods: Image
Processing Method [11], SLIT-Net [45], U-Net, U-Net-ResNet-50, SCED3, SCED3-HT, EM-
5-SCED, and EM-5-SCED-HT. These samples demonstrate that when the cornea boundary
is clearly visible in the ocular staining image, all methods accurately segment the cornea
area, as evidenced in samples (a), (b), and (c). However, when the cornea boundary is
unclear, as in samples (e), (f), (g), and (h), the segmentation performance varies among
the models. The U-Net-ResNet-50 model effectively segments clearly defined areas, but
exhibits reduced performance in regions with complex and ambiguous image features. In
contrast, the high-resolution U-Net model provides excessive detail, resulting in significant
oversegmentation. The SLIT-Net and SCED models yield results with comparable shapes,
although SLIT-Net demonstrates lower performance. Moreover, the SLIT-Net model sig-
nificantly underperforms compared to the U-Net model. This discrepancy may be due to
the differences in the training dataset. In this experiment, the U-Net model was trained
and validated on the SUSTech-SYSU dataset, whereas the SLIT-Net model was trained on a
different dataset and subsequently validated on the SUSTech-SYSU dataset for comparison.
The SCED and EM-5-SCED models demonstrate superior performance in identifying the
overall cornea area, which is suitable for subsequent circle detection tasks, despite some
segmentation errors. The segmentation results observed in these sample images align
with the performance comparisons presented in Table 3. Furthermore, we compared the
segmentation results from the SCED model with the SCED-HT method, which converts the
segmented area to a circular shape. When the segmentation results from SCED accurately
represent the cornea areas or resemble a circular shape, as in samples (a), (b), and (c),
the outputs of SCED and SCED-HT are similar. However, when the segmented results are
approximately circular but include small excess areas, as in samples (d) and (e), SCED-HT
can remove excess areas and identify more accurate cornea regions compared to SCED. In
cases such as samples (f) and (g), where the segmented areas are irregularly shaped, using
the segmentation results from SCED directly may yield better outcomes than applying the
HCT to determine the boundary of the cornea region.

Finally, we compared the cornea segmentation results from the proposed method with
other methods, as shown in Table 4. The details of each method are as follows:

1. CANNY and RANSAC: In this method, the original ocular staining images were first
converted into grayscale, then Canny Edge Detection [47] was applied to identify the
cornea edges. Next, RANdom SAmple Consensus (RANSAC) [48] was used to detect
circles from the edge images.

2. CANNY and HCT: The same procedure as in the first method, except with the HCT
used for circle detection. The circle with the highest accumulator value was selected
as the output.

3. EM-5-SCED and RADON: First, the cornea segments were determined from the ocular
staining images by using the EM-5-SCED model and extracting the contour of the



Algorithms 2024, 17, 405 15 of 28

cornea segments. Then, Radon Transform-based circle detection was applied to detect
the circles, as proposed by Okman et al. [49].

4.  EM-5-SCED and RANSAC: The same procedure as the third method, except with
RANSAC used for circle detection.

5. PROPOSED without F,(C): Our proposed approach utilizes HCT to detect circles
from the contour of the cornea segments. To demonstrate the effect of our proposed
circle selection process, in this method the circle with the highest accumulator value
is selected as the output instead of using the objective function F,(C).

6. PROPOSED with F,(C): This method represents the full version of the proposed
cornea segmentation process, incorporating the EM-5-SCED model, HCT, and objec-
tive function F,(C).

Input Image SLIT-Net U-Net U-Net- SCED3 SCED3-HT EM-5-SCED EM-5-SCED-HT
Processing ResNet-50

SECESECE
SECREE00
QECRE0CE
BECRSCCC
HECOERCE
SECOSQCE
SECOECCE
QCCORQCE

Figure 11. Comparison of cornea segmentation results. (a—c) are sample images with clearly visible
cornea areas. (d-h) are sample images without clearly visible cornea areas. (Green = True Positive,
Blue = False Negative, Red = False Positive)

Table 4. Comparison of various circle detection methods for the cornea segmentation process.

Method Accuracy MicroIoU MAPE (Cornea Size)
CANNY and RANSAC 79.76 57.45 77.19 £ 64.78
CANNY and HCT 80.03 58.23 76.09 + 59.48
EM-5-SCED and RADON 95.13 84.30 11.62 + 24.20
EM-5-SCED and RANSAC 96.48 88.75 9.64 + 14.41
PROPOSED (EM-5-SCED and HCT) without F,(C) 96.21 87.77 9.73 +13.81

PROPOSED (EM-5-SCED and HCT) with F,(C) 96.70 89.23 8.14 +11.71
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In the canny edge detection process in Methods 1 and 2, the grayscale image is first
blurred using a Gaussian filter. Then, the image gradients are calculated for each pixel,
and only pixels with local maxima of the gradient magnitude along the gradient direction
are considered as edge candidates. Double thresholding is applied to classify candidate
pixels into strong and weak edges using high and low threshold values, respectively.
The final edge image is obtained from strong edges and weak edges that are connected to
the strong edges. In this experiment, we varied the standard deviations of the Gaussian
filter across 5, 10, 15, 20, and 25. Additionally, we varied the high and low threshold values
across 6, 12, 18, 24, 30, and 36, pairing each lower value with its equivalent and all higher
values to create a range of threshold combinations. We selected the optimal combination
of Gaussian filter standard deviation and high and low threshold values that achieved
the highest average precision in cornea edge detection. In this experiment, we identified
the optimal parameters for the canny edge detection process as a Gaussian filter standard
deviation of 10 with both the low and high thresholds set to 12.

For RANSAC-based circle detection, let P represent a set of pixels used for circle fitting,
which includes either the edge pixels in Method 1 or the contour of the cornea segments
in Method 4. The algorithm starts by randomly selecting three pixel positions from P and
determining the circle C that best fits these points. The distance between every pixel in P
and the circle C is calculated. The inlier pixels, which are those with distances less than
the threshold, are counted and stored. In this experiment, the inlier threshold is set to
2. This process of random sampling, circle fitting, and inlier counting is repeated for a
predetermined number of iterations T, which is calculated as follows [50]:

_ log(1—p)
~ log(1—wn) (19

where p denotes the desired probability of success, w denotes the percentage of inliers in
the dataset, and n denotes the number of points to define the model (for circle detection,
n = 3). After T iterations are completed, the circle with the highest inlier count is returned
as the final result. In this experiment, we set the desired probability of success p to 0.95.
For Method 1, the percentage of inliers w was 1.87%, which leads to a number of iterations
totaling 458,117 rounds. For Method 4, where the percentage of inliers w was 13.24%, we
used 1289 iterations.

The results in Table 4 reveal that the proposed method provides more accurate results
in cornea detection across all metrics compared to conventional methods. Examples of the
circle detection process and results for each method are shown in Figure 12. The first two
conventional methods, which apply canny edge detection directly to the original ocular
staining images, provide low performance. This is because edge detection algorithms
tend to detect many edges other than the cornea, especially the eyelid, which has a curve
resembling a circular shape. These issues are illustrated in Figure 12, Method 1 and
2. Consequently, the RANSAC and HCT algorithms are unable to accurately detect the
cornea area. The experimental results indicate that presegmentation of the corneal area
prior to circle detection significantly improves cornea detection performance compared
to direct application of circle detection algorithms on the original images. Additionally,
the implementation of F,(C) for circle selection with the HCT algorithm in the proposed
method demonstrates a marked improvement in cornea detection performance. This
refined approach outperforms the conventional method of selecting the circle based on the
highest accumulated value, further validating the effectiveness of the proposed technique.
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Figure 12. Sample of various circle detection methods for cornea segmentation. (Green = True
Positive, Blue = False Negative, Red = False Positive)

4.5. Corneal Ulcer Segmentation Results

In the second part of the experiment, we built corneal ulcer segmentation models
based on the original U-Net architecture [32]. The four model configurations used in the
experiment are shown in Table 5. The input image size was 512 x 512 x 3, the kernel sizes
of the convolutional layers varied between 3 and 5, and ReLU was used as the activation
function of the convolutional layers. The depth of the encoder and decoder networks in all
models was equal to four layers. For the encoder networks, the number of feature maps in
the first layer was set to 32 or 64 and then doubled in the next set of convolutional layers. A
max pooling layer with a stride of 2 x 2 was applied to the encoders of every model. In the
decoder networks, the number of feature maps in each convolutional layer was the reverse
sequence of the number of feature maps in the encoder networks. The upsampling process
utilized a Conv2DTranspose layer with a stride of 2 x 2. This setting was applied to the
decoders of every model. A concatenation layer was included in the decoder networks to



Algorithms 2024, 17, 405

18 of 28

combine the skip-connected feature maps from the encoder networks. The final layer was
characterized by one feature map and a sigmoid activation function.

Table 5. Corneal ulcer segmentation model architecture.

Model Feature Map Kernel Size Depth Trainable Parameters
UNET1 32, 64,128, 256, 512 5 4 21,706,949
UNET2 64, 128, 256, 512, 1024 5 4 86,811,013
UNET3 32, 64,128, 256, 512 3 4 9,154,245
UNET4 64, 128, 256, 512, 1024 3 4 36,605,317

We compared three methods for corneal ulcer segmentation. The first method, named
UNET-R-], uses a conventional U-Net model with raw cornea mask multiplication in the
inference phase. The model for segmenting the corneal ulcer area is based on the U-Net
configuration in Table 5. The model outputs are multiplied with the cornea segmentation
mask from EM-5-SCED. This step is applied to filter out the predicted corneal ulcer area
that falls outside the boundary of the predicted cornea area. The remaining corneal ulcer
region is the result of this process. This method is used as a baseline for comparison to our
proposed method.

The second method is our proposed U-Net model with HCT cornea mask multiplica-
tion in the learning phase, named UNET-H-L. This model uses the same U-Net configura-
tion in Table 5 as the baseline model. The key differences between our proposed method
and the baseline approach are: (1) instead of applying a raw cornea mask, we apply the
circular cornea mask obtained from EM-5-SCED-HT, and (2) instead of applying a mask in
the inference phase, the cornea mask is applied in both the learning and inference phases.

The last method, named UNET-R-L, utilizes the same models as the proposed method
in Figure 4, but replaces the circular cornea mask input from EM-5-SCED-HT with the raw
predicted cornea mask from EM-5-SCED. The raw predicted cornea mask is considered
a soft restriction in the learning phase, as it contains continuous values between 0 and 1,
whereas the circular cornea mask is considered a hard restriction in the learning phase
due to its binary values of 0 or 1. This method aims to observe the effect of using different
masks during the learning phase.

Figure 13 presents graphs showing the training and validation accuracy and loss curves
for the corneal ulcer segmentation models in the experiment. These graphs illustrate the ac-
curacy and loss values for both training and validation processes across all training epochs.
The data represent the first fold of a three-fold cross-validation process for six sample
models: UNET2-R-I, UNET4-R-I, UNET2-R-L, UNET4-R-L, UNET2-H-L, and UNET4-H-L.
The graphs reveal that the UNET2-R-L, UNET4-R-L, UNET2-H-L, and UNET4-H-L models,
all of which incorporate the cornea mask in the learning phase, converge faster than the
conventional UNET2-R-I and UNET4-R-I models. This improved convergence occurs be-
cause these models focus on learning from the fluorescein-stained areas within the cornea
region. Additionally, the validation set accuracy is significantly higher for these models
due to the elimination of excess areas from the corneal ulcer segmentation through the use
of the cornea mask. The selection criterion for the final model is the achievement of the
least validation loss over the course of training.

The performance of all methods is evaluated by comparing the predicted corneal
ulcer area with the labeled images in terms of Accuracy, DSC, Sen, and IoU. Additionally,
the MAE is used to compare the percentage of ulcerated area on cornea between the
predicted and actual data. The values following MAE represent the standard deviation of
the MAE, indicating the variability of the error around the mean in the predicted percentage
of ulcerated area on the cornea. The results from this experiment are shown in Table 6.
For segmentation performance, UNET2-R-I performs the best among all baseline models
(UNET-R-I group), with an Accuracy of 99.32%, DSC of 89.22%, Sen of 86.91%, IoU of
80.54%, and MAE of 2.56%. The best model of the UNET-R-L group is UNET2-R-L, which
segments corneal ulcers with an Accuracy of 99.27%, DSC of 88.64%, Sen of 88.53%, IoU
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of 79.60%, and MAE of 2.60%. In the proposed method (UNET-H-L group), UNET4-H-L
provides the best performance, achieving an Accuracy of 99.35%, DSC of 89.87%, Sen of
89.17%, IoU of 81.60%, and MAE of 2.51%.
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Figure 13. Training and validation accuracy and loss curves for the corneal ulcer segmentation models.

Comparing the results from the three main methods with similar U-Net architectures,
UNET-H-L provides superior results in all metrics except for the MAE of UNET2-R-I and
UNET2-R-L, which are slightly better than UNET2-H-L. The UNET-R-I and UNET-R-L
methods demonstrate comparable performance in corneal ulcer segmentation tasks. This
is because both methods use similarly shaped cornea masks to eliminate the fluorescein-
stained areas outside the segmented cornea region. As a result, the outcomes do not
differ significantly.

In terms of memory (VRAM), the usage for each model depends on the trainable
parameters, as shown in Tables 5 and 6. Models using the UNET2 configuration have the
highest number of parameters and require the longest training time per epoch across all
model groups. Regarding training time per epoch, the UNET-R-L and UNET-H-L groups
are quite similar. Meanwhile, models in both of these groups take longer times to train per
epoch compared to models in the UNET-R-I group with the same configuration. This is
because an additional image (the cornea mask) needs to be loaded and processed in the
model learning phase.

In the context of varying model architectures, utilizing a kernel size of 5 generally
yields better results than a kernel size of 3 across all metrics within the same model
architecture for all methods except for UNET4-H-L, which uses a kernel size of 3. This
method achieves better Accuracy, DSC, IoU, and MAE values than UNET2-H-L, which uses
a kernel size of 5, by 0.03%, 0.36%, 0.58%, and 0.14%, respectively. For feature map size,
models using larger feature map sizes tend to outperform models using smaller feature
map sizes in all metrics except for the Sen of UNET4-R-I, which is lower than UNET3-R-I
(refer to Tables 5 and 6). Moreover, utilizing a larger feature map with a kernel size of
5 results in UNET2-R-I and UNET2-R-L being the most efficient models in the UNET-R-I
and UNET-R-L groups, respectively. However, the proposed UNET4-H-L method, which
applies a kernel size of 3 and a large feature map size, provides better outcomes than
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UNET2-H-L, which applies a kernel size of 5 and the same feature map size. As a result,
UNET4-H-L stands out as the best method in this phase.

Table 6. Comparison of all individual corneal ulcer segmentation models.

Method

Accuracy Micro DSC  Micro Sen

Micro IoU MAE Memory Usage  Training Time per Epoch

UNET1-R-I
UNET2-R-1
UNET3-R-1
UNET4-R-1

99.25
99.32
99.22
99.29

88.21 86.37 7891 2.74 +£5.33
89.22 86.91 80.54 2.56 +5.09
87.87 86.63 78.36 2.82 +5.52
88.57 85.43 79.48 2.82 +£5.80

20.8 GB
21.1GB
14.6 GB
21.0 GB

38 s/epoch
42 s/epoch
36 s/epoch
40 s/epoch

UNET1-R-L
UNET2-R-L
UNET3-R-L
UNET4-R-L

99.20
99.27
99.21
99.23

87.54 86.90 77.85 2.87 +£5.90
88.64 88.53 79.60 2.60 £5.11
87.55 85.73 77.85 2.80 +£5.26
87.86 86.37 78.34 2.69 +4.98

20.8 GB
21.1 GB
14.6 GB
21.0 GB

44 s/epoch
49 s/epoch
42 s/epoch
47 s/epoch

UNET1-H-L
UNET2-H-L
UNET3-H-L
UNET4-H-L

99.29
99.32
99.26
99.35

88.87 88.31 79.96 2.74 £ 537
89.51 90.15 81.02 2.65 +5.31
88.38 87.57 7917 2.77 + 5.38
89.87 89.17 81.60 2.51 + 4.68

20.8 GB
21.1GB
14.6 GB
21.0 GB

44 s/epoch
50 s/epoch
42 s/epoch
49 s/epoch

Next, we employed a voting ensemble to combine the corneal ulcer segmentation
results from four models within each method and evaluate their performance. Accordingly,
EM-4-UNET-R-I was an ensemble of models from UNET1-R-I to UNET4-R-I, EM-4-UNET-
R-L was an ensemble of models from UNET1-R-L to UNET4-R-L, and EM-4-UNET-H-L
was an ensemble of models from UNET1-H-L to UNET4-H-L. The results of the ensemble
approach in Table 7 demonstrate that the proposed method (EM-4-UNET-H-L) outperforms
the conventional method (EM-4-UNET-R-I) in terms of all metrics. Accuracy increases by
0.05%, DSC increases by 1.04%, Sen increases by 3.07%, IoU increases by 1.72%, and MAE
decreases by 0.19%. Moreover, using the segmented cornea area from HCT multiplication
in the learning phase (EM-4-UNET-H-L) yields better corneal ulcer segmentation result
than using the raw predicted cornea mask (EM-4-UNET-R-L) for all metrics. Notably,
Accuracy increases by 0.07%, DSC increases by 1.14%, Sen increases by 2.22%, IoU increases
by 1.88%, and MAE decreases by 0.13%. The voting ensemble technique enhances the
segmentation performance of the UNET-H-L method, which can be observed by comparing
the results of UNET4-H-L, with the best performance in the UNET-H-L group, to EM-4-
UNET-H-L. The accuracy increases from 99.35% to 99.37%, the DSC increases from 89.87%
to 90.00%, and the IoU increases from 81.60% to 81.83%. However, Sen decreases from
89.17% to 88.19%, and the MAE remains similar. Based on these results, the proposed
method (EM-4-UNET-H-L) outperforms all other corneal ulcer segmentation methods in
this experiment.

Table 7. Comparison of the corneal ulcer segmentation ensemble models.

Method

Accuracy Micro DSC  Micro Sen

Micro IoU MAE Memory Usage Training Time per Epoch

EM-4-UNET-R-I
EM-4-UNET-R-L
EM-4-UNET-H-L

99.32
99.30
99.37

88.96 85.12 80.11 2.70 £ 5.28
88.86 85.97 79.95 2.64 +4.78
90.00 88.19 81.83 2.51 +4.63

21.1GB
21.1GB
21.1GB

39 s/epoch
46 s/epoch
46 s/epoch

Sample results from the highest-performing instance of each method are shown in
Figure 14. This comparison illustrates that the proposed UNET4-H-L method segments
the corneal ulcer region more accurately than UNET2-R-I and UNET2-R-L. This can be
observed from the true positive areas in UNET4-H-L, which more comprehensively fill the
corneal ulcer area in the eye images. Furthermore, the false negative and false positive
areas from UNET-4-H-L are slightly smaller than the outcomes from UNET2-R-I and UNET-
2-R-L. These consequences are also evident in the ensemble model results. Upon visual
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examination, EM-4-UNET-H-L can segment the corneal ulcer area most accurately; these
results are related to the experimental results in Tables 6 and 7.

UNET2-R-| UNET-2-R-L UNET4-H-L EM-4-UNET-R-I EM-4-UNET-R-L EM-4-UNET-H-L

Figure 14. Comparison of corneal ulcer segmentation results. (Green = True Positive, Blue = False
Negative, Red = False Positive)

We summarize the results from our corneal ulcer segmentation approach in com-
parison to conventional methods in Tables 8 and 9. Each method is described in detail
as follows:

1. U-Net: This method uses the UNET2 model, which provided the best result of all
U-Net models in this experiment, to segment the corneal ulcer area from the dataset.
This method does not apply the cornea mask to filter out the segmented corneal ulcer
area outside the cornea area.

2. U-Net-ResNet-50: We developed U-net-ResNet-50 by utilizing the encoder network
from the ResNet-50 backbone combined with the decoder network from the U-Net
architecture to segment the corneal ulcer area. This method also does not apply the
cornea mask.

3. U-Net with raw cornea mask: The results of this method were derived from UNET2-R-
I, which uses the corneal ulcer area from the UNET2 model and applies a raw cornea
mask from EM-5-SCED during the inference phase to remove the excess corneal ulcer
area outside the cornea area.
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4. Ensemble U-Net models with cornea mask: This method uses the ensemble segmented
corneal ulcer areas from UNET1-R-I to UNET4-R-I (EM-4-UNET-R-1), which applies a
raw cornea mask from EM-5-SCED in the inference phase.

5. Proposed method: The results of the proposed method are from the ensemble seg-
mented corneal ulcer area from UNET1-H-L to UNET4-H-L (EM-4-UNET-H-L),
which applies the cornea mask from EM-5-SCED-HT in the learning phase and infer-
ence phase.

The comparison included the maximum memory usage evaluated during training
and the total training time, representing the end-to-end process for training each method.
For conventional methods, U-Net outperforms U-Net with the ResNet-50 backbone across
all performance metrics. However, the U-Net model requires more resources in terms of
training time and memory usage. Notably, the U-Net-ResNet-50 model underperforms
compared to the other methods due to overfitting during model training. In comparing U-
Net and U-Net with raw cornea masks, the results show that utilizing the predicted cornea
mask to eliminate excess predicted corneal ulcer areas improves segmentation results
across all metrics. However, this improvement comes at the cost of increased training
time due to the additional step of training the cornea segmentation models. The proposed
method demonstrates superior performance, outperforming all conventional methods
across all metrics used in this experiment. Compared to the ensemble U-Net models with
raw cornea masks, which have the same number of trainable parameters and consume the
same maximum memory, the proposed method not only provides better performance but
also requires less training time due to faster convergence. These results demonstrate that
applying HCT cornea mask multiplication in the model learning phase can improve both
performance outcomes and resource efficiency.

Table 8. Comparison of corneal ulcer segmentation performance across various methods.

Method Accuracy Micro DSC (%)  Micro Sen (%)  Micro IoU (%) MAE
U-Net 99.24 88.15 87.56 78.88 2.68 £5.23
U-Net-ResNet-50 98.95 82.68 77.82 70.48 4.29 +9.89
U-Net with raw cornea mask 99.32 89.22 86.91 80.54 2.56 +5.09
Ensemble U-Net models with raw cornea mask 99.32 88.96 85.12 80.11 2.70 £5.28
Proposed method 99.37 90.00 88.19 81.83 2.51 +4.63
Table 9. Comparison of resources and time required to create corneal ulcer segmentation models.

Method Trainable Parameters Maximum Memory Usage  Total Training Time
U-Net 86,811,013 21.1GB 230 min
U-Net-ResNet-50 73,378,625 11.4 GB 70 min
U-Net with raw cornea mask 104,002,586 21.1 GB 446 min
Ensemble U-Net models with raw cornea mask 171,469,097 21.1GB 922 min
Proposed method 171,469,097 21.1 GB 788 min

In Figure 15, the graph represents a scatter plot between the actual and predicted
percentage of ulcerated area on the cornea obtained from our best model (EM-4-UNET-H-L).
From 354 images analyzed, 94.65% (335 images) fall within a margin of error of +10%, while
86.72% (307 images) fall within a margin of error of +5%. The coefficient of determination
(r-squared) is calculated as 0.94. These results satisfy our expectations as to the accuracy and
reliability of the proposed method. However, the experiment still provides some erroneous
results. We highlight and analyze some of the inaccurately predicted outcomes, labeled as
(a), (b), and (c), in Figures 15 and 16 to identify the causes of these inconsistencies. In these
cases, significant errors in determining the percentage of the ulcerated area on the cornea
arose from opposing errors in determining the cornea area and corneal ulcer area, explained
as follows: in case (a), while the results from cornea segmentation are smaller than the actual
cornea area, the outcome of corneal ulcer segmentation is larger than the actual corneal
ulcer area; in case (b), the predicted cornea area is too large compared to the actual cornea
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area, but the predicted corneal ulcer area is slightly smaller than the actual corneal ulcer
area; finally, in case (c), the results from cornea segmentation provide a moderately large
area compared to the actual cornea area, but the outcome from corneal ulcer segmentation
is considerably smaller than the actual corneal ulcer area.

’
1001 ---- Ideal 4

—— Margin of error = 10

Predicted percentage (%)

40 60 80
Actual percentage (%)

Figure 15. Scatter plot showing the predicted and actual percentage of ulcerated area on the cornea
from EM-4-UNET-H-L.

Cornea Corneal ulcer
Case Input segmentation segmentation
results results

Figure 16. Case (a) represents a case of predicting a higher percentage of ulcerated area than the
actual value displayed in Figure 15. Case (b,c) represent cases of predicting a lower percentage of
ulcerated area than the actual value displayed in Figure 15. (Green = True Positive, Blue = False
Negative, Red = False Positive).

4.6. Severity Grading Results

To grade the severity of corneal ulcers, the corneal area is divided into five parts based
on the TG grading criteria. The central zone of the cornea is represented by a circle or an
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ellipse with a radius equal to one-third of the cornea’s radius. The outer area around the
central zone is divided equally into four quadrants, as shown in Figure 5. To evaluate the
performance of severity grading, we used 390 staining images, each graded twice. The first
grading result, called the actual grade, was obtained using the actual corneal area and actual
corneal ulcer area as inputs. The second grading result, called the predicted grade, was
obtained using the predicted corneal area from the EM-5-SCED-HT model and predicted
corneal ulcer area from the EM-4-UNET-H-L model as inputs. Among the 390 test images,
there were 36 images of grade0 cases, 88 images of gradel cases, 28 images of grade2 cases,
6 images of grade3 cases, and 232 images of grade4 cases. The proposed method achieves
an accuracy of 86.15% in grading the severity of corneal ulcers; the confusion matrix is
illustrated in Figure 17. The system was able to correctly grade 77.78% (28 out of 36 images)
of grade0 cases, 71.59% (63 out of 88 images) of gradel cases, 60.71% (17 out of 28 images) of
grade?2 cases, 83.33% (5 out of 6 images) of grade3 cases, and 96.12% (223 out of 232 images)
of grade4 cases.

Confusion Matrix

200
grade0 28 4 1 1 2
175
gradel 2 63 10 4 9 150
— 125
18]
2 gradez 1 6 17 4 0
)
< 100
grade3 0 0 0 5 1 F75
50
graded 1 3 4 1
F25
grade0 gradel grade? grade3 graded
Predicted 0

Figure 17. Confusion matrix for corneal ulcer grading.

Errors in severity grading occur due to inaccurate cornea segmentation and corneal
ulcer segmentation. Most errors involve predictions that are off by one grade level. For
instance, 11.11% of Grade0 classes were mistakenly predicted as Gradel, 11.36% of Gradel
classes were incorrectly classified as Grade2, and 35.71% of Grade?2 classes were misclas-
sified as either Gradel or Grade3. Even minor segmentation errors for both cornea and
corneal ulcers can lead to significant grading inaccuracies. For example, in Figure 18 case (a),
the system incorrectly identified a small area in the cornea as an ulcer where none existed,
leading to an erroneous severity grade of Gradel for an image that actually contained no
corneal ulcer. In case (d), an incorrect segmentation of the corneal ulcer area at the top-left
of the cornea resulted in the ulcer areas covering three quadrants surrounding the central
area instead of two. Moreover, when the ulcer area is close to the boundary of each section,
the chance of grading errors increases significantly. For example, in case (f), there was a
slight error in predicting the ulcer area at the edge of the pupil region. The system failed
to detect an ulcer in the pupil area, and the segmented cornea area was slightly smaller
than the actual one. These errors led to an assigned severity grade of Grade2, whereas
the correct grade was Grade4. Furthermore, 10.22% of Gradel classes were predicted as
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Case

(b)

()

(d)

(e)

(g)

Grade4 classes. This occurred due to erroneous predictions of the ulcer area on the cornea
which extended into the central section of the corneal area, causing the system to grade the
severity as higher than it actually was. Notably, the dataset used in this experiment has a
limitation, as it contains an insufficient number of Grade2 and Grade3 corneal ulcer cases,
which are crucial for accurately evaluating the algorithm’s performance across all severity
degrees of the condition.

Input Actual cornea Actual Predicted cornea Predicted

and ulcer area grade and ulcer area grade

Figure 18. Sample of the severity grading results. Case (a,d,f) represent cases of incorrect severity
grading for corneal ulcer. Case (b,c,e,g) represent cases of correct severity grading for corneal ulcer.

5. Conclusions and Discussion

This paper proposes an automated corneal ulcer grading system using ocular staining
images based on deep learning and the Hough Circle Transform. The algorithm consists of
two main components, namely, the cornea segmentation and corneal ulcer segmentation
modules, which together aim to assess the severity of corneal ulcers. The proposed method
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References

utilizes a combination of deep learning techniques with cornea masks generated by the
Hough Circle Transform applied in the learning phase. In our experiments, we utilized the
SUSTech-SYSU dataset for training and testing both the cornea segmentation and corneal
ulcer segmentation modules. The best performing method identified in this study achieved
an accuracy of 86.15% in determining the severity degree of corneal ulcers.

For cornea segmentation, the proposed method employs deep learning to segment
corneal areas and utilizes the Hough Circle Transform to represent model outputs in
circular shapes. We compared the outputs of this approach with raw results from deep
learning models. The comparison shows that the proposed method does not provide better
outcomes; however, applying the results from the Hough Circle Transform as masks in
the learning phase while training the corneal ulcer segmentation models can improve
model performance compared to the baseline method. Additionally, employing a voting
ensemble to combine corresponding predicted images from each method significantly
enhances the performance of cornea segmentation and corneal ulcer segmentation over
individual models.

In our comparison of corneal ulcer segmentation methods, the proposed method
demonstrated superior performance, achieving improvements of 0.05% in Accuracy, 1.04%
in Dice Similarity Coefficient, 3.07% in Sensitivity, 1.72% in Intersection over Union,
and 0.19% in Mean Absolute Error compared to the baseline method relying on a deep
learning technique with raw predicted cornea masks during the inference phase. Moreover,
the implementation time was reduced by 13.88%

However, this work has several limitations. The cornea shape in some images is repre-
sented by the elliptical; therefore, using Hough Circle Transform to locate the cornea area
can cause inaccurate cornea area location and adversely affect corneal ulcer segmentation
performance. Furthermore, in this study we were not able to accurately segment point-like
and mixed point—flaky corneal ulcers due to a lack of labeled data for these cases in the
dataset. Therefore, future work should focus on applying ellipse detection to locate corneal
areas and preparing labeled data for point-like and mixed point-flaky corneal ulcers in
order to further improve segmentation and severity grading performance.
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