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Abstract

Problem - Corneal topography instruments have limited parameter constraints for calculating precise
defect ratios on the basis of the cone base area of the anterior axial curvature map for patients with
Keratoconus (KC).

Aim - The aim of this study is to use thresholding-based segmentation and morphological techniques to
calculate the pathological ratio of the keratoconic cornea through cone base area extraction for the detection
of KC severity and tracking of disease development.

Methods - Data were collected from February 2022 to March 2023, comprising 97 cases from private clinics in
southern Iraq. Disease severity was categorized into three stages, namely, mild, moderate, and severe,
according to the topographic KC classification by a senior ophthalmologist. The Galilei system was used in
obtaining the corneal topography images. The study proposed an image analysis method for corneal topo-
graphy images using MATLAB R2020a. The method had four main steps: preprocessing, image segmentation,
morphological processing, and pathological ratio calculation. Moreover, pathological ratio was compared with
the KC severity through statistical analysis. A P-value less than 0.05 indicated statistically significant results.
Results — The majority of the cases in the mild category had a pathological ratio of <20%, and the moderate
category had a higher prevalence ranging from 21 to 40%. The severe category had the highest distribution
(<40%). A P-value of <0.001 indicated significant and clear link between KC stages and pathologic ratio.
Conclusion — The algorithm used for extracting the cone base area of the keratoconic cornea at different
stages was validated by an ophthalmic specialist to ensure that the cone base area was appropriately
extracted. The findings may help ophthalmologists to make informed decisions for patients with severe KC
and assessments based on the percentage of corneal defects.
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1 Introduction

Keratoconus (KC) is a noninflammatory disease characterized by progressive corneal thinning and ectasia of
the central or paracentral region [1]. It is an asymmetrical and progressive corneal ectasia that leads to visual
impairment caused by irregular astigmatism, myopia, higher-order aberrations (HOAs), and corneal scars [2].
The prevalence of KC varies by country, indicating the possible role of genetics in its etiology; the highest
prevalence has been reported in the Mediterranean region and Middle East [3,4]. The etiology of KC is complex
and influenced by regional variables, family history, and race, and KC is common in countries with warm
climates. Eye rubbing and allergies are the leading causes of corneal curvature progression, although genetic
causes and environmental factors can influence its occurrence [5-8]. Corneal topography imaging is an essential
tool for detecting KC. The severity of KC can be assessed using five technologies: manual keratometry (K),
automated K, Placido disk corneal topography, scanning-slit corneal topography, and Scheimpflug imaging [9].

Corneal topography assesses and tracks changes in the shape and structure of the human eye, employing a
Placido disk, which consists of illuminated rings that are then reflected back to the corneal topography
instrument. A recently proposed technology generates a topographical map of the cornea by utilizing
Scheimpflug and Placido disk principles, enabling ophthalmologists to examine the eyes’ health by using
topographic images [10]. The anterior surfaces of the normal corneas appear cool, whereas that of abnormal
corneas appears to be warm colored [11]. Image processing techniques are used in interpreting an image so
that information can be extracted. These technologies have been widely used in recent decades and in various
fields, such as medical, entertainment, remote sensing, and geological processing of images. Various categories
are involved in image processing: image preprocessing, image restoration, enhancement, analysis, reconstruc-
tion, and data compression [12].

Image segmentation is an essential procedure in the field of medical image processing. This process
divides an image into several regions according to color or shape; each region is then manipulated separately
for the extraction of a specified object from the image [13]. Many aspects in the medical field require image
segmentation techniques, including Otsu’s thresholding and edge detection [14] to diagnose and analyze
various organs and tissues in the human body for tumor detection [15], muscle fiber classification [16], and
eye disease diagnosis [17]. Hence, the purpose of this study was to measure and compare the severity of
keratometric defects and calculate the defect area and ratio given that the detection and effective management
of this disease are of utmost importance [18,19].

The main problem in this study is that corneal topography instruments do not present a parameter for the
exact value of a corneal defect based on the axial curvature map. The main contributions of this study are as
follows:

+ This study focuses on the significance of digital image processing (DIP) in medical image analysis.

+ This study emphasizes threshold-based segmentation to determine KC severity by extracting the cone base
area and computing the pathological ratio.

» The study demonstrates that calculating pathological ratios is valuable for the evaluation of disease pro-
gression, preparation for corneal procedures, and detection of disease severity.

The research organization is discussed in Section 2, which focuses on preprocessing, segmentation, and
morphology algorithms used in extracting the cone base area. Results are presented in Section 3, and Section 4
discusses the findings and statistical significance of image analysis results. Finally, Section 5 summarizes the
findings and offers recommendations for future studies to address current limitations in extracting pathogenic
regions and calculating their ratios.

2 Literature review

In this section, several studies on corneal topographic images that allowed ophthalmologists to evaluate the
cornea easily and effectively are reviewed. This section is organized in terms of the use of corneal topographic
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images for KC detection, classification, and differentiation. Feizi et al. used Galilei systems to differentiate
subclinical KC and KC from normal corneas in 2016 in 148 topographic map images; and their findings
demonstrated the efficiency of their method in separating subclinical KC from normal corneas according to
evaluated surface indices [20]. Daud et al. utilized corneal curvature characteristics to identify KC in anterior
segment images, utilizing 112 images, demonstrating the effectiveness of DIP [21]. In 2018, Ali et al. utilized
image processing techniques to detect KC through topography, utilizing 40 right eye images from patients
using Pentacam [22]. Husynli et al. evaluated Scheimpflug tomography parameters between thin non-kerato-
conic, subclinical keratoconic, and mild keratoconic corneas using 114 cornea topographic maps to differ-
entiate between non-KC thin cornea eyes and those with subclinical or clinical KC [23]. In 2019, Lavric et al.
used a KC identification method to discriminate between normal and KC based on corneal topography images
[24]. In 2022, Ahmed et al. used corneal elevation topographic maps to assess different KC detections. There
were 118 corneal topography images involved, depending on K, thinnest corneal thickness (TCT), and central
corneal thickness (CCT) [25]. According to previous investigations, utilizing corneal topography imaging to
determine KC severity is typically excellent when using common and standard criteria, with a clear absence of
studies involving the cone base area and pathological ratio based on the axial curvature map. Thus, the
present study focuses on employing DIP methods to diagnose KC severity by extracting the cone base area
and computing the defect ratio. These methods may result in excellent performance. The summary on the
related works is presented in Table 1.

3 Materials and methods

Data were collected from February 2022 to March 2023 from four governorates in southern Iraq. A total of 97
cases were collected from private clinics using Ziemer Galilei G4 topography. A crucial bias in utilizing data is
to commit that patients’ personal information will never be utilized. Another bias is acquiring images in JPG
format. Disease severity was classified into three groups, namely, mild (stage I), moderate (stage II), and severe
(stage III), as diagnosed by an ophthalmologist senior H.O at AL-Kadhimiya Educational Hospital. The classi-
fication was based on the topographical KC classification (TKC). The Galilei dual Scheimpflug system (Ziemer
Ophthalmic System AG, Port, Switzerland) is a noninvasive diagnostic instrument designed for analyzing
anterior segment characteristics. Its principle is dual Scheimpflug with Placido disk-based topography, the
acquisition speed is 25-50 scan images in 2s, and 120,000 anterior and posterior point maps to provide
pachymetry, net corneal power, elevation maps, anterior chamber depth, and corneal wavefront [9,26,27].
The device provides four sub-images of the cornea: anterior axial curvature, corneal thickness, and anterior
and posterior elevation. The proposed algorithm in this study is composed mainly of four steps: preprocessing,
image segmentation, morphological processing, and defect ratio calculation. Statistical analysis was performed
using Statistical Package for the Social Sciences (SPSS; IBM SPSS Statistics, version 25), and the pathological
ratio was compared with the severity of KC. Statistical tests were considered, such as cross tabulation for
descriptive statistics, chi-square, and P-value to show the significance of the findings. The number and dis-
tribution of cases are presented in Table 2 and the proposed Computer Aided Diagnoses for Detecting the
Severity of KC are presented in Figure 1.

3.1 Preprocessing

The region of interest (ROI) was obtained through image preprocessing, which represents the anterior axial
curvature. The anterior axial curvature map aids in assessing astigmatism irregularities and determining
corneal dioptric power, using a color scheme with warm colors representing steeper curvatures and cool
colors representing flatter areas [11]. Challenges due to difference in image size were addressed using three
methods: resizing, orientation, and cropping. A specific operation is applied according to image size. By
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Table 2: Number and distribution of cases

Governorate Mild KC Moderate KC Severe KC Total
Babil 8 8 8 24
Al-Basra 14 5 12 31
Maysan 6 7 6 19
Dhi-Qar 13 7 23
Total 1 27 29 97
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Figure 1: The proposed computer aided diagnoses for detecting the severity of KC.

adaptively adjusting the preprocessing steps on the basis of image size, the methods ensure consistent orienta-
tion and size for subsequent analysis or processing tasks. The process involves reading an image file, deter-
mining its dimensions, and calculating the total size by multiplying the number of rows by one-third of the
number of columns. After the total size of the image is calculated, it is compared with a predefined value. If the
size is met, the image undergoes rotation and resizing operations. The input image is rotated 270° to align with
the desired orientation and resized to a target size. A rectangular ROI is defined, and the specific coordinates of
top-left and bottom-right corners are determined. ROI specification determines a specific region to be cropped
or extracted for further analysis. If the condition is not met, the input image remains unrotated, with a rotation
angle of 0°. An alternative ROI is cropped with specific coordinates for the top-left and bottom-right corners.
The cropped image, either rotated and resized or unrotated, is cropped using the defined ROI coordinates and
represents the anterior axial curvature image.

3.2 Image segmentation

A threshold-based segmentation utilizes the histogram of blue component images used in extracting an ROL A
histogram of a blue component image is used in calculating and displaying disruption in pixel intensities. The
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intensity values of a pixel refer to its brightness or gray level. For the differentiation between foreground and
background regions in corneal topography images, a blue component image is compared with a threshold
value (7) of 7, and a binary image is created. Pixels with an intensity over 7 are represented as white (1) in the
binary image, whereas the remaining pixels are black (0), as shown in equation (1). The threshold value is
selected through experimentation and fine-tuning.

LIFf(x,y)>T

"o, Froyy < T &

gx,y)
where g: output binary image of dimensions x and y, f: blue component of ROI with dimensions x and y, and T:
predefined threshold value.

3.3 Morphological operations

The morphology procedure implements various operations: opening, closing, area filtering, and hole filling for
feature extraction (equations (2) and (3)). These operations are applied to input images, and different struc-
turing elements are used. The appropriate mask for morphological actions is selected through experimenta-
tion and fine-tuning. Small objects are removed from the image through area filtering. Holes in the binary
image are filled by finding pixels that are similar to the background. The resulting image will represent the
defect area in white color, whereas the rest of the cornea will be represented in black color.

A°B = (ACB) @ B, 2
where A: segmented image, and B: disk-shaped structuring element with a radius of 1.
A-B=(A @ B)SB, 3)

where A: opening image, and B: disk-shaped structuring element with a radius of 7.

Determining the threshold value and selecting appropriate structural elements for segmentation and
morphological operations are technical challenges because of varying severity of cases and morphological
operations and are thus achieved through extensive testing and fine-tuning.

3.4 Calculating the defect ratio

This section outlines the process of calculating pathological percentage for binary images. This percentage is
the output of the morphology component, and the method involves two operations: “defect calculation” and
“nondefect calculation.” The first involves counting the number of pixels considered defects in a binary image,
and the values are stored in the variable “d,” which represents all pixels with a value of 1. The second
operation counts the number of pixels considered non-defects in the background image, and the value is
stored in the variable “b,” which represents all pixels with a value of 0. The final step calculates the defect ratio
by dividing the number of pixels in the d by the total number in the b and d variables. The following equations
illustrate the calculation process.

d=Y(h(x,y) = =1), @
where d: defect area, and h: hole-filled image with dimensions x and y.
b =) (h(x,y) = = 0), )
where b: background.
Defect ratio = (d/(d + b)) x 100, 6

where Defect ratio is the final result.
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4 Results and discussion

4.1 Preprocessing

Image preprocessing operations are used in obtaining the anterior axial curvature map, which represents the
curvature of the anterior corneal surface in dioptric values. The objective of this operation is to eliminate
unwanted components, including patient identification, report parameters, and other sub-pictures. The opera-
tion is conducted depending on the calculated picture size. By adaptively adjusting the preprocessing steps
according to image size, these methods ensure consistent orientation and size for subsequent processing tasks.
Figure 2 shows the original pictures of the three stages of KC (mild, moderate, and severe). One case is selected
as a sample of each stage, and the result of the preprocessing operation to obtain ROI after the removal of all
undesired components and preparation of the picture for segmentation processing is evaluated.
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Figure 2: Preprocessing techniques for cases: (a) original image and (b) ROL
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4.2 Image segmentation results

Experimental results were obtained from 97 topography images of mild, moderate, and severe KC cases,
demonstrating the thresholding approach in segmentation and preparing images for morphological proces-
sing. Figure 3 illustrates the segmentation process for the cases selected.
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Figure 3: Segmentation techniques for the cases: (a) RO (b) blue component, (c) histogram, and (d) extraction.

4.3 Morphological operations

This section outlines the process of implementing morphological operations for the extraction of attributes
from an image and identification of a defect area representation. The operations include opening, closing, area
filtering, and hole filling. The opening operation is conducted to remove small-scale noise and fine details, and
closing fills small gaps and smooths object boundaries. Area filtering is utilized to remove connected compo-
nents with an area less than 300 pixels, removing any noise or irrelevant components. The size-filtering image
then undergoes hole filling, filling cavities or gaps in the binary image and resulting in a more complete
representation of the defect area. The process is illustrated in Figure 4.
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Figure 4: Morphological techniques for cases: (a) extracted, (b) opening, (c) closing, (d) largest object, and (e) hole filling.

4.4 Final results

This stage involves several steps for quantifying the presence of defects and assessing their impact relative to
the overall image composition. The following steps are performed: pixels in the defect’s area are counted,
which are pixels considered defects in the morphology operations output image (hole filling) with a value of 1.
The value is determined and stored in the variable “d” (equation (4)). Then, the pixels in a non-defect image are
counted, representing the pixels that are not classified as defects (with a value of 0) in the binary image
(background). The value is calculated and stored in the variable “b” (equation (5)). Finally, the defect ratio is
calculated, which is computed by dividing the number of white pixels (d) by the total number of black pixels
(D). The resulting ratio is then multiplied by 100 and expressed as a percentage. This value is saved as “defect
ratio,” Figure 5.

Table 3 presents the pathological percentage for the 97 cases. Figure 6 shows that the pathogenic ratio of
mild cases was more prevalent (less than 20%), moderate cases were more prevalent (21-40%), and severe
cases were more widespread (41-60%). The statistical test demonstrates its significance, which is essential for
ophthalmologists and optometrists assessing diseases, classifying severity, diagnosing and treating conditions,
and monitoring defect progression.

5 Discussion

The main aim of this study is to extract the pathological area of a keratoconic cornea and calculate the defect
ratio. Thresholding-based segmentation and morphological techniques are used in obtaining and calculating
the corneal pathological area and ratio for 97 cases, and severity is classified as mild, moderate, and severe.
The result of image processing operations, specifically those related to the pathological ratio associated with
different stages of KC severity, shows that the pathological ratio of mild cases was less than 20%, moderate
cases were more prevalent in the 21-40% range, and severe cases were more widespread in the 41-60% range.
A statistical analysis found a correlation between defect ratio and KC severity, with a P-value of <0.0001, which
indicates statistical significance. These findings demonstrate that the pathological ratio helps ophthalmologist
in making decisions regarding KC treatment and is a reliable indicator for assessing disease severity. The
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m e

Figure 5: Defect ratio calculation: (a) hole filling image, (b) background image, and (c) final image (defect ratio).
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Table 3: Association between KC severity and pathological ratio

KC Pathological ratio Total
<20% 21-30% 31-40% 41-50% 51-60% >60%

Mild 27 3 5 2 0 4 4

Moderate 1 8 10 5 3 0 27

Severe 0 3 5 9 7 5 29

Total 28 14 20 16 10 9 97

Chi-squared 66.179

Df* 10

Significance level P < 0.001

*Degree of freedom.

indications facilitate the selection of treatment approaches, such as corneal cross-linking for mild cases or
corneal transplantation for advanced stages. Furthermore, the pathogenic ratio value might be essential for
determining KC severity according to the TKC because it may facilitate the assessment of corneal distortion.
Higher ratios indicate advanced TKC stages. The percentage of pathological area is crucial for the assessment
of corneal health, tracking of the progression of corneal conditions, and assessment treatment effectiveness.
Given the progression of KC based on severity levels provides information that may influence treatment
options. By demonstrating changes in the pathological area and calculating the ratios as the disease progresses,
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Figure 6: Association of KC severity and pathological ratio.

ophthalmologists may predict the severity of the disease and adapt suitable treatments. The size of a defect can
affect treatment directions, such as implanting intraocular lenses or performing a procedure more complex
than surgery.

6 Conclusion

Image processing techniques are crucial for the detection, classification, and diagnosis of KC severity.
This study proposes a novel detection method for KC severity based on cone-based area with DIP for the
extraction of pathological area and calculation of pathological ratio. The algorithm is verified by comparing its
results to expert manual measurements and checked by an ophthalmologist. The algorithm consists of four
steps: preprocessing, segmentation, morphological processing, and calculation of area and ratio of defects.
Moreover, pathological ratio was compared with the KC severity through statistical analysis. A P-value less
than 0.05 indicated statistically significant results. Results: The majority of the cases in the mild category had a
pathological ratio of <20%, and the moderate category had a higher prevalence ranging from 21 to 40%. The
severe category had the highest distribution (<40%). A P-value of <0.001 indicated significant and clear link
between KC stages and pathologic ratio. The results can be useful for ophthalmologists evaluating corneal
health, planning surgeries, tracking development, and making clinical decisions. The study’s limitations
included difficulties in acquiring JPG corneal topography images and the absence of a public database.
Future studies should focus on improving the algorithm that can be used in other corneal topography devices,
such as the Allegro Oculyzer (Wavelight) and Sirius tomographer CSO.
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