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Abstract

ABSTRACT

This thesis examined the impact of eye rubbing on corneal shape and anterior eye structure in
individuals with keratoconus (KC) (KC, n = 60) and those without (Non-KC, n = 60). Secondary
aims included determining the repeatability of corneal epithelial thickness (CET) and corneal
densitometry (CD) measurements, assessing habitual eye-rubbing behaviours, and the
relationships between KC disease severity, rubbing habits, and the degree of corneal and structural

changes after rubbing.

The repeatability of CET and CD measurements, using Swept-Source Tomography and
Scheimpflug imaging, respectively, was evaluated. There were no significant differences between
KC and Non-KC in CET for any coefficient of repeatability (CoR). CET had the highest
repeatability at the central cornea (CoR = 4.4 pm) compared to the peripheral locations (CoR =
11.5 - 12.5 pum). CD repeatability was lower in KC (CoR = 1.0 - 3.7 grey scale units (GSU))
compared to Non-KC (CoR = 0.9 - 1.2 GSU), especially in the anterior regions. The central CET
was thinnest in KC; the temporal CET was thickest in Non-KC. KC had a thicker nasal CET
compared to Non-KC (p = 0.002). The anterior regions had the highest CD in both groups, with
no differences between groups for CD in any region (p > 0.05). KC severity was associated with
a thinner central CET (p = -0.60, p = 0.002) and higher CD in three regions (p = 0.48 - 0.78, p <
0.02).

A self-reported survey revealed that a higher proportion of KC individuals rubbed their eyes more
frequently (p = 0.005), forcefully (p < 0.001), and for longer durations (p < 0.001) than those
without KC. A higher proportion of KC used palms (p = 0.002) and knuckles (p = 0.003). The
duration of rubbing was positively correlated with KC severity (p =0.43, p=0.01).

Immediate corneal response to habitual eye rubbing was assessed. KC showed thinner CET post
rub (mean difference (MD) = 3.2 um, p < 0.001) and increased CD (MD = 0.8 GSU, p < 0.001)
while there were no changes in Non-KC (p > 0.05). Both groups showed reduced anterior and
posterior corneal curvatures (p < 0.001) and decreased ACV (p < 0.04) post rub. Disease severity
was associated with increased CD (p = 0.43, p = 0.01) and decreased anterior radius of curvature

(p=-0.43, p = 0.01) after rubbing.

These findings highlight the vulnerability of the cornea to rubbing-related ocular trauma,
especially in KC, and emphasise that controlling abnormal rubbing behaviours in KC is essential

for managing the disease.
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Chapter 1: Introduction and Literature Review

CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW
1.1 CHAPTER OVERVIEW

This chapter reviews the literature on keratoconus (KC) and various eye-rubbing techniques. It
also examines the effects of rubbing on ocular parameters in healthy individuals compared to

those with KC. The following areas are covered in this chapter:
Section 1.2: KC is introduced, and the factors associated with eye rubbing are briefly discussed.

Section 1.3: The anatomy and physiology of the normal eye are described as a basis for

pathological changes.

Section 1.4: The definition, prevalence, diagnosis, management, genetic influences, associated

risks, and pathophysiology of KC are described.

Section 1.5: Various forms of eye rubbing are described, with reasons why some people

abnormally rub their eyes.
Section 1.6: The consequences of chronic eye rubbing on the eye are described.
Section 1.7: Summary.

Section 1.8: The rationale for the research is presented alongside the gaps in the current literature

concerning rubbing trauma and its effects on the eye.
Section 1.9: The thesis aims, hypotheses, and sub-hypotheses are presented.
Section 1.10: A thesis overview is provided.

1 Literature searches were performed in PubMed, Google Scholar, Cochrane Library,
Scopus, ProQuest, Embase, Web of Science, Medline, Ovid, and CINAHL. Searches
included records from the earliest available year through 2026, ahead of print.

9 EndNote 21 (Clarivate; Philadelphia, PA) served as the citation and reference
management tool.

1 The Medical Subject Heading (MeSH) items that were used for indexing, cataloguing,
and searches, including search builder sub-headings, tree number and entry terms, are

outlined in Appendix H, courtesy of the National Library of Medicine.
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1.2 KERATOCONUS - A BRIEF OUTLINE

Keratoconus (KC) is a bilateral, progressive eye condition characterised by changes in the shape
of the cornea, causing it to become conical instead of its normal, flatter, aspheric shape (Figure
1-1 (a) and (b)). This leads to corneal thinning (Romero-Jimenez, Santodomingo-Rubido et al.
2010), protrusion, reduced visual acuity, deterioration of visual function (Rabinowitz 1998), and

image distortion (Gomes, Tan et al.2015).

KC has fascinated clinicians for centuries, and it was not until a landmark treatise (Nottingham
1854) that helped describe the disease and laid the groundwork for its initial understanding,
establishing a foundation that remains relevant today. It is considered a complex disorder with a
multifactorial aetiology, involving genetic, environmental, inflammatory, biomechanical, and
cellular factors (S. Dua, S. J et al. 2023). Eye rubbing, exposure to ultraviolet light, and the use
of poorly fitted contact lenses have all been associated with its progression (Hashemi, Heydarian

et al.2020), however, a comprehensive understanding of its underlying pathophysiology remains

incomplete.

Figure 1-1: (a) Normal cornea, (b) Keratoconic cornea.
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1.3 THE NORMAL EYE - STRUCTURE AND FUNCTION

Understanding the structure of a healthy eye (Figure 1-2) aids in recognising the features of a
diseased eye. The human eye is a complex organ that enables the perception of light and vision.
Light first enters the eye through the cornea. The cornea is convex and converges light before it
reaches the pupil. The pupil changes its diameter in response to the light level (diameter decreases
with increased light level and vice versa and thus controls the amount of light entering the
posterior eye. Light is further converged as it passes through the crystalline lens before being

focused onto the retina (Snell and Lemp 1997).

Retinal photoreceptors convert light into electrical signals (Gollisch and Meister 2010), which are
sent to the brain via the optic nerve and interpreted as images. When functioning correctly, the

eye provides clear vision, which aids in navigation and spatial awareness.

The cornea and sclera create a tough outer coat of the eye, enclosing ocular tissues and protecting
internal components from injury and infection (DelMonte and Kim 2011). The average central
thickness of a normal cornea is 535 um (95% confidence intervals (CI), 474 - 596 um) (Doughty
and Zaman 2000), while the peripheral thickness can be between 11% and 19% greater than at
the centre (Reinstein, Gobbe et al.2010). The cornea forms the wall of the anterior portion of the
globe, so it must meet strict physical criteria and perform a variety of necessary physiological and
optical functions. The cornea also helps preserve intraocular pressure, supports the internal ocular

structures and resists trauma and infection (Corbett, Maycock et al.2019).

Choroid

Sclera

Ciliary body

Figure 1-2: Schematic drawing of the human eye, Adapted from http://webvision.med.utah.edu/
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1.3.1 MACROSCOPIC ANATOMICAL OVERVIEW OF THE CORNEA

The cornea is the primary refractive structure of the human eye, contributing approximately two-
thirds of its total refractive power (Sridhar 2018). Its size, shape, and thickness are critical
parameters for evaluating ocular function, with alterations often serving as indicators of disease
(Ehlers and Hjortdal 2004). In addition to providing protection against environmental hazards,
the cornea’s curved, transparent structure and the air-tear interface enable high-quality refraction,

initiating the process before the lens focuses light onto the retina (Ludwig, Lopez et al.2025).

When viewed from the anterior aspect, the normal cornea appears elliptical. The longer axis is
horizontally oriented (Table: 1-1). This asymmetry arises from significant overlap of the

peripheral cornea by opaque limbal tissue in the vertical orientation.

Table: 1-1: Data tabulated from Wolff’s Anatomy of the Eye and Orbit (8th ed.) (Wybar 1977).

CORNEAL PARAMETER VALUE
Area 1.1 cm?

Horizontal 11.8 mm
Diameter

Vertical 10.6 mm
Radius of Anterior Corneal 7.8mm
Curvature Posterior Corneal 6.5mm

Central 540 pm
Thickness

Peripheral 670 pm
Refractive Index 1.376
Power 42.0 D

The cornea has a surface area of 1.1 cm?, accounting for roughly 7% of the entire globe's surface
area (Maurice 1984). A schematic representation of ocular surfaces, showcasing methods for
sectioning that enhance precision in conveying clinical and educational topics, is essential (Badian

2023).

A reference sphere is often used to compare and analyse corneal shape and curvature (Zhang, Xue
et al.2019a). The normal cornea is often depicted schematically as a circle or a portion of a sphere

to illustrate its shape.

Conventionally, the cornea has been divided into four separate topographical zones (Figure 1-3):
central (3 - 4 mm), paracentral (4 - 7 mm), peripheral (7 - 10 mm), and limbal (beyond 10 mm)
(Rabbetts 2007; Kiely, Smith et al. 1982). The central zone, which covers the entry point of the
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pupil, is spherical, measuring approximately 4 mm in diameter (Rabbetts 2007) and plays an
essential role in forming a sharp image on the fovea. The paracentral zone, located adjacent to the
central zone, has a flatter profile and becomes optically significant when the pupil dilates in low-
light conditions. The peripheral zone is characterised by its flattest and most aspheric contours
(Klyce and Beuerman 1988). Due to differences in curvature between its front and back surfaces,

the cornea has thickness variations across regions.

(a) (b)

Yy +~——CORNEA

+— REFERENCE SPHERE Central zone

Paracentral zone

z

X Peripheral zone
OPHTHALMOMETRIC Limbal zone
AXIS
OPHTHALMOMETRIC
AXIAL POINT

Figure 1-3: (a) A cross-section schematic of the human cornea and a reference sphere, which are
approximately coincident in the central zone. (b) The coloured dome depicts four zones of the cornea.
Reprinted from (Zhang, Xue et al. 2019b) by permission of Taylor & Francis Ltd.

1.3.2 MICROSCOPIC ANATOMICAL OVERVIEW OF THE CORNEA

Corneal development begins from the 22nd day of gestation (Y.Milani, Mercede et al.2013). The
layers of the cornea develop from different cell lineages. The epithelium originates from surface
ectoderm. The corneal stroma, Bowman’s layer, and endothelium are derived from mesenchymal
cells of neural crest origin. Descemet’s membrane is produced by neural crest-derived endothelial
cells from the sixth month onwards. The cornea begins to turn transparent around this time. Cell

migration occurs in three waves between the ectoderm and the lens vesicle (Jacob 2016).

The human cornea comprises six distinct layers. The most anterior structural layer is an overlying
epithelium, with a fibrous meshwork known as Bowman's layer situated beneath it. The stroma,
the third layer, constitutes most of the tissue, accounting for approximately 90% of the total
corneal thickness, and is densely populated with collagen. Beneath the stroma are Dua’s layer
and, subsequently, Descemet's membrane, which provides support to the single layer of
endothelial cells that line the posterior aspect of the cornea (Meek and Knupp 2015). All corneal
layers need to be transparent (Dohlman 1971), which is maintained by the regular arrangement of
its collagen lamellae and the metabolic pump action of the corneal endothelium (Ali, Raghunathan

et al.2016). The structural layers of the human cornea are schematically depicted in Figure 1-4.
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Figure 1-4: Schematic representation of the corneal layers (not to scale): (a) epithelium, (b)
Bowman’s layer, (c¢) stroma, (d) Dua’s layer, (¢) Descemet’s membrane, (f) endothelium. Adapted
from, (Dua, Faraj ef al. 2013) and drawn using the Canva visual suite.

wnijayiopu3

1.3.2.1 PRE-CORNEAL TEAR FILM
As described in the section 1.2 KC involves tissue inflammation, and the tears are an exit pathway
for mediators from the ocular surface, so inflammatory mediators found in the tear film may help
elucidate those pathways and provide an understanding of the pathophysiology (Santos, Filho et
al. 2024). Analysing tear fluid for unique molecular markers deepens our understanding of how
diseases develop, ultimately improving diagnostic precision and the effectiveness of medical
treatments. Furthermore, tear fluid can serve as a valuable source of molecular targets for the
treatment of eye diseases (Nishtala, Pahuja et al.2016). A detailed review of the tear film and its
inflammatory mediators is beyond the scope of the thesis; however, a schematic representation of

the normal tear film has been outlined in (Figure 1-5).
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Figure 1-5: The tear film shows mucins, galectin of the glycocalyx, soluble mucins, proteins in the
mucoaqueous layer, and the surface lipid layer. Reproduced with permission, TFOS DEWS II (Craig,
Willcox et al. 2013).

The pre-corneal tear film is heterogeneous and traditionally segmented into three distinct layers:
an inner mucin layer, a middle aqueous layer, and an outer lipid layer with a total thickness that
ranges from 6 - 20 um (Montes-Mico 2007). However, in practice, these layers frequently overlap
and mix. Most of the tear film consists of an aqueous phase with varying mucin concentrations,
depending on the specific layer, covered by a thin superficial lipid layer that is 50 - 100 nm thick
(Dartt and Willcox 2013). The tear film maintains a stable and healthy ocular surface, ensuring
clear vision and protecting against irritants and pathogens. A stable tear film is essential for good
optics because it provides a smooth, consistent refractive surface for light entering the eye. In
contrast, an unstable tear film causes light scattering, optical aberrations, and blurry, fluctuating
vision (Sanchez-Gonzalez, Sanchez-Gonzalez et al. 2025). Tears play a fundamental role in
safeguarding and lubricating the ocular surface. The lacrimal functional unit, which consists of
the lacrimal gland, lacrimal drainage systems, and ocular surface sensory nerves, meticulously
regulates the production, distribution, and clearance of tears to meet the demands of the ocular
surface (Pflugfelder and Stern 2020). The aqueous-mucin layer contains fluid and soluble factors
produced by the lacrimal glands, along with mucin that is either membrane-bound or secreted by
the goblet cells. This layer is additionally protected by a superficial lipid layer (Dawson, Watsky
et al.2009) as shown in Figure 1-5. The combination of proteins, glycoproteins, and lipids in tears

helps maintain the optical surface stability, lubrication, and smoothness.
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Tears also support healing, mitigate inflammation, neutralise free radicals, and offer protection
against infection (Stapleton, Marfurt et al. 2013). When the lacrimal functional unit is
compromised due to disease or dysfunction, it will result in tear instability, heightened
evaporation rates, inflammation, and blurred or fluctuating vision (Stern, Gao et al.2004). Tears
moisten the ocular surface, shield the eye with antibacterial proteins, and hydrate the cornea
(Wong, Fatt et al. 1996). The aqueous layer of the tear film contains gel-forming mucins
(MUCS5AC and MUC2) (Argueso and Gipson 2001) along with lysozyme, immunoglobulin A,

transferrin, defensin, and trefoil factor (Schulze, Hampel et al.2014).

Tear film quality is also key in various ocular surface inflammatory diseases (Ma, Yu et al.2019;
Rolando and Zierhut 2001) such as dry eye disease (DED), where tear hyperosmolarity and
instability initiate an inflammatory cascade involving the release of inflammatory mediators like
cytokines and chemokines from ocular surface cells, leading to a vicious cycle of inflammation
and cellular damage (Craig, Nelson et al. 2017). The tear film's complex structure and
composition protect the cornea, support wound healing after infections or injuries, and ensure
ocular comfort, all of which contribute to clear vision. Changes in tear composition and stability
related to DED can cause eye irritation, damage to the corneal epithelium, and harm to the corneal
nerves. Tear film dysfunction is one of the most common eye conditions encountered in clinical
practice, with a prevalence ranging from 2% - 14.4% (Stern, Beuerman et al. 1998). Tear
evaporation increases in low relative humidity environmental conditions (Uchiyama, Aronowicz

et al.2007). DED will be discussed in more detail in later sections.

1.3.2.2 CORNEAL EPITHELIUM
The corneal epithelial cells are arranged so that the innermost (most posterior) level of the
monolayer of regular prismatic cells is in contact with an underlying basement membrane
(Jacobsen, Jensen et al. 1984) which is composed mainly of type IV collagen (Ehlers, Heegaard
et al.2010). The middle layer overlaying these basal cells consists of two to three layers of wing
cells. The outermost two to three layers of flattened squamous cells form the superficial part of
the corneal epithelium (Ehlers, Heegaard et al.2010). Centrally, it constitutes about 10% of the
total corneal thickness and thickens towards the peripheral limbus (Mehtani, Agarwal et al.2017).
At the corneal vertex, very high frequency ultrasound measures epithelial thickness at 53.4 £ 4.6
um (Reinstein, Archer et al. 2008). The epithelial thickness exhibits a non-uniform pattern
(Abusamak 2022), with the 3 mm inferior epithelium being 5.7 pm thicker than the 3 mm superior
epithelium, and the 3 mm nasal epithelium 1.2 um thicker than the 3 mm temporal epithelium

(Abtahi, Beheshtnejad et al.2024).

Cell renewal, a characteristic shared by all epithelia, relies on stem cells, including those in the
cornea. The stem cell functions as a slowly cycling basal cell, dividing to produce an identical

copy of itself and a transient amplifying cell, also known as a daughter cell, which can proliferate
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before it differentiates (Schermer, Galvin et al. 1986). While the self-renewed stem cell remains
at the basal level, the transient amplifying cell contributes to cell turnover through relatively rapid
division. Corneal epithelial cells are continually shed from the corneal surface and replaced by

the division of the basal cells (Davanger and Evensen 1971).

Cellular turnover from the basal layer occurs every three to seven days (Hanna and O'Brien 1960;
Lu, Xin et al.2011), where basal cells are sloughed off the superficial layer and then shed into
the tear film. The centripetal movement of epithelial cells in the normal corneal epithelium (Dua
and Forrester 1987) occurs from a differential sliding of epithelium from the periphery to the
centre. The driving force behind this epithelial sliding is due to the preferential loss of surface
cells through exfoliation from the central apex, caused by the shearing forces of the upper lid
(Lemp and Mathers 1989). In blinking, for example, the upper lid moves downward so that the
area of maximum applied eyelid force would be expected to be towards the central cornea near
the corneal apex (Evinger 2025). The transparency of the corneal epithelium can be attributed to
the homogeneity of the refractive index of all its constituent cells (Dohlman 1971). A clearer and
more transparent cornea scatters less light, reducing the severity of haloes and glare (Dohlman
1971). The corneal epithelium also contains tight junctions, or zonular occludens, predominantly
between the superficial cell layers. Additionally, it contains hemidesmosomes and desmosomes
within every epithelial layer (Lemp and Mathers 1989). These tight junction complexes between
adjacent epithelial cells form a crucial barrier against agents that penetrate into deeper corneal

layers.

1.3.2.3 BOWMAN’S LAYER
The anterior limiting lamina, otherwise known as Bowman’s layer, is an acellular layer of short
and miniature, irregularly arranged, collagen Type I fibrils embedded in a proteoglycan matrix
(Qazi, Wong et al.2010). It is amorphous from light (Efron, Perez-Gomez et al.2001) with a
thickness ranging between 8 - 12 um (Abou Shousha, Perez et al. 2014). This layer is often
considered a remnant of the primary acellular stroma and, because of its unique embryologic
origin, does not regenerate after injury. However, it is involved in the re-epithelialisation of the
cornea (Beuerman and Pedroza 1996). The basal lamina is part of a complex adhesion system,
which mediates the attachment of the epithelium to the underlying stroma. Hemidesmosomes link
the cytoskeleton via a series of anchoring fibrils to anchoring plaques in the anterior stroma
(Gipson, Spurr-Michaud et al. 1987). The molecular components of this adhesion complex have
been identified and include type VII collagen, integrins, laminin, and bullous pemphigoid antigen
(Apple and Naumann 1986). An absence of collagen type XII in the Bowman’s layer of KC eyes,
together with the functional importance that it is thought to have in stress-bearing areas, suggests

that collagen type XII may play a role in the pathogenesis of KC (Rigi, Son et al.2024).
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1.3.2.4 STROMA

The normal cellular content of the corneal stroma consists of keratocytes, fibroblastic cells
producing collagen and extracellular matrix (ECM), neural tissue, and associated Schwann cells
(Beuerman and Pedroza 1996). The stroma accounts for 90% of the corneal thickness (Dawson,
Watsky et al.2009). Keratocytes occupy 3% to 5% of the stromal volume, and their function is
not only to maintain the integrity of the stromal matrix (Maurice 1984) but also play an essential
role in collagen repair and scar tissue formation following corneal injury. Collagen fibrils in the
normal human corneal stroma are highly organised and arranged in two preferred orthogonal
orientations (Daxer and Fratzl 1997). The lamellae in the superficial one-third of the stroma are
much narrower and more irregularly interwoven than those in the deeper two-thirds (Komai and
Ushiki 1991).

The corneal stroma connects to the anterior sclera at the corneo-scleral limbus. The tissue in the
region of the corneo-scleral limbus loses its transparency (Craig, Robertson et al. 1986) due to
the non-uniform arrangement of the collagen fibrils. Collagen in the stroma is predominantly type
I, with smaller amounts of types V, VI, XII, XIII, XIV and XXIV (Meek and Knupp 2015; Gipson,
Spurr-Michaud et al. 1987).

A key component of the ECM is proteoglycans, which are heavily glycosylated proteins with
glycosaminoglycans (GAGs), which play crucial roles in tissue structure and cell signalling
(Berdiaki, Neagu et al. 2024). The stromal proteoglycans consist of dermatan sulfate, keratan
sulfate, and chondroitin sulfate, with keratan sulphate being the most abundant. The anterior one-
third features obliquely arranged lamellae that interlace for enhanced strength, containing less
water and glucose but a higher amount of dermatan sulphate (Espana and Birk 2020). The
organisation of these fibrils is fundamental for maintaining corneal shape, transparency, and
tensile strength, which are key characteristics of this tissue. Conversely, the posterior two-thirds
contain parallel collagen fibres abundant in keratan sulfate but have weaker interlamellar
connections, resulting in lower tensile strength compared to the anterior section (Ho, Harris et al.

2014).

Keratocytes, which are metabolically active and spindle-shaped, are dispersed throughout the
lamellae and play a key role in synthesising collagen and proteoglycans (West-Mays and Dwivedi
2006). The anterior stroma has a higher keratocyte density compared to the posterior stroma

(McLaren, Bourne et al.2010).

1.3.2.5 DUA’S LAYER
The pre-Descemet's layer, also known as Dua's layer, the Dua-Fine layer, or the pre-posterior
limiting lamina layer, is located posterior to the stroma but anterior to Descemet's membrane in

the cornea. This layer measures approximately 10 um in thickness (ranging from 6 to 16 pum)
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(Dua, Freitas et al. 2023) and is primarily composed of type I collagen, with some type VI
collagen and abundant elastin, making it the layer with the highest elastin content. It exhibits
significant tensile strength, with a bursting pressure of up to 700 mmHg, and is resistant to air,
making it nearly acellular (Dua, Freitas et al. 2023). At its periphery, this layer exhibits
fenestrations and branches out to form the core of the trabecular meshwork, which is crucial to

intraocular pressure (IOP) and the risk of developing glaucoma (Dua, Faraj et al.2015).

1.3.2.6 DESCEMET’S MEMBRANE
The secreted and deposited extracellular matrix along the basal surface of the endothelium is
known as Descemet's membrane (posterior limiting lamina). It is essentially a lifelong
accumulated basement membrane of the endothelial cells (Johnson, Bourne et al. 1982).
Descemet’s membrane acts as the basement membrane for the corneal endothelium, located
between the endothelium and Dua’s layer. At birth, it measures 3 to 4 pm in thickness, increasing
to 10 to 12 um in adulthood (de Oliveira and Wilson 2020). Aged corneas may show periodic
thickened sections called Hassall-Henle warts at the periphery. The anterior third of Descemet’s
membrane is produced during foetal development and is characterised by a periodic banded
pattern visible under an electron microscope (Lesueur, Arne et al.1994). In contrast, the posterior
two-thirds, which develop after birth, have a more uniform granular appearance. Additionally,
Descemet’s membrane has a distinct biochemical composition that sets it apart from other
basement membranes (Snell and Lemp 1997). The primary type of collagen in the basement
membrane is type IV, whereas in Descemet’s membrane, type VIII collagen predominates (Fitch,

Birk et al.1990).

1.3.2.7 CORNEAL ENDOTHELIUM
Corneal hydration relies on various physiological components of the cornea, including the
endothelium, which is responsible for maintaining corneal transparency (Dawson, Watsky et al.
2009). The endothelium is much more permeable to water and ions than the epithelium and forms
a selectively permeable barrier to regulate corneal hydration (Potts 1962). Located directly in
contact with the aqueous humour, the corneal endothelium forms a single layer of polygonal cells,
mostly hexagonal, connected by tight and adherens junctions. The ion-transport system, involving
Na+/K+-ATPase and bicarbonate-dependent Mg2+-ATPase, works against water absorption into
the stroma (Yang, Zhang et al. 2022). Damage to the endothelium must be compensated for to
preserve corneal clarity (Ramirez-Garcia, Khalifa et al.2018). Endothelial injury leads to corneal
oedema due to loss of specialised cell junctions and decreased pumping action at the injury site
(Bron AJ 1997). Rupture of the posterior cornea may cause discontinuity of endothelial cell
coverage of the posterior corneal surface, allowing aqueous-free entry into the corneal stroma
(Thota, Miller et al.2006), leading to corneal swelling, resulting in reduced vision. For young

adults, the density of endothelial cells in a healthy cornea is around 3000 to 4000 cells/mm?.
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However, when the density of endothelial cells drops below 500 - 750 cells/mm? in an abnormal
cornea, it loses the ability to pump sufficient water to maintain its function (Ramirez-Garcia,

Khalifa et al.2018).

1.3.2.8 CORNEAL NERVE FUNCTION & INNERVATION
The cornea is recognised as the most densely innervated and sensitive tissue within the human
body (Bonini, Rama et al.2003). It is exclusively innervated by C- and A-delta fibres (types of
nociceptive, pain-sensing, nerve fibres) (Moulton and Borsook 2019), which include
mechanonociceptors activated by noxious mechanical stimuli, polymodal nociceptors responsive
to mechanical, chemical, and thermal stimuli, and cold thermoreceptors triggered by cooling
(Guerrero-Moreno, Baudouin et al. 2020). Noxious stimuli activate corneal nociceptors, whose
cell bodies reside in the trigeminal ganglion and send central axons to the trigeminal brainstem

sensory complex (Park, Spritz et al.2025b).

Ocular pain, particularly the type caused by corneal nerves, is considered a key symptom of
inflammatory and traumatic conditions affecting the ocular surface (Moshirfar, Benstead et al.
2025). Corneal nerves are fundamental for sensing touch, pain, and temperature (Shaheen, Bakir
et al. 2014). They also play a significant role in the blink reflex, wound healing, and the
production and secretion of tears (Meng and Kurose 2013). Corneal sensory nerves maintain eye
surface integrity, and damage to these nerves can lead to neurotrophic keratitis, marked by
epithelial cell loss and oedema (Nagano, Nakamura et al.2003). The exact mechanism is unclear,
but it may involve neuropeptides like substance P and calcitonin gene-related peptide (Tsubota
1998). Sympathetic nerves (Figure 1-6), support epithelial maintenance by regulating ion
transport and encouraging cell proliferation and migration during healing (Park, Spritz et al.
2025a). Dysfunction in these nerves is commonly associated with diseases that lead to corneal

opacities, a major cause of blindness in developing countries (Oliva, Schottman et al.2012).

Advances in corneal imaging techniques, such as Optical Coherence Tomography (OCT) and
Laser Scanning Confocal Microscopy (LSCM), have enhanced our understanding of the processes
involved in corneal reinnervation following injury, surgery, or disease (Kobayashi, Yokogawa et
al. 2017). A strong link exists between neuro-regenerative and inflammatory pathways in the
cornea (Meneux, Pernot et al.2025). In the management of neurotrophic corneal conditions, for
example, evidence-based methods include the use of neuro-regenerative techniques such as blood
components, neurotrophic factors (Shaheen, Bakir et al. 2014), neuroprotective methods, and
support techniques (such as bandage contact lenses and amniotic membranes), while avoiding

anti-inflammatory treatments like immunomodulators and corticosteroids.
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Figure 1-6: Diagram of human cornea innervation. The sub-basal nerve plexus is located between
the Bowman’s layer and basal epithelial layer and contains unmyelinated nerve axons that project
into the superficial epithelium, providing a high level of sensation. Reproduced with kind permission
from Elsevier (Cruzat, Qazi et al. 2017).

The long ciliary nerves derived from the trigeminal ophthalmic branch innervate the cornea.
These nerves follow a radial penetration pattern into the deep peripheral cornea before extending
anteriorly to form a sub-basal epithelial nerve plexus (Maurice 1984). Corneal nerves traverse the
suprachoroidal space, cross the sclera, and extend radially toward the cornea, performing essential
sensory, reflex, and trophic functions. The corneal nerves lose their myelin sheath as they enter
the corneal stroma (Muller, Marfurt et al.2003; Stapleton, Marfurt et al.2013; Belmonte, Garcia-
Hirschfeld et al. 1997) and terminate at the level of the epithelial wing cells. Due to the density
of the nerve endings in the cornea, its sensory innervation is several hundred times greater than
that of the skin (Marfurt, Kingsley et al. 1989). The TFOS DEWS report (Craig, Nelson et al.
2017) reviewed the signalling pathways that govern the mechanisms of ocular pruritis and itch, a
critical area of interest in the later sections of this thesis. Chronic itch manifests as increased
sensitivity to itch stimuli, as well as alloknesis (the itch or pruriceptive sensation).
Hypersensitivity to these stimuli results in the perception of itch in response to a previously
subthreshold stimulus (Wilson, Nelson et al.2013). The superior cervical ganglion offers modest
sympathetic innervation vital for sensing somatosensory stimuli and essential for triggering the

blink reflex, wound healing, and tear production (Marfurt and Ellis 1993).
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1.4 KERATOCONUS
1.4.1 DEFINITION AND AETIOLOGY

KC is a condition characterised by progressive corneal thinning. The word keratoconus (kér's-t0-
ko'nas) is derived from the two Greek words “Keras”, meaning cornea, and “Konos”, meaning
cone. KC is a progressive (Romero-Jimenez, Santodomingo-Rubido et al.2010), early onset, and
bilateral eye condition (Gomes, Tan et al.2015). The cornea gradually weakens (Alié 2017) and
protrudes forward, eventually assuming a conical shape because of thinning and extension
(Krachmer, Feder et al. 1984). When viewed from a lateral aspect, a keratoconic cornea has a

typical conical or cone shape (Figure 1-7).

Figure 1-7: Keratoconic or conical cornea.

KC is a complex disorder with a multifaceted aetiology and pathogenesis (Rabinowitz 1998). The
thinning and protrusion occur in specific layers of the cornea, resulting in a high degree of
irregular astigmatism and variable visual impairment (Romero-Jimenez, Santodomingo-Rubido
et al. 2010). KC development may be due, at least in part, to altered wound healing, in which
corneal repair and oxidative pathways are linked (Cheung, McGhee et al.2013). At the cellular
level, hormonal fluctuations and variations in enzymatic activity influence the strength of the
extracellular membrane (White, Lewis et al. 2017). This, along with shifts in biochemical and
biomechanical signalling pathways, disrupts collagen cross-linking in the stroma, leading to a loss
of structural integrity and distortion of normal corneal anatomy (Nakao, Koh et al. 2021).
Proteases and pro-inflammatory mediators may also be implicated in KC (Balasubramanian, Pye

et al.2010), in which the expression and activity of proteases in the KC tear film appear altered.
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Pro-inflammatory events need to be considered in all forms and variants of KC disease (McGhee
2013). Compared with the normal cornea, the KC cornea has marked regional heterogeneity and

larger mechanical strains in the cone region (Kwok, Hazen et al.2021).

A modified Delphi technique was employed to establish global consensus on the definition,
classification, and management protocols for KC and other corneal ectatic diseases. KC should
be classified as an “ectatic" corneal disease rather than a disorder defined by corneal thinning.
Additional conditions, including keratoglobus, pellucid marginal degeneration, and progressive
corneal ectasia following refractive surgery, should also be identified as ectatic corneal diseases
(Gomes, Tan et al. 2015). KC is the most common of all the known ectatic corneal disorders
(Koh, Ambrosio et al. 2019; Romero-Jimenez, Santodomingo-Rubido et al. 2010). Ectatic
diseases should be classified as separate from other corneal thinning diseases, such as Terrien’s
marginal degeneration, localised dellen formation, and inflammation-induced corneal melts
(Gomes, Tan et al.2015). The early stage of Terrien’s marginal degeneration (Ding, Murri et al.
2019) can often be confused with KC.

Biochemical changes support the theory that KC could be, or at least in part, inflammatory
(Galvis, Sherwin et al.2015; McMonnies 2015; Zhou, Yue et al. 1996) in nature, even though
there is a lack of vascularisation and cellular infiltration, which are commonly seen in other
inflammatory corneal disorders (Krachmer, Feder et al.1984). The actual cause of KC is unknown
(Krachmer, Feder et al. 1984) and the rate of progression of KC is variable. In most cases, KC
progresses most rapidly during the second and third decades of life (Ahn, Kim et al.2013) and
often with unpredictable outcomes. A genetic predisposition that requires a "second hit" (Sugar
and Macsai 2012) or environmental event to elicit progressive disease in KC may seem plausible,

with evidence suggesting that eye rubbing (McMonnies 2007) could serve as that “second hit”.
1.4.2 PREVALENCE AND INCIDENCE

Prevalence refers to the proportion of a defined population affected by a specific medical disorder
at a particular point in time or over a designated period, while incidence refers to the rate at which
new cases of a medical disorder occur within the at-risk population over a certain timeframe.
Prevalence is evaluated using a cross-sectional sample, while incidence is determined through
longitudinal study designs (Keiding 1991). The prevalence and incidence of KC vary depending
on the population or region being studied and the diagnostic/clinical criteria used to classify the

form of KC (Kymes, Walline et al.2004).

Epidemiological studies reveal significant global variation in the prevalence and incidence of KC,
with rates estimated to range from 0.2 to 4,790 per 100,000 individuals and 1.5 to 25 per 100,000
individuals annually, respectively (Santodomingo-Rubido, Carracedo et al.2022). Locations with

plenty of sunshine and hot weather, such as the Middle East (Assiri, Yousuf et al.2005) and the
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Indian sub-continent (Jonas, Nangia et al.2009), are known to exhibit higher recorded prevalence
than in cooler climates, such as Japan (Tanabe, Fujiki et al. 1985) and Russia (Gorskova and

Sevost'ianov 1998).

With the rise of refractive surgery and advancements in computerised topography technology, the
number of people diagnosed with KC is expected to rise in the future, which will likely influence
the prevalence and incidence rates (Romero-Jimenez, Santodomingo-Rubido et al.2010; Oshika
and Klyce 1998). Those with a co-existing history of atopy will demonstrate a higher incidence
of KC (Hashemi, Khabazkhoob et al. 2014). There are also notable sex differences in both
prevalence and incidence rates (Fink, Wagner et al.2005).

The CLEK study (Zadnik, Barr et al. 1998) suggests that KC is not associated with an increased
risk of connective tissue disease in individuals with mild-to-moderate KC, although the age of the
study group may influence this. The same study also found that nearly 50% of KC patients
reported severe eye rubbing. A UK study found the incidence of KC among Asians of Northern
Pakistani descent living in the UK to be 25/100,000 per year, compared to 3.3/100,000 per year
for UK-based Caucasians (p < 0.001) (Georgiou, Funnell et al.2004). The annual incidence of
KC was found to be 19.6/100,000 in subcontinent Asian communities and 4.5/100,000 in
Caucasian communities (Pearson, Soneji et al. 2000), demonstrating that ethnicity, race and

region appear to vary the incidence rate of KC.

Contemporary imaging techniques have shown that cases historically considered unilateral KC
are bilateral but asymmetric, meaning one eye presents at an earlier or subclinical stage of the
disease. The current accepted view is that true unilateral KC does not exist (Gomes, Tan et al.
2015). KC, however, may present unilaterally in the context of asymmetric environmental factors,
such as eye rubbing (Ioannidis, Speedwell et al.2005) or in cases where the fellow eye displays
low expressive morphology features of KC (Wei, Zhao et al.2011), such as surface structure,

ultrastructure, and/or ontogenesis.

With increasing age, corneal interfibrillar spaces diminish, and stromal collagen bundles thicken,
altering the cornea's biomechanical properties (Eltony, Shao et al. 2022). Increasing corneal
rigidity over time may explain changes in KC severity and the greater prevalence with ageing
(Gordon-Shaag, Millodot et al. 2012). Corneal topography and tomography measurements in
individuals aged 60 years or older, as part of intraocular lens power calculations (Hashemi, Jamali
et al. 2025), emphasise the importance of improved screening for corneal ectasia, regardless of

age, as the prevalence of KC in this cohort is higher than previously suspected.

A large systematic review and meta-analysis (53 studies up to January 2024) estimated the global
pooled prevalence of KC at approximately 289 per 100,000 persons (0.24%). Males had slightly
higher odds of KC than females (pooled odds ratio [OR] = 1.10, 95% CI 1.07 - 1.13)
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(Sriranganathan, Chan et al. 2025). These pooled estimates suggest a small overall male

predominance globally when data are aggregated, though individual populations vary widely.

An epidemiological study using the largest health insurance database in the Netherlands examined
4.4 million patients. The annual incidence of KC was found to be 13.3 cases per 100,000 (95%
CI), with an estimated prevalence of 265 cases per 100,000 (Godefrooij, de Wit et al. 2017).
Furthermore, a significant and biologically plausible link between low humidity and KC suggests
that humidification could benefit patients and groups at risk of KC (Shabani, De Ridder et al.
2025).

The prevalence of KC varies significantly, with rates reaching nearly 5% in some areas, such as
the Middle East (Torres Netto, Al-Otaibi et al.2018). Follow-up assessments in the Raine study
used Scheimpflug imaging and were part of a multi-generational, long-term cohort study
involving 1,259 adults aged 20 years and over. Of these, 50.8% were female, and 85.7% were
Caucasian. The prevalence of KC in at least one eye was 1.2% (95% CI [0.7, 1.9]), or
approximately 1 in 84 individuals (Chan, Chong et al.2021).

A systematic review and meta-analysis of studies published till June 2018, (Hashemi, Heydarian
et al.2020) determined the worldwide prevalence of KC to be 1.38 per 1000, or approximately
138 of every 100,000 (95% CI: 114 — 162 per 100,000) people have KC (Figure 1-8) circled in
red.
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Study Prevalence %
ID per 1000 (95% CI) Weight
both
Godefrooij 2017 . 2.65 (2.55, 2.75) 21.58
Hashemi 2013 - 7.62 (5.27,9.97) 1.00
Hashemi 2014 —_— 25.00 (15.40, 34.60) 0.06
Hashemi 2018 B 40.12 (32.69, 47.55) 0.10
Hofstetter 1959 . 1.19 (0.61, 1.78) 9.68
Hwang 2018 g 0.37 (0.37, 0.38) 22.37
Jonas 2009 —— 23.00 (19.08, 26.92) 0.37
Merdler 2015 . 1.21 (1.13, 1.29) 21.79
Millodot 2011 —_— 23.44 (13.97, 32.91) 0.06
Reeves 2009 * 0.17 (0.16, 0.19) 22:37
Shehadeh 2015 —_— 14.51 (5.10, 23.92) 0.07
Shneor 2014 ——— 31.84 (12.44, 51.24) 0.02
Torres Netto 2017 —— 47.89 (29.57, 66.21) 0.02
Waked 2011 _— 32.60 (13.00, 52.20) 0.02
Xu 2012 - 9.00 (5.62, 12.38) 0.50
Subtotal (2= 99.7%, P=0.000) | 1.14, 162)  100.00
NOTE: Weights are from random-effects analysis

T T

-40 0 40

Figure 1-8: Forest plot of the prevalence of KC in the world population, data reproduced with kind
permission from (Hashemi, Heydarian et al. 2020).

Pooled incidence and prevalence were estimated using random-effects models, with heterogeneity
assessed using 2 and I2 statistics, in a systematic review and meta-analysis covering all age
groups, sexes, and regions, up to January 2024. The data indicate that more than 23.7 million
people worldwide are affected by KC, emphasising its growing global burden (Sriranganathan,
Chan et al.2025). This highlights the importance of ongoing research in guiding public health
policies and screening strategies for early detection and diagnosis (Singh, Koh et al. 2024). A

regional update of the recorded prevalence of KC is provided (Table 1-2).
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Table 1-2: Global prevalence of keratoconus, table data extrapolated from numerous worldwide
epidemiological studies; with permission (Singh, Koh et al. 2024).

Location Prevalence* Year

Diagnostic method

Ghana (Nationwide)

Egypt (Nile delta)

China (Greater
Beijing)

India
(Maharashtra)
Iran (Mashhad)

Iran (multiple
areas)
Iran (Shahroud)

Iran (Shiraz)
Iran (Tehran)
Israel (Haifa)
Israel (Jerusalem)
Japan (Muroran)
Lebanon (Beirut)

Malaysia (Kuala
Lumpur)
Palestine
(nationwide)
Russia
(Bashkortostan,
Urals)

Saudi Arabia
(Najran)

Saudi Arabia
(Riyadh)

South Korea
(nationwide)

Syria
(Damascus/Latakia)

Taiwan (nationwide)

(%)

0.053

1.12

0.9

23

2.5

0.76
0.98
3.3
3.18
2.34
0.0173
3.3
1.2
1.5
0.086 (6-18
years)
2.11 (>40
years)
6.45 (>85
years)
0.0873
4.79
0.0374
1.43

4.29

Study Study type
population
AFRICA
General Retrospective
population study
Individuals with Cross-
refractive sectional study
errors
ASIA
Older Cross-
Population (50- | sectional study
93 years)
Rural Population-
population based study
Young Cross-
population sectional study
Rural Cross-
population sectional study
General Cross-
population sectional study
University Cross-
population sectional study
General Cross-
population sectional study
Young Arab Cross-
students sectional study
College student Cross-
population sectional study
General Cross-
population sectional study
University Cross-
students sectional study
Ophthalmology | Retrospective
patients study
University Cross-
students sectional study
General Cross-
population sectional study
Young Cross-
population sectional study
Paediatric Cross-
patients sectional study
Population- Epidemiologic
based al study
University Cross-
students sectional study
General Epidemiologic
population al study
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Topography

Topography

Tomography

Keratometry
Topography/pachy
metry
Tomography
Topography
Tomography
Topography/pachy
metry
Videokeratography
Videokeratography
Videokeratography
Topography
Topography
Topography

Tomography

Keratometry
Topography
Claims database
Tomography
National patient

registry
(topography/tomogr

aphy)

19

2022

2019

2012

2009

2014

2018

2013

2023

2013

2014

2011

1985

2012

2012

2015

2023

2021

2018

2018

2022

2023



Location

Prevalence*

Study

Study type

Diagnostic method
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Thailand (Bangkok)
Turkey (Istanbul)

United Arab
Emirates

Denmark
(nationwide)
Finland (Oulu)

Germany
(nationwide)
Italy (Rome)

Macedonia (Skopje)

North Macedonia
(Skopje)

Norway
(nationwide)
Netherlands
(nationwide)
Poland (Elblag)

UK (Leicester)

Mexico (Monterrey)

USA
(nationwide)

USA
(nationwide)
USA (Olmsted,
Minnesota)
USA
(nationwide)

Brazil (Porto
Alegre)

Australia (Perth,
Western Australia)

New Zealand
(nationwide)

0.044
0.03
0.49

2.1
0.0068
12.19
0.1921

0.265

0.549

0.057

(white)
0.229
(Asian)
1.8

0.0185

0.15
0.0545

0.04

0.73

1.2

0.523

population
General
population
University
population
Adolescent
population

EUROPE

General
population
General
population
General
population
Ophthalmology
patients
Contact lens
wearers
Ophthalmology
patients
General
population
General
population
General
population
General
population
(1044 years)

NORTH AMERICA

Adolescents
(12-20 years)
Medicare
population
(>65 years)
General
population
General
population
General
population

SOUTH AMERICA

Adolescents
(14-21 years)
OCEANIA

Young
population (20
years)
Young
population
(high school
students)

*Prevalence assessed per 100,000 person-years.
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Cross-
sectional study
Cross-
sectional study
Cross-
sectional study

Nationwide
study
Cross-
sectional study
Cross-
sectional study
Cross-
sectional study
Retrospective
study
Retrospective
study
Epidemiologic
al study
Epidemiologic
al study
Cross-
sectional study
Retrospective
study

Cross-
sectional study
Epidemiologic

al study

Epidemiologic
al study
Epidemiologic
al study
Epidemiologic
al study

Cross-
sectional study

Cross-
sectional study

Cross-
sectional study

Topography
Tomography

Tomography

National patient
registry
Clinical

examination
Tomography
Topography
Keratometry
Topography

National patient
registry

Claims database

Tomography

Keratometry

Topography

Claims database

Claims database
Clinical records

Claims database

Tomography

Tomography

Tomography

20

2022

2021

2021

2019

1986

2023

2024

2009

2022

2021

2017

2023

2000

2014

2009

2021

1986

2024

2024

2021

2019
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KC impacts individuals across all ethnic backgrounds, affecting both men and women. Factors
including eye rubbing, allergies, environmental influences, and genetic predispositions contribute
to its development. The evolution of prevalence studies facilitated by advanced imaging
technologies and artificial intelligence (Al) systems will enhance early diagnosis, enable targeted
treatments, and improve overall visual outcomes for this corneal ectatic condition. In addition,
dry eye management is necessary as DED is common among patients with KC who wear contact

lenses, irrespective of the types of CL used (Shorter, Harthan et al.2021).
1.4.3 SIGNS AND SYMPTOMS

The initial diagnosis of KC involves careful refraction measurement. Clinicians should then
utilise additional diagnostic tools, such as retinoscopy, slit-lamp biomicroscopy, corneal
topography, corneal tomography, and pachymetry, to further evaluate the condition (Asimellis
and Kaufman 2025). KC produces notable and typical optical effects. Vision is the overall ability
to perceive the world, encompassing sharpness, colour, depth, and peripheral awareness, while
visual acuity is a quantitative measure of the clarity of central vision. In early KC, both
uncorrected vision (VAsc) and uncorrected visual acuity (UCVA) are reduced and are often the
earliest presenting symptoms (Rabinowitz 1998). Visual degradation involves increasing blur and
irregular directional distortion, which often progresses to levels requiring optical correction
(Santodomingo-Rubido, Carracedo et al.2022). As KC further progresses, these changes in visual
quality require frequent updates to spectacle or contact lens prescriptions, to the point where best
corrected visual acuity (BCVA) (Caltrider, Gupta et al.2025) is impaired (Sharif, Bak-Nielsen et
al. 2018). In cases of significant corneal asymmetry, the effectiveness of traditional
spherocylindrical spectacle correction is limited, especially for those experiencing aniseikonia

(Dudeja, Chauhan et al.2021).

As outlined in the chapter overview (Section 1.1), current clinical understanding describes KC as
a bilateral condition, often with asymmetric progression between eyes, involving progressive
corneal thinning and increased steepening curvature (Gomes, Tan et al. 2015). Affected
individuals typically experience reduced visual acuity due to irregular astigmatism and myopia,

which result from corneal structural changes and potential scarring.

In some cases, KC may be present subclinically, showing only subtle asymmetric oblique
astigmatism without the classical signs such as Vogt’s striae ( fine stress lines caused by stretching
and corneal thinning) (Edrington, Zadnik et al. 1995), Fleischer’s ring (iron oxide hemosiderin
deposits in the corneal mid periphery) (Nishtala, Pahuja et al. 2016), and Munson’s sign (V-
shaped protrusion of the lower eyelid on downward gaze) (Gold, Chauhan et al.2019), which are
usually visible in the later stages of the disease (Naderan, Shoar et al.2015). With the progression

of the disease comes accompanying corneal tissue loss (Pinero, Alio et al.2010).
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The signs and symptoms of KC are summarised in accordance with the disease stage as per Table

1-3 (Romero-Jimenez, Santodomingo-Rubido et al.2010).

Table 1-3: Signs and symptoms of keratoconus.

1- Subclinical

Suspicious topography, normal slit-lamp findings,
and D 6/6 visual acuity (VA) achievable with
spectacle correction.

None or slight blurring
of vision.

2- Early

‘Scissor reflex’; Charlouex's oil droplet reflex; mild,
localised corneal steepening and thinning;
increasing keratometric differences between inferior
and superior cornea; increases in corneal aberrations
(particularly coma-like aberrations); mild changes in
refractive error; and reduction of spectacle best
corrected visual acuity (BCVA).

Mild blurring or slightly
distorted vision.

3- Moderate

Those of stage 2 (normally of greater severity) plus:
significant corneal thinning; Vogt’s striae;
Fleischer’s ring; < 6/6 spectacle BCVA, but D 6/6
spectacle BCVA with contact lenses; increased
refractive changes; increased visibility of corneal
nerves; corneal scarring and opacities normally
absent.

Moderate blurring and
distorted vision.

4- Severe

Those of stage 3 (normally of greater severity) plus:
severe corneal thinning and steepening (>55D);
corneal scarring; < 6/7.5 VA with contact lens
correction; Rizzuti’s sign; Munson’s sign; corneal
opacities; and corneal hydrops.

Severe blurring and
distorted vision, and
monocular polyopia
(typically reported as
‘ghost’ images).

1.4.4 CORNEAL FEATURES

The most common histopathological findings associated with KC are progressive stromal
thinning, rupture of the anterior limiting membrane, and subsequent ectasia of the central or
paracentral cornea (Alhayek and Lu 2015). Detecting KC in its early stages presents a
considerable challenge, as changes in corneal anatomy observed in KC affect the epithelium,

epithelial basement membrane, Bowman’s layer, and stroma (Chaerkady, Shao et al.2013).

Corneal topography is the primary diagnostic tool for identifying KC (Krachmer and Rodrigues
1978). However, in its early cases, reliance on a single parameter for diagnosis is insufficient;
therefore, corneal pachymetry, epithelial thickness distribution and higher-order aberration data

are increasingly utilised in addition to corneal topography (Erdinest, London et al.2024).

KC severity and progression can be categorised based on morphological characteristics
(Armitage, Bruce et al. 1998), disease evolution, ocular signs, and index-based systems (Awwad,
Hammoud et al.2025). Corneal changes that occur in KC can be difficult to distinguish as primary
changes or secondary inflammatory/degenerative effects (Davidson, Hayes et al. 2014).
Environmental factors such as sun (UV-light) exposure may influence the ultrastructure of the
cornea in ways that are still not fully understood (Hayes, Kamma-Lorger et al. 2013; Hamba,

Gerbi et al.2021).
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Several variables at the presentation of KC influence the probability of eventual surgical
management (Tuft, Moodaley et al. 1994). For example, subjects with high degrees of ectatic
steepening are at a greater risk of requiring corneal transplantation (Reeves, Stinnett et al.2005),
making KC one of the most common reasons for keratoplasty in the developed world (Davidson,

Hayes et al.2014; Watson, Ramsay et al.2004).
1.4.5 CONE TYPES AND CLASSIFICATION

KC diagnostic techniques and treatment advances make classification and staging vital for
monitoring disease progression and response. Many KC classification systems have been
proposed (Kamiya, Ishii et al.2014; Belin, Jang et al.2022; Fink, Sinnott et al.2010). Although
cone morphology is the simplest method, more complex systems related to disease severity and
progression risk are commonly used in clinical decisions. The tangential anterior curvature map

allows for the assessment of cone morphology.

1.4.5.1 ROUND CONES
In advanced KC, there are usually two main types of cones. The more common are round or
nipple-shaped cones (Figure 1-9). Round cones are limited in diameter but can achieve any level

of conicity. The centre of this form of cone is typically located in the lower nasal quadrant.
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Figure 1-9: Inferior nipple cone.
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1.4.5.1 OVAL CONES

The oval or low-riding sagging cone (Figure 1-10) is often larger and lies more commonly in the
inferotemporal quadrant close to the periphery (Perry, Buxton et al. 1980). In its early stages, it
may be confused with pellucid marginal degeneration (PMD). Oval cones are generally linked to
increased corneal hydrops, scarring, and difficulty stabilising contact lenses (Yang, Wang et al.

2024).

OCULUS - PENTACAM 1 Large Color Map —
::v o 7 — [1argeran Carvaies pay -
Udsatart {Wm {u_

e o [ [
Pache'sasie ' SO [fo o

Wwertxs . = [Caee fuse

Ko Tk Fae - [@m [Aw
fanateies Fite:  ww [iF =
Muinsbw Wee  dux  [®70

Figure 1-10: Low-riding oval cone.

1.4.5.2 SUPERIOR CONES
Superior KC is a rare form of corneal disorder characterised as a progressive, non-inflammatory
ectasia, often affecting both eyes but asymmetrically, with some rare cases appearing unilaterally.
There is debate about whether isolated superior KC truly exists, but multiple cases have been
verified through corneal topography (Moshirfar, Moin et al.2025). This condition presents as a
protrusion in the upper part of the cornea, accompanied by thinning and steepening of the superior
central and paracentral areas, which can lead to visual impairments. Genetic factors have also
been linked to the development of superior KC. Research has identified various genetic markers
associated with KC, suggesting a hereditary component to the condition. Gaining insight into
these genetic influences may lead to the development of future treatments that target the root

causes of corneal ectasia (Assayag, Zadok et al.2024).
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1.4.5.3 KERATOGLOBUS
A globus cone or keratoglobus is characterised by extensive corneal thinning and protrusion
affecting more than 75 per cent of the cornea. It is the most severe and rarest form of KC. The

globus cone is the most likely type of KC to need a corneal transplant.
1.4.6 CLASSIFICATION

The Amsler-Krumeich (AK) classification system was instituted in 1938 and then modified in
1998 (Krumeich, Daniel et al. 1998). It is based upon keratometry and pachymetry for
categorising the severity of KC. AK classification grades severity from Stage 1 (mild KC) to
Stage 4 (most severe KC). It uses parameters including spectacle refraction, central keratometry
(corneal curvature), central corneal thickness, and the presence or absence of corneal scarring.
However, this framework is limited to assessing only the central anterior curvature and apical
thickness of the cornea, which are mainly affected in the later stages of the disease. The
development of advanced imaging platforms that enable early diagnosis and treatment modalities

that can prevent KC progression reduces the clinical applicability of this classification.

The inferior-superior (I-S) index represents the difference between the average inferior and
superior dioptric (D) values. It compares five superior points above the horizontal meridian to
five inferior points below, spaced 30 degrees apart and about 3.0 mm from the corneal vertex
(Rabinowitz and Rasheed 1999). In KC, the I-S index is typically elevated by > 1.4 dioptres,
indicating inferior steepening (Pinero, Nieto et al. 2012). Although this is not a classification
system, it utilises a corneal topography parameter index that is clinically useful when imaging
platforms are not readily available (Wahba, Roshdy et al.2018). The KC Severity Score (KSS
system), developed in 2006, used Placido disc technology (McMahon, Szczotka-Flynn et al.
2006) along with other findings such as slit lamp variables, topographic patterns, and the root

mean square of higher-order aberrations.

In contrast, the Belin ABCD staging system, which relies on corneal tomography, incorporates
four key metrics: anterior and posterior corneal curvature, thickness, and visual acuity. Initially
created as a KC classification, it has developed to also measure disease progression (Belin and

Duncan 2016).

KC presents several severities, each with distinct prognoses and treatment responses. Currently,
there is no standard agreement on disease classification or definitions of progression. Advances
in technology have transformed classification systems from relying solely on manual keratometry
to incorporating analyses of higher-order aberrations and both anterior and posterior curvatures.
A vital component of any classification system is its capacity to detect early progression, aiding
in informed treatment decisions and forecasting treatment responses. A global expert panel

(Gomes, Rapuano et al. 2015), recognised the lack of a clear definition of ectasia progression.
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However, it recommended defining significant deterioration as a consistent change in two or three
of these parameters: anterior corneal curvature radius, posterior corneal curvature radius, central
corneal thickness, or an increase in the pachymetry gradient from the periphery to the thinnest

point.

Anterior and posterior corneal surface height data obtained through the Belin-Ambrosio enhanced
ectasia output effectively distinguish KC from normal corneas (Belin and Duncan 2016).
Elevation difference measurements may provide valuable information to improve the diagnostic
accuracy of keratoconus, especially in its early stages. The Belin-Ambrosio classification system
(Belin and Duncan 2016) was utilised to determine KC and Non-KC, as well as the staging
severity of KC disease, in the KC participants in this thesis, as explained in Chapters 2 and 3.

1.4.7 RISK FACTORS

Risk factors for KC include genetics (family history), eye rubbing, and specific medical
conditions such as atopy (allergies), asthma, and Down syndrome. Environmental influences,
such as extended contact lens use, UV exposure, and potentially sleeping positions, may also

contribute.

1.4.7.1 MECHANICAL & ENVIRONMENTAL FACTORS
A significant risk factor for corneal weakening is eye rubbing, along with related conditions such
as ocular surface inflammation, ocular allergy, and atopy (Galvis, Tello et al. 2017; Ahuja,
Dadachanji et al. 2020). Eye rubbing is the most preventable risk factor. Sixty seconds of eye
rubbing increases tear concentrations of matrix metalloproteinase 13 (MMP-13), interleukin 6
(IL-6), and tumour necrosis factor alpha (TNF-a) in healthy eyes (Balasubramanian, Pye et al.
2013). Compared with normal eyes, KC patients show increases in tear protease levels, proteolytic
activity, and inflammatory mediators, along with a high density of Langerhans cells in the central
cornea. These biomarkers are associated with eye rubbing, which supports the role of

inflammation in the onset and disease progression in KC and (Ferrini, Posarelli et al.2024).

Case-control studies provide some of the most convincing evidence of an association between
KC and chronic abnormal eye rubbing (Bawazeer, Hodge et al.2000), although this is not a causal
relationship. Eye rubbing has been implicated as a source of repetitive microtrauma (McMonnies
2015). The odds ratio of developing KC was 3 times greater in those who abnormally rubbed their
eyes daily compared with those who did not (Hashemi, Heydarian et al.2020).

In those with KC, persistent and vigorous eye rubbing increases ocular tissue protease activity
and the release of inflammatory mediators, which are then expelled through tears, potentially
accelerating disease progression (Moura, Santos et al.2021). The tears serve as a route for these
elevated proteases and inflammatory mediators to leave the ocular surface. This mechanism,

involving molecules such as MMP-13, IL-6, and TNF-0, suggests that managing eye rubbing
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could be a strategy to slow the structural changes in the cornea that characterise KC. Recognised
environmental risk associations include poorly fitting rigid corneal contact lenses, chronic eye
rubbing and allergic eye disease (Rabinowitz 1998), but not all patients who rub their eyes will
go on to develop KC (Davidson, Hayes et al.2014). Poorly fitting rigid contact lenses, such as
those with apical bearing, may increase the risk of KC by inducing repeated mechanical
microtrauma to the corneal epithelium and anterior stroma (Ghosh, Mutalib et al.2017), leading
to epithelial disruption, the release of inflammatory mediators and up-regulation of matrix-

degrading enzymes that weaken corneal biomechanical integrity (Zhang and Li 2020).

Face-down sleep positioning, a resting posture against the eye, and its associated elevation in IOP
may also be a contributing factor to the development and progression of KC (Turner, Girkin et

al. 2019).

Endothelial cell alterations are a likely secondary event resulting from mechanical stresses in
poorly fitting contact lenses (Sturbaum and Peiffer 1993). These events lead to polymegethism,
endothelial cell degeneration, and anterior chamber inflammation (Al-Hazzaa, Specht et al. 1995)
and may influence inflammation-related pathways occurring within keratoconic eyes
(McMonnies 2015; Balasubramanian, Pye et al.2010). Eye rubbing will be discussed in detail in

later sections.

1.4.7.2 AGE

With ageing, collagen fibrils in the cornea thicken, which increases natural cross-linking and leads
to greater tissue stiffness, as measured by Young’s modulus (Kamml, Acevedo et al.2023). Age
is recognised as a significant risk factor for KC progression, as the condition can manifest very
early in life (Hashemi, Asgari et al. 2020). These inherent changes may explain why an earlier
onset of KC is linked to a higher risk of disease progression, which continues into the third or
fourth decade of life, after which progression usually halts (Torres Netto, Al-Otaibi et al.2018).
Therefore, children and adolescents diagnosed with KC are at a higher risk for rapid progression
compared to adults (Algasimi, Aljohani et al.2025). A clear inverse correlation between age and
severity of KC, with the distribution ratios of KC in younger, middle, and older age groups being
17.2%, 75.3%, and 7.5%, respectively, and the distribution ratios of patients according to their
sex were 37.8% for women and 62.2% for men (Ertan and Muftuoglu 2008).

1.4.7.3 BIOLOGICAL & HORMONAL FACTORS
Hormonal fluctuations during pregnancy negatively affect corneal biomechanics, potentially
increasing the risk of KC progression (Bilgihan, Hondur et al.2011), as oestrogen may play a
role in maintaining corneal thickness and stromal structure (Cheung, Angelo et al. 2025). The

cornea has oestrogen and progesterone receptors (Suzuki, Kinoshita et al. 2001). Hormonal
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fluctuations during puberty, pregnancy, and the use of hormone-altering medications, such as oral

contraceptives, which influence hormonal balance, may affect the pathophysiology of KC.

Those with KC have lower levels of iron-binding proteins (lactoferrin and transferrin), as well as
copper, selenium, and zinc (Lopez-Lopez, Regueiro et al.2021) however, there is little evidence
suggesting that mineral cofactor supplementation will delay the onset or reduce the progression

of KC (Wang, Zolnik et al.2023).

Variations in catalase and glutathione peroxidase are independent predictive factors for KC
severity, conceivably due to compromised defence mechanisms against mechanical trauma to the
corneal tissue. These findings emphasise the significant contribution of oxidative stress
mechanisms in the underlying pathophysiological processes of KC development and progression

(Abdul-Maksoud, Fouad et al.2020).

Vitamin D deficiency has been linked to KC since the 1930s and has been supported by recent
studies (Yin, Pintea et al.2011; Akkaya and Ulusoy 2020). Vitamin D levels may influence the
progression of KC in adolescent patients who exhibit Vitamin D insufficiency. This effect may
occur through mechanisms such as modulating systemic inflammation, inhibiting collagen
degradation, and promoting proteoglycan synthesis (Bartolomeo, Pederzolli et al. 2025).
Assessing serum vitamin D levels in patients with KC at initial diagnosis and during follow-up

could aid in predicting disease progression (Aslan, Findik et al.2021).

Corneal matrix rigidity, a vital factor in controlling cellular function and tissue stability across
body systems, is abnormal in KC. Matrix stiffness plays a key role in many cellular processes,
such as mitotic activity, cell growth, movement, uptake of extracellular material, and other

important physiological mechanisms (Amit, Padmanabhan et al.2020).

Endocytic processes are associated with matrix biomechanical properties in KC tissue (Shetty,
D'Souza et al. 2020) potentially elucidating the complex interplay between mechanical stress

factors and biochemical pathways in the development and progression of KC.

1.4.7.4 GENETICS AND HERITABILITY
As stated in the introduction, the precise aectiology of KC remains unknown; several studies
suggest that genetic background plays a significant role in the pathogenesis of the disorder
(Rabinowitz 2003). It is also widely accepted that a family history of KC is strongly associated

with a diagnosis of the disease (Almusawi and Hamied 2021).

Genetic testing involves analysing DNA, the chemical building blocks of genes, to identify
changes (mutations) that can cause certain diseases. This type of testing also helps detect risk

factors associated with the likelihood of developing a specific disease.
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“AvaGen” (https://avellino.ai/products/avagen/) is a genetic test that has been proposed for KC;

however, the medical community has utilised it as a mere instrumental tool to ascertain KC risk
through polygenic risk scoring. Clinicians are yet to be convinced about the clinical validity and

utility of the test since its introduction (Moshirfar, Pandya et al.2024).

Numerous genome-wide linkage studies (GWLS) involving families affected by specific diseases
have been carried out. These studies trace the inheritance of genetic markers across the genome
in conjunction with the disease, spanning multiple generations of related individuals (Arélin,
Schulze et al.2013). By genotyping family members with a panel of genetic markers, scientists
can identify chromosomal regions that consistently segregate with the disease phenotype across

various families.

Linkage studies constitute a significant approach within the broader spectrum of genetic
investigation methodologies (Table 1-4) describes several forms of genetic studies (Altshuler,

Daly et al.2008).

Table 1-4: Types of genetic studies.

Aimed at the identification of genetic markers inherited together with
Genetic linkage a locus for a specific trait or a disease, because of their proximity to
one another on the same chromosome

Aimed at testing whether genetic markers (i.e., single-nucleotide
Genetic association polymorphisms [SNPs]) differ between two groups of individuals
(cases vs. controls)

Aimed at allowing researchers to identify the complete nucleotide
sequence of genes and intergenic regions of the genome

Genomic sequencing

Genetic expression
Aimed at detecting and quantifying messenger RNA (mRNA) levels
of a specific gene

Aimed at detecting and quantifying the complete set of RNA
transcripts that are produced by the genome

Aimed at studying the biochemical, cellular, and physiological
Genetic functional properties of gene products, sometimes including intergenic regions
of the genome.

Genetic transcriptomic

KC is a complex disorder thought to be caused by multiple genes acting independently or
interacting with one another (Hardcastle, Liskova et al.2021). Genome-wide association studies
(GWAS) help identify numerous genetic loci associated with KC endophenotypes by examining
differences in single-nucleotide polymorphism (SNP) allele frequencies across the genome.
Advanced genomic and transcriptomic technologies have successfully uncovered multiple genetic
factors necessary for the development of KC (Moon, Kaur et al. 2025). These investigations
provide valuable insights into the genetic basis of a condition. Calpastatin or “CAST” gene
variants, for example, interact with eye rubbing in KC (Yin, Xu et al.2024), and it is thought that

this interaction contributes to the biological mechanisms underlying KC development.
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GWAS are large-scale studies where multiple SNP markers are genotyped (Miyake, Yamashiro
et al.2015). These studies are performed in large groups of cases and controls. Several GWAS
on central corneal thickness and corneal curvature have been conducted, under the hypothesis that
the “genetic factors underlying these traits would probably also be involved in the development
of KC”; yet, only a SNP in one gene was significantly present for both traits (Gao, Nannini et al.
2016). A multitrait polygenic risk score (PRS) effectively predicted incident KC and progression
in an independent cohort, suggesting its potential use in clinical settings to identify patients at

high risk of post-surgery ectasia or needing KC intervention (Lee, Stapleton et al.2025).

Consanguinity is a significant risk factor for KC development (Gordon-Shaag, Millodot et al.
2013). Genetic predisposition, as seen in studies on monozygotic and dizygotic twins, in which a
higher level of concordance was found in the expression of the disease among the pairs of
monozygotic twins (Schmitt-Bernard, Schneider et al. 2000) has also been described as an
additional risk factor. Specific systemic disorders are known to be associated with increased
prevalence of KC. These include Down syndrome, retinitis pigmentosa, Turner syndrome,
connective tissue disorders such as Marfan’s, Ehlers-Danlos syndrome, osteogenesis imperfecta,

and pseudoxanthoma elasticum (Mas Tur, MacGregor et al.2017).

Although most studies suggest a dominant mode of inheritance, formal genetic analyses are
needed to accurately define hereditary patterns for various subtypes of KC and elucidate the role
genetic influences may play in its pathogenesis (Rabinowitz 1998). Relatives of patients with KC
have an elevated risk compared to those with unaffected relatives. Most of the familial KC is
autosomal dominant, while an autosomal recessive pattern has also been suggested (Gordon-
Shaag, Millodot et al. 2015; Rabinowitz, Galvis et al. 2021). The odds ratio for those with a
family history of KC was 6.42 (95% CI: 2.59 — 10.24), showing the significant influence of
genetics (Hashemi, Heydarian et al.2020).

A systemic predisposition to KC has been suggested, indicating that KC may be the local
expression of a broader systemic disease. This perspective could facilitate earlier detection and
prevention, while also opening avenues for research into new treatments that target the underlying
pathogenetic mechanisms of KC, rather than focusing solely on the corneal condition (Pederzolli,

Procopio et al.2025).
1.4.8 PATHOPHYSIOLOGY

Corneal anatomy is predominantly governed by the integrity of the stromal layer, which
constitutes 90% of the total tissue thickness (Singh, Koh et al.2024). Histologically, the stroma
is predominantly composed of collagen fibrils, organised into lamellae in a non-isotropic
orientation. Biomechanical structural failures in the cornea are the main factors contributing to

the onset and development of KC (Vought, Greenstein et al. 2025). These factors include
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disruptions in the organisation of collagen lamellae, lowered collagen levels, reduced natural
crosslinking of collagen, and changes in lysosomal enzyme activity (Cheng, Maruyama et al.
2001). Additionally, immunological changes have been recognised in KC, thereby challenging
the conventional view of the condition as noninflammatory (Chaerkady, Shao et al.2013). The
biochemical abnormalities observed in the KC cornea (epithelium and stroma) include increased
levels of degradative enzymes and decreased levels of protease inhibitors (Zhou, Sawaguchi et

al. 1998).

Elevated concentrations of proinflammatory cytokines in KC eyes, such as IL-1b, IL-6, IL-17,
and TNF-a, have been documented (Gatzioufas, Charalambous et al.2008; Balasubramanian, Pye
et al.2013), in conjunction with increased keratocyte apoptosis. Furthermore, elevated oxidative
stress incites the activation of collagenase and gelatinase enzymes (Kolozsvari, Petrovski et al.

2014), which may induce different effects on the severity of KC in an age-dependent manner.

The expression of extracellular matrix-related proteins (such as LOX, MRC2, FMOD, and
KERA) is decreased in KC, suggesting disruptions in inflammatory factors, matrix metabolism,

and apoptosis in KC eyes (Song, Song et al.2024).

Corneal thinning and corneal irregularity in KC primarily arise from the disruption of normal
stromal collagen organisation (Kodavoor, Sugali et al.2024). The stromal lamellae are composed
of uniformly shaped collagen fibrils, predominantly consisting of type I collagen (Rigi, Son et al.
2024). In the anterior one-third of the cornea, most lamellae are woven together in an
anterior/central arrangement, providing biomechanical strength to the cornea. Deeper into the
stroma, this lamellar orientation shifts to a more parallel and orthogonal alignment; the lamellae
are ideally oriented in a superior-inferior and nasal-temporal direction (Figure 1-11).
Glycosaminoglycans provide support to the lamellae, helping to uphold structural integrity
(Willoughby, Ponzin et al. 2010). Starting about 2 mm away from the limbus, the lamellae
transition to a tangential and annular arrangement, enhancing the biomechanical support for the

corneal optical framework.
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Figure 1-11: Structural changes in the corneal architecture contributing to the pathophysiology of
keratoconus, image reproduced with permission (Vought, Greenstein ef al. 2025).

The biochemical processes underlying the development of KC appear to play a significant role in
its pathogenesis (Wojcik, Blasiak et al.2014). The increased thinning of the cornea appears to be
linked to degradation of the extracellular matrix, driven by elevated activity of proteolytic
enzymes such as metalloproteinases, coupled with reduced levels of their inhibitors. The
mechanical stretch in KC corneas enhances the expression of many protease genes in stromal
cells, exacerbating ECM degradation (Song, Song et al. 2024). However, the loss of structural
integrity in the KC cornea may be caused by the redistribution and slippage of the lamellae, rather
than by collagen degradation (Vellara and Patel 2015). Additionally, aberrant differentiation of
corneal epithelial cells and enhanced inflammatory signals can be found (Passaro, Rinaldi et al.

2025), causing a lack of cellular homogeneity in the corneal epithelium.

All contact lens designs, including soft, rigid, and scleral, inevitably induce mechanical
interaction with the ocular surface. By acting as foreign bodies, they alter the normal lid cornea
interface and generate frictional forces during blinking and eye movements (Waghmare and Jeria

2022).

Likewise, vigorous rubbing can release inflammatory mediators (Balasubramanian, Pye et al.
2013). The observed decrease in keratocyte density during confocal microscopy (Erie, Patel et al.
2002), combined with eye rubbing, could impact corneal transparency (Otri, Fares et al. 2012)
and, in turn, affect corneal health. Increases in the level of matrix metalloproteinases,
collagenases, and proteases, all of which have proteolytic activity on the cornea, lead to reduced

biomechanical stability and progressive corneal thinning (Balasubramanian, Pye et al.2010).
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Using high-frequency ultrasound elastography, the regional biomechanical responses of the
human cornea under elevated IOP were measured in both normal and KC eyes. It observed
variations in normal eyes and significant local weakening in KC eyes, offering new insights into
why KC corneas become conical (Kwok, Hazen et al.2021) and possibly as a result of disease-

specific radial, tangential, and shear strains through the corneal stroma in KC.
1.4.9 DIAGNOSIS OF KERATOCONUS

Early diagnosis and prompt detection of KC enable better patient management by closely
monitoring disease progression and applying appropriate interventions when needed (Singh, Koh
et al. 2024). Accordingly, scientific investigations into KC detection have mainly focused on
identifying the initial clinical signs of corneal disease. Research efforts have been directed at
establishing differential diagnostic criteria between conditions such as "forme fruste KC",
(FFKC) (characterised by normal corneal topography and slit lamp findings but with contralateral
KC) (Jankov and Kasumovi¢ 2022) and "KC suspects" (defined as preclinical or subclinical
presentations with unremarkable slit lamp examinations but exhibiting inferior corneal steepening
or asymmetry while maintaining normal visual acuity) from truly unaffected corneas (Li, Huo et

al. 2025).

While most literature agrees on diagnosing clinically significant KC, there is still no clear
consensus among clinicians regarding the diagnosis of mild, FFKC, or subclinical KC (Belin,
Asota et al. 2011). Elevation-based topography systems analyse both anterior and posterior

corneal surfaces, helping identify eyes believed to be at risk.

Currently, no single metric can distinguish early KC disease from normal corneal parameters.
Therefore, diagnosing KC requires a thorough assessment of various corneal features, including
the evaluation of interocular asymmetry (Naderan, Rajabi et al.2017; Li, Huo et al.2025). To
enhance diagnostic precision, researchers have developed composite scoring indices that integrate

various corneal parameters into unified assessment frameworks (Saad and Gatinel 2010).

As previously stated, KC is a condition characterised by progressive thinning and corneal
protrusion into a conical shape. Sphere-forming cells, which constitute stem cell-enriched
populations derived from the cornea (Wadhwa, Ismail et al.2020) exhibit opposing behaviour
patterns in KC compared with normal corneas. The sphere-forming cell populations in KC may
represent a significant factor in elucidating the aetiology underlying disease progression. KC
might even be an inability for the cornea to repair itself (Li, Ismail et al. 2021). A detailed
understanding of these sphere-forming cell traits may enable the development of better and more

effective diagnostic methods in the early stages of KC.
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A two-step decision tree can also be used to screen for KC. OCT pachymetry and epithelial
thickness map patterns in conjunction with topography have been developed to aid in early

detection (Li, Yang et al.2020).

Al methods have great promise for revolutionising the diagnosis of KC by enhancing both the
accuracy and sensitivity of early detection, particularly when used alongside imaging
technologies (Gideon Abou Said, Gispets et al.2025). Corneal topography is currently one of the
most important tools for the imaging diagnosis of corneal diseases related to the alteration of

corneal morphology, and more concretely, for the diagnosis of KC (Pinero, Nieto et al.2012).

The occurrence of KC in association with a wide range of other diseases may also provide clues
as to the underlying genetic mechanism (Weed, MacEwen et al.2008), so clinicians need to be
mindful of such systemic associations and screen for corneal disease or recommend referral to

other consultants for systemic workup, where necessary (Randleman, Dupps et al.2015).
1.4.10 CORNEAL TOPOGRAPHY

Corneal imaging has made significant advancements over the past 40 years, beginning with
computerised colour-coded topography, which transitioned from simple keratoscopy (Klyce
1984). The primary objective of corneal topography or keratoscopy is to provide precise
meridional characterisation of corneal surface geometry (Corbett, Maycock et al.2019). Modern
topographic systems utilise electronic image capture and advanced computational algorithms to
enable immediate analysis of reflected patterns (videokeratoscopy). This method has
demonstrated that the corneal surface exhibits asphericity, best described as an elliptical shape
with gradual flattening at the edges, characterised by varying rates of curvature change towards

its central axis (Maloof, Ho et al. 1994).

During the initial phases of KC, diagnosis can be challenging, particularly because conventional
clinical signs may be minimal or absent, and sensitive detection typically relies on technologies
such as corneal topography, corneal tomography, anterior segment OCT, or biomechanical
assessments (Magklaras, Karamitsou et al. 2026). Subtle differences in the posterior corneal
elevation (Du, Chen et al. 2015), corneal hysteresis (Zhao, Shen et al. 2019), and corneal
resistance (Sedaghat, Ostadi-Moghadam et al. 2018) could be detected by elevation-based
topography and biomechanics, respectively; however, none of these subtle changes appears to
have enough sensitivity or specificity to be used alone to make an absolute diagnosis (Shi 2016).
Retinoscopy has also been used as a screening tool for KC (Al-Mahrougqi, Oraba et al. 2019),
which appears to be a very sensitive and reliable test for detection, including early disease;
however, this technique is also known to have limitations (Song, Chen et al.2022). For example,
qualitative limitations of retinoscopy include high skill requirements, dependence on patient

attention and ability, potential inaccuracies with increasing refractive errors, procedural
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variations, issues in measuring certain populations like young children, and the presence of

involuntary ocular movements that can potentially affect the reflex (Enaholo, Musa et al.2025).

In a clinical setting, it is now considered that to detect and confirm a diagnosis of KC strongly
relies on computerised corneal topography/tomography, based on the principles of Placido disc
and Scheimpflug imaging (Rabinowitz and Rasheed 1999), with the latter being the most accurate
method of assessing true corneal shape due to the assessment of both anterior and posterior points
of corneal elevation (Ambrosio, Luz et al.2014). Topography maps with high astigmatism or an

asymmetrical bowtie pattern are often suggestive of KC (Rabinowitz 1998).

A morpho geometric approach, where the cornea is analysed as a solid to look for characterisation
and inconsistencies (Cavas-Martinez, Bataille et al. 2017) detects evidence of KC at an earlier

stage, but this detection system has clinical limitations.
1.4.11 CORNEAL TOMOGRAPHY

As previously mentioned, reflective topographic systems are limited to characterising only the
anterior corneal surface morphology. Therefore, a variety of advanced diagnostic tools have been
developed to provide tomographic imaging, a technique that captures multiple 2D images and
reconstructs them computationally into detailed 3D models. These technologies include slit-
scanning systems, Scheimpflug devices, and OCT (Belin and Ambrosio 2013). Early research in
Al and corneal topography using neural networks improved KC detection on the TMS-1
videokeratoscope topographer (Computed Anatomy Inc.) (Smolek and Klyce 1997). This was
followed by a Sirius support vector machine (Sirius, CSO, Florence, Italy) (Arbelaez, Versaci et
al. 2012), which used Scheimpflug tomography to differentiate KC from Non-KC and KC
suspects. The classification algorithm demonstrated high accuracy, precision, sensitivity, and
specificity in distinguishing among eyes with abnormality, KC, subclinical KC, and Non-KC. The
incorporation of parameters related to the posterior corneal surface and thickness significantly
enhanced the diagnostic sensitivity for subclinical KC. In instances of progressive corneal ectasia,
changes in the posterior corneal structure are identified as primary signs of disease progression,
often occurring before noticeable topographical changes on the anterior corneal surface become
apparent (Saad and Gatinel 2013). Consequently, evaluating the shape and thickness of the

posterior cornea is increasingly important in clinical settings.
Several tomography-based tools that are available for clinical use include:

1.4.11.1 SLIT SCANNING DEVICES
The Orbscan III (Bausch & Lomb) represents the latest advancement in the Orbscan series of
anterior segment (AS) analysers. Building upon the capabilities of its predecessor, the Orbscan
11z, this device integrates slit-scanning technology with a sophisticated Placido disc system to

measure the anterior and posterior corneal surfaces (Gharieb, Othman et al.2020). It also provides
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comprehensive corneal pachymetry and anterior chamber depth assessments. Notably, the
Orbscan 3 offers significantly higher resolution, capturing up to 23,000 data points compared with

the 9,000 points recorded by the Orbscan Iz (Cairns, Collins et al.2003).

The Orbscan III scans the anterior corneal surface by using sequential slit images while also
recording ocular movements and reflection data from the Placido disc. These data are then
compiled to create a three-dimensional reconstruction of the anterior and posterior corneal
surfaces. Unlike traditional keratoscopy, the Orbscan 3 utilises a hybrid methodology that
combines slit-scan triangulation with surface reflection techniques to evaluate corneal
morphology (Rio-Cristobal and Martin 2014). This integrated approach enables precise
determination of elevation, slope, and curvature. In addition to standard axial and tangential maps,
the system also produces elevation maps, where the relative height of the cornea is compared
against a best-fit spherical reference surface (Swartz, Marten et al.2007). Areas elevated above

this reference surface are depicted in red, while depressions below it are shown in blue.

Repeatability of Orbscan III in measuring steep keratometry (sKm), flat keratometry (fKm),
thinnest corneal thickness (TCT), anterior chamber depth (ACD), white-to-white diameter
(WTW) and 3 mm and 5 mm zonal irregularity in healthy eyes was assessed in 50 patients (25
male and 25 female). sKm, fKm, TCT and WTW showed test-retest variability (TRT) of 0.31,
0.29, 21.5 and 0.27, respectively, and the Intraclass Correlation Coefficient (ICC) values were
found to be over 0.9, denoting high repeatability (Sharma, Jain et al.2020).

1.4.11.2 SCHEIMPFLUG IMAGING DEVICES
Scheimpflug imaging technology is based on a principle patented in 1904, originally applied to
correct perspective distortion in aerial photography (Wegener and Laser-Junga 2009). Unlike
traditional photography, in which the film, lens, and focus planes are parallel, Scheimpflug
imaging involves tilting the lens plane to align them. This configuration enhances depth of focus,

enabling sharp images from the anterior to the posterior corneal surface.

The Oculus Pentacam (Oculus, Wetzlar, Germany) (Figure 1-12) was the first device to employ
a rotating Scheimpflug camera to deliver three-dimensional, non-contact imaging of the anterior
segment (AS) (Ambrosio, Faria-Correia et al.2013). The technology utilises a UV-free 475 nm
blue light source and two camera systems (Jones, Walsh et al. 2024): a rotating Scheimpflug
camera that captures up to 50 cross-sectional images from angles spanning 0 to 180 degrees during
a single scan, collecting approximately 25,000 elevation data points in just 2 seconds, and a static
pupil camera that monitors eye fixation to correct for movement and automatically measure pupil

size (Oculus 2017).
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Figure 1-12: Oculus Pentacam.

The software uses algorithms to correct image distortion resulting from camera optics and the
optical characteristics of the anterior segment (Quisling, Sjoberg et al.2006). The device pictured
in Figure 1-12 is the Pentacam basic model, and the actual instrument used in the measurements

undertaken in this thesis (Chapters 3 and 5).

Thanks to its rotating camera, the Pentacam provides highly accurate measurements even in
irregular corneas, where reflective Placido-based systems often have difficulty. Its successor, the
Pentacam HR (High Resolution), is based on the same core imaging principles but features a
Charge-Coupled Device (CCD) sensor and improved optics, enabling the capture of up to 100
high-resolution Scheimpflug images and analysis of up to 138,000 distinct elevation points
(Oculus 2017). A CCD device converts an electrical signal into an output that includes digital

values.

Similar to the Orbscan system, Pentacam maps use colour coding to show elevation or depression
relative to a reference shape, usually a best-fit sphere, rotational ellipse, or toric surface. Several
studies indicate that the Pentacam performs better than the Orbscan in assessing posterior corneal
elevation in postoperative corneas, mainly because the Orbscan is more affected by light scatter
during image capture (Ha, Kim et al. 2009; Cairns and McGhee 2005; Matsuda, Hieda et al.
2008). To date, only one study has directly compared metrics between the Pentacam HR and

Orbscan 3, revealing clinically significant differences in ACD and elevation (anterior and
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posterior) at the corneal thinnest point using a best-fit sphere reference (Gharieb, Othman et al.

2020).

1.4.11.3 EYE SURFACE PROFILER
The Eye Surface Profiler (ESP) by Eaglet-Eye represents a significant advancement as the first
instrument to measure curvature and sagittal height across a 20 mm diameter, encompassing the
cornea, corneo-limbal junction, and sclera. This technology employs double-projection Fourier
transform profilometry to capture over 350,000 measurement points across the anterior eye
surface (eaglet-eye 2025). The ESP imaging involves applying sodium fluorescein to the eye and
projecting a grid pattern. As a direct visualisation projection technique, it minimises the
topographic distortions common in reflection-based technologies such as Placido disc systems.
Research (Iskander, Wachel et al.2016) has validated the ESP's accuracy on PMMA test surfaces
and its repeatability on human eyes. The ESP has several limitations when used for KC, primarily
related to the potential for acquisition errors like blinking or poor fixation, which necessitate
repeat scans, the limited diagnostic accuracy of topographic data alone for KC detection, and

potential errors in peripheral measurements (Iskander, Wachel et al.2016).

Current ophthalmic literature contains few peer-reviewed studies assessing the repeatability of
the ESP in human eyes, especially those directly comparing it with devices such as the Oculus
Pentacam or other tomography-based systems. Most existing data on the ESP comes from
manufacturer publications or commercial documents that primarily focus on anterior surface
profiling, such as high-density profilometry, rather than from independent clinical research on its
repeatability (eaglet-eye 2025). However, insights from research on epithelial thickness and
anterior segment repeatability, especially using OCT technologies, are useful for assessing the
measurement consistency and performance of advanced devices such as the ESP compared with

Pentacam results (Kumar, Shetty et al.2017).

1.4.11.4 ANTERIOR-SEGMENT OPTICAL COHERENCE TOMOGRAPHY
OCT is an advanced imaging technique that uses infrared light to produce high-resolution, cross-
sectional images of biological tissues at the micrometre scale, all without contacting the tissue
being examined. The technology is based on Michelson interferometry, where the system
compares two light beams: a reference beam and another that reflects off the tissue under
examination (Fujimoto 2003). Interference patterns occur when the lengths of the light paths are
aligned within the coherence length of the light. The system measures the intensity and depth of
light reflected or scattered from targeted tissue areas, creating a reflectivity profile (an A-scan),
similar to ultrasound imaging. Multiple A-scans are combined to produce a detailed tomographic
image (B-scan). This method resembles ultrasound B-mode imaging but uses light instead of
sound waves. In this form of OCT, a Michelson interferometer produces the interference pattern

(Yadlowsky, Schmitt et al.1995). A CCD camera detects this interference pattern, which contains
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information about sample depth and structure. The OCT system gathers data by identifying varied
reflection patterns from transparent eye tissues. Stronger reflections occur at material interfaces
with differing refractive indices; larger differences produce more intense reflected signals. The
generated 2D images are subsequently processed using software to correct any movement artifacts
that may have arisen during image capture. The final B-scan offers a comprehensive cross-
sectional view of the examined structure, resembling a histological section while being obtained

non-invasively. (Drexler, Morgner et al.2001).

OCT adaptation for anterior segment (AS) imaging was first documented in 1994 (Izatt, Hee et
al. 1994), necessitating adjustments to devices originally designed for retinal imaging. Today,
commercially available Anterior Segment OCT (AS-OCT) systems, delivering resolutions
between 2 and 20 um, are widely accessible. These systems are used to examine the cornea,
particularly for measuring changes in epithelial and total corneal thickness after procedures such
as refractive surgery, and for evaluating corneal thickness (Reinstein, Archer et al. 2022),
glaucoma cases (Dueker, Singh et al. 2007), monitoring corneal edema, and assessing DED
(Stein, Wollstein et al. 2006). AS-OCT is a vital diagnostic instrument for tracking changes in
corneal health, encompassing infections, dystrophies, and degenerative conditions. It also helps
assess glaucoma risk factors, such as central corneal thickness and narrow anterior chamber

angles.

AS-OCT is beneficial for contact lens fitting and assessment (Valdes, Romaguera et al.2022).
The technology helps evaluate peripheral corneal and corneoscleral topography to predict soft
lens fit and to quantitatively assess lens edge interactions with the conjunctiva. It is particularly
valuable for complex contact lens designs, including keratoconic rigid corneal and large-diameter
rigid corneal and scleral contact lenses. On-screen callipers allow precise measurement of the
vault (the space between the cornea and the lens back surface) and visualisation of the lens landing

zone, enabling quick and accurate fit adjustments.
Three distinct OCT technologies are available for anterior segment imaging:

1.4.11.4.1 TIME-DOMAIN OCT
TimeZDomain Optical Coherence Tomography (TDZAJCT) is a fundamental optical imaging
modality that utilises lowZoherence interferometry. In this approach, a movable reference mirror
within a Michelson interferometer sequentially varies the optical path length to produce
depthZesolved reflectivity profiles (A&cans) from backZcattered light (Konstantopoulos and
Hossain 2010). Temporal scanning of the reference mirror limits data acquisition to
approximately 2,000 AZcans per second, resulting in prolonged acquisition times, increased
susceptibility to motion artifacts, and reduced sensitivity compared with Fourier4Zlomain and

sweptBource OCT implementations (Zeiss Visante OCT; Carl Zeiss Meditec, Dublin, CA, USA)
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(Fishman, Pons et al. 2005). The Visante ASZCT, a commercially available TDZCT system
specifically designed for anterior segment imaging, employs a 1310 nm super luminescent diode
light source, which enables deeper tissue penetration and improved visualisation of highly
reflective structures such as the sclera, iris, and chamber angle, compared with the shorter
wavelengths used in posterior segment OCTs (e.g., 820 - 870 nm) (Radhakrishnan, Rollins et al.
2001).

The extended wavelength reduces light scattering in turbid media and enables a wider field of
view (up to 16 mm scan width and approximately 6 mm depth), with an axial resolution of
approximately 18 pum and a transverse resolution of 60 pm. This configuration facilitates
nonZontact imaging and quantitative assessment of anterior segment morphology, including
corneal thickness, anterior chamber depth, and parameters relevant to implantable lens modelling
(Itzkan and Izatt 2003). Although this setup supports anterior segment evaluation and is widely
used in clinical and research settings, including phakic intraocular lens positioning and glaucoma
angle analysis, it is limited by its slower AZcan rate and reliance on mechanical scanning,
resulting in lower image resolution and sensitivity compared to modern Fourier4Zlomain and
sweptAource OCT platforms, which attain significantly higher scanning speeds and finer axial
resolution (Ang, Baskaran et al. 2018b). Consequently, while the Visante ASZACT remains
valuable for broad structural analysis, it is less effective at visualising finer microstructural

features than newer frequencyZlomain systems.

1.4.11.4.2 SPECTRAL-DOMAIN OCT

Spectral-Domain OCT, also known as Fourier-Domain OCT, uses a fixed reference mirror and a
spectrometer to detect interference patterns, which are then transformed to produce A-scans.
Operating at wavelengths between 820 to 879 nm, SD-OCT delivers superior axial resolution (5
pm compared to TD-OCT's 17 um), although it has reduced tissue penetration depth (Ramos, Li
et al.2009). SD-OCT captures images between 25,000 to 50,000 A-scans per second, eliminating
the need for a moving mirror. SD-OCT systems can produce three-dimensional images by
stitching together multiple parallel B-scans. These 3D renderings resemble three-dimensional
topographies and can be rotated and adjusted for improved visualisation (Rio-Cristobal and
Martin 2014). Popular commercial SD-OCT systems include Topcon's 3D models OCT-1000,
OCT-2000, and Maestro (3D OCT-1000, OCT-2000; Topcon Inc., Tokyo, Japan); Carl Zeiss
Meditec's Cirrus HD-OCT (Carl Zeiss Meditec Inc., Dublin, Calif.); Optovue's iVue-100
(Optovue Inc.); and Heidelberg Engineering's SPECTRALIS SD-OCT (Heidelberg Engineering
Inc., Heidelberg, Germany).

1.4.11.4.3 SWEPT-SOURCE OCT
Swept-Source Optical Coherence Tomography (SS-OCT) for the anterior segment is a non-

invasive imaging technique characterised by high resolution. It uses Fourier-domain technology
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to produce both cross-sectional and three-dimensional images of ocular structures at the front of
the eye. SS-OCT features a rapidly tuneable laser source that swiftly sweeps across a wide range
of wavelengths, typically between 1050 and 1300 nm (Bille 2019; Pérez-Bartolomé, Rocha-De-
Lossada et al. 2021). This extended wavelength range enables deeper tissue penetration than
spectral-domain OCT systems, improving visualisation of the entire anterior segment, from the

cornea to the anterior vitreous.

The operational principle involves directing a swept-frequency laser beam at the front structures
of the eye, where it is reflected or scattered by various tissue interfaces (Dembski, Nowinska et
al. 2021). The reflected light is combined with a reference beam to form interference patterns.
Instead of a spectrometer, SS-OCT uses specialised photodetectors to capture these interference
signals, which are then processed via Fourier transformation to generate depth-resolved
reflectivity profiles called A-scans. Multiple A-scans are assembled into two-dimensional cross-
sectional images, known as B-scans, which can be combined into detailed three-dimensional
volumetric renderings (Aumann, Donner et al.2019). SS-OCT systems used for anterior segment
imaging usually offer axial resolutions between 1 and 10 pm and can capture up to 108,000 A-
scans per second (Chen, Potsaid et al. 2022). This fast scanning minimises motion artefacts,
resulting in clearer visualisation of dynamic structures in the anterior segment. Typically, the
technology provides anterior and posterior corneal topography features, enabling quantitative
measurement of ocular parameters, including corneal thickness profiles, ACD, angle

configurations, and lens dimensions.

The clinical uses of anterior segment SS-OCT include detailed corneal evaluations, precise
contact lens fitting assessments, anterior chamber angle examinations for glaucoma risk
assessment, surgical planning for refractive and cataract procedures, and postoperative
monitoring of anterior segment treatments. SS-OCT, the newest OCT technology on the market,
utilises a tuneable laser that scans multiple wavelengths to generate an interferogram. This
interferogram is then analysed using Fourier methods to generate an A-scan, with multiple A-

scans combined to create cross-sectional images called B-scans (Ramos, Li et al.2009).

SS-OCT provides exceptionally high-resolution imaging, replacing CCD cameras. (Aumann,
Donner et al. 2019) with photodetectors to achieve a resolution as fine as 1 um (Matalia,
Chinnappaiah et al.2020). The ability to capture images much faster reduces artifacts from eye
movements, leading to the term "high-speed SS-OCT". Furthermore, numerous SS-OCT imaging
modules provide anterior and posterior corneal topography features. Commercial SS-OCT
devices include Topcon's DRI OCT Triton (Figure 1-13), Tomey Corporation's CASIA2 OCT,
and Heidelberg Engineering's ANTERION.
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Figure 1-13: Topcon Triton SS-OCT.

The ongoing development of anterior segment OCT technology has significantly enhanced a
clinician's capacity to visualise ocular structures, making these devices increasingly vital in
clinical practice, especially for practitioners involved in contact lens fitting and managing anterior
segment conditions (Shan, DeBoer et al.2019). The device shown above was used for the study

measurements in this thesis (Chapters 2 and 5).
1.4.12 CONFOCAL MICROSCOPY

Confocal microscopy differs from traditional microscopy in that defocusing causes the image to
vanish rather than appear blurred. The unique features of the confocal microscope stem from its
ability to focus the illuminating light and the objective's focal plane precisely on the same point
(Bohnke and Masters 1999). The primary functions are to produce a point source of light and
reject out-of-focus light, which provides the ability to image deep into tissues with high resolution
and optical sectioning for 3D reconstructions of imaged samples (Figure 1-14) (Elliott 2020). This
technique facilitates high-resolution imaging within thick tissues. Confocal microscopes can be
distinguished by their scanning method. Types include laser scanning confocal microscope
(LSCM), spinning disk confocal microscopes and hybrid scanning confocal microscopes (Elliott
2020).
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Figure 1-14: A schematic of the core optics in a modern confocal microscope, where advanced light
microscopy utilises a ‘pinhole’ to eliminate out-of-focus light, suitable for both live and fixed cells
and tissues; reproduced with permission (Elliott 2020).

In most modern confocal microscopes, a point light source is directed onto a small volume within
the specimen, and a confocal point detector collects the resulting signal. This approach reduces
the amount of out-of-focus signal from both above and below the focal plane, resulting in a
significant improvement in both lateral (x, y) and axial (z) resolution (Cavanagh, El-Agha et al.
2000). In vivo confocal microscopy has been used to examine corneal microstructure and cellular
changes before and after collagen cross-linking (CXL) (Teo, Mansoor et al.2022). Specifically,
assessing keratocytes, nerve densities, disorganised sub-basal nerves, increased nerve tortuosity,
and shortened nerve fibre length can offer insights into the microstructural changes that occur in

KC (Mazzotta, Hafezi et al.2015).

Confocal microscopy provides detailed images of the cornea at a cellular level. A clear reduction
in keratocyte density is seen in both the anterior and posterior stroma during early KC, with
significantly larger decreases in more advanced cases, compared to healthy Non-KC eyes (Singh,

Koh et al.2024).

The advantage of a confocal microscope over conventional wide-field microscopes is that discrete
optical sections can be collected while eliminating the out-of-focus light above and below the
current plane of focus. Despite this advantage, confocal microscopes have limited use in clinical

settings, mainly due to their cost and space requirements.
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1.4.13 THICKNESS SPEED PROGRESSION INDEX &  ARTIFICIAL
INTELLIGENCE

The tomographic and biomechanical index (TBI) was obtained using a random forest model,
trained on 17 parameters derived from Oculus Pentacam Scheimpflug tomography (Lopes, Ramos
et al. 2018). Subsequently, Pentacam Scheimpflug tomography with biomechanical data
integrated from the Corvis ST (Oculus Optikgerdte GmbH, Wetzlar, Germany) was implemented
to update this index, resulting in version 2 of the TBI. A multicentre study involving 551 patients
with highly asymmetrical ectasia used a random forest decision tree algorithm, which improved
the model's sensitivity for detecting KC suspects. Sensitivity increased from 76% in TBI 1 to 84%
in TBI 2, while maintaining a specificity of 90% (Ambrosio, Machado et al.2023). Following
this was an artificial neural network approach using Placido and OCT data, including epithelial

profiles on the MS-39 (MS-39 CSO, Firenze, Italy) (Alio Del Barrio, Eldanasoury et al.2024).

Early KC is increasingly recognised as a disease of focal biomechanical failure, rather than
generalised corneal thinning (Ambrosio, Klyce et al.2003). Initial structural alterations typically
manifest as localised stromal thinning, most commonly in the inferior or central cornea, regions
that are mechanically predisposed to stress under normal intraocular pressure and external forces
such as eye rubbing (Rabinowitz 1998). This thinning causes stress redistribution, which in turn
increases focal curvature and further redistributes stress. As this cycle persists, strain increases,
and focal thinning continues. Thickness progression is, therefore, a noteworthy parameter
(Roberts, Knoll et al.2024) enabling early ectatic changes to be detected by alterations in corneal

thickness progression.

Pachymetry progression indices were evaluated and displayed within the BAD-D
(Belin/Ambroésio Enhanced Ectasia Display) index, highlighting deviations from the normal
pachymetric progression (DP) (Duncan, Belin et al.2016). The spatial profile of corneal thickness
and the average percentage increase around the thinnest point (0 - 10 mm diameter) may dilute
early localised changes, especially when there's a sudden increase in pachymetry compared with
areas with slower changes. Averaging data along the steepest and slowest hemi-meridians, meant
to detect local changes, also dilutes early focal changes by including nearby data. This method
reduces sensitivity to early changes and doesn't comprehensively analyse pachymetry maps or
data relationships. An objective clinical algorithm should define parameters based on the best

sensitivity, specificity, and predictive values.

The thickness speed progression index (TSPI) on the Galilei Placido and dual Scheimpflug
tomographer is a machine learning model capable of detecting very early pachymetry progression

anomalies, thereby assisting in the identification of early ectasia (Awwad, Hammoud et al.2025).
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As Artificial Intelligence (Al) techniques advance, the most critical limiting factor has become
the quality of training parameters for these Al models. Nonetheless, many parameters used in
training complex “black box” algorithms are based on historically established formulas. These
formulas are often considered simplistic by modern computing standards, like the KISA% index
(Rabinowitz and Rasheed 1999), and the I-S (inferior-superior) (Motlagh, Majid et al.2019) value

and metrics for corneal thickness progression (Figure 1-15).

Figure 1-15: The inferior-superior (I-S) index represents the difference between the average inferior
and superior dioptric (D) values. It compares five superior points (blue) above the horizontal
meridian to five inferior points (orange) below, spaced 30 degrees apart and about 3.0 mm from the
corneal vertex. Image adapted from (Rabinowitz and Rasheed 1999) and drawn using
BioRender.com.

1.4.14 OCULAR RESPONSE ANALYSER

The Ocular Response Analyser (ORA, Reichert, Depew, USA) measures corneal hysteresis,
corneal resistance, and IOP. Additionally, the ORA calculates biomechanical waveform indices,
such as the KC Match Index (Labiris, Giarmoukakis et al.2014) and the KC Match Probability
(Luce 2005). The ORA evaluates the response of the cornea during a bidirectional applanation
process induced by an air jet that deforms the cornea (Elsheikh, Wang et al. 2007). Corneal
deformation is monitored by an advanced electro-optical system that captures the infrared reflex
of the corneal apex (approximately 3 mm zone) through a pinhole device. [OP measurements are
taken during an inward phase and a recovery phase (Roberts 2014). The generated biomechanical
waveform indices should be used as a second line, as they serve to complement topographic

information for the detection of early KC (Goebels, Eppig et al.2017).

Parameters derived from the ORA can assist in distinguishing KC eyes from Non-KC; however,

corneal hysteresis and corneal resistance cannot differentiate KC from Non-KC. Thus, ORA alone
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is not a reliable diagnostic tool for identifying KC (Mohammadpour, Etesami et al.2015). Corneal
resistance factor influences IOP measurements in KC; for example, Goldmann IOP appears to be
underestimated compared to IOP compensated for biomechanical factors, which is clinically

relevant as KC is a risk for normal tension glaucoma (Michaud and Amblard 2022).

High corneal hysteresis and corneal resistance factor are risk factors for glaucoma and its
subtypes, with IOP mediating this relationship. In healthy adult eyes, scleral lens wear for up to
six hours produced minimal structural change in the optic nerve head that did not differ
meaningfully from the control condition (Walker, Pardon et al. 2020). A small rise in IOP
measured by a single tonometry method (Fogt, Nau et al. 2020) suggests possible subtle scleral
lens-induced morphology changes of the corneo-scleral limbus, the conjunctiva, episclera and
sclera (Alonso-Caneiro, Vincent et al.2016). These findings underscore the importance of corneal
biomechanics in the pathophysiology and clinical management of baropathic ocular diseases, such

as progressive myopia, glaucoma, and KC (Zhou, Xu et al.2025; McMonnies 2014).
1.4.15 CORNEAL PACHYMETRY

KC is the most common ectatic corneal disease (Gomes, Tan et al.2015), often characterised by
central, paracentral or localised paraxial corneal thinning (S. Dua, S. J et al. 2023). However,
using corneal pachymetry alone is a poor indicator for diagnosing KC, as it can still be present in
a cornea with normal central thickness. (Berti, Ghanem et al. 2013). Corneal tomography,
however, provides valuable measurements of pachymetric distribution, aberrometry indices, and
maximum keratometry (Kmax) (Wittig-Silva, Chan et al.2014), topometric indices, and corneal

volume (Hashemi, Beiranvand et al.2016).

Central corneal thickness (CCT) assessed via Pentacam Scheimpflug system was 508.2 + 28.7
um in individuals with subclinical KC and 545.1 £+ 24.9 pm in normal controls (Cui, Zhang et al.
2016). Thinnest pachymetry and Kmax (Bardan, Kubrak-Kisza et al. 2020) should not be used
interchangeably when categorising KC. A systematic review and meta-analysis of 11,529 eyes
(Ferdi, Nguyen et al.2019) determined that younger patients and those with Kmax steeper than

55D at presentation have a significantly higher risk of KC progression.
1.4.16 IMPLICATIONS FOR THE POSTERIOR SEGMENT

As previously discussed, KC is the most common form of corneal ectasia, but it can also be
associated with anatomical and functional changes in the posterior segment (Cankaya and Ozates
2017). Several mechanisms have been proposed to explain the ocular microstructural changes in
the posterior segment tissues of KC patients, including chemical factors related to heightened
oxidative stress (De La Paz and Anderson 1992) and retinal adaptation to the disrupted optical
input received from KC corneas (Fard, Patel et al.2020). Posterior bowing of the lamina cribrosa

has been seen in early-stage KC, accompanied by subtle peripapillary retinal nerve fibre layer
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thinning and vascular impairment, which supports the hypothesis that KC may represent a corneal

manifestation of a more generalised “eye collagen disease” (Pierro, Bianco et al.2023).

A compelling rationale exists for conducting systematic screening of the posterior segment in
patients with KC, employing OCT and electrophysiological assessments (Fogla and Iyer 2002),
to determine whether the observed visual impairments are solely attributable to the corneal
pathology (Hashemi, Heirani et al.2022). Posterior eye screening would facilitate more informed
decision-making about interventions such as corneal transplantation, thereby enabling a more

accurate assessment of associated surgical risks.

The use of scleral contact lenses in KC affects the Bruch's membrane opening-minimum rim
width during wear, which may be linked to increased IOP and the development of glaucoma
(Michaud, Balourdet et al.2025). Insertion, removal, and wearing a scleral lens can disrupt ocular
homeostasis, and the ability to regulate IOP may be dependent on changes caused by the lens or

by the presence of ocular pathology (Schornack, Vincent et al.2023).

1.4.17 CORNEAL LAYERS AND THE ROLE OF INFLAMMATION IN THE
KERATOCONIC EYE

All corneal layers undergo histopathological changes in KC, which are much more pronounced
in the central compared to the peripheral cornea; however, in early forms of the disease, only the
anterior cornea appears to be compromised (Santodomingo-Rubido, Carracedo et al. 2022).
Whatever the aetiology of the corneal disease, the epithelium responds in a limited number of
ways (Masterton and Ahearne 2018): loss, thinning, hyperplasia, metaplasia, oedema, basement
membrane changes, and accumulation of excessive or abnormal material. These processes may

be generalised or localised (Corbett, Maycock et al.2019).

While mechanical damage to the cornea, such as chronic eye rubbing, is recognised as a risk factor
for the advancement of KC, the compromise of corneal integrity appears to be linked to a
diminished expression of genes in the corneal epithelium. For instance, WNT10A, a gene
associated with KC, contributes to a decrease in collagen types I and XII, as well as TGFp1
expression (Moon, Kaur et al. 2025). These results appear to establish a molecular link among
mechanical strain, WNT10A expression, and biomechanical failure of the KC cornea. Stromal
changes have been reported in KC, resulting in alterations in corneal curvature and blurred vision
(Khaled, Helwa et al. 2017). These changes are modified by proteolytic enzymes such as
collagenases, metalloproteinases, and general proteinases (Figure 1-16), which causes
reorganisation of proteoglycan and extracellular matrix components (Teo, Mansoor et al.2022).
An increase in MMP9, TNFa, and IL6 levels has also been observed in both the cornea and tears

of KC patients (Shetty, Ghosh et al.2015).
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Figure 1-16: The schematic of the inflammatory role in KC, changes in tear film and corneal cells
(keratocytes and fibroblasts), leading to dysregulation of pathways like oxidative stress, matrix
degradation, and apoptosis (Duran-Cristiano, Bustamante-Arias ef al. 2025), Reprinted by
permission of Creative Commons Attribution via the Journal of Clinical Medicine.

Confocal microscopy can assist in detecting early corneal microstructural changes before
topographic signs become evident (Bohnke and Masters 1999). Corneal microstructure,
specifically reduced keratocyte density, is observed in manifest KC, subclinical KC, and in

topographically normal KC relatives (Ozgurhan, Kara et al.2013) when compared with controls.

Corneal nerves regulate multiple pathways that play crucial roles in various conditions, including
KC (Shaheen, Bakir et al.2014). Stromal nerve diameter appears to be increased in KC corneas.
Corneal nerve morphology can also be used as an imaging marker for early diagnostic analysis,
monitoring of progression, and prediction of early KC (Pahuja, Shetty, Nuijts et al. 2016; Rigi,
Son et al.2024).

Fragmented changes in Bowman’s layer, observed using scanning electron microscopy, may
represent the earliest structural alterations associated with KC. These findings suggest that
degeneration of Bowman’s layer may be an early indicator of corneal weakening, highlighting its

potential role in the pathogenesis and early detection of KC before clinical signs such as corneal
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thinning or ectasia become apparent (Sawaguchi, Fukuchi et al. 1998). Breaks in Bowman’s layer

form anterior clear spaces within the cornea (Shapiro, Rodrigues et al. 1986).

In normal corneas, the surface of Bowman’s layer is smooth, and collagen fibrils are regularly
arranged (Dawson, Watsky et al.2009). In contrast, scanning electron microscopy has shown that
Bowman’s layer in KC corneas exhibits fragmentation and sharply edged defects (Sawaguchi,
Fukuchi et al. 1998). These anterior clear spaces allow filling by keratocytes, relatively
unstructured stromal collagen, and epithelial cells, which induce a significant increase in light
scatter observable in the region of Bowman’s layer in patients with even the most subtle forms of

sub-clinical KC (Yadav, Kottaiyan et al.2012).

KC corneas are known to exhibit decreased levels of fibronectin, laminin, entactin, type IV
collagen and type XII collagen associated with the epithelial basement membranes (Cheng,
Maruyama et al. 2001), which may render them softer than normal corneas, especially when

wearing contact lenses.
1.4.18 MANAGEMENT

The global consensus on KC and ectatic disease emphasises that the two primary goals in
managing KC are stopping disease progression and restoring vision (Gomes, Rapuano et al.
2015). The management of KC depends on the disease progression and its stage. Management
includes early diagnosis, regular monitoring of ectasia progression, and treatment of
environmental coexisting factors, such as eye rubbing (Krachmer 1997). Spectacle lens correction
can provide acceptable vision for patients in the early stages of the disease, and it is especially
appropriate for those who achieve 6/12 (i.e. 20/40 Snellen notation in feet) or better visual acuity
(Mohammadpour, Heidari et al.2018). Specially designed contact lenses remain fundamental to
the optical management of KC for those with irregular astigmatism, and in such cases, well-fitting
hard contact lenses can provide better vision along with a better quality of life for the patient
(Moschos, Nitoda et al.2017). Despite the numerous prospective and retrospective studies in the
literature and the fact that CXL is widely accepted as a breakthrough treatment for managing KC
(Angelo, Gokul Boptom et al.2022), evidence on the long-term benefits of CXL remains limited
due to the lack of adequately conducted randomised controlled trials (Sykakis, Karim et al.2015).
The notion that CXL will halt or slow KC progression in the early stages of the disease while
maintaining normal corneal histology and physiology needs to be carefully considered

(Papachristoforou, Ueno et al.2025).

A KC treatment flowchart has also been proposed (Figure 1-17), however, it fails to address one
of the most essential factors in reducing disease onset and progression, which is to refrain from

all forms of eye rubbing (Cheung, Angelo et al.2025; Algasimi, Aljohani et al.2025).
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Figure 1-17: Schematic flowchart for KC management, courtesy of (Santodomingo-Rubido,
Carracedo et al. 2022); Reprinted with the kind permission of Elsevier.
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Even if eye rubbing is not considered the main cause of KC onset, its role in disease development
and worsening cannot be ignored. If this idea is accepted, the next logical step is to implement
prevention measures to avoid all forms of rubbing, as these behaviours are a known factor in
disease progression (Krachmer 2004). Based on this consensus, implementing prevention
measures to stop all forms of eye rubbing is recognised as a vital, first-line, non-surgical

intervention to manage the disease (Algasimi, Aljohani et al.2025).
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1.5 EYE RUBBING
1.5.1 INTRODUCTION

Eye rubbing is a common, often instinctive behaviour that can arise from tiredness, itchiness,
ocular fatigue or eye strain. Eye rubbing is usually gentle, brief, and infrequent, occurring upon
waking or to relieve mild ocular surface irritation. For most people, the average duration of an
eye rubbing episode typically lasts a few seconds (McMonnies and Boneham 2003). In contrast,
abnormal eye rubbing is characterised by its greater frequency, forcefulness, and persistence, and
is often linked to underlying conditions such as allergies, chronically irritated eyes, habitual

behaviour, or ocular surface disease (Elahi, Mery et al.2024).

Frequent or vigorous rubbing of the eyes can cause corneal damage, deteriorate KC, and may lead
to long-term vision problems (Gatinel 2016). Recognising the signs of excessive eye rubbing is
crucial for prompt intervention and preventing long-term harm (Balasubramanian, Pye et al.
2013). Eye rubbing is regarded as “active” (with motion), typically occurring whilst awake, or
“passive” (ocular compression), arising when side sleeping via pillow pressure, and nocturnal
positions of ocular rest (Korenfeld and Dueker 2016). The active forms of eye rubbing (Gatinel
2015) often involve the use of fingertips, knuckles, or palms of the hands. Various forms of eye

rubbing have been classified (Figure 1-18) with each rubbing technique linked to different levels

of externally applied pressure to the eye (McMonnies 2022).

Figure 1-18: Examples of the various forms of eye rubbing. Reproduced with permission (Jaskiewicz,
Maleszka-Kurpiel ef al. 2023) via the PLoS ONE platform.
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While eye rubbing is a common behaviour, accurately measuring its occurrence and duration can
be challenging. Furthermore, there has never been a consensus on the distinction between normal
and abnormal eye rubbing, which complicates assessing the impact of eye rubbing episodes on
ocular health. To quantitatively evaluate these behaviours, monitoring eye rubbing through hand-
face interactions with smartwatches has been suggested (Elahi, Mery et al.2024); however, using
a classifier to distinguish eye rubbing from other actions does not adequately separate similar
behaviours, such as scratching the face or flicking hair. This differentiation is essential for

reducing false positives and ensuring real-world relevance.
1.5.2 EYE RUBBING TRIGGERS: WHY DO PEOPLE RUB THEIR EYES?

Eye rubbing is hypothesised as part of a peripheral and central sensitisation cycle, arising from
cognitive-behavioural actiologies (Hage, Knoeri et al.2023). Rubbing of the eyes stimulates tear
flow and alters the rate of tear clearance (Arciniega, Wojtowicz et al.2011; Brown, Cho et al.
1993; Macri and Pflugfelder 2000). Some report that rubbing their eyes feels therapeutic, as this
action applies pressure around the eyeball, stimulating the Vagus nerve (Cranial Nerve X), leading

to the oculocardiac reflex or sinus bradycardia, ultimately helping to relieve stress (Bailey 1935).

The cornea is subjected to external and internal influences. Externally, these can be forces that
arise from activities such as blinking, eye rubbing, contact lens wear, trauma, and infectious
processes and internally, factors like IOP fluctuations and changes in aqueous fluid dynamics
(Hafezi, Hafezi et al.2020). Additionally, innate physicochemical properties at the ocular surface,
such as osmolarity, pH, surface tension, and friction, interact with such forces to influence cellular

responses (Espina, Cordeiro et al.2023), creating surface-based triggers for rubbing.
A list of the common provocateurs for eye rubbing is as follows:

1.5.2.1 OCULAR SURFACE IRRITATION
The parasympathetic nervous system plays a significant regulatory role in lacrimal gland
secretion. Stimulation of this system greatly enhances the production and release of tears from
the lacrimal gland, which is essential for sustaining a healthy tear film and avoiding dry eye
(Ricchiuti, Pruijn et al. 1997) and producing reflex tears in response to strong stimuli (Tsubota,
Xu et al. 1996; Bacman, Berra et al.2001). The metabolic profile of reflex tears in patients with
dry eye disorders differs from that of healthy controls, and variations in tear metabolism were
noted between individuals who rubbed their eyes and those who did not (Galbis-Estrada,
Martinez-Castillo et al. 2014), such as differences in lipid, amino acid, and carbohydrate
concentrations. A study of patients with primary Sjogren's disease suggested that rubbing
dermatitis of the eyelid may be one of the cutanecous manifestations of the disease (Katayama,

Koyano et al. 1994).
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Conjunctivochalasis is a common ocular surface disorder characterised by loose conjunctival
tissue (Hughes 1942) leading to ocular surface instability, delayed tear clearance and surface-
based irritation (Le, Cui et al.2014; Yokoi, Komuro et al.2005). Loose conjunctival tissue can
also create folds that cause discomfort, dry eye, or blurred vision due to impaired tear function.
While eye rubbing may temporarily relieve pressure or stimulate tear production by manipulating
loose tissue, this action is not a recommended treatment because it can exacerbate symptoms by
causing ocular surface inflammation (Balci 2014). Other ocular surface-based aggravations,
including entropion, trichiasis (West, Munoz et al. 2006), epiblepharon, and blepharo-kerato-

conjunctivitis, are also known to provoke rubbing (Viswalingam, Rauz et al.2005).

1.5.2.2 DRY EYE DISEASE
DED is defined as a “multifactorial disease of the ocular surface characterised by a loss of
homeostasis of the tear film, and accompanied by ocular symptoms, in which tear film instability
and hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormalities
play etiological roles" (Craig, Nelson et al.2017). The prevalence of DED ranges from 5 to 50%
of the adult population, increases with age, and affects more women than men (Stapleton, Alves
et al.2017). A well-maintained lubricating tear film plays a critical role in decreasing shear forces
by preventing direct contact between the eyelid wiper and the ocular surface (Jones, Fulford et al.
2008). Reduced lubrication in DED raises shear stress by contracting the gap between the eyelid
and ocular surface (van Setten 2020). During normal blinking, our eyelids move relative to the
eyeball, coating it with a layer of tears that keeps the surface smooth, which is essential for the
eye's optical properties. As the eyelid moves and tears flow, they also exert various mechanical
forces on the surface of the eyeball. The mean eyelid pressure observed in patients with DED is
approximately 1.25 times higher than that of individuals with normal eyes (Wang, Bao et al.
2022). This finding suggests a correlation between increased eyelid pressure and both the higher
incidence of DED and ocular surface damage (Yamaguchi and Shiraishi 2018). Evaporative dry
eye, because of meibomian gland dysfunction, is thought to be the biggest contributing factor in
DED (Markoulli, Chandramohan et al.2021). Meibomian glands contribute to a healthy tear film,
so when they are dysfunctional, the tear film is affected, the ocular surface becomes irritated, and

eye rubbing characteristically increases (Madrid-Costa, Wolffsohn et al.2019).

1.5.2.3 ALLERGIC EYE DISEASE
The term “pleasurable pain” has been used to describe the process of scratching an itch, as it helps
to illustrate the complexity of the cerebral processing of pruritus and scratching (Tey, Wallengren
et al.2013). Those with chronic ocular surface or peri-orbital itch may experience this form of
scratching sensation. In the case of the eyes, ocular rubbing can be an automatic response to the

sensation of itch (Buske-Kirschbaum, Ebrecht et al.2008).
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At least five corneal psychophysical sensory channels have been described (Feng and Simpson
2004), including an itching channel. Itch is a complex and unpleasant sensory experience.
Subjects with moderate to severe ocular itch symptoms exhibit more severe dry eye symptoms
and neuropathic-like ocular pain complaints, along with non-ocular pain (Small, Galor et al.

2017).

The prevalence of ocular atopy in the general population is between 2 - 20% (Harrison, Klouda
et al.1989). Eye rubbing can be stimulated by ocular itch (Copeman 1965) or discomfort resulting
from atopic disease or a combination of both (Karseras and Ruben 1976). A case-control study
involving 120 individuals with atopy who rubbed their eyes because of ocular itch supports the
hypothesis that the primary cause of KC is eye rubbing (Bawazeer, Hodge et al. 2000).
Furthermore, the prevalence of hay fever in KC was 35.7% (Gasset, Hinson et al.1978) indicating

that KC, atopy and asthma may share similar expressed genes.

Due to the circumstantial nature of the evidence across numerous studies, a strong
recommendation is made for all patients to avoid prolonged and vigorous eye rubbing (Krachmer,
Feder et al. 1984). Vernal keratoconjunctivitis with frequent eye rubbing was found in 37.5% of
174 eyes of high myopic children when screening them for KC (Omar 2019). This further
indicates a plausible link between allergies and KC. Frequent eye rubbing in allergic eye
conditions can worsen KC and other uncommon complications affecting the anterior and posterior

segments of the eye.

Although KC is a clinically noninflammatory corneal disease, in vivo confocal microscopy
(IVCM) demonstrates subclinical corneal inflammation and sub-basal nerve decline, which

correlate considerably with disease severity (Chirapapaisan, Sawarot et al.2025).

Implementing strategies to prevent eye rubbing and address its impacts is fundamental,
particularly for vulnerable groups such as young children and those with allergic ocular disorders

or who have undergone corneal transplants (Ben-Eli, Erdinest et al.2019).

1.5.2.4 CONTACT LENS WEAR, APPLICATION AND REMOVAL
The corneal epithelium encounters various mechanical stimuli, necessitating sufficient strength
and stiffness to withstand these forces. Rubbing and wearing contact lenses are two common ways

in which external forces are applied to the cornea (Masterton and Ahearne 2018).

Eye rubbing and contact lens wear independently disrupt corneal epithelial homeostasis, with eye
rubbing inducing acute, mechanically driven epithelial trauma (Kalogeropoulos, Chang et al.
2009; Raghunathan, Dreier et al. 2014). Soft contact lens wear reduces normal epithelial
desquamation by acting as a physical barrier to superficial cell sloughing into the tear film (Beebe

and Masters 1996).
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Disruption of epithelial turnover and surface integrity may, in turn, increase mechanical and
biochemical stress transmission to deeper corneal layers, potentially contributing to Bowman’s
layer fragmentation and early stromal weakening (Sawaguchi, Fukuchi et al. 1998), changes of
which have been reported in the initial development of KC. Corneal epithelial thinning has also
been reported following the removal of soft contact lenses, particularly when mechanical eye
rubbing is involved (Du, Wang et al. 2012; Haque, Jones et al. 2008). Rubbing-related ocular
surface trauma occurring before and after soft contact lens insertion may predispose the cornea to
wound healing responses and heightened susceptibility to adverse effects of contact lens wear

(McMonnies 2016).

1.5.2.5 TEAR CLEARANCE DYSFUNCTION
Epiphora, reduced tear clearance, and delayed tear clearance are conditions that are known ocular
surface aggravations that can be attributed to issues involving the tear duct (Soiberman, Kakizaki
et al. 2012), lacrimal sac, canaliculus, conjunctivochalasis (Le, Cui et al. 2014) and or punctal

dysgenesis/agenesis (Lyons, Rosser et al. 1993; Lindsay, Bruce et al.2000).

1.5.2.6 FLOPPY EYELID SYNDROME
Floppy eyelid syndrome is a condition often associated with obesity and eye rubbing (Netland,
Sugrue et al. 1994). Patients suffering from floppy eyelid syndrome are also known to have
chronic papillary conjunctivitis with easily everted upper eyelids and a soft, rubbery upper tarsus,
placing them at greater risk of developing KC, especially if they acknowledge eye rubbing
(Donnenfeld, Perry et al. 1991). Abnormal tarsal anatomy may abrade the surface epithelium
(Reinstein, Archer et al. 2009a) during blinking, to the extent where the posterior surface of a
disfigured tarsus provides a template for the non-uniformity seen in the epithelial thickness

distribution of KC eyes compared to Non-KC eyes (Li, Tan et al.2012).

1.5.2.7 CONGENITAL DISORDERS
Certain congenital conditions, such as Down syndrome and Leber’s congenital amaurosis, are
associated with behaviours like eye rubbing and symptoms that may prompt ocular surface

irritation (Krachmer, Feder et al. 1984).

Identifying the type of rubbing, the duration, the technique, the style, and the frequency of
episodes will be further explored in Chapter 4 of this thesis in both KC and Non-KC.
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1.6 EFFECTS OF RUBBING ON THE EYE

Frequent abnormal eye rubbing can damage the sensitive ocular surface and its surrounding
structures. The rubbing behaviours differ between KC and Non-KC individuals. Rubbing in KC
often involves one or more knuckles, utilising a rotating crushing motion, and applying a force
greater than 4.5kg/2.54cm? (Korb, Greiner et al. 1991), with multiple episodes of prolonged
rubbing each day, while the total force present in Non-KC is less than 0.45kg/2.54cm? (Gritz and
McDonnell 1988). A comparison of short-term alterations in corneal biomechanical properties
due to eye rubbing and or ocular massage in both myopic and emmetropic eyes shows that the
biomechanical properties of the cornea are temporarily altered, making it softer and more
deformable, especially in young myopic patients (Li, Wei et al.2023; Lam, Lee et al.2025). The
threshold, however, required to induce biomechanical alterations through eye rubbing alone must
exceed 10,500 rubbing movements (Torres-Netto, Abdshahzadeh et al. 2022), suggesting that
infrequent eye rubbing may not significantly impact corneal biomechanics in healthy eyes and
likely only instigates the progression of KC in predisposed corneas (Torres-Netto, Abdshahzadeh
et al. 2022). Among all the various styles of eye rubbing, knuckle rubbing applies the greatest
force on the globe, and those who rub their eyes with their fingernails exert the least force (Hafezi,
Hafezi et al.2020). The amount of force exerted during rubbing is therefore closely linked to the
specific type of eye rubbing.

1.6.1 RUBBING AND THE PRE-CORNEAL TEAR FILM

Rubbing of the eyes for sixty seconds increases the level of tear protease, protease activity and
inflammatory mediators or MMP-13, IL-6 and TNF-a in normal subjects (Balasubramanian, Pye
et al.2013). The increase in inflammatory mediators induces oxidative stress in the tissue, leading
to a subsequent cascade of events that may contribute to the progression of KC if rubbing persists
(Cristina Kenney and Brown 2003). IL-6 and TNF-o were overexpressed in the tears of
subclinical and KC eyes, indicating that the pathogenesis of KC may involve chronic
inflammation (Lema, Sobrino et al.2009). Furthermore, cytokine IL-1 has been suggested as a
mediator of stromal degradation in sufferers of KC (Wilson, He et al. 1996). External insults to
the cornea, such as atopy and frequent eye rubbing, stimulate the release of pro-inflammatory
factors. These factors weaken the corneal barrier, initiating inflammation. The detection of
increased inflammatory markers in tear fluid in KC suggests that abnormal inflammation
contributes to the development of KC (Lema and Duran 2005). Anti-inflammatory strategies to
either halt or delay the progression of KC (Shetty, Deshmukh et al. 2017) are feasible and
plausible.

Candidate or deregulated proteins with significant standard mean difference values have been
identified in blood sampling (Oltulu, Katipoglu et al. 2022), revealing changes in tear film

cytokine profiles, extracellular matrix remodelling, and apoptosis in KC patients. This could
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facilitate the identification of biomarkers that enhance understanding of KC development and

indicate possible therapeutic targets for drug therapy (Song, Song et al.2024).
1.6.2 RUBBING AND THE CORNEAL AND CONJUNCTIVAL EPITHELIUM

Immediately following a five-minute interval of a rotational motion of eye rubbing, histological
evidence suggests that the surface cells of the anterior zone of the upper tarsal conjunctiva appear
quite disrupted (Greiner, Leahy et al. 1997). Gently rubbing for 10 seconds with one finger in a
smooth circular motion, repeated 30 times over a 30-minute period, was shown to reduce
keratocyte density in human corneas significantly (Kallinikos and Efron 2004). Rubbing
granulates palpebral conjunctival mast cells, as demonstrated in animal studies, and the
subsequent release of histamine accelerates the regularity of itching cycles, adding to the rubbing
episodes (Greiner, Peace et al. 1985). Marked conjunctival chemosis and hyperaemia (Raizman,
Rothman et al.2000) along with the release of prostaglandins, which are also a consequence of
rubbing (Woodward, Nieves et al. 1995). Epithelial responses to rubbing-related mechanical
forces found an 18.4% reduction in central and midperipheral epithelial thicknesses after 15

seconds of light to moderate force rubbing (McMonnies, Alharbi et al.2010).
1.6.3 RUBBING AND THE CORNEAL ECTASIAS

1.6.3.1 KERATOCONUS
The remodelling of the cornea appears to be the most prominent effect of eye rubbing
(Chervenkoff, Hawkes et al.2017). Other complications associated with chronic abnormal levels
of eye rubbing include the formation of a corneal abscess, corneal perforation (Batawi, Kothari et
al. 2016), elevation or spikes in IOP (van den Bosch, Pennisi et al.2023), iris prolapse (Reddy,
Liss et al. 2016) and other anterior (Kuiper and Slabaugh 2018), and posterior (Panikkar,
Manayath et al. 2016) ocular sequelae. Ocular allergy is a primary cause of eye rubbing,
particularly in atopic keratoconjunctivitis (AKC) and vernal keratoconjunctivitis (VKC) (Ben-
Eli, Erdinest et al.2019). The aetiology of KC is not fully understood; it may arise as an isolated
condition, or in association with specific ocular and systemic disorders such as atopy and vernal

disease (Mas Tur, MacGregor et al.2017).

Some dispute the direct causative role of eye rubbing in KC (Krachmer 2004). However, it is
reasonable to think that constant vigorous eye rubbing would result in local tissue changes, just
as a “one square inch area of skin” vigorously rubbed many times a day over a long period would
develop structural changes from repeated trauma. There are published case reports (Gunes, Tok
et al.2015; Toannidis, Speedwell et al.2005; Kandarakis, Karampelas et al.2011; Copeman 1965;
Bral and Termote 2017) which provides low-level evidence that enhances understanding of KC

development resulting from frequent abnormal eye rubbing behaviour.
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The mechanisms that lead to KC from eye rubbing involve friction-induced elevated ocular
surface temperature (Crawford, Zhang et al. 2020), the activation of tissue collagenases and
increased pro-inflammatory cytokine secretion in tears, including IL-6, TNF, and MMP9
(Balasubramanian, Pye et al.2013). Furthermore, eye rubbing results in morphological alterations
to corneal epithelial cells and a significant decrease in keratocyte density (Shetty, D'Souza et al.
2020). Additionally, fluctuations in IOP caused by eye rubbing may contribute to keratocyte
damage, ultimately resulting in KC (Turner, Girkin et al. 2019). Strategies such as monitoring
inflammatory markers and using modulators, including managing subclinical inflammation, may
help stabilise KC and improve outcomes. These factors are biomarkers, but they haven't proven
to be sensitive or specific enough for early detection of corneal ectasia (Nishtala, Pahuja et al.
2016). Developing such biomarkers could improve therapeutic outcomes (Erdinest, Wajnsztajn
et al.2023). Examining the eye before and after rubbing in normal controls and in KC may help

clinicians better understand the processes underlying rubbing-related ocular trauma.

1.6.3.2 ASYMMETRIC KERATOCONUS
True unilateral KC does not exist (Gomes, Tan et al.2015) but KC is believed to be a bilateral
disease often presenting asymmetrically. A study of five cases, which appear to be true unilateral
KC, with no associated mechanical environmental factors, has been reported (Imbornoni,
Padmanabhan et al.2017) but these cases were not followed up on, and therefore, it was unknown

whether the other was affected at a later time.

OCT indicates that unilateral ectasia often appears clinically, yet significant chronological
changes in the contralateral eyes of highly asymmetric KC patients of varying ages have been
shown over a 9-year follow-up period (Koh, Inoue et al.2019) which highlights the need for long-

term clinical follow-up even in early, subclinical, or form-fruste KC.

1.6.3.3 KERATOGLOBUS
Little is known about keratoglobus. It is a rare corneal thinning disorder characterised by
generalised thinning and globular protrusion of the cornea (Verrey 1947). In keratoglobus, the
cornea is diffusely thinned, often more markedly in the peripheral cornea, whereas in KC, the
thinning is most prominent around the centre. Histopathological changes in keratoglobus,
including disruption of Bowman's layer and breaks in Descemet's membrane, are very similar to
those in advanced KC (Wallang and Das 2013). These similarities have raised questions about
whether the disorders comprising this group are distinct clinical entities or rather a spectrum of
the same disease process. The histological similarities have led to speculation that keratoglobus
may be an end-stage manifestation of advanced KC (Gupta, Singh et al.2022). In contrast to KC,
the corneas in keratoglobus (Figure 1-19) are much more prone to corneal rupture from even
minimal trauma (Rabinowitz 1998). Eye rubbing can significantly increase the risk of corneal

rupture in individuals with keratoglobus (Joshi, Uppapalli et al.2016).
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Figure 1-19: Keratoglobus.

1.6.3.4 PELLUCID MARGINAL DEGENERATION
PMD is a bilateral, non-inflammatory corneal disease that causes peripheral thinning of the cornea
(Dimacali and Mehta 2023). It is characterised by a crescent-shaped band of thinning, typically
located in the lower part of the cornea. The affected area, positioned 1 to 2 mm from the limbus,

is above where corneal thinning is most pronounced (Wileman, Price et al.2024).

PMD comneas typically remain clear, even in the presence of peripheral disease. It is often
confused with KC in its early stages, with many authors proposing it as a variant of KC that
appears to affect only the periphery (Rodrigues, Newsome et al. 1981). Topographic analysis of
the PMD cornea shows a distinctive bowtie (“crab claw”) shape with notable against-the-rule
astigmatism obliquely inferiorly, without peripheral steepening. It is essential to distinguish
between PMD and inferior KC, and the presence of a crab claw pattern on corneal topography is
insufficient to exclude a diagnosis of KC (Kaushik, Jain et al. 2003). Stromal thinning causes

corneal flattening over the area of tissue loss and steepening at the border of unaffected tissue.

A case of unilateral PMD progressing to corneal perforation, with KC in the contralateral eye,
called for clinicians to be aware of allergic predisposition and eye-rubbing behaviour when
following all forms of corneal ectatic disorders (Ueji, Kato et al.2022). Furthermore, true PMD
is a very rare condition, and patients with a crab claw pattern on the sagittal map are far more

likely to have inferior KC than PMD (Koc, Tekin et al.2018).

1.6.3.5 CORNEAL HYDROPS
Advanced and unstable KC can lead to a rupture of the endothelium and Descemet’s membrane,

allowing aqueous fluid to seep into the stroma. This disruption in Descemet’s membrane can
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cause severe acute stromal oedema, also known as corneal hydrops (Figure 1-20). Slit lamp
examination reveals significant corneal oedema along with intrastromal fluid clefts or blebs
located just above the Descemet’s membrane break. This condition affects approximately 3% of
eyes with KC (Aldave, Mabon et al.2003). Similar to KC and PMD, corneal thinning, along with
other types of corneal ectasias, is thought to be a primary factor in the development of corneal
hydrops when associated with rubbing trauma (Maharana, Sharma et al. 2013). A retrospective
assessment of fellow eyes of KC patients with hydrops suggests these eyes may have reduced
stiffness and resilience to mechanical stress. This may be due to a probable histopathological
weakness in the posterior cornea, which increases the risk of hydrops development, compared to

KC eyes without hydrops formation (Bosic, Mudassar et al.2025).

ﬁ

Figure 1-20: Corneal hydrops (Image courtesy Dr Anthony J. Maloof, Ophthalmologist).

Those from a low socioeconomic background, those further from treatment, those with reduced
cognitive function, and the less privileged tend to develop hydrops at a higher rate than the rest

of the KC population (Kanu, Boychev et al.2025).

1.6.3.6 POST-LASER VISION CORRECTION ECTASIA
Early recognition of ectasia after laser vision correction (LVC) requires astute clinical awareness.
Early signs include worsening myopia and astigmatism, resulting in decreased uncorrected visual
acuity, which can sometimes be mistaken for treatment regression (Zhao, Yin et al.2023). More
severe indicators include increased irregular astigmatism and a related decline in best-corrected
visual acuity, often accompanied by inferior corneal thinning (Randleman, Woodward et al.
2008). Post LVC ectasia is a condition characterised by corneal remodelling. The mechanisms
mainly include genetic risk factors and external environmental factors such as eye rubbing (Wolle,

Randleman et al.2016). In a case series (Koh, Ambrosio et al.2019), it was reported that although
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the incidence of ectasia is on a downward trend because of better screening strategies, the
mysterious cases of ectasia are most probably a result of ocular allergy or eye rubbing, or perhaps
a combination of both (Villavicencio, Gilani et al. 2014). A case of ectasia after LASIK that
developed in a patient with normal Scheimpflug imaging but a high ectasia Risk Score System
(Goncalves and Goncalves 2013) highlights other forms of refractive eye surgery that may be
better suited for suspect corneas. A retrospective case review analysed 30,167 eyes that underwent
LASIK procedures from August 2007 to August 2015. The follow-up period ranged from 2 to 8
years, with tomography performed at 2 years post-surgery. Over this 8-year period, the incidence
of ectasia was 0.033% per year (Bohac, Koncarevic et al.2018). Clinicians need to emphasise the

importance of avoiding eye rubbing, particularly after LVC.
1.6.4 RUBBING AND CORNEAL TOPOGRAPHY

Eye rubbing has an apparent immediate effect on corneal topography by increasing the surface
irregularity index and also inducing a 0.5 dioptre of astigmatism after 60 seconds of experimental
eye rubbing (Mansour and Haddad 2002). In healthy individuals, rubbing caused changes in the
anterior cornea only (Chervenkoff, Hawkes et al. 2017) where there was a change towards
against-the-rule (ATR) astigmatism following one minute of eye rubbing, followed by a 5-second
break and a further one-minute rub using the index finger of the right hand in a circular, clockwise
motion over a closed eyelid. A case study reporting on a 13 year-old girl highlights the effect of
eye rubbing. The patient was diagnosed with stage 1 KC based on the Krumeich classification,
but the one-year follow-up, corneal topography revealed a normal corneal shape after a significant
reduction in eye rubbing (Scotto, Vagge et al.2021). This case study highlights that eye rubbing
can cause temporary and fully reversible corneal ectasia in children. Such findings may be
important when advising very young patients who rub their eyes (Scotto, Vagge et al. 2021;
Ambrosio, Machado et al.2023).

1.6.5 RUBBING AND INTRAOCULAR PRESSURE

Eye rubbing, whether gentle or vigorous, changes IOP quite markedly via the displacement of
intraocular fluid (Gloster 1965; Lam, Lee et al.2025). Fluctuations in IOP could indirectly cause
keratocyte trauma (Moller-Pedersen and Moller 1996) and thus lead to the formation of KC (Bron
2001) as rubbing exposes the thinnest and often weakest regions of the cornea to a cone-forming
protrusion (Jaskiewicz, Maleszka-Kurpiel et al.2023). The mechanical strength of the cornea is
reduced in KC (Nash, Greene et al. 1982), and the cornea is not perfectly elastic (Polse, Brand et
al. 1983). Pressure inside the eye has been measured as high as 400 mmHg (Ernest, Goldstick et
al. 1985) following digital eye massage. Rubbing-induced compression forces from the outside
in squeeze the epithelium against the anterior stroma (Schwartz, Mackay et al. 1966) by as much

as 4.5kg/2.54cm? (Korb, Greiner et al. 1991) when the eyes are vigorously rubbed. Aside from

The Ocular Response to Eye Rubbing in Keratoconus 61



Chapter 1: Introduction and Literature Review

the association with KC, IOP spikes are also speculated to contribute to glaucoma (van den Bosch,
Pennisi et al.2023) and/or the progression of axial length growth in progressive myopia (Li, Wei
et al.2023; Kenia, Kenia et al.2024). In chick eyes, as pressure increased from 0 to 140 mmHg,

the eye elongated axially and initially contracted equatorially (Genest, Chandrashekar et al.2012).

IOP is a known independent risk factor for the development and management of glaucoma, but
very little was previously known about its diurnal dynamics. IOP is a parameter that affects the
pressure-volume relation, ocular pulse amplitude, and pulsatile ocular blood flow in the human

eye (Dastiridou, Ginis et al.2009).

IOP can fluctuate as much as 10mmHg day to day and hour to hour (Downs, Burgoyne et al.
2011), which indicates that random measurements are often insufficient to capture its true
character. KC-associated corneal changes (Read and Collins 2011) make the determination of
IOP difficult, as tonometry devices are affected by altered corneal parameters (Browning, Bhan
et al. 2004). With the disruption of the collagen network, large fluctuations in IOP cause an
already weak cornea to protrude from its normal shape and become progressively more conical

(Ali6 2017).

Eye rubbing action induced an IOP change (Turner, Girkin et al. 2019) averaging 109 mmHg
above baseline (range, 3 to 310 mmHg), which were followed by small transient IOP reductions.
The highest IOP elevations occurred after rubbing with the back of the wrist, rather than either
the finger or knuckle. Although the proposed biomechanical and IOP-related mechanisms are still
speculative, they generate testable hypotheses. Telemetric sensors have objectively confirmed
transient IOP increases during eye rubbing, with observed peak elevations of about 59 mmHg
above baseline in glaucoma patients, suggesting these pressure spikes are measurable mechanical
events suitable for further study (van den Bosch, Pennisi et al. 2023). Moreover, corneal
biomechanical assessments using tools like Corvis ST have demonstrated that eye rubbing causes
short-term changes in corneal deformation parameters, supporting the idea of localised, load-
dependent strain that occurs independently of IOP (Li, Wei et al.2023). Future investigations
could include continuous IOP monitoring to detect brief pressure spikes during eye rubbing, and
dynamic corneal biomechanical assessment to measure tissue flexibility, corneal resistance factor,
and deformation response (Luce 2005). Additional approaches may include objective
quantification of rubbing force (Turner, Girkin et al.2019). High-resolution regional epithelial
mapping (Alghamdi, Khan et al. 2022) and longitudinal structural imaging would help clarify
load-dependent and cumulative effects. Collectively, these methods would enable differentiation
between transient biomechanical responses and structural progression and are feasible with

current technologies.
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Side-sleeping in patients with open-angle glaucoma (Park, Yoo et al. 2019) caused a greater
elevation of intraocular pressure than sleeping face up. Side sleeping produces a prolonged,
nocturnal compressive constant force around the eye in the same way as a prolonged eye rub

(Nayak, Bower et al.2014).
1.6.6 RUBBING AND FLOPPY EYELID SYNDROME

Floppy eyelid syndrome is characterised by marked eyelid hyperlaxity and reactive palpebral
conjunctivitis, often resulting in substantial ocular surface irritation. The eyelids can be easily
everted, and chronic papillary conjunctivitis typically affects the upper tarsal conjunctiva, causing

persistent discomfort and an increased tendency to rub the eyes, particularly during sleep.

It is often associated with various ocular and systemic diseases, particularly KC and obstructive
sleep apnoea (Salinas, Puig et al.2020). A significant percentage of patients diagnosed with KC
may exhibit tarsal laxity, similar to that seen in floppy eyelid syndrome, along with diffuse
papillary alterations in the conjunctiva (Idowu, Ashraf et al. 2019). The pathophysiology
underlying the concurrent occurrence of KC and floppy eyelids remains unclear; however, it may

be attributable to a connective tissue disorder (Ezra, Beaconsfield et al.2010).
1.6.7 RUBBING AND CORNEAL DENSITOMETRY

A clear cornea is essential for optimal vision, and its clarity typically reflects corneal health.
Assessing corneal backscatter provides a better understanding of the physiological processes that
occur during corneal disease (Rabbani, Kafieh et al.2016). The cornea becomes less clear when
it reacts to insults like infection, dystrophies, and degenerative diseases (Ni Dhubhghaill, Rozema

et al.2014).

A clear, transparent cornea relies on an active, well-functioning endothelial fluid pump (Mergler
and Pleyer 2007), specific size, uniformity and organisation of stromal collagen (Hassell and Birk
2010) as well as a precise separation of distance between adjacent collagen fibrils (Meek and
Knupp 2015). It is these stromal collagen fibres (lamellae) that form a complex, three-dimensional
meshwork of interconnected, transversely oriented fibres that enhance stromal stiffness and

regulate corneal shape (Winkler, Shoa et al.2013).

The technique of Scheimpflug scanning, photographs to examine the light-scattering properties
of the human cornea, is a relatively new diagnostic advancement (Smith, Brown et al. 1990).
Measurement of corneal densitometry (CD) can, therefore, be used as an objective measure of the
corneal response to infection and disease, as well as to monitor response to therapy (Otri, Fares

et al.2012).

Unlike traditional corneal biomarkers, such as thickness and curvature, which focus on corneal

shape, CD evaluates corneal tissue characteristics (Consejo, Jimenez-Garcia et al. 2022).

The Ocular Response to Eye Rubbing in Keratoconus 63



Chapter 1: Introduction and Literature Review

Currently, no other standardised and readily available methods exist to objectively measure
corneal backscatter (Koc, Tekin et al.2018). While CD has yet to gain widespread acceptance as
an indicator of eye health in clinical settings, numerous researchers have highlighted its potential

as a useful diagnostic tool, particularly for identifying subclinical KC (Wang, Zhang et al.2022).

1.7 SUMMARY

The cornea is a thin, avascular tissue composed mainly of extracellular matrix, with few cells that
limit its ability to heal. Repeated mechanical stress, such as blunt trauma combined with active
and compressive forces from frequent, vigorous eye rubbing, can cause measurable structural
changes that lead to corneal thinning over time. Evidence indicates that chronic, abnormal eye
rubbing habits can induce corneal trauma, which is widely linked to the progression of KC.

Therefore, could stopping habitual rubbing help prevent the disease from developing altogether?

Research on damage caused by ocular rubbing remains limited, and efforts to minimise rubbing
in individuals with KC have had only partial success. Ocular itch, or pruritus, is a recognised
trigger for some rubbing behaviours. Other influences include stimulation of pleasure centres via
the Vagus nerve, psychological factors aimed at reducing anxiety, relief from ocular surface

dryness, and a desire to lessen the effects of peri-orbital irritants.

Historically, detecting corneal responses to eye rubbing relied on outdated techniques such as
retinoscopy, Placido disc imaging, and early corneal topography devices. Advances in
computerised topography, Scheimpflug backscatter assessment, corneal pachymetry,
biomechanical evaluations, and modern tomographic instruments have greatly enhanced the

ability to identify ocular responses to trauma from rubbing.

This thesis will utilise two commercially available non-invasive diagnostic tools to evaluate the
impact of eye rubbing on corneal epithelial thickness (CET), corneal densitometry (CD), anterior
and posterior corneal radius of curvature (ARC and PRC), and anterior chamber volume (ACV)

in KC and Non-KC eyes.

Furthermore, a self-administered survey will be used to examine the effects of habitual eye
rubbing and its potential impact on these immediate post-rub measurements. This survey was
designed to categorise how often eye rubbing occurs and to explore the link between long-term

eye rubbing and ocular changes to help identify the cumulative effects of prolonged eye rubbing.

The findings presented in this thesis have the potential to assist clinicians in identifying the impact
of ocular trauma caused by eye rubbing and in explaining its consequences for individuals

affected by KC, potentially helping to mitigate disease progression.
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1.8 RATIONALE FOR RESEARCH

A thorough literature search found no direct, long-term controlled studies comparing exclusive
behavioural interventions, such as strict avoidance of eye rubbing, with surgical interventions,
such as CXL or intracorneal ring segments (ICRS), for preventing the onset of KC or halting its
progression. The Global Delphi Panel on KC and Ectatic Diseases reached unanimous agreement
that chronic eye rubbing can induce biomechanical decompensation and ectasia, even in

individuals without overt disease (Gomes, Tan et al.2015).

It is well known that individuals with KC often display unusual or abnormal eye-rubbing
behaviours (Krachmer 1997), which may contribute to the progression of their condition. The
techniques used in eye rubbing significantly affect the pathological features of various rubbing-
related eye disorders, yet it remains uncertain which methods are associated with the onset and

progression of KC.

The impact of rubbing-related corneal and ocular trauma in individuals with and without KC has
never been thoroughly studied. There is limited evidence in the literature on how the cornea and
anterior segment respond to both short-term and long-term eye rubbing. This thesis aims to bridge
a gap in the literature by measuring corneal and ocular parameters before and after habitual eye

rubbing.

Questions also remain about whether brief periods of eye rubbing cause observable changes in
the cornea and anterior segment, whether different responses occur between KC and Non-KC
eyes, and how the type, duration, and intensity of eye rubbing relate to KC severity. Additionally,
it is still unclear how KC severity influences eye-rubbing behaviour and whether the ocular

changes caused by eye rubbing affect the overall severity of the condition.
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1.9 THESIS AIMS AND HYPOTHESES
1.9.1 STATEMENT OF AIMS

This thesis aims to investigate the effects of rubbing trauma in KC and to analyse, understand,
and evaluate its impact on various anterior ocular parameters. Furthermore, the study aims to
address key questions about eye rubbing in individuals with KC compared with those without KC
(Non-KC), seeking to provide new insights and solutions on potential disease progression. By
utilising commercially available imaging techniques and a self-administered eye rubbing survey,

the research may enhance academic understanding and inform future management protocols.

1.9.1.1 AIM 1
To establish the repeatability of the commercially available imaging techniques, Topcon Triton
SS-OCT and Oculus Pentacam, in measuring corneal epithelial thickness (CET) and corneal

densitometry (CD), respectively, in KC and Non-KC.

1.9.1.2 AIM 2
To determine how eye rubbing habits differ between KC and Non-KC participants and to establish
the ocular rubbing habits associated with KC.

1.9.1.3 AIM 3
To determine whether habitual eye rubbing is associated with short-term changes in the anterior
ocular parameters, CET, CD, corneal topography (ARC and PRC), and ACV, and how these differ
between KC and Non-KC.

1.9.2 STATEMENT OF HYPOTHESES

Individuals with KC exhibit quantifiably different eye-rubbing behaviours than Non-KC, and eye-

rubbing induces measurable ocular changes that differ between KC and Non-KC.

1.9.2.1 SUB HYPOTHESIS 1
Topcon Triton SS-OCT and Oculus Pentacam demonstrate adequate repeatability in measuring

CET and CD parameters, respectively, in both KC and Non-KC.

1.9.2.2 SUB HYPOTHESIS 2
The eye rubbing habits of KC and Non-KC differ, and these differences can be quantified.

1.9.2.3 SUB HYPOTHESIS 3
Short-term eye rubbing influences anterior ocular parameters, and the effect differs between KC

and Non-KC.

1.9.2.4 SUB HYPOTHESIS 4
Eye rubbing habits and the effect of eye rubbing on anterior ocular parameters are associated with

the severity of KC.
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1.10 THESIS OVERVIEW

KC is a progressive ectatic disorder characterised by focal corneal thinning, anterior protrusion,
and corneal biomechanical instability. Although its aetiology is multifactorial, chronic abnormal
eye-rubbing habits are widely regarded as a key environmental driver that may interact with
underlying genetic or structural susceptibility. Mechanical trauma from rubbing generates
transient but substantial increases in intraocular pressure and localised hydrostatic stress, leading
to acute stromal deformation. Repeated exposure to such mechanical loading is hypothesised to
disrupt collagen lamellar organisation, induce epithelial thinning, stimulate the release of
inflammatory mediators, alter enzymatic activity within the extracellular matrix, increase corneal
temperature, and reduce the viscoelastic integrity of the corneal ground substance. Over time,

these processes may weaken corneal biomechanics and promote progressive ectasia.

Epidemiological evidence indicates a significantly higher prevalence of habitual and vigorous eye
rubbing among individuals with KC than in Non-KC controls. However, the mechanistic link
between rubbing behaviour and disease severity remains poorly defined. Specifically, it is unclear
whether KC corneas exhibit exaggerated deformation responses to mechanical stress due to
intrinsic biomechanical vulnerability or whether the observed changes simply reflect differences

in rubbing intensity and duration.

This study will investigate acute corneal and anterior segment responses to habitual eye rubbing
in participants with and without KC. It is hypothesised that KC eyes will exhibit greater structural
and tomographic changes after rubbing than Non-KC eyes, reflecting reduced biomechanical
resistance to mechanical compression. Furthermore, the magnitude of induced changes is
expected to correlate with KC severity, supporting the concept that progressive biomechanical
weakening increases susceptibility to mechanically induced deformation. By integrating
structural imaging parameters with behavioural characteristics of rubbing, this study aims to
clarify the interaction between mechanical load and corneal susceptibility in the pathogenesis and

progression of KC.
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CHAPTER 2: CORNEAL EPITHELIAL THICKNESS:
REPEATABILITY AND LOCATIONAL DIFFERENCES

2.1 INTRODUCTION

As discussed in Chapter 1, the epithelium (Figure 2-1) is the corneal outermost structural layer,
comprising five to seven layers of squamous non-keratinised stratified layers (Snell and Lemp
1997). Corneal epithelial thickness (CET) measurements vary throughout the corneal area
between 49 and 58 um (Hogan, Alvarado et al. 1971; Reinstein, Archer et al.2008). The CET
profile is non-uniform in a normal cornea, measuring thinner superiorly than inferiorly and thinner

temporally than nasally (Reinstein, Archer et al.2008).
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Figure 2-1: Cross-sectional representation of a normal human cornea; Reproduced with permission
from (Batista, Guimaraes et al. 2022).

In clinical practice, corneal assessment is primarily performed using biomicroscopy. However,
the optical principles and resolution limitations of slit-lamp examination may impede
understanding of pathological and physiological changes in the cornea. More recently, corneal

imaging methods such as high-frequency ultrasound (Reinstein, Silverman et al.1993) and LSCM
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(Minsky 2011) have significantly enhanced our understanding of corneal anatomy and physiology
in both healthy and diseased states (Labbe, Kallel et al.2012). However, it is essential to note that
current clinical modalities, such as LSCM, have limitations (Swartz, Marten et al. 2007),
particularly in their reliance on changes in tissue refractive index as a contrast mechanism. CET
non-uniformity is not merely an anatomical feature but a dynamic response of the cornea to
maintain a smooth, symmetrical optical surface (Hwang, Schallhorn et al.2020). Understanding
this corneal compensatory mechanism is essential, as it improves the ability to predict its response
to various external conditions, such as eye rubbing, pillow pressure, ocular compressive forces,
eyelid interference, persistent blinking, and corneal refractive surgery (Reinstein, Silverman et al.

1993).

OCT has evolved rapidly and has become a robust technology, significantly transforming
diagnostic ophthalmic imaging (de Boer, Cense et al. 2003). OCT utilises low-coherence
interferometry to measure the time delay and intensity of backscattered light from a target,
enabling high-resolution imaging of internal structures (Fujimoto 2003). This approach can
examine the different layers of a structured tissue specimen, such as the retina and cornea, with
high axial resolution (3 to 15 pm) (Drexler, Morgner et al. 2001). SD-OCT offers 2- to 3-fold
higher axial resolution and a 60- to 110-fold increase in scan speed compared to TD-OCT
(Wojtkowski, Srinivasan et al.2004). SD-OCT enables novel scanning, denser sampling, and
three-dimensional imaging. AS-OCT (Feng, Reinstein et al.2023) has provided valuable insights

into the mechanisms underlying corneal diseases, thereby improving diagnostic capabilities.

A newer modality is SS-OCT technology, which uses an infrared light source with a longer
wavelength than SD-OCT, allowing greater image depth and high-contrast imaging of the entire
ocular segment (Wang, Reisman et al.2017). The repeatability of CET measurements is superior
with SS-OCT compared to SD-OCT. SS-OCT provides lower measurement variability and
improved test-retest reliability, likely attributable to its longer wavelength, faster acquisition
speed, and deeper tissue penetration, which together enhance signal stability and reduce motion-
related artefacts (Feng, Reinstein et al.2023). These technical advantages support the use of SS-
OCT for more precise epithelial mapping, particularly in studies assessing subtle or short-term

epithelial changes.
2.1.1 AIMS

1. To assess the repeatability of SS-OCT when measuring CET in different corneal locations
in KC and Non-KC eyes.
2. To determine CET differences by location using SS-OCT in KC and Non-KC eyes.

3. To test for an association between KC severity and CET.
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2.1.2 HYPOTHESES

1. CET measurements will demonstrate adequate repeatability in both KC and Non-KC eyes
in all five corneal locations.

2. CET will vary by corneal location in both KC and Non-KC eyes.

3. Changes in CET will be associated with KC severity.

2.2 MATERIALS AND METHODS
2.2.1 STUDY DESIGN

This was a prospective clinical trial conducted at Omni Eye Centre, a private ophthalmic practice
located in southern Sydney. The study was reviewed and approved by the Human Research Ethics
Advisory Panel at UNSW Sydney (Approval No. HC17893). The study adhered to the tenets of
the Declaration of Helsinki (World Medical 2013).

2.2.2 PARTICIPANTS

Participants were recruited via ethics-approved advertisement signage displayed at the reception
counter of Omni Eye Centre (Appendix B). Additionally, emails were sent to a targeted database
associated with this practice, inviting participants to join the study. All participants who enrolled
were regular patients at Omni Eye Centre and expressed an interest in participating in the research
study through the recruitment offered at the centre’s reception or via email. Interested participants
were sent a Participant Information Statement and Consent Form (PISCF) (Appendix C) via
secure electronic communication, and written informed consent was obtained from each

participant before being enrolled in the study.

Eligible participants were required to be either diagnosed with KC or not have KC; be 18 years
or older; have good general and eye health (excluding KC); not have undergone any refractive,
corneal, or cataract surgery; not have significant corneal scarring (best distance-corrected visual
acuity < 6/120); not have ocular manifestations of systemic diseases such as Sjogren disease or
peri-orbital dermatological conditions; not have a chronic eye-rubbing habit; and be willing to
interrupt contact lens wear for at least two days. Each participant who enrolled was assigned a
unique study number, starting with ‘01” for the first participant and continuing sequentially. All
participants in this study also took part in the study outlined in Chapter 4, while 44 participants
took part in the study described in Chapter 5.
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2.2.3 STUDY PROTOCOL

This study was conducted in three stages during one visit (Figure 2-2). After informed consent
was obtained, Stage 1 involved a preliminary screening to determine study eligibility and to
categorise each participant’s keratoconic status as either KC or Non-KC. KC participants were
further classified by KC severity. Stage 2 involved repeated measurements of corneal epithelial
thickness in 5 corneal locations using the Triton SS-OCT plus its Anterior Segment Lens Unit
Attachment, also known as the “AA-1 kit” (Appendix F), and Stage 3 involved repeated
measurements of corneal densitometry (CD) in 4 corneal regions using the Oculus Pentacam
(Basic Model, Oculus Optikgerdte GmbH; Wetzlar, Germany). The right eye was used for the
analysis of CET, and the left eye for the analysis of CD.

Stage 1
* n=143
+ Written informed consent
* Screening procedures including
Oculus Pentacam (hoth eyes)
* Confirm keratoconic status
and grade keratoconic severity

Exclusions
*+ Aged <18 years(n=17)
*  Unwilling to cease contactlens
wear (n = 34)

I

* Chronic eyerubbers (n = 11) Y
* Previous corneal surgery (n =7) Stage 2
+ Corneal scarring (n = 3) + Total n = 48 (24 KC, 24 Non-KC)

- Declined participation (n = 23) * Corneal epithelial thickness

measurements using Triton SS-
OCT (right eye)
* Three measurements at5
locations

h 4

Stage 3
+ Total n =48 (24 KC, 24 Non-KC)
* Corneal densitometry
measurements using Oculus
Pentacam (left eye)
* Three measurements in 4
regions

Figure 2-2: Participant flow chart.
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2.23.1STAGE 1
Demographic data and history were collected during Stage 1, followed by autorefraction (Topcon
KR8900, Tokyo, Japan) and subjective refraction to determine the best-corrected distance visual
acuity (Optos CP-400; Frey Medical, Piaseczno, Poland). Slit lamp biomicroscopy (Topcon SL-
D7, Tokyo, Japan) was used to examine the anterior segments of the eyes, and both eyes were

checked with the Oculus Pentacam to confirm keratoconic status.

The Belin/Ambroésio Enhanced Ectasia Display (BAD) protocol (Oculus 2017) obtained from the
Pentacam (Figure 2-3) was used as the final determinant of participant keratoconic status (KC or
Non-KC). The protocol is designed to combine elevation data from the anterior and posterior
cornea with pachymetry data to provide a more comprehensive display for KC and ectasia

screening (Villavicencio, Gilani et al.2014; Duncan, Belin et al.2016).

_OCULUS - PENTACAM Belin / Ambrosio Enhanced Ectasia ...

~ Elevation (Front) Elovation (Back) e
SIS SEETRE _J Fet Name:
(B)=5.95 Float. Dis=8.00 0
1 Date of Bl
8‘ 3 oD Exam Dete:
o Exam Info
1 At ] 2900 v
0 Re e 2'::!:
KM [

Pachy Thin Locat: [+]
Dat ApeeThinloc: IT

& T N Progression
o'ildti'i M @7 Max |210

[B) Excl 3 0mm 10612 Foat, Dia=8.00

Mean comeal thokness vakues on fngs concertically 10 the thrnest location
Caemeal Thickress Spetiel Profile [CTSP)
0 2 4

[ 12760 |

Figure 2-3: Pentacam BAD Display output utilises both anterior and posterior elevation data against
an “enhanced reference sphere”, reflecting portions of the cornea typically altered by keratoconic
change (Belin and Duncan 2016).
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The Belin ABCD categorisation system uses the anterior and posterior radius of curvature,
pachymetry, and best-corrected distance visual acuity to assess keratoconic severity. This system
groups and stages KC into five levels, with stage 0 indicating minimal KC and stage IV
representing advanced KC (Grisevic, Gilevska et al. 2020). The Belin ABCD, KC-staging is

summarised in Figure 2-4.

Belin ABCD Keratoconus Staging

-Criteria A and ARC (3.00 mm Zone)
Anterior Radius of Curvature in the 3.0 mm zone centred on the thinnest location of the cornea.

-Criteria B and PRC (3.0 mm Zone)
Posterior Radius of Curvature in the 3.0 mm zone. Average curvature in the 3.0 mm zone centred on the thinnest location of
the cornea.

-Criteria C and Thinnest Pachymetry
Thinnest pachymetry in pm

-Criteria D and DCVA
“Distance Best Corrected Visual Acuity™

DCVA is not generated by Pentacam software and is input manually

‘Whole-number stages are rounded down from the numbers with a decimal place.

ABCD A B C D
CRITERIA
ARC PRC Thinnest BDVA Scarring
(3mm Zone) (3mm Zone) Pachymetry (Metric / Decimal
(um) Notation)
STAGE 0 >7.25 mm >5.90 mm >490 pm =6/6 -
(<46.5D) (=1.0)
STAGE I >7.05 mm >5.70 mm > 450 pm <6/6 -ty
(<48.0D) (<1.0)
STAGE II >6.35 mm >5.15 mm >400 pm <6/12 -y Hy
(<53.0D) (<0.5)
STAGE III >6.15 mm >4.95 mm >300 pm < 6/30 sy ty
(<55.0D) (<0.2)
STAGE IV <6.15 mm <4.95 mm =300 pm < 6/120 sty
(> 55.0D) (<0.05)

Figure 2-4: The ABCD system for categorising KC severity. Data reproduced with permission from
(Belin, J Meyer et al. 2017).

2.2.3.2 STAGE 2
The procedure for obtaining three independent measurements on the RIGHT eye exclusively for
the Triton SS-OCT entailed repeating the test procedure for the participant, instructing the patient
to blink fully and gently three times prior to measurement, and recording CET measurements.
The Triton comprises both anterior and posterior eye modules. For this study, only the anterior
segment module was employed. According to the instruction manual, the vertical artefact
reflection should intersect the epithelium in the central region of the scan box (Figure 2-5), known
as the corneal vertex (most anterior point on the surface of the cornea), serving as a reference
point for consistent scans and reducing measurement variability. Imaging of the anterior segment

with the Triton requires the use of an anterior segment attachment (refer to Appendix F, AA-1
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kit). When equipped with this attachment, the device can perform line and radial scans of the
anterior segment at an operational distance of approximately 17 mm, with a sampling range

spanning 3 to 16 mm horizontally and vertically across the cornea.

e =]

Figure 2-5 Acquisition of Triton SS-OCT corneal vertical artefact.

For this study, a 6 mm diameter scan protocol was used, producing 12 radial line scans of the
cornea (Figure 2-6). These scans automatically enabled measurements within 3 mm of the corneal
vertex. The choice of 12 scans balances spatial sampling density with faster acquisition. This
radial set of 12 B-scans offers adequate angular coverage for generating maps of total corneal
thickness (pachymetry), epithelial and stromal layer thickness, as well as curvature profiles (Ang,
Baskaran et al.2018a). The Topcon reference manual states that the axial resolution is 20 um in

tissue and that the imaging depth is up to 9 mm. The thickness of each line scan is unknown.

The centre of the radial scan was manually placed over the centre of the pupil to allow for a quick
and accurate scan of the cornea. The result was epithelial measurements in 24 equally spaced, 15-
degree intervals around the clock, as well as centrally. These results were analysed for their

repeatability.
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Figure 2-6 Acquisition of Triton SS-OCT 12-radial scan mode.

The five to seven cell layers of the human corneal epithelium were measured centrally at the
corneal vertex and 3 mm from the centre (superior, inferior, nasal and temporal). The instrument
defines total epithelial thickness either by manual callipers or, as the preferred method, by
automated layer boundaries, identified by reflectivity contrast at tissue interfaces, from the most
anterior (surface epithelium) to the posterior (line of Bowman’s layer) (Topcon). Automated
segmentation algorithms are often proprietary and detect these boundaries in each radial B-scan
before computing distances to derive thickness values for each measured layer. Segmentation
challenges include motion artifacts, speckle noise, and interface indistinctness, which can be

mitigated by averaging, smoothing, and morphological analysis.

At present, peer-reviewed primary studies specifically detailing the Triton anterior epithelial
thickness algorithms, segmentation precision, and reproducibility for 12 radial scans are scarce.
Much of the manufacturer's technical information details scan patterns and resolution

specifications, but not the internal algorithms for epithelial thickness mapping.

Each measurement of CET was taken as described below:

1. The test was explained to the participant.

2. The participant was asked to blink three times before the measurement.

3. The measurement was taken.

4, A short break (up to a few minutes) was allowed, followed by steps 2 to 3 above for the

next two measurements.

CET measurements were taken at five corneal locations (vertex [term “central” used throughout

this thesis], superior, inferior, nasal, and temporal), as depicted in Figure 2-7.
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V = vertex (centre), S = superior, | = inferior, N = nasal, T = temporal.

Figure 2-7: Five corneal epithelial locations, the corneal vertex (centre) and 3 mm from the vertex,
superiorly, inferiorly, temporally and nasally.

Data could not be exported directly from the Triton SS-OCT database; therefore, a double-data
entry system was used to maximise data integrity prior to analysis. After each participant’s visit,
data were manually entered from the Triton SS-OCT database into an Excel spreadsheet
(Microsoft: Redmond, WA, USA). After all data collection, all participant data were manually
entered from the Triton SS-OCT database into a different spreadsheet with the same formatting
as the first spreadsheet. Differences in the data between the first and second entries were checked
using Excel's arithmetic functions, and any discrepancies were verified against the source Triton
SS-OCT database and corrected accordingly. All data were formatted in Excel according to the
requirements of the analyses to be performed, and the data were uploaded directly from the final

spreadsheet to SPSS V28 (IBM, Armonk, NY, USA).

2.2.3.3 STAGE 3
Stage 3 involved CD measurements on the left eye in four corneal regions using the Oculus
Pentacam. These measurements were taken about five minutes after all CET measurements were

obtained. This experiment is detailed in Chapter 3.
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2.2.4 SAMPLE SIZE CALCULATION

The required sample size in repeatability studies is calculated using the following equation

(McAlinden, Khadka et al.2015):
pROeg——— | AOK T £E A&d AA
[0}

Sw = within-participant standard deviation (SD); n = sample size, and n” = the number of repeats.

The sample size calculation is independent of Sw because it is cancelled out in the above equation.

A 10% level of confidence is typically chosen (McAlinden, Khadka et al.2015), and thus n = 96
when three repeats are performed. If repeatability is calculated separately for each group, the total
required sample size is 192 (96 per group). However, this sample size exceeded the resources
available for this study; thus, the confidence level was set at 20%. A minimum sample size of 24

participants per group was required; therefore, a total of 48 participants were needed for the study.
2.2.5 STATISTICAL ANALYSES

Analyses were conducted in SPSS version 28, with significance set at p <0.05. Differences in sex
between KC and Non-KC were assessed using the y2 test, and differences in age were assessed
using a linear mixed model. The model used group (KC and Non-KC) as a fixed factor and

participant as a random factor.

2.2.5.1 REPEATABILITY
The repeatability of CET measurements was assessed in five corneal locations (Figure 2-7).
Differences between the three repeated measures of CET at each corneal location were assessed
separately for each group using a repeated-measures analysis of variance (ANOVA). The within-
subject factors were corneal location (central, superior, inferior, nasal, and temporal) and repeat
(first, second, and third). The interaction corneal location x repeat was used to determine whether

significant differences between repeated measures of CET occurred at any corneal location.

Sw was calculated by performing a one-way ANOVA (CET as dependent and participant number
as factor) and taking the square root of the within-groups mean square (Bland and Altman 2010;
McAlinden, Khadka et al.2015). The coefficient of repeatability (CoR) was calculated using the
following equation (Bland and Altman 2010; McAlinden, Khadka et al.2015):

8 &Y pBo#Ic Y
The tolerance index (TI) for repeatability indicates whether repeatability between a healthy cohort
differs significantly from that of a pathological cohort (Bergin, Guber et al.2015). The TI was

calculated by taking the natural logarithm of the ratio between the RC of KC and Non-KC, as

shown in the following equation:
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YO 1 1Y6 TYH
For the sample size of the current study, a TI < 0.31 indicates no significant difference in the
repeatability between Non-KC and KC (Bergin, Guber et al.2015). The coefficient of variability

(CoV) shows the extent of variability relative to the mean, which was calculated by dividing the

SD by the mean (SD/mean) and expressed as a percentage.

2.2.5.2 DIFFERENCES IN CORNEAL EPITHELIAL THICKNESS
A posthoc power calculation was performed to determine the available power to assess within
and between group differences in CD by corneal region using the sample size of n = 48 and the
CoR and SD values obtained from the repeatability analysis for all participants combined, as listed
in Table 2-2. The assumed mean difference was the higher CoR in each region, rounded up to the
nearest integer, and the calculation was performed using G*Power V3.9.1.2 (Faul, Erdfelder et
al. 2007). There were no significant differences between repeated measures of CET in either KC
or Non-KC for any corneal location (p > 0.4, Table 2-2). Thus, the mean of the three CET
measurements for each participant at each location was used for analysis. Raw data were assessed
for normality using the Shapiro-Wilk test, and if it failed (p < 0.05), data were further assessed
using Q-Q plots and frequency histograms. An appropriate transformation was applied prior to
analysis if the raw data failed to meet the normality assumptions. A linear mixed model with
subject random intercepts was used to assess differences in CET. The fixed factors in the model
comprised group (KC and Non-KC) and corneal location (central, superior, inferior, nasal, and
temporal). The interaction between group and corneal location was tested; if significant, the
effects were assessed at each level of the interaction. Posthoc multiple comparisons were
adjusted using the Bonferroni correction. Correlation analysis was used to assess associations
between CET and KC severity. The Spearman test was used because KC severity was grouped as

a categorical variable.

2.3 RESULTS
2.3.1 DEMOGRAPHIC CHARACTERISTICS

Of the 48 participants in this study, 44% (n = 21) were male. The mean age + SD was 35.1 + 12.1
years, with an age range of 18 to 65 years, and 24 participants were categorised as KC and Non-
KC. A higher proportion of KC participants were male compared to Non-KC (63% vs. 25%, x2(1,
n =48) = 6.86, p = 0.009), while there was no difference between groups for age (Fi46= 3.46, p
=0.07). This study did not include variation in ethnic background, as the participants represented
a diverse range of racial and cultural backgrounds. There were not enough participants from a

particular race or region to analyse by category.
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The number and percentages of KC participants classified into each of the five severity stages

using the ABCD grading system are shown in Table 2-1

Table 2-1: Keratoconic participants by severity.

Stage 0 5(21)
Stage 1 6 (25)
Stage 11 8 (33)
Stage 111 3(13)
Stage IV 2(3)

2.3.2 REPEATABILITY

The CET repeatability for KC and Non-KC at all five corneal locations is shown in Table 2-2.
There was no significant difference in the CoR between KC and Non-KC at any of the five corneal
locations (-0.09 < TI < 0.14); thus, repeatability results are also presented for all participants

combined.
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Table 2-2: Repeatability of corneal epithelial thickness (CET)

Keratoconic

First 484 |29

Second 482 | 34 1.66 4.6 6.5
Central -

Third 48.0 | 3.2

Average | 482 | 3.1 - - -

First 50.1 | 49

. Second 485 | 5.6 4.28 11.9 10.3

Superior -

Third 504 | 4.8

Average | 49.7 | 5.1 - - -

First 522 | 48

Second 50.0 | 4.6 4.30 11.9 9.7
Inferior - 2 F4.6,105=0.99, p = 0.42

Third 50.6 | 5.2

Average | 509 | 4.9 - - -

First 50.9 | 4.8

Second 51.5 | 3.1 4.24 11.7 8.6
Nasal -

Third 505 | 5.1

Average | 51.0 | 44 - - -

First 53.0 | 44

Second 509 | 53 4.43 123 9.5
Temporal -

Third 509 | 4.8

Average | 51.6 | 4.9 - - -

Non-Keratoconic

First 492 | 3.0

Second 492 | 33 1.54 43 6.5
Central

Third 492 | 33

Average | 49.2 | 3.2 - - -

First 478 | 4.4

Second 483 | 54 4.70 13.0 9.7
Superior -

Third 49.8 | 4.2

Average | 48.6 | 4.7 - - -

First 496 | 6.4

. Second 48.0 | 5.7 4.70 13.0 11.5

Inferior - > F40,113=0.64, p = 0.67

Third 48.6 | 4.7

Average | 48.8 | 5.6 - - -

First 485 | 59

Second 475 | 53 4.77 132 11.6
Nasal -

Third 475 | 55

Average | 47.8 | 5.5 - - -

First 520 | 5.8

Second 51.0 | 4.6 3.87 10.7 9.7
Temporal -

Third 519 | 4.6

Average | 51.6 | 5.0 - - -
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All Participants Combined
First 48.8 3.0
Second 48.7 3.4 1.60 4.4 6.5
Central -
Third 48.6 33
Average | 48.7 3.2 - - -
First 48.9 4.7
X Second 48.4 5.5 4.50 12.5 10.0
Superior -
Third 50.1 4.5
Average | 49.1 4.9 - - -
First 50.9 5.8
Second 49.0 5.2 4.50 12.5 10.8
Inferior - ¢ Fs5250=1.18, p=0.32
Third 49.6 5.0
Average | 49.8 5.4 - - -
First 49.7 5.4
Second 49.5 4.8 4.51 12.5 10.5
Nasal -
Third 49.0 5.5
Average | 494 5.2 - - -
First 52.5 5.1
Second 50.9 4.9 4.16 11.5 9.6
Temporal -
Third 51.4 4.7
Average | 51.6 4.9 - - -
aMa u c htdstyojpsher i ci ty: ¢2(35, n=60) = 80.2, p < 0.0
Degrees of freedom corrected using Greenhdbsei sser esti mates of sp
PbMauchl ydos test2¢B5Jpamep.O0}.i £y
Degrees of freedom corrected using Greenhdbsei sser esti mat é8. of sp
‘cMauchl yds test?2¢l2053510&hpE<r0i0@li t vy
Degrees of freedom corrected using Greenhdbgei sser esti mat é%. of sp

All repeatability measures were comparable between KC and Non-KC, and differences in
repeated measures of CET were not significant at any corneal location (p > 0.3) for either group
or combined. The CoR was comparable between KC and Non-KC at all locations (the maximum
difference was < 1.7 um). Differences in CET of > 5 um and > 13 pum appear clinically meaningful

for central and peripheral locations, respectively.

The central corneal measurements had the highest repeatability. The repeatability in corneal
locations 3 mm from the centre was comparable. The CoV results were all acceptable (< 12%)

(Aronhime, Calcagno et al.2014).
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2.3.3 LOCATIONAL DIFFERENCES IN CORNEAL EPITHELIAL THICKNESS

The available power to test for locational differences in CET within KC and Non-KC was greater
than 95%. The available power to test the difference between KC and Non-KC was also greater

than 95%.

Raw CET data met the normality assumptions (Shapiro-Wilk: p = 0.45), and thus no data
transformation was required before statistical analysis. Descriptive statistics are presented as

mean, standard deviation (SD), and 95% confidence intervals (CI).

The mean CET at each corneal location for KC and Non-KC are shown in Figure 2-8. Locational
differences within KC and Non-KC are shown in Table 2-3. A significant interaction was found
between group and corneal location (F4134 = 6.38, p = 0.009). Consequently, analyses were
performed separately at each location for within-group differences (Table 2-3) and between-group
differences (Table 2-4). In KC, the central CET was significantly thinner than the inferior, nasal,
and temporal (p < 0.03), while there was no difference between the central and superior cornea
(p > 0.99). In Non-KC, temporal CET was significantly thicker than superior, inferior, and nasal
(p < 0.02), while there was no difference between the temporal and central cornea (p = 0.08).
Locational differences between KC and Non-KC are shown in Table 2-4. CET was significantly
thicker in KC compared to Non-KC in the nasal location (p = 0.002). There were no significant

differences in CET between KC and Non-KC in any other location (p > 0.05).
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Figure 2-8: Mean corneal epithelial thickness by group and location. Error bars = 95% confidence
intervals.
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Table 2-3: Mean location differences in corneal epithelial thickness within keratoconic and non-keratoconic participants. Significant p-values (p < 0.5) are in bold
font.

48.2+3.0
Central 47.1-49.4 ] ] ] ] ]
Superior 49.7+38 t9>=1.63
up 48.2-49.4 p>0.99 ) ) ) )
. . 50.9+3.5 F4,92=4.45 19,=3.02 t9>=1.39
Keratoconic | Inferior 49.5-523 p = 0.002 p=0.03 p>0.99 - - -
Nasal 51.0+£2.7 t9,=3.05 tor=1.42 t9,=0.03
49.9 - 52.0 p=10.03 p>0.99 p>0.99 - -
51.6+33 t9,=3.77 tr=2.14 t9o=0.75 t9,=0.72
Temporal 50.3 - 52.9 p = 0.003 p=0.35 p>0.99 p > 0.99 ]
492+30
Central 48.0 - 50.4 - - - - -
Superior 48.6 £2.7 19,=0.69 ) ) ) )
up 47.5-49.7 p > 0.99
. . 48.7+ 4.1 F4.9=5.39 19,=0.52 t9,=0.17
Non Keratoconic | Inferior 471 -50.4 p =0.001 p>0.99 p>0.99 - - -
Nasal 47.8+39 t9>=1.60 192=0.92 t92=1.09 ) )
46.2 - 49.4 p>0.99 p>0.99 p>0.99
Temporal 51.6+3.9 t9=2.73 t9r=3.42 t9,=3.25 t9r=4.34 )
P 50.1-53.2 p=0.08 p = 0.009 p=0.02 p <0.001
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Table 2-4: Locational differences in corneal epithelial thickness (CET) between keratoconic and non-keratoconic participants. Significant p-values (p < 0.05) are in
bold font.

Central 482+3.0 492 +£3.0 Fia6= 1.38
47.1-49.4 48.0 - 50.4 p=025

Superior 49.7+38 48.6£2.7 Frae=1.31
P 48.2-49.4 47.5-49.7 p=0.26

Inferior 50.9+3.5 487+ 4.1 F146=3.92
49.5-523 47.1-50.4 p=0.054

Nasal 51.0+2.7 478+3.9 Fras=10.7
49.9-52.0 46.2-49.4 p = 0.002

Temporal 51.6+3.3 51.6+3.9 Fi46< 0.001
P 50.3-52.9 50.1-53.2 p=0.99
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2.3.4 ASSOCIATIONS BETWEEN SEVERITY OF KC AND CENTRAL
EPITHELIAL THICKNESS

Figure 2-9 shows the significant associations between KC severity and CET. Central and superior

CET were both negatively associated with KC severity (p < 0.007).
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Figure 2-9: Significant associations between KC severity and corneal epithelial thickness (CET) for
(a) Central cornea and (b) Superior cornea.

There were no significant associations between KC severity and CET at the inferior (p = 0.14,

p=0.53), nasal (p =-0.15, p = 0.49, or temporal (p =-0.02, p=0.91) cornea.
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2.4 DISCUSSION

This study shows that the Triton SS-OCT provides repeatable CET measurements in the five
corneal locations (central and four peripheral locations at 3 mm from the central cornea) in both

KC and Non-KC eyes. Furthermore, repeatability was comparable between KC and Non-KC.

The central CET measurements showed better repeatability than peripheral measurements using
the Triton SS-OCT. The repeatability was similar in the four peripheral locations, which is
consistent with both the Anterion SS-OCT, which uses identical swept-source technology as
Triton SS-OCT, and Avanti SD-OCT, which uses spectral-domain technology (Feng, Reinstein
et al. 2023). The reported repeatability of CET measurements with Anterion SS-OCT is better
than Triton SS-OCT in both KC and Non-KC, as reported in the current study, particularly in the
peripheral corneal locations (Feng, Reinstein et al. 2023). This better repeatability may be
influenced by features available with Anterion SS-OCT that are not available with Triton SS-
OCT, including an active eye tracker and map display showing the mean CET thickness at 41
evenly distributed points across the cornea, with the option of choosing CET at any point on the
map (Feng, Reinstein et al.2023). The Triton SS-OCT shows similar repeatability in central CET
measurements compared to the Avanti SD-OCT (Feng, Reinstein et al.2023; Sedaghat, Ostadi-
Moghadam et al. 2018) and MS-39 SD-OCT (Vega-Estrada, Mimouni et al. 2019), but worse
repeatability in peripheral CET measurements compared to Avanti SD-OCT (Feng, Reinstein et
al. 2023). This difference in repeatability may be due to anterior imaging being a standard feature
of Avanti SD-OCT (Feng, Reinstein et al. 2023), while the Triton SS-OCT is designed for

posterior imaging and requires an add-on lens for anterior imaging (Wang, Reisman et al.2017).

In KC, central CET was found to be thinnest and thickest temporally compared to Non-KC. The
mean differences in CET between KC and Non-KC cases (ranging from 2.7-3.8 um) were lower
than the corresponding differences in CET CoR (ranging from 3.5-12.5 pm), suggesting the
clinical relevance of these differences is questionable. However, the potential problems caused
by low repeatability between independent, single measurements in KC can be mitigated by using
the mean of at least three measurements (Guber, McAlinden et al.2017). This is demonstrated in
Figure 2-10, which shows the differences in CET at each corneal location between Triton SS-
OCT (the mean of three measurements is shown) and Anterion SS-OCT in Non-KC and KC
(Feng, Reinstein et al. 2023). Despite the better repeatability with Anterion SS-OCT, the
maximum mean difference in CET at any corneal location was between 3 to 4 um, which occurred
nasally and inferiorly in Non-KC. In comparison, all mean differences in KC were < 2.8 um. If
the CoR values obtained in the current study are used to compare instruments, the mean

differences between Non-KC and KC at all locations are not clinically meaningful. These
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comparisons suggest that CET measurements obtained with the Triton SS-OCT are clinically

useful despite the lower repeatability compared to other instruments.

Triton SS-OCT Anterion SS-OCT
Non-Keratoconic

Mean

Difference

- - - 5 = = 1.0<MD <2.0
Tempor Centr Nas Tempor Centr Nas 2.0<MD <3.0
51.6+3.9 | 492+3.0 | 47.8+3.9 506+34 | 51.6+33 | 51.1+35
Inferior Inferior 3.0<MD =4.0
48.7+4.1 523 +39 40<MD <5.0
| Keratoconic |
Supei Sopeio [ooswp=1o ]
45(’3-”21-3 — 5(13-0 i:-l" — 1.0 <MD <2.0
entr as. entr as
<
- 482429 | 51.0+£2.7 - 50.5+£57 | 53.0+4.38 20 =MD =3.0
Inferior Inferior 3.0<MD =4.0
50.9 £3.5 53.7+54 40<MD <5.0

Figure 2-10: Comparisons between Triton SS-OCT and Anterion SS-OCT (um). Data for the Triton
SS-OCT is obtained from the current study and comprises 48 eyes in total (24 KC and 24 Non-KC).
Data for the Anterion SS-OCT is obtained from (Feng, Reinstein ef al. 2023) and comprises 212 eyes
in total (122 KC and 90 Non-KC).

CET in Non-KC measures thinner superiorly than inferiorly and thinner temporally than nasally
(Feng, Reinstein et al. 2023; Reinstein, Archer et al.2008), while the current study reports that
the CET in Non-KC is thickest temporally (Figure 2-8). However, one of these studies used
Artemis's very high-frequency digital ultrasound (Reinstein, Archer et al.2008), which utilises a
different technology to SS-OCT, while the other study did not report whether the reported

differences were significant (Feng, Reinstein et al.2023).

Central CET was the thinnest region in KC, suggesting a “doughnut pattern”, which may be an
epithelial remodelling response to provide a smooth optical surface by partially compensating for
the central corneal steeping seen in KC (Franco, White et al. 2020). Other studies have also
reported this finding of thinner central CET in KC (Feng, Reinstein et al.2023; Franco, White et
al. 2020). Given that central corneal thinning may be a compensatory epithelial modelling
response, the finding from the current study that central CET thinning is associated with
increasing KC severity (Figure 2-9A) is expected. However, a greater curvature of the front or
back surfaces of the cornea and a thinning of the cornea may indicate the progression of KC
disease (Gomes, Tan et al.2015). However, the finding that superior CET is also associated with
increasing KC severity (Figure 2-9B) suggests that the corneal compensatory remodelling

response has its limitations (Gupta, Lalgudi et al.2020).
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2.4.1 IMAGE DEVICE CONSIDERATIONS

While limited peer-reviewed studies report repeatability and sensitivity to change for corneal
epithelial thickness using the DRI Topcon Triton Swept-Source OCT (SS-OCT), broader anterior
segment OCT literature shows that SS-OCT and Fourier-Domain OCT systems provide high
repeatability for corneal and epithelial thickness measurements (Lee and Han 2024; Schiano-
Lomoriello, Hoffer et al. 2021). The Triton, though relatively new, was selected for this study
due to its validated clinical and experimental performance (Shan, DeBoer et al.2019) and ability
to image the anterior segment and epithelium (Shan, DeBoer et al. 2019). Its resolution and
stability were sufficient to detect short-term epithelial changes from eye rubbing (Feng, Reinstein
et al. 2023; Li, Ismail et al. 2021). All measurements used a single device and a consistent
protocol to enhance repeatability and minimise error. The Triton system, operates at 1050 nm and
performs 100,000 A-scans per second (Topcon 2015), offering technical benefits including
reduced motion artifacts, deeper tissue penetration, and a high signal-to-noise ratio, which
enhance measurement stability and repeatability compared to older time-domain systems
(Mirzayev, Giindiiz et al. 2023). Direct repeatability data for corneal epithelial thickness
measured with the Triton device are limited, but the overall evidence for SS-OCT accuracy

supports its suitability for the endpoints discussed in this thesis (Oshika, Sawaki et al.2025).

Prior studies have shown good repeatability, with intraclass correlation coefficients exceeding
0.75 and within-subject standard deviations generally less than 2 pm for epithelial mapping in
normal eyes (Lee and Han 2024). Additionally, independent assessments of the Triton retinal
thickness measurements report repeatability limits of < 7.6 um and a coefficient of variation of <
2.6%, indicating that the instrument platform provides precision within the range necessary to
detect clinically relevant changes in ocular tissue thickness (Hou, Durbin et al.2023). The use of
a consistent protocol within a within-subjects repeated-measures design further enhances the
ability to resolve true physiological changes resulting from eye rubbing, likely outweighing the

incremental improvements in repeatability associated with more recently introduced devices.

Newer anterior segment SS-OCT platforms, such as ANTERION (Feng, Reinstein et al.2023),
provide high repeatability and reproducibility for quantitative anterior segment measurements
(Franco, White et al. 2020), confirming that advances in imaging technology can refine
measurement precision and offer logical directions for future validation work (Abicca, Schiano-

Lomoriello et al.2024).

Longitudinal assessment of KC progression depends on consistent baseline measurements, and
an understanding of the device's repeatability limits (Sahebjada, Al-Mahrougi et al.2021). The
Triton offers adequate precision for detecting meaningful changes in corneal and epithelial

thickness. However, the short-term effects of eye-rubbing may fall within the device measurement
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variability (Mlyniuk, Kaszuba-Modrzejewska et al. 2025); therefore, changes observed
immediately after rubbing should not be considered progression unless they are observed across
multiple visits and exceed repeatability thresholds. Using the same OCT platform and analysing
multiple measurements helps distinguish temporary biomechanical responses from true structural

progression.
2.4.2 POTENTIAL LIMITATIONS

As previously stated, the sample size was calculated based on a 20% confidence level due to
resource limitations, but a 10% level is usually chosen in repeatability studies (McAlinden,
Khadka et al. 2015). The confidence level could also have been improved by increasing the
number of repeated measures; however, participant fatigue may have become a confounding
factor. However, the repeatability results were comparable between KC and Non-KC; thus, the
repeatability for the entire cohort (n =48) had a confidence level of 14%. The repeatability results
for the whole of the sample were comparable with the individual results in both Non-KC and KC
(Table 2-2), suggesting that choosing a 20% level confidence level did not affect the overall study

results.

The recommended procedure when choosing one eye only for analysis is to select the eye
randomly (Armstrong 2013), but the right eye was always used in these CET analyses.
Asymmetry exists between the eyes (McAlinden, Khadka et al.2015), and choosing only one eye
may result in a random sample of right eyes, but a biased sample of eyes (Armstrong 2013).
However, given that the current analyses were comparable to other studies, it is unlikely that using
the same eye affected the overall findings. Racial background was not included in the study

demographics, but it may influence repeatability if the disease is more severe across racial groups.

Interpretation of subgroup analyses based on severity should be approached with caution. Smaller
subgroup samples might reduce the ability to detect differences, increasing the risk of error
(Willke, Zheng et al. 2012). KC progression and biomechanical responses to eye rubbing
probably do not change linearly with disease severity; instead, non-linear effects, thresholds, or
ceiling effects could account for the observed patterns. These subgroup results are exploratory

and serve to generate hypotheses rather than provide definitive conclusions.
2.4.3 CONCLUSIONS

Triton SS-OCT showed comparable and moderate repeatability when measuring CET in both KC
and Non-KC, while repeatability was highest in the central cornea compared to the peripheral
locations. The central CET is thinnest in KC and thinning of the central and superior CET is

associated with increased KC severity.
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CHAPTER 3: CORNEAL DENSITOMETRY: REPEATABILITY
AND REGIONAL DIFFERENCES

3.1 INTRODUCTION

Vision can be impaired when the cornea becomes cloudy, losing its transparency and increasing
corneal backscatter. This is where light is scattered or reflected by the cornea rather than
transmitted through it, reducing corneal clarity. This can occur as a natural response to various
pathological insults, such as infections, corneal dystrophies, inflammation, injuries, and other
underlying conditions (Braunstein, Jain et al. 1996). KC alters corneal backscatter by inducing
corneal haze due to the disarrangement of corneal histology (Alzahrani, Cristian et al.2018). A
clear and transparent cornea relies on a well-functioning endothelial fluid pump (Mergler and
Pleyer 2007), specific size, uniformity, and organisation of stromal collagen (Hassell and Birk

2010), as well as a precise distance between adjacent collagen fibrils (Meek and Knupp 2015).

As described in Chapter 1, developing an objective and reproducible method of measuring corneal
backscatter provides a more useful means of monitoring pathology and the effectiveness of
potential interventions (Ni Dhubhghaill, Rozema et al. 2014). The current universally accepted
clinical technique for determining corneal backscatter is corneal densitometry (CD) via
Scheimpflug imaging, measured in “Grey Scale Units” (GSU) (Oculus 2017). Alternate
assessment techniques for evaluating corneal "opacity" or “densitometry” have also been

documented (Dohlman, Yin et al.2019).

In healthy subjects imaged with the Oculus Pentacam, CD shows high internal consistency (ICCs
> 0.90), particularly in the posterior layer and central annuli (2 - 6 mm zone), with reduced
repeatability toward the periphery, notably beyond 10 - 12 mm and in the anterior corneal layer,

which is more affected by light scatter and motion artefact (Pakbin, Khabazkhoob et al.2022).

When comparing CD in KC and Non-KC eyes, KC repeatability is poorer and likely due to
increased irregularity and scatter. For example, an early Scheimpflug study reported higher Sw
and coefficient of variability in KC eyes (approximately 0.4% to 0.6% and 3% to 5%) compared
with controls (approximately 0.2% to 0.5% and 2% to 4%). Repeatability was poorest in the
central 0 - 2 mm zone and in the anterior layer and was much worse in post-cross-linking KC eyes
(Pahuja, Shetty, Subbiah et al.2016). CD in the 2 - 6 mm middle layer demonstrated the greatest
stability; however, overall repeatability was limited in both groups over multiple days. This
highlights that temporal variability impact’s reliability beyond single-session measurements.
These results suggest that CD is reproducible under controlled conditions, but its repeatability

diminishes with increasing distance from the centre, especially in anterior regions and irregular
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(KC) corneas. Caution should be exercised when interpreting small longitudinal changes that may

relate to progression or treatment. (Gustafsson, Bergstrom et al.2021).

This chapter will measure the repeatability of CD measurements at different regions in the cornea
in KC and Non-KC eyes (Mathew, Goosey et al.2011; Pinero, Nieto et al.2012). CD is a non-
invasive technique with GSU output values that range from 0 (flawless, transparent tissue) to 100
(completely opaque tissue). The Scheimpflug principle takes up to 50 cross-sectional images of
the entire anterior segment within an examination time of 2 seconds per scan (Oculus 2017). At
the time of undertaking this study, CD was relatively novel, and its relevance in assessing the

staging and progression of KC was in its infancy.
3.1.1 AIMS

1. To assess the repeatability of the Oculus Pentacam when measuring CD in four different
corneal regions in keratoconic (KC) and non-keratoconic (Non-KC) eyes.

2. To determine CD differences by region by using Oculus Pentacam in KC and Non-KC
eyes.

3. To test for an association between KC severity and CD.
3.1.2 HYPOTHESES

1. CD measurements will demonstrate adequate repeatability in both KC and Non-KC eyes
in all four corneal regions.

2. CD will vary by corneal region in KC and Non-KC eyes.

3. Changes in CD will be associated with KC severity.

3.2 MATERIALS AND METHODS

Refer to Chapter 2 for the study design, participants, study protocol, sample size calculation, and

statistical analyses.
3.2.1 STUDY PROTOCOL

This CD assessment was conducted concurrently with the study design described in Chapter 2.
The study was reviewed and approved by the Human Research Ethics Advisory Panel at UNSW
Sydney (Approval No. HC17893). The study adhered to the tenets of the Declaration of Helsinki
(World Medical 2013). Briefly, three stages were completed during a single visit.

9 Stage 1: Preliminary screening and Oculus Pentacam on both eyes.
T Stage 2: Triton SS-OCT was used to measure CET in the right eye.
0 Refraction, best corrected distance visual acuity, and Pentacam assessments
were the final determinants of a participant’s keratoconic status (KC or Non-

KC) and the Belin ABCD categorisation system was used to categorise KC into
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five stages of severity, where stage 0 was minimal KC disease and stage [V was
advanced KC disease.

9 Stage 3: Oculus Pentacam was used to measure CD in the left eye.
Refer to Chapter 2 for Stages 1 and 2.

3.2.1.1 STAGE 3
CD measurements were made at four corneal regions. Three separate CD measurements were
obtained on the left eye at the four corneal regions (12 CD measurements in total) about five
minutes after the CET measurements were taken. As shown in Figure 3-1, the regions included
zonal densitometry for two zones, the central (0 - 2 mm) disc and the annular (2 - 6 mm), as well
as the stromal depth of the cornea in two different layers; anterior stromal layer (120 pm), and
the middle stromal or “central” layer, a variable thickness layer determined by subtracting both
the anterior (120 pm) layer and the posterior zone of the stromal layer (60 pm) from the total

corneal thickness (Lopes, Ramos et al.2014).

0-2 mm 2-6 mm

OO,
7 XN\F N

7 N

Anterior 120 microns Centre Layer

Figure 3-1: The four corneal regions from which corneal densitometry measurements were obtained.

Each measurement of CD was taken as described below:

1. The test was explained to the participant.
The participant was asked to blink three times before the measurement.

The measurement was taken.

Eall

A short break (up to a few minutes) was allowed, followed by steps 2 to 3 above for the next

two measurements.

Data could not be exported directly from the Oculus Pentacam software; therefore, a double-entry
or manual-entry system was utilised. After each participant’s visit, data were manually entered
from the Oculus Pentacam database (Figure 3-2) into an Excel spreadsheet (Microsoft: Redmond,

WA, USA). After collecting all the data, participant data were manually entered from the Oculus
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Pentacam database into a separate spreadsheet with the same formatting as the original.

Differences between the first and second data entries were verified using Excel arithmetic

functions, and any discrepancies were cross-checked against the source Oculus Pentacam

database and corrected as needed. All data were formatted in Excel according to the requirements

of the analyses, and the final spreadsheet was uploaded directly to SPSS V28 (IBM: Armonk,

NY, USA).
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Figure 3-2: The Corneal Densitometry output measurement is displayed as derived from the Oculus

Pentacam Report.

3.2.2 STATISTICAL ANALYSES

Analyses were performed using SPSS version 28, and significance was set at p < 0.05.

3.2.2.1 REPEATABILITY

The repeatability of CD measurements was assessed in each of the four corneal regions. The

following abbreviations are used for these corneal regions:

1
)l
1
)l

Anterior 120 pm (0 - 2 mm disc): Ant_0-2.
Anterior 120 um (2 - 6 mm annulus): Ant_2-6.
Central layer (0 - 2 mm disc): Cent _0-2.

Central layer (2 - 6 mm annulus): Cent 2-6.
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Refer to Chapter 2 for the methods used to test repeatability and for calculating Sw, CoR, TI, and
CoV. CD regions and depth layers were automatically defined by Pentacam using fixed annular

and lamellar boundaries; no manual region selection or adjustment by the examiner was required.

3.2.2.2 DIFFERENCES IN CORNEAL DENSITOMETRY
A posthoc power calculation was performed to determine the available power to assess within
and between group differences in CD by corneal region using the sample size of n = 48 and the
CoR and SD values obtained from the repeatability analysis, as listed in Table 3-1. The assumed
mean difference was the higher CoR in each region, rounded up to the nearest integer, and the

calculation was performed using G*Power V3.9.1.2 (Faul, Erdfelder et al.2007).

There were no significant differences between repeated measures of CD in either KC or Non-KC
for any corneal location (p > 0.9, Table 3-1) and thus the mean of the three CD measurements for
each participant in each location was used in these analyses. Raw data were assessed for normality
using the Shapiro-Wilk test, and if they failed (p < 0.05), further assessment was conducted using
Q-Q plots and frequency histograms. An appropriate transformation was applied before analysis

if the raw data failed to meet the normality assumptions.

A linear mixed model with random intercepts for subjects was used to assess differences in CD.
The fixed factors in the model comprised group (KC and Non-KC) and corneal region (Ant_0-2,
Ant_2-6, Cent_0-2, and Cent_0-6). The interaction between group and corneal region was tested,
and if significant, the effects were assessed at each level of the interacting term. Posthocmultiple
comparisons were adjusted using Bonferroni correction. The Spearman correlation test was used

to assess associations between CD and KC severity.

3.3 RESULTS
3.3.1 DEMOGRAPHIC CHARACTERISTICS

Briefly, 48 participants were enrolled, with 24 in each of the Non-KC and KC groups. The sample
consisted of 44% males, and the mean age = SD was 35.1 = 12.1 years (range, 18 - 65 years). A
higher proportion of KC were male compared to Non-KC (p = 0.009), and there was no difference
in age between Non-KC and KC (p = 0.07). Severity was classified using the ABCD grading
system (Table 2-1).

3.3.2 REPEATABILITY

The CD repeatability for KC and Non-KC at all four corneal locations is shown in Table 3-1.
There was no significant difference in repeatability between KC and Non-KC at Cent 2-6 (TI =
0.0). However, significant differences in repeatability were observed between KC and Non-KC
across the other three regions (TI range = 0.36-1.16); therefore, CD repeatability results are
presented separately for KC and Non-KC.
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Table 3-1. Repeatability of corneal densitometry (CD).

Keratoconic
First 227 | 7.6
Anterior
120 pm Second | 23.2 | 85 1.35 3.7 34.7
0-2 | Third 225 | 79
mm disc)
Average | 22.8 | 7.9 - - -
First 19.1 | 3.1
Anterior
120 pm Second 19.0 | 3.1 0.60 1.7 159
(2-6mm | Tpig 189 | 3.1
annulus)
Average | 19.0 | 3.0 - - -
2 F184=2.18, p=0.13
First 182 | 9.1
Central
Layer Second 18.5 | 9.7 0.64 1.8 50.7
0-2 | Third 182 | 9.4
mm disc)
Average | 18.3 | 9.3 - - -
Central First 14.5 | 2.1
L*ger6 Second 143 | 1.9 0.35 1.0 13.8

mm Third 144 | 2.0
annulus) | Average | 144 | 2.0 - - -

Non-Keratoconic

First 202 | 2.1
Anterior
120 pm Second | 20.2 | 2.1 0.42 1.2 10.2
(0-2mm | Thirg 20.1 | 2.1
disc)
Average | 20.2 | 2.1 - - -
First 19.5 | 2.0
Anterior
120 pm Second 19.6 | 2.1 0.42 1.2 10.4
(2-6mm | Thiq 19.5 | 2.0
annulus)
Average | 19.5 | 2.0 - - -
®F3.1,720=1.74 p=0.17
First 156 | 1.7
Central
Layer Second 157 | 1.8 0.33 0.9 11.1
(0-2mm | Thiq 157 | 1.8
disc)
Average | 15.7 | 1.7 - - -
First 152 | 1.7
Central
Layer Second 153 | 1.7 0.34 1.0 10.9

2-6mm | Thid 153 | 1.7

annulus)
Average | 153 | 1.7 - - -

aMauchl yds tesc2¢020sphebiddi Ey169, p < 0.001.
Degrees of freedom corrected using Greenhdbgei sser esti mates of sp

PbMauchl ybés tesc20R0OsphebDdi ty86.8, p < 0.001.
Degrees of freedom corrected using Greenhdbgei sser esti mates of sp

The Ocular Response to Eye Rubbing in Keratoconus 95



Chapter 3: Corneal Densitometry Repeatability and Locational Differences

There were no significant differences between repeated measures of CD in any corneal region

(p > 0.1) for either group.

Repeatability was lowest for KC in the 0 - 2 mm disc regions, with the highest SW and CoR
values (0.64 - 1.35 GSU and 1.8 - 3.7 GSU, respectively), and unacceptable CoV (34.7 - 50.7%)
(Aronhime, Calcagno et al. 2014). Repeatability was higher for KC in the 2 - 6 mm annulus
regions, with lower Sy, and CoR values (0.35 - 0.60 GSU and 1.0 - 1.7 GSU, respectively) than
the 0 - 2 mm disc regions, and acceptable CoV (13.8 - 15.9%), by contrast Sw and CoR values
were consistent and generally low for Non-KC across all corneal regions, indicating good

repeatability, and all CoV values were acceptable at < 12%.

Given the worse repeatability in KC, Sw, CoR, and CoV values were calculated in each region

for KC severity Grades 0-1, 11, and III-IV. The results are shown in Table 3-2.

Table 3-2: Repeatability of corneal densitometry based on keratoconic severity.

Grades 0-I (n=11)

Anterior 120 pm (0 - 2 mm disc) 0.42 1.2 5.7

Anterior 120 pm (2 - 6 mm annulus) 0.44 1.2 4.1

Central Layer (0 - 2 mm disc) 0.29 0.8 4.6

Central Layer (2 - 6 mm annulus) 0.29 0.8 5.4

Grade IT (n = 8)

Anterior 120 pm (0 - 2 mm disc) 0.75 2.1 10.2
Anterior 120 um (2 - 6 mm annulus) 0.55 1.5 7.6

Central Layer (0 - 2 mm disc) 0.51 1.4 5.1

Central Layer (2 - 6 mm annulus) 0.38 1.1 5.2

Grades III-IV (n =5)

Anterior 120 pm (0 - 2 mm disc) 2.74 7.6 35.6
Anterior 120 um (2 - 6 mm annulus) 0.92 2.5 18.7
Central Layer (0 - 2 mm disc) 1.17 33 53.9
Central Layer (2 - 6 mm annulus) 0.43 1.2 18.7

Repeatability of CD measurements in KC severity Grades 0-1 was comparable to that of Non-KC.

Repeatability was progressively worse with increasing KC severity.

The Ocular Response to Eye Rubbing in Keratoconus 96



Chapter 3: Corneal Densitometry Repeatability and Locational Differences

3.3.3 REGIONAL DIFFERENCES IN CORNEAL DENSITOMETRY

The available power to test for corneal regional differences in CD within KC was lowest in
comparisons involving CL_0-2 (17 - 35%); the available power for all other comparisons was 62
- 76%. The available power to test within Non-KC was lowest between CL 0-2 and CL_2-6
(51%); the available power for all other comparisons was > 90%. The available power to test

between KC and Non-KC was lowest at CL_0-2 (17%); all other comparisons were 45 - 76%.

Raw CD data did not meet normality assumptions: Shapiro-Wilk p < 0.001, confirmed with Q-Q
plot and frequency histogram (positively skewed). A reciprocal transformation was applied to the
raw data before analysis. Analysed data are reported as mean, standard deviation (SD), and 95%
confidence intervals (CI) GSU™!, and descriptive statistics are presented as back-transformed

mean and 95% CI GSU.

The back-transformed mean CD values for KC and Non-KC at each corneal region are shown in
Figure 3-3. A significant interaction was found between group and corneal region (F3,134 = 13.8,
p < 0.001); consequently, analyses were performed separately at each region for within-group
differences (Table 3-3) and between-group differences (Table 3-4). The CD in Ant 0-2 was
significantly higher for KC than all other corneal regions (p < 0.001). CD in Ant 2-6 was
significantly higher than both CL._0-2 and CL_2-6 (p < 0.001), while CD in CL_0-2 was higher
than CL_2-6 (p < 0.001). For Non-KC, the CD in both Ant 0-2 and Ant 2-6 was significantly
higher than the CL_0-2 and CL_2-6 (p < 0.001). There was no difference in CD between Ant_0-
2 and Ant_2-6 (p = 0.38), nor between CL_0-2 and CL_2-6 (p = 0.34). There were no significant
differences between KC and Non-KC at any corneal region (p > 0.05).
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Figure 3-3: Back-transformed mean values for corneal densitometry (CD) by group and region. Error bars = back-transformed 95% confidence intervals.
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Table 3-3: Regional differences in corneal densitometry within keratoconic and non-keratoconic participants. CD is presented as mean reciprocal transformed
data. Significant p-values (p < 0.05) are in bold font. Significant p-values (p < 0.05) are in bold font

Anterior 120 pm 0.047 + 0.009
(0-2mmdisc) | (0.043 -0.050) ) ) ) )
Anterior 120 um 0.053 £0.006 teo = 5.93 -
Keratoconie | (276 mmannulus) | (0051 -0.056) | Fie =162 p <0.001 ) )
Central Layer 0.061 £0.013 p <0.001 teo = 12.5 teo = 6.53 -
(0 - 2 mm disc) (0.056 - 0.066) p <0.001 p <0.001 )
Central Layer 0.070 £ 0.007 teo =20.9 teo =15.0 teo = 8.50 -
(2 - 6 mm annulus) | (0.068 - 0.073) p <0.001 p <0.001 p <0.001
Anterior 120 pm 0.050 + 0.005 -
(0-2mmdisc) | (0.048-0.052 ) ) )
Anterior 120 um 0.052 £ 0.005 teo = 1.88 -
Non (2 - 6 mm annulus) | (0.050 - 0.054) | Fsg = 166 p=038 ) )
Keratoconic Central Layer 0.064 + 0.006 p <0.001 teo =15.6 teo =13.7 -
(0 - 2 mm disc) (0.062 - 0.067) p <0.001 p <0.001 )
Central Layer 0.066 + 0.007 teo=17.6 teo =15.7 teo = 1.94 -
(2 — 6 mm annulus) | (0.063 - 0.069) p <0.001 p <0.001 p=0.34
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Table 3-4: Regional differences in corneal densitometry (CD) between keratoconic and non-Kkeratoconic participants.

0.047 £ 0.009 0.050 + 0.005 Fi46=2.42
Anterior 120 pm (0 - 2 mm disc)

(0.043 - 0.050) (0.048 - 0.052) p=0.13

0.053 +0.006 0.052 + 0.005 F146=0.98

Anterior 120 um (2 - 6 mm annulus)
(0.051 - 0.056) (0.050 - 0.054) p=0.33
0.061 £0.013 0.064 £ 0.006 Fi46=1.52
Central Layer (0 - 2 mm disc)

(0.056 - 0.066) (0.062 - 0.067) p=0.22

0.070 + 0.007 0.066 + 0.007 F146=3.93
Central Layer (2 - 6 mm annulus)

(0.068 - 0.073) (0.063 - 0.069) p =0.053
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3.3.4 ASSOCIATIONS BETWEEN SEVERITY OF KERATOCONUS AND
CORNEAL DENSITOMETRY

Figure 3-4 shows the significant associations between KC severity and CD. Ant 0 2, Ant 2 6,

and Cent_0_2 were positively associated with KC severity (p < 0.02).
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_ , p=0.59
(c) Central Layer (0-2 mm disc) b = 0.002

0 i v
Mild Severe
Keratoconus Severity

Figure 3-4: Significant associations between KC severity and corneal densitometry (CD) for (a)
Anterior 120 pm (0 - 2mm disc), (b) Anterior 120 pm (2 - 6 mm annulus), (¢) Central Layer (0 - 2 mm

disc).

There was no significant association between KC severity and CD at Cent 2 6 (p = 0.27,p =

0.19).
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3.4 DISCUSSION

This study reports that CD measurements obtained using the Rotating Scheimpflug technique of
the Oculus Pentacam are not different between repeated measures in either KC or Non-KC in any
of the four corneal regions assessed (Table 3-1). However, the repeatability of CD measurements
was worse in KC than in Non-KC, particularly in the 0-2 mm disc regions with high CoR and

CoV, and was significantly worse than Non-KC in three of the four corneal regions (TI > 0.31).

The CoR and Sw values for repeated CD measurements in KC and Non-KC are comparable to
published data (Kreps, Jimenez-Garcia et al.2020). Both studies report higher CoR values in KC
than in Non-KC, with the highest and lowest CoR values in KC at the Ant 0-2 and Cent 2-6
regions, respectively. CoR values for KC are not directly comparable between the two studies, as
Kreps reports CoR for three grades of KC severity in each region rather than the single CoR in
each region reported by the current study. However, a single CoR for KC in each region can be
estimated by calculating the weighted average in the Kreps study, and the maximum difference
between studies at any region for this weighted average was 0.8 GSU. In Non-KC, the maximum
difference between studies at any region was 0.5 GSU. These similarities in repeatability across
studies suggest robust results that can be used to confidently calculate sample sizes in future
studies across regions or in clinical decision-making, where multiple CD measurements are taken

over time.

The poorer repeatability in KC was driven by the severity of KC. For participants with KC
severity Grades 0-1, CoV values were low and CoR values were within 0.2 GSU of Non-KC in
all regions (Table 3-1 and Table 3-2). The CoV and CoR values were progressively higher as KC
severity increased (Figure 3-4), reaching mean differences of 1.4 to 6.4 GSU higher in Grades
HI-IV compared to Non-KC in the three regions where CoR was significantly worse. Scheimpflug
techniques have lower repeatability for anterior segment measurements in eyes with KC due to
the irregularity of the corneal shape and increased curvature (Schiano-Lomoriello, Bono et al.
2020). Therefore, repeatability is expected to decrease as KC severity increases because corneal
irregularity and curvature worsen. These findings of worsening repeatability with KC severity
agree with published data (Kreps, Jimenez-Garcia et al. 2020) and suggest CD repeatability in
KC is best provided based on KC severity.

There were regional differences in CD in KC and Non-KC (Figure 3-3), with both groups showing
a similar trend across regions: CD was highest in the anterior regions, and the 0-2 mm disc was
higher than the 2-6 mm annulus. Except for the mean difference in KC between the Ant_2-6 and
CL_2-6 regions (2.7 GSU), all other regional mean differences showing a significant difference
were also larger than the corresponding CoR values in both groups (Table 3-1), suggesting these

differences were also clinically meaningful. CD is higher in KC and is significantly higher in
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more severe KC (Lopes, Ramos et al. 2014). The current study did not find any differences
between KC and Non-KC (Table 3-3), but this may have been influenced by a lack of statistical
power (maximum 76%) afforded by the sample size of n = 48, which was calculated to assess
repeatability rather than between-group differences. However, KC severity was associated with

increasing CD (Figure 3-4), consistent with other reported findings (Lopes, Ramos et al.2014).

CD, which quantifies the light-scattering properties of the cornea, has emerged as an objective
metric for assessing corneal backscatter and structural integrity. In healthy eyes, studies using
Scheimpflug imaging have consistently demonstrated high repeatability of densitometry
measurements, though variation exists across corneal zones and depths. For instance, excellent
intra-session repeatability in central and paracentral corneal regions in normal corneas,
highlighting minimal measurement variability in the anterior 120 pm compared to deeper stromal
layers (Pakbin, Khabazkhoob et al. 2022). Similarly, densitometry values in refractive surgery
candidates were highly reproducible, although peripheral corneal zones exhibited slightly higher
coefficients of variation (Balparda, Mesa-Mesa et al.2023).

Comparative analyses of anterior segment OCT and Scheimpflug devices indicate that while both
modalities provide consistent densitometry data, slight differences arise due to divergent optical
principles and segmentation algorithms (Lupardi, Moramarco et al.2024). Repeatability studies
in pathological corneas further underscore the importance of corneal microstructure in
measurement reliability (Gustafsson, Bizios et al.2023), demonstrating that intra- and inter-day
repeatability remains generally acceptable in KC eyes, albeit with greater variability in advanced

disease stages.

In KC, densitometry values are not only repeatable but also diagnostically informative, reflecting
progressive corneal structural disorganisation. Multiple studies have consistently shown elevated
corneal densitometry in early and advanced keratoconus, particularly in the anterior and central
stromal layers (Mounir, Awny et al.2023; Yang, Tian et al.2024; Shen, Han et al. 2019; Koc,
Tekin et al. 2018). Increased backscatter correlates with topographic steepening and altered
corneal biomechanical properties, suggesting that densitometry serves as a surrogate marker of
tissue remodelling (Villanueva, Viviano et al.2023). Notably, epithelial backscatter is a sensitive
indicator of subclinical KC, preceding overt topographic changes (Toprak and Gunes 2021).
Case-control analyses reinforce these observations, demonstrating statistically significant
increases in overall corneal densitometry in keratoconus compared with controls (Anayol,
Sekeroglu et al. 2016). Collectively, these findings indicate that corneal densitometry, when
measured using repeatable, standardised imaging protocols, provides a reliable tool for detecting
early corneal changes and monitoring disease progression, particularly when integrated with

topographic and biomechanical assessments.
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3.4.1 POTENTIAL LIMITATIONS

The same limitations about sample size and the non-random selection of the eye in the analyses
described for CET in Chapter 2 also apply to these CD analyses. Nonetheless, the CD repeatability
results were comparable to previously published data (Kreps, Jimenez-Garcia et al.2020) and the
calculated CoR values showed most significant differences in CD between regions in both groups
were also clinically meaningful. However, the sample size was too small to allow sufficient power

to determine between-group differences in CD.
3.4.2 CONCLUSIONS

The Oculus Pentacam showed no significant differences in CD between repeated measures in
either group, whereas repeatability was worse in KC than in Non-KC. Both groups had the highest
CD in the anterior regions, but no significant differences were found between KC and Non-KC

in any region. CD was positively associated with KC severity in three of the four corneal regions.
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CHAPTER 4: EYE RUBBING HABITS OF KERATOCONIC AND
NON-KERATOCONIC PARTICIPANTS

4.1 INTRODUCTION

Pruritus is an itch or a sensation that makes a person want to scratch (Ikoma, Steinhoff et al.
2006). Eye rubbing is the behavioural response to ocular pruritus (Touhouche, Cassagne et al.
2021; Tey, Wallengren et al.2013; Hage, Knoeri et al.2023). This behaviour generally alleviates
unpleasant sensory stimuli (Yosipovitch and Samuel 2008), by applying passive or active
compressive forces over and surrounding the eyelids (Korenfeld and Dueker 2016). Additionally,
eye rubbing may occur spontaneously, often at bedtime or upon waking, during periods of ocular

fatigue or dryness, or as a psychogenic response (Ikoma, Steinhoff et al.2006).

The prevalence of eye rubbing varies between 66% and 91% of individuals with KC (Najmi,
Mobarki et al.2019) and eye rubbing may be a causative factor associated with the disease (Moon,
Kaur et al. 2025; Ben-Eli, Erdinest et al. 2019; Carlson 2010; Krachmer 1997). In contrast, the
prevalence of eye rubbing in DED is between 20% and 30% (Stull, Valdes-Rodriguez et al.2017).

Rubbing-induced compressive forces disrupt and impair intraocular pressure (IOP) (Turner,
Girkin et al. 2019), weaken corneal biomechanics (Greiner, Leahy et al. 1997), cause cellular
corneal disruptions (Dua, Freitas et al. 2023) and promote the development of corneal ectasia
(Krachmer 1997; Moon, Kaur et al.2025; Lam, Lee et al.2025; Lo and Lo 2023). Ocular rubbing
also releases cytokines from various sources within the eye and surrounding tissues. These include
immune cells like mast cells, macrophages, neutrophils, and T cells, as well as epithelial cells and
potentially nerve cells (Ahuja, Dadachanji et al. 2020) contributing to stromal degradation and
providing a further mechanism for ectasia development (Balasubramanian, Pye et al. 2013;

Wisse, Kuiper et al.2015).

Evidence from case-control and cross-sectional studies indicates that eye rubbing is substantially
more prevalent in KC than in Non-KC populations. A large multicentre Chinese study involving
799 KC patients and 798 controls found significantly higher rates and more aggressive eye-
rubbing behaviours in KC. The proportion of people reporting eye rubbing increased with disease
progression (Guo, Bian et al. 2023). Similarly, a hospital-based case-control study of 330 KC
patients and 330 matched controls found eye rubbing was strongly associated with KC presence,
although no consistent relationship with objective severity indices was observed (Yang, Li et al.
2022). Earlier observational and retrospective studies suggest associations between rubbing
laterality, frequency, and asymmetric disease expression (Bawazeer, Hodge et al.2000; Gordon-
Shaag, Millodot et al.2015; McMonnies 2015). Collectively, while the association between eye

rubbing and KC is well established, existing studies rely largely on self-reported behaviours and
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heterogeneous definitions, and show inconsistent links with disease severity, highlighting the
need for studies that incorporate standardised, quantitative assessments of eye rubbing alongside

objective structural and biomechanical outcome measures.

A comprehensive understanding of these modifications may facilitate clinical interventions,

treatment strategies, and enhance procedures for limiting disease progression.

This non-interventional study was designed to examine the patterns related to eye rubbing in Non-

KC and KC individuals, utilising a novel, self-administered, paper-based survey.
4.1.1 AIMS

1. The primary objective was to compare the rubbing habits between keratoconic (KC) and
non-keratoconic (Non-KC) participants using a novel survey.
2. The secondary objective was to assess associations between the severity of KC and eye

rubbing habits.
4.1.2 HYPOTHESES

1. Eye rubbing habits will be different between KC and Non-KC.
2. Eye rubbing habits will be associated with the severity of KC.

4.2 MATERIALS AND METHODS
4.2.1 STUDY DESIGN

This was a prospective clinical trial conducted at Omni Eye Centre. The study was reviewed and
approved by the Human Research Ethics Advisory Panel at UNSW Sydney (Approval Numbers:
HC17893 and HC180932). The study adhered to the Declaration of Helsinki and was conducted
following the ethical principles for medical research involving human subjects (World Medical

2013).
4.2.2 PARTICIPANTS

Participants were recruited through ethics-approved advertisement signage displayed at the
reception counter of Omni Eye Centre. In addition, emails were sent to a targeted database related
to this practice, inviting participants to join the study (Appendix D). All enrolled participants
were regular patients at Omni Eye Centre and expressed interest in participating in the research
study either through recruitment at the practice reception or via email. Interested participants
received a Participant Information Statement and Consent Form (PISCF) (Appendix E) via
secure electronic communication, and written informed consent was obtained from each
participant prior to their enrolment in the study. Eligible participants were required to be either
diagnosed with KC or Non-KC, aged 18 years or older, and in good general and ocular health

(excluding KC). The following data were recorded in the patient file as part of routine eye care:
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age, sex, medical and surgical histories, ophthalmological history and treatments, use of glasses
and contact lenses, any dermatological history, and the presence of pruritus and scratching. If
available from the patient file, disease severity was classified according to the Belin-Ambrosio
ABCD grading system for corneal thickness (Stage 0, I, 11, III, and IV) classification criteria
(Belin and Duncan 2016), as outlined in Chapter 3, enrolled participants were given a unique
study number, starting with '01' for the first participant and continuing sequentially until the final
participant was enrolled. All participants who took part in the studies detailed in Chapters 2, 3,

and 5 were also included in this current study.
4.2.3 STUDY PROTOCOL

A novel survey was developed based on the eye-rubbing characteristics of KC reported in the
literature (Moschos, Gouliopoulos et al.2018; Wagner, Barr et al.2007; Gomes, Tan et al.2015;
Korb, Greiner et al. 2003; Weed and McGhee 1998) and described in Table 4-1. The survey
included items on participants' eye-rubbing frequency, duration, style, intensity, ocular area
rubbed, and cumulative period. During its development, the survey was reviewed by the academic
supervisors and two experts in questionnaire development and validation from the School of
Optometry and Vision Science at UNSW. The final survey was tested on a group of student

researchers to conduct a review of its content and validity.

Participants attended the Omni Eye Centre and completed the survey on paper. Data were
transferred to an Excel spreadsheet (Microsoft, Redmond, WA, USA), and data integrity was
verified through a double-data entry system. After all surveys were completed, all participant data
was manually entered into a different spreadsheet with the same formatting as the first
spreadsheet. Differences in data between the first and second entries were checked using the
arithmetic functions in Excel, and any discrepancies were verified against the source survey
database and amended accordingly. All data were formatted in Excel according to the
requirements of the analyses to be performed, and the data were uploaded directly from the final

spreadsheet to SPSS V28 (IBM, Armonk, NY, USA).
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Table 4-1: Survey items.

Once a day
How often, each day would you rub your Twice a day
1 Frequency
eyes 3-5 times a day

> 5 times a day

A few seconds
) For how long on average do you rub your Up to one minute
2 Duration )
eyes each time 1-4 minutes

> 5 minutes

Fingertips

. Sides of fingers
3 Style What style of rubbing do you generally use
Palms of hands
Knuckles

Soft

Firm
4 Intensity Intensity of force you use to rub your eyes
Forceful

Very forceful

Outside corner

=A = =4 =4 4 =4 4 -4 A -4 -4 -4 -5 -4 -4 - -2

(temporal)
5 Ocular area Area where you most often rub your eyes 9 Inside corner
(nasal)

Middle of eyelids

Days
Months

Cumulative

6 duration of How long have you been rubbing your eyes

= =4 A A

rubbing Years

This was the first time this survey had been used; consequently, there were no data available for
anticipated between-group differences. Thus, the survey was completed by an arbitrarily chosen
group of 120 participants, KC (n = 60) and Non-KC (n = 60), and a posthoc power calculation
was performed following the analysis. All participants answered all six items using one of the

available response options for each item.
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4.2.4 STATISTICAL ANALYSIS

Analyses were conducted using SPSS version 28 (IBM, Armonk, USA), with significance set at
p < 0.05. Differences between groups (Non-KC and KC) for sex and age were evaluated using

the %2 test and a linear mixed model with subject random intercepts, respectively.

The responses to each question were summarised as percentages for each group. The 2 test was
used to analyse each question for differences in responses between groups. If a question indicated
a significant difference between groups, multiple posthoc comparisons were conducted by
comparing the count for each group's response against the expected count, adjusted using the
Bonferroni correction. Spearman's rank correlation was used to assess the association between

KC severity and eye rubbing habits in 33 participants for whom KC severity data were available.

The survey's repeatability could not be evaluated because it was administered only once. The
survey assessed multiple dimensions of eye rubbing (Table 4-1) not a unidimensional construct.
Thus, standard internal consistency statistics were not applicable. The performance of each
question was evaluated using descriptive statistics (mean, median, variance, skewness, and
response distribution), and between-group statistics (Mann-Whitney U test). Prior to performing
these statistical analyses, ordinal scales were applied where each response was assigned a
numerical value (questions 1-4: 1-4 in 1-point increments; questions 5-6: 1-3 in 1-point
increments), with the lowest value indicating the least extreme option and the highest value

indicating the most extreme option.
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4.3 RESULTS

A preliminary summary of results was presented at a conference poster session (Ared and

Stapleton 2022) (Appendix A). The following is a detailed description of the final study outcomes.
4.3.1 DEMOGRAPHIC CHARACTERISTICS

Of the 120 participants in this study, 50% (n = 61) were male, and the mean age + SD was 36.2
+ 12.8 years, with an age range of 18 to 72 years. A higher proportion of KC participants were
male compared to Non-KC (60% vs. 40%, y2(1, n = 120) = 4.0, p = 0.045), and KC participants
were younger compared to Non-KC (33.0+ 11.3 years vs. 39.4 £ 13.5 years, F1,113=7.9, p=0.006).
This study did not account for variation in ethnic background, as the participants represented a
diverse range of racial and cultural backgrounds, and there were insufficient participants to

analyse by background.

As stated in the statistical analysis, the severity of KC was only available for 33 of the 60
participants with KC. The 33 KC participants were classified into each of the five severity stages,

as shown in Table 4-2.

Table 4-2: Keratoconic participants by severity.

Stage 0 9(27)
Stage I 8(24)
Stage 11 10 (30)
Stage 11T 4(12)
Stage IV 2(6)
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4.3.2 EYE RUBBING HABITS

Posthoc power analysis for between-group differences for each question was performed using
G*Power V3.9.1.2 (Faul, Erdfelder et al.2007). The minimum effect size for all questions was
0.61 (range 0.61 to 2.95). For a sample of 60 in each group, statistical power exceeding 95% was
available to determine both between-group differences at p = 0.05 and all posthoc multiple

comparisons at an adjusted p-value of p =0.0125.
The between-group differences for each item are shown in Table 4-3.

Table 4-3: Group differences in response to study items.

Q1: Frequency of Rubbing

Once a day 14 (23) 30 (50)

Twice a day 16 (27) 18 (30) ¥2(3,n=120) = 16.3
3-5 times a day 16 (27) 10 (17) p =0.001

> 5 times a day 14 (23) 2(3)

Q2: Duration of Rubbing

Few seconds 15 (25) 28 (47)

Up to one minute 13 (22) 24 (40) ¥2(3, n=120) = 24.7
1-4 minutes 14 (12) 7 (12) p <0.001

> 5 minutes 18 (19) 1(2)

Q3: Style of Rubbing

Fingertips 9(15) 30 (50)

Sides of fingers 14 (23) 22 (37) ¥2(3,n=120) = 3.2
Palms of hands 22 (37) 6 (10) p <0.001
Knuckles 15 (25) 2(3)

Q4: Intensity of Force Used when Rubbing

Soft 6 (10) 29 (48)

Firm 15 (25) 19 (32) x2(3, n=120)=32.3
Forceful 21 (35) 10 (17) p <0.001
Very forceful 18 (30) 2(3)

QS5: Area Rubbed

Outside corner 13 (22) 30 (50)

Tnside corner 23 (38) 18 (30) 22, n:f?})oz 1.3
Middle of eyelids 24 (40) 12 (20) p=

Q6: Cumulative Duration of Rubbing

Days 20 (33) 36 (60)

Months 19 (32) 15 (25) X2, n:zz(;)g; 98
Years 21 (35) 9 (15) p=

The Ocular Response to Eye Rubbing in Keratoconus 112



Chapter 4: Eye Rubbing Habits of Keratoconic and Non-Keratoconic Participants

The between-group difference between KC and Non-KC is shown in Figure 4-1 to Figure 4-6.

p=0.01 p>0.99 p=073 p = 0.005

100%
80%
60%
40%
20%

0%

Once a day Twice a day 3-5times a day > 5times a day

Percentage

M Kertatoconic M Non Keratoconic

Figure 4-1: Between-group responses for frequency of eye rubbing.

p =0.053 p=0.12 p=0.37 p < 0.001
100%
80% 5%, n=1

%

& 60%
c
S

o 40%
a

20%

0%

Afewseconds Up to one minute 1-4 minutes > 5 minutes
M Kertatoconic M Non Keratoconic

Figure 4-2: Between-group responses for duration of eye rubbing.
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p<0.001 p=0.44 p = 0.002 p =0.003

Fingertips Sides of fingers Palms of hands Knuckles

100%

80%

60%

40%

Percentage

20%

0%

M Kertatoconic M Non Keratoconic

Figure 4-3: Between-group responses for style of eye rubbing.

p < 0.001 p>0.99 p=0.09 p < 0.001

100%

80%
%

o 60%
L
c
o

5 40%
-

20%

0%

Soft Firm Forceful Very forceful

M Kertatoconic M Non Keratoconic

Figure 4-4: Between-group responses for the intensity of force used when eye rubbing.
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100%

80%

60%

40%

Percentage

20%

0%

p>0.99 p=0.050
Outside corner Inside corner Middle of eyelids

M Kertatoconic M Non Keratoconic

Figure 4-5: Between-group responses for the typical area of the eye when rubbed.

100%

80%

60%

40%

Percentage

20%

0%

p=0.01 p>0.99 p=0.03
Days Months Years

M Kertatoconic M Non Keratoconic

Figure 4-6: Between-group responses for the cumulative period of eye rubbing.
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A significantly higher proportion of KC participants reported using the palms of their hands or
knuckles (Figure 4-3, y2(1,n=28)=11.9 and 2(1, n = 17) = 11.6, p < 0.003) to rub their eyes
very forcefully (Figure 4-4, ¥2(1, n = 20) = 15.4, p < 0.001) more than 5 times per day (Figure
4-1, v2(1, n = 16) = 10.4, p = 0.005) and for more than 5 minutes (Figure 4-2, ¥2(1, n = 19) =
18.1, p <0.001) compared to Non-KC participants.

A higher proportion of KC participants also reported the time period they rubbed their eyes in
terms of years, compared to Non-KC participants (Figure 4-6, ¥2(1, n=30) = 6.4, p = 0.03).

By contrast, a higher proportion of Non-KC participants reported using fingertips (Figure 4-3,
v2(1,n=39)=16.9, p <0.001) to rub the outside corner of the eye (Figure 4-5, ¥2(1, n =43) =
10.5, p = 0.004) with soft force (Figure 4-4, y2(1, n=35)=21.3, p <0.001) once per day (Figure
4-1,%2(1,n=44)=9.2, p=0.01) compared to KC participants.

A higher proportion of Non-KC participants also reported the cumulative duration time period
they rubbed their eyes in terms of days, compared to KC participants (Figure 4-6, y2(1, n = 56) =
8.6,p=0.01).

4.3.3 ASSOCIATIONS BETWEEN SEVERITY OF KERATOCONUS AND EYE
RUBBING HABITS

SPSS V28 was used to perform the posthoc power calculation for associations between
keratoconic severity and eye rubbing habits. The Spearman p range was -0.38 to 0.43, and the

sample size was 33; thus, the maximum available power was 70%.

Figure 4-7 shows the significant associations between eye rubbing habits and KC severity. The
duration of rubbing was positively associated with KC severity (p = 0.02), and the cumulative

duration of rubbing was negatively associated with KC severity (p = 0.02).

(a) Duration of Rubbing p=0.43
p=0.01
. .
. @ @ O @ O
minutes S
e @ @ 9
minutes -
u
|z)t0 one Q 5
minute
Few Q :
Seconds % Q @
0 1] \")
Mild Severe
Keratoconus Severity

The Ocular Response to Eye Rubbing in Keratoconus 116



Chapter 4: Eye Rubbing Habits of Keratoconic and Non-Keratoconic Participants

(b) Cumulative Period p=-0.38
p=0.03

Years e
Months e 0
Days Q O
0 I ] v
Mild Severe

Keratoconus Severity

Figure 4-7: Significant associations between KC severity and eye rubbing habits: (a) Duration per
rubbing episode and (b) Cumulative Period. Bubble size indicates participant count.

There was no significant association between KC severity and frequency of rubbing (p = 0.22, p
=0.22), style of rubbing (p = 0.07, p = 0.70), intensity of force used when rubbing (p =0.10, p =
0.57), and area rubbed (p = 0.17, p = 0.35).

4.3.4 PERFORMANCE OF THE SURVEY

Descriptive statistics for each item are shown in Table 4-4.

Table 4-4: Descriptive statistics for each question.

Mean 2.1 2.1 2.2 2.3 1.9 1.8
Median 2.0 2.0 2.0 2.0 2.0 2.0
Variance 1.1 1.2 1.1 1.1 0.7 0.7
Skewness 0.46 0.51 0.36 0.22 0.11 0.42
Standard Error of Skewness 0.22 0.22 0.22 0.22 0.22 0.22
Distribution of Responses

Response n (%) n (%) n (%) n (%) n (%) n (%)
1 44 (37) | 43(36) | 39(33) | 35(29) | 43(36) | 56 (47)
2 34(28) | 37(31) | 36(30) | 34(28) | 41(34) | 34(28)
3 26(22) | 21(18) | 28(23) | 31(26) | 36(30) | 30(25)
4 16 (13) | 19(16) | 17(14) | 20(17) - -
Q1: Frequency, Q2: Duration, Q3: Style, Q4: Intensity, Q5: Ocular area, Q6: Cumulative duratic
N = 120 for each question.

The underlying distribution of these data was approximately symmetrical for each question,

with similar means and medians, variance < 1.2, and skewness < 0.51. No response to any
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question was disproportionately represented (the maximum for any response was 47% of

participants).

The between-group analyses are shown in Table 4-5.

Table 4-5: Between-group differences for each question.

Ql: F 723 48.7 U= 1092
: Frequenc . .
q y Z=-3.88,p<0.001
U=1022
Q2: Duration 73.5 47.5
Z=-427,p<0.001
Q3: Styl 772 438 U=796
: e . .
y Z=-548,p<0.001
. U=1761
Q4: Intensity 77.8 43.2
Z=-5.66, p<0.001
U=1212
QS5: Ocular Area 70.3 50.7
Z=-3.28,p=10.001
: i U =1248
Qé6: C}lmulatlve 697 513
Duration Z=-3.12,p=10.002

Each question showed meaningful between-group differences, with KC scoring higher (more

extreme responses) on each question (p < 0.002).

Overall, each question in the survey measured different aspects of eye-rubbing behaviour. The
survey demonstrated adequate variability and good performance in identifying differences in

eye-rubbing habits between KC and Non-KC.
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4.4 DISCUSSION
The primary aim of this study was to compare the eye-rubbing habits of KC and Non-KC

participants using a novel survey. Significant between-group differences were found for eye
rubbing habits in terms of frequency, duration, style, intensity of force, ocular area and cumulative
time (Table 4-2), and thus the primary hypothesis that eye rubbing habits differ between KC and
Non-KC participants was not rejected. The current study is in agreement with previous work in
this area, reporting a higher proportion of KC participants who both rub their eyes more forcefully
and are more likely to use their knuckles compared to Non-KC participants (Korb, Greiner et al.

2003).

The distribution of responses and between-group assessment of responses confirmed that KC
participants selected more extreme options, while Non-KC participants predominantly selected
the lower or milder options. Specifically, KC participants rubbed their eyes more frequently
during the day, for a longer duration, and very forcibly used the knuckles or palms of the hand
compared to Non-KC participants (Figure 4-1 to Figure 4-4). In contrast, Non-KC participants
rubbed their eyes less frequently and used their fingertips to apply soft force to the outside corner
of the eye compared to KC participants (Figure 4-1, Figure 4-3, Figure 4-4, and Figure 4-5). These
findings suggest that those with KC are more likely to engage in abnormal eye-rubbing habits
daily, which is not only a risk factor for the development of KC (Hashemi, Heydarian et al.2020;
Jafri, Lichter et al.2004; Moran, Gomez et al.2020) particularly when the knuckles are used to
rub (Moran, Gomez et al.2020), but can also contribute to mechanical damage to the cornea and

further progress KC (Jafti, Lichter et al.2004; Moran, Gomez et al.2020).

The average amount of mechanical forces applied to the lids of KC patients during eye rubbing
(Hafezi, Hafezi et al. 2020) showed major variations in the force exerted on the lids, depending
on the type of eye rubbing employed. The threshold for causing biomechanical changes through
eye rubbing is over 10,000 movements. This suggests that occasional eye rubbing probably does
not affect corneal biomechanics in healthy eyes and might only influence KC progression in those
predisposed (Torres-Netto, Abdshahzadeh et al.2022). A higher proportion of KC participants in
this study also reported the cumulative period of rubbing in terms of years, while a higher
proportion of Non-KC participants reported this in terms of days (Figure 4-6) suggesting those

with KC are more likely to chronically engage in abnormal eye rubbing habits.

The secondary aim of this study was to assess the association between KC severity and eye
rubbing habits. Severity was positively associated with increased duration of each rubbing
episode and negatively associated with the cumulative period of rubbing (Figure 4-7). Thus, the

secondary hypothesis that eye-rubbing habits are associated with severity was not rejected.
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These findings contrast with previous work in this area, which reported no association between
the severity of KC and the severity of eye rubbing (Korb, Greiner et al. 2003). The negative
association between severity and the cumulative period of rubbing appears counterintuitive, as it
suggests that increasing severity is associated with a decreased cumulative period of rubbing,
even though increasing severity is associated with having KC for a longer period. The reasons for
this finding are unclear, but adult KC participants report less rubbing compared to when they were
teenagers (McMonnies 2008). If it is assumed that KC severity is associated with having the
condition for a longer period, and participants reported rubbing their eyes less than in the past,
then a possible explanation is that KC participants may have been influenced not to report the
duration of rubbing in years. It is also possible that those with more severe KC have been advised
against ocular rubbing or have been prescribed treatments to manage ocular rubbing behaviours
(McMonnies 2008), which may have also influenced their reporting of the cumulative period of

rubbing.

KC sufferers experience depressive symptoms more frequently than Non-KC individuals
(Moschos, Gouliopoulos et al.2018; Moshfeghinia, Arman et al.2024). Eye rubbing stimulates
the Vagus nerve (Cranial Nerve X) and reduces anxiety and depression, making people feel good
(Bremner, Gurel et al.2020). Eye rubbing may, therefore, assist in the psychological aspect of a
participant's state of mind while simultaneously worsening their ocular condition. This presents
an additional challenge for clinicians, who struggle to effectively modify chronic habits of
abnormal eye-rubbing behaviours, despite strong evidence that rubbing exacerbates KC.
Increasing an individual’s awareness of their eye rubbing habits and substituting eye rubbing with
other treatments that provide symptomatic relief (McMonnies 2009) may, therefore, be more

effective than simple instruction.

Several post-rubbing changes reached statistical significance, particularly in KC corneas;
however, their clinical significance should be evaluated relative to the known measurement
repeatability limits. Changes in peripheral epithelial thickness in KC eyes were comparable to or
exceeded published OCT repeatability thresholds, indicating these likely represent genuine
mechanical epithelial redistribution (Lee and Han 2024). Likewise, increases in anterior corneal
densitometry exceeded reported short-term variability limits, supporting a physiological
interpretation related to transient surface or subepithelial disturbance (Pakbin, Khabazkhoob et
al. 2022). These effects are not signs of disease progression but reflect the heightened mechanical
sensitivity of a keratoconic cornea to eye rubbing. By comparing observed changes with
established repeatability limits, this study shows that the post-rubbing short4erm effects should
not be conflated with true KC progression, which requires persistent, reproducible change across

multiple visits and modalities.
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Items that reflect eye rubbing frequency, duration, perceived intensity, rubbing modality,
laterality, and timing relative to measurement appear to be the most indicative of meaningful
mechanical exposure (Torres-Netto, Abdshahzadeh et al. 2022). These variables best represent
cumulative load, stress level, and spatial consistency, all of which are crucial for assessing corneal
biomechanical damage. Future validation may include comparing with objective rubbing
measurements, aligning with structural biomarkers, assessing test-retest reliability, and predicting

KC progression over time (Crawford, Zhang et al.2020)
4.4.1 POTENTIAL LIMITATIONS

This survey was intended to capture the main aspects of eye rubbing behaviours in KC as reported
in the literature, but it was not designed to capture other factors that may have influenced eye
rubbing, such as current contact lens wear, duration of KC, age at first diagnosis, or previous
instructions given not to rub eyes. Current contact lens was also not captured in the survey, and
lens wear can influence eye rubbing behaviours, as can the hygienic practices employed while
wearing contact lenses (Arshad, Carnt et al.2021). The survey has not been formally validated in
a large cohort or in other KC populations, although several items in this survey have been
previously used in validated questionnaires (Zadnik, Barr et al. 1998; Weed, MacEwen et al.
2008; AlSomali, Almithn et al.2024).

There was no option in the first item for participants to report they did not rub their eyes, and one
study has found that up to 19% of Non-KC participants and 7% of KC participants report no eye
rubbing (Korb, Greiner et al.2003). Including participants who did not rub their eyes and forcing
them to respond may have skewed items 2 through 6 toward the lower or milder options. Future
use of the survey could involve modifying the first item to include either a “no rubbing” or “no
rubbing/infrequent rubbing” option and amending the “two times per day” option to “1 to 2 times
per day”. Previous advice to avoid eye rubbing may have influenced the reporting of some KC
participants’ eye rubbing habits, and as discussed, may have contributed to the counterintuitive
finding regarding KC severity during the cumulative period of eye rubbing. However, these
limitations did not affect the main finding of this study: that a higher proportion of KC participants

engaged in abnormal eye rubbing than Non-KC participants.

This study did not address nocturnal external compressive forces, a passive form of ocular
rubbing, that has been described as “pillow pressure” induced ocular trauma (Flatau, Solano et al.
2016). Another limitation was that all the items in the survey relied on recall (Althubaiti 2016).

However, these limitations are unlikely to affect the results, as they apply to both groups.

The analysis of associations between KC severity and eye rubbing was underpowered, with the

maximum available power for any item only 70%. However, the very low correlations (0.07 to
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0.17) reported for the four items that did not show a significant association suggest that any
association is not meaningful, or that significance would not have been reached even with an
appropriate sample size. Therefore, this limitation did not appear to affect the findings on the

association between KC severity and eye rubbing habits.
4.4.2 CONCLUSIONS

Individuals with KC are more likely to exhibit abnormal eye-rubbing behaviours than those
without KC. A higher proportion of KCs rubbed their eyes more frequently, for longer periods,
with greater force, using their knuckles or palms, and reported the cumulative period of rubbing
in years. KC severity was positively associated with longer ocular rubbing duration and negatively
associated with the cumulative period of rubbing. Recognising these abnormal eye-rubbing
behaviours can assist clinicians with patient communication and education and may support the

future development of effective management strategies for patients showing KC progression.
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CHAPTER 5: ANTERIOR EYE CHANGES AFTER EYE RUBBING
IN KERATOCONIC AND NON-KERATOCONIC EYES

5.1 INTRODUCTION

As discussed in Section 1.6, eye rubbing has been proposed as a factor that exacerbates the
development of KC. Possible proposed mechanisms include changes in keratocyte density,
fluctuations in IOP, and increased deformability. Brief eye rubbing lasting 10 seconds, repeated
30 times over 30 minutes, significantly reduces keratocyte density in human corneas (Najmi,
Mobarki et al.2019), leading to stromal thinning at the inferior or central portion of the cornea,
causing distortion and resulting in a cone-shaped change (Munsamy and Moodley 2017).
Fluctuations in IOP could indirectly lead to keratocyte trauma (Moller-Pedersen and Moller 1996)
and thus lead to KC (Bron 2001) as rubbing exposes the thinnest and often weakest regions of the
cornea to a cone-forming protrusion (Jaskiewicz, Maleszka-Kurpiel et al. 2023). Eye rubbing /
ocular massage temporarily softens the cornea, making it softer and more deformable, especially

in young myopic patients (Li, Wei et al.2023; Lam, Lee et al.2025)

In asymmetric KC, the ACD is higher in the eye with more advanced KC (Wang, Ma et al.2024).
ACD and ACV are positively correlated (Shajari, Herrmann et al. 2019), suggesting KC eyes
have increased ACV. However, the effect of eye rubbing on ACV is unknown.

5.1.1 AIMS

1. To determine whether habitual eye rubbing is associated with short-term anterior eye
changes in CET, CD, ARC, PRC, and ACV in KC and Non-KC eyes.

2. To assess whether anterior eye changes following habitual eye rubbing differ between
KC and Non-KC eyes.

3. To explore whether an association exists between keratoconic severity and anterior eye

parameters following habitual eye rubbing.
5.1.2 HYPOTHESES

1. Habitual eye rubbing will be associated with short-term changes in anterior ocular
parameters in both KC and Non-KC eyes.

2. Short-term changes in anterior ocular parameters following habitual eye rubbing will vary
between KC and Non-KC eyes.

3. Short-term changes in anterior ocular parameters following habitual eye rubbing will be

associated with keratoconic severity.
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5.2 MATERIALS AND METHODS
5.2.1 STUDY DESIGN

This was a prospective clinical trial conducted at Omni Eye Centre. The study was reviewed and
approved by the Human Research Ethics Advisory Panel at UNSW Sydney (Approval No.
HC180932). The study adhered to the Declaration of Helsinki and was conducted following the

ethical principles for medical research involving human subjects (World Medical 2013).
5.2.2 PARTICIPANTS

Emails were sent to a targeted database associated with the Omni Eye Centre, inviting participants
to join the study. Participants were also recruited via ethics-approved advertising signage at
reception (Appendices B and D). All participants who enrolled were regular patients of the
practice and expressed an interest in participating in the research. Interested participants were sent
a Participant Information Statement and Consent Form (PISCF) (Appendix E) via secure
electronic communication, and written informed consent was obtained from each participant

before being enrolled in the study.

Eligible participants were required to be either diagnosed as KC or Non-KC; be 18 years or over;
have good general and eye health (excluding KC); not having undergone any refractive, corneal,
or cataract surgery; not have significant corneal scarring (best distance corrected visual acuity
<6/120); and not have ocular manifestations of systemic diseases such as Sjogren disease or peri-
orbital dermatological conditions and be willing to interrupt wearing their contact lens wear for a
minimum of two days. Participants excluded from the study described in Chapters 2 and 3 due to
age, prior corneal surgery, corneal scarring, or unwillingness to discontinue contact lens wear
were not contacted for the current study. Each enrolled participant was assigned a unique study
number, with the first participant assigned ‘01’ and subsequent participants assigned sequentially
until the last participant was enrolled. Forty-four of the 66 participants enrolled in the current
study were enrolled in the study described in Chapters 2 and 3, and all participants enrolled in the

current study were also enrolled in the study described in Chapter 4.
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5.2.3 STUDY PROTOCOL

After informed consent was signed, the ocular surface of both eyes was assessed with slit lamp
biomicroscopy. The procedures used to confirm keratoconic status, categorise KC severity, and
obtain CET and CD measurements are described in Chapter 2 and are briefly outlined here. All
procedures were conducted at one clinic visit (Figure 5-1) after informed consent was obtained.
Keratoconic status (KC or Non-KC) was confirmed, and those with KC were graded for KC
severity using the Belin ABCD categorisation (Belin and Duncan 2016).

The ocular parameters measured were CET, CD, ARC, PCV, and ACV. CET was measured on
the right eye using the Triton SS-OCT plus its Anterior Segment Lens Unit Attachment at five
different corneal locations (central, superior, inferior, nasal, and temporal: Figure 2-7). CD was
measured on the left eye using the Oculus Pentacam in four corneal regions (Anterior 120 um (0-
2 mm disc) [Ant_0-2], Anterior 120 um (2-6 mm annulus) [Ant 2-6], Central layer (0-2 mm disc)
[Cent 0-2], and Central layer (2-6 mm annulus) [Cent 2-6]: Figure 3-1). The Oculus Pentacam
was also used to measure ARC, PRC, and ACV on the left eye.

After all measurements were obtained, participants were instructed to rub their eyes as per their

response to the survey described in Chapter 4 for the following:

9 Duration of eye rubbing:
0 A few seconds / up to one minute / 1-4 minutes / >5 minutes.
1 Style of eye rubbing:
0 Fingertips / sides of fingers / palms of hands / knuckles.
9 Intensity of force used to rub eyes:
0 Soft/ firm / forceful / very forceful.
I Ocular area rubbed:

0 Outside corner (temporal) / inside corner (nasal) / middle of eyelids.

The duration, style, intensity, and ocular area of eye rubbing were based solely on reported habits
as recorded in the participant survey responses in Chapter 4. Participants were asked to refrain
from wearing contact lenses for two days before the study and were not instructed to modify their
usual rubbing techniques. This approach was designed to assess how naturalistic and habitual eye
rubbing affects ocular parameters, without interference from contact lens use or changes in

individual rubbing style.

Post-rubbing ocular measurements, comprising the same measurements and using the same
procedures as pre-rubbing, were obtained within 10 seconds following eye rubbing. Participants

first rubbed their right eye, and measurements were taken on the right eye once rubbing was
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complete. Participants then rubbed their left eye, and measurements were taken on the left eye

once rubbing was complete. The 25 picture per second scan modality was used.

The studies described in Chapters 2 and 3 showed no significant differences between repeated
measurements of CET and CD, respectively. Therefore, all measurements were taken once on

each participant to minimise the possible decay over time in post-rub ocular changes.

Screening
*+ n=104
*  Written informed consent
» Screening procedures including Oculus Pentacam (hoth eyes)
+ Confirm keratoconic status and grade keratoconic severity

Exclusions
* Declined participation (n = 38)

Pre Eye Rubbing

* n=66
+ Triton SS-OCT (right eye)

* Corneal epithelial thickness at 5 locations
* Oculus Pentacam (left eye)

* Corneal densitometry in 4 regions

* Anterior corneal radius of curvature

» Posterior corneal radius of curvature

» Anterior chamber volume

Eye Rubbing
The right eye was rubbed first followed by post-rub measurements
The left eye was then rubbed first followed by post-rub measurements
* All participants rubbed each eye as per their response to the survey in
Chapter 4 for:

* Duration

» Style

* Intensity

* Ocular area

v

Post Eye Rubbing

* n=66
+ Triton SS-OCT (right eye)

* Corneal epithelial thickness at 5 locations
* Oculus Pentacam (left eye)

* Corneal densitometry in 4 regions

* Anterior corneal radius of curvature

» Posterior corneal radius of curvature

* Anterior chamber volume

Figure 5-1: Participant flow chart.
Data could not be exported directly from either the Triton SS-OCT or Oculus Pentacam software;

thus, a double-data or manual entry system was utilised as described in Chapters 2 and 3.
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5.2.4 SAMPLE SIZE CALCULATION

From Chapter 3, CD in the region Ant_0-2 was the only region within KC that was significantly
different to all other regions (p < 0.001). The CoR in KC participants in the Ant 0-2 region was
3.7 GSU, indicating that a difference of 4 GSU is clinically meaningful, and the SD for this region
was 7.9 GSU. Therefore, a minimum of 33 KC subjects were required to demonstrate a
statistically significant difference in CD at Ant 0-2 of 4.0 + 7.9 GSU pre and post rub at the 5%
level of significance and 80% power. The same number of Non-KC participants were also
recruited (66 subjects recruited in total). The sample size also provided >80% power to determine
differences within KC for CD at Ant_2-6 and Cent_0-2, >90% power to determine differences
within Non-KC for CD at all regions, and >95% to determine differences within KC and Non-KC
for CET at all locations.

5.2.5 STATISTICAL ANALYSIS

Analyses were performed using SPSS V28 (IBM, Armonk, NY, USA), and significance was set
at 5%. Differences between KC and Non-KC for sex were assessed using the ? test, and for age

using a linear mixed model with subject random intercepts.

Raw data were assessed for normality using the Shapiro-Wilk test, and if they failed (p < 0.05),
data were further assessed using Q-Q plots and frequency histograms. An appropriate

transformation was applied prior to analysis if the raw data failed normality assumptions.

A linear mixed model with subject random intercepts was used to assess pre- and post-rub
differences in ocular measurements. All models included group (KC and Non-KC) and rub (pre-
and post-) as fixed factors. The models assessing CET and CD also included corneal location
(central, superior, inferior, nasal, and temporal) and corneal region (Ant _0-2, Ant 2-6, Cent 0-2,
and Cent 2-6), respectively, as fixed factors. Interactions between categories were tested, and if
significant, the effects were assessed at each level of the interacting term. Posthoc multiple

comparisons were adjusted using Bonferroni correction.

Chapter 3 showed no difference in CD between KC and Non-KC, possibly due to a lack of
statistical power afforded by the sample size of 48 (Section 3.3.3). The current sample of 66
afforded 79-86% power to assess between-group differences in CD at the anterior regions and 22-
58% power in the central layer regions. Therefore, additional analyses were performed to test for
between-group differences in CD. The pre-rub CD results were used, and the analyses performed
were the same as those in Chapter 3. Between-group differences using pre-rub results for ARC,
PRC, and ACV were also assessed. The statistical power afforded in Chapter 2 was adequate to
determine between-group differences by location for CET (Section 2.3.3), and thus, pre-rub CET

results were not separately analysed in this study.
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The Spearman correlation test was used to assess associations between pre- and post-rub ocular
measurements and KC severity. The paired difference (post-rub — pre-rub) for each ocular

measurement was used in the analysis.

5.3 RESULTS
5.3.1 DEMOGRAPHIC CHARACTERISTICS

Of the 66 participants in this study, 47% (n = 31) were male. The mean age + SD was 35.1 + 12.2
years, with an age range of 18 to 65 years, and 33 participants had KC. A higher proportion of
KC participants were male compared to Non-KC participants (61% vs. 33%, ¥2(1, n = 68) = 4.93,
p =0.03), and KC participants were younger compared to Non-KC participants (31.8 £ 10.8 years
vs. 38.3 £ 12.8 years, F16=5.0, p = 0.03). Nine of the KC participants habitually wore corneal
rigid gas permeable contact lenses, while there were no Non-KC participants who wore any type
of contact lens. This study did not include variation in ethnic background, as the participants
represented a diverse range of racial and cultural backgrounds. There were not enough

participants from a particular race or region to analyse by category.

The number and percentages of KC participants classified into each of the five severity stages

using the ABCD grading system are shown in Table 5-1.

Table 5-1: Keratoconic participants by severity.

Stage 0 9(27)
Stage I 8(24)
Stage 11 10 (30)
Stage 111 4(12)
Stage IV 2(6)
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The number and percentages of participants per duration, style, intensity, and area rubbed for KC

and Non-KC participants are shown in Table 5-2

Table 5-2: Ocular rubbing reported by keratoconic and non keratoconic participants.

Duration of Rubbing

Few seconds 7(21) 16 (48)
Up to one minute 8 (24) 13 (39)
1-4 minutes 8 (24) 39
> 5 minutes 10 (30) 1(3)
Style of Rubbing

Fingertips 4 (12) 18 (55)
Sides of fingers 9(27) 10 (30)
Palms of hands 12 (36) 4(12)
Knuckles 8 (24) 1(3)
Intensity of Force Used when Rubbing

Soft 4(12) 17 (52)
Firm 7(21) 9(27)
Forceful 12 (36) 6 (18)
Very forceful 10 (30) 1(3)
Area Rubbed

Outside corner 8 (100) 19 (58)
Inside corner 12 (24) 10 (30)
Middle of eyelids 13 (36) 4(12)
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5.3.2 CORNEAL EPITHELIAL THICKNESS

Raw CET data failed the requirements for data normality based on Shapiro-Wilk (p = 0.01).
However, further assessment using Q-Q plots and frequency histograms showed raw CET data to
be within acceptable limits, and thus, no data transformation was applied before statistical
analysis. Descriptive statistics are presented as mean, standard deviation (SD), and 95%

confidence intervals (CI).

The pre- and post-rub mean CET at each corneal location is shown in Figure 5-2. CET was
significantly thinner in KC following eye rubbing (Table 5-3, p < 0.001) while there was no
difference in Non-KC (p = 0.22). Changes in CET due to eye rubbing were independent of group
and corneal location (F4 576 = 0.20, p = 0.94).

Table 5-3: The effect of eye rubbing on corneal epithelial thickness.

492+39
Pre Rub
(478 - 505) F1,292: 782
Keratoconic
46.0+4.0 p <0.001
Post Rub
Fi1576=38.9 (44.6 -47.4)
p <0.001 50.8+4.2
Pre Rub
(49.3-52.2) Fi202=1.53
Non-Keratoconic
50.4+33 p=0.22
Post Rub
(49.3 -51.6)
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Figure 5-2: Mean pre- and post-rubbing corneal epithelial thickness (CET) by group and location. Error bars = 95% confidence intervals.
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5.3.3 CORNEAL DENSITOMETRY

Raw CD data failed normality assumptions: Shapiro-Wilk p <0.001 and confirmed with Q-Q plot
and frequency histogram (positively skewed). A reciprocal transformation was applied to the raw
data before analysis. Analysed data are reported as mean, SD and 95% CI GSU-1 and descriptive

statistics are presented as back-transformed mean and 95% CI GSU.

The pre- and post-rub back-transformed mean CD at each corneal region are shown in Figure 5-3.
CD was significantly higher in KC following eye rubbing (Table 5-4, p < 0.001) while there was
no difference in Non-KC (p = 0.054). Changes in CD due to eye rubbing were independent of
group and corneal region (F3 45 = 0.42, p = 0.74).

Table 5-4: The effect of eye rubbing on corneal densitometry. Mean reciprocal-transformed data are
shown.

0.053 +£0.015
Pre Rub
(0.048 - 0.058) Fi227=13.8
Keratoconic
0.051 £0.015 p <0.001
Post Rub
Fra=17.3 (0.046 - 0.056)
p <0.001 0.057 £0.009
Pre Rub
(0.054 - 0.060) Fi127=3.76
Non-Keratoconic
0.056 £ 0.009 p=10.054
Post Rub
(0.053 - 0.059)

Pre-rub CD was significantly higher in KC than Non-KC in the Ant 0-2 (F1,64 =8.59,p =
0.005) and CL_0-2 (F1,64 = 7.36, p = 0.009) regions. There were no differences in either the
Ant 2-6 (F1,64 =0.56, p=0.46) or CL_2-6 (F1,64 =0.021, p = 0.88) regions.
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Figure 5-3: Back-transformed mean pre- and post-rubbing corneal densitometry (CD) by group and region. Error bars = back-transformed 95% confidence intervals.
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5.3.4 ANTERIOR CORNEAL RADIUS OF CURVATURE

Raw ARC data failed normality assumptions: Shapiro-Wilk p < 0.001 and confirmed with Q-Q
plot and frequency histogram (negatively skewed). A logarithmic transformation was applied to
the raw data before analysis. Analysed data are reported as mean, SD, and 95% CI In(mm) and

descriptive statistics are presented as back-transformed mean and 95% CI mm.

The pre- and post-rub back-transformed mean ARC are shown in Figure 5-4. ARC was
significantly lower in both KC and Non-KC following eye rubbing (Table 5-5, p < 0.001), and
the change was independent of group (p = 0.23).

Table 5-5: The effect of eye rubbing on anterior corneal radius of curvature. Mean log-transformed
data are shown.

0.87 +0.27
Pre Rub
(0.78 - 0.97) Fi3=16.3
Keratoconic
0.91 +0.28 p <0.001
Post Rub
Fi6a=1.50 (0.82-1.01)
p=023 0.41+0.18
Pre Rub
(0.35-0.48) Fi132=20.7
Non-Keratoconic
0.47+0.18 p <0.001
Post Rub
(0.41 - 0.54)
8.0
75 1
7.0 I
'g 6.5
E6o
@)
o
< 5.5
5.0
4.5
6.8 7.6
4.0
Pre Rub Post Rub Pre Rub Post Rub
Keratoconic Non Keratoconic

Figure 5-4: Back-transformed mean pre- and post-rubbing anterior corneal radius of curvature
(ARC). Error bars = back-transformed 95% confidence intervals.

Pre-rub ARC was significantly lower in KC than in Non-KC (F; 6= 63.0, p <0.001).
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5.3.5 POSTERIOR CORNEAL RADIUS OF CURVATURE

Raw PRC data failed the requirements for data normality based on Shapiro-Wilk (p < 0.001).
However, further assessment using Q-Q plots and frequency histograms showed raw CET data to
be within acceptable limits for normality, and thus no data transformation was applied before

statistical analysis. Descriptive statistics are presented as mean, SD, and 95% CI.

The pre- and post-rub mean PRC are shown in Figure 5-5. ARC was significantly lower in both
KC and Non-KC following eye rubbing (Table 5-6, p < 0.001 for both), and the change in Non-
KC was significantly greater than in KC (p = 0.01).

Table 5-6: The effect of eye rubbing on posterior corneal radius of curvature (PRC).

5.5+0.8
Pre Rub
(5.2-57) Fi3=34.0
Keratoconic
54+0.8 p <0.001
Post Rub
Fi64=6.57 (5.1-5.7)
p=10.01 6.5+04
Pre Rub
(6.4 - 6.6) F132=30.1
Non Keratoconic
6.3+04 p <0.001
Post Rub
(6.1-6.4)
7.0
6.5
__ 6.0
£
Ess I
@)
e
o
5.0
4.5
5.4 6.3
4.0
Pre Rub Post Rub Pre Rub Post Rub
Keratoconic Non Keratoconic

Figure 5-5: Mean pre- and post-rubbing posterior corneal radius of curvature (PRC). Error bars =
95% confidence intervals.

Pre-rub ARC was significantly lower in KC than in Non-KC (F; 6= 44.4, p <0.001).
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5.3.6 ANTERIOR CHAMBER VOLUME

Raw ACYV data failed normality assumptions: Shapiro-Wilk p < 0.001 and confirmed with Q-Q

plot and frequency histogram (positively skewed). A logarithmic transformation was applied to

the raw data before analysis. Analysed data are reported as mean, SD, and 95% CI In(mm) and

descriptive statistics are presented as back-transformed mean and 95% CI mm.

The pre- and post-rub back-transformed mean ACV are shown in Figure 5-6. ACV was

significantly lower in both KC and Non-KC following eye rubbing (Table 5-7, p <0.001 and p =

0.04, respectively), and the change in KC was significantly greater than in Non-KC (p < 0.001).

Table 5-7: The effect of eye rubbing on anterior chamber volume. Mean log-transformed data are

shown.
541+0.24
Pre Rub
(5.33-5.49) Fi32=42.4
Keratoconic
5.34+0.28 p <0.001
Post Rub
Fiea=24.1 (5.25-5.44)
p <0.001 4.93+0.15
Pre Rub
(4.87 - 4.98) Fi13.=4.77
Non Keratoconic
4.92+0.15 p=0.04
Post Rub
(4.86 -4.97)
250
200 [
E
E 150
> I
<
100
209 136
50
Pre Rub Post Rub Pre Rub Post Rub
Keratoconic Non Keratoconic

Figure 5-6: Back-transformed mean pre- and post-rubbing anterior chamber volume (ACV). Error
bars = back-transformed 95% confidence intervals.

Pre-rub ACV was significantly higher in KC than in Non-KC (Fi 6= 92.5, p < 0.001).
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5.3.7 ASSOCIATIONS BETWEEN SEVERITY OF KERATOCONUS AND EYE
RUBBING

Figure 5-7 shows the significant associations between KC severity and anterior eye changes
following rubbing (post-rub — pre-rub). CD at Ant_2-6 was positively associated with KC severity
(p=10.01), and ARC was negatively associated with KC severity (p =0.01).

(a) Corneal Densitometry: Anterior 120 um (2-6 mm annulus)
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Figure 5-7: Significant associations between KC severity and (a) Corneal densitometry at Anterior
120 pm (0-2 mm annulus) and (b) Anterior corneal radius of curvature following eye rubbing.

There was no significant association between KC severity and CET at central (p = 0.004, p =
0.98), superior (p = 0.27, p = 0.12), inferior (p = -0.037, p = 0.84), nasal (p = 0.20, p = 0.26),
temporal (p = -0.076, p = 0.67); CD at Ant 0-2 (p = 0.31, p = 0.07), Cent 0-2 (p = -0.06, p =
0.75), Cent_2-6 (p =0.19, p = 0.29); PRC (p =-0.28, p=0.12); nor ACV (p=-0.25,p=0.17).
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5.4 DISCUSSION

This study assessed whether eye rubbing is associated with short-term changes in anterior ocular
parameters in individuals with and without KC. The results show that eye rubbing induces
significant changes in KC for all five anterior ocular parameters measured in this study. Eye
rubbing also induced significant changes in Non-KC for three of the five parameters, but the
overall effects were more pronounced in KC. Therefore, the hypothesis that eye rubbing is
associated with anterior changes that differ between KC and Non-KC was not rejected.

Furthermore, some of these changes also correlated with KC severity.

CET significantly decreased in KC eyes following eye rubbing (Table 5-3, Figure 5-2), consistent
with earlier reports of epithelial disruption in KC (Pérez-Bartolomé, Rocha-De-Lossada et al.
2021; Yang, Wang et al.2021). No significant CET change was observed in Non-KC eyes (p =
0.22), suggesting the structurally compromised epithelium in KC may be more susceptible to
mechanical deformation. The non-significant interaction between group, rub, and corneal location
(p = 0.94) indicates that this thinning occurs uniformly across the central and peripheral regions

in KC.

CD significantly increased in KC eyes post-rubbing across all regions (Table 5-4, Figure 5-3).
This is indicative of transient corneal haze or light scatter, possibly due to early microtrauma,
cellular stress, or fluid shifts within the stromal matrix (Reinstein, Archer et al. 2009b). In
contrast, no significant CD change was observed in Non-KC eyes (p = 0.054). CD at the Ant_2—
6 region was positively correlated with KC severity (Figure 5-7A) aligning with previous studies

suggesting CD may serve as an early biomarker of ectatic changes (Munsamy and Moodley 2017).

Chapter 3 showed no regional differences in CD between KC and Non-KC (Table 3-4) probably
due to a lack of statistical power. However, the increased statistical power afforded in the current
study showed the pre-rub CD was significantly higher in KC than Non-KC in the 0-2 mm disc
regions (p < 0.009), which is consistent with other studies (Lopes, Ramos et al.2014).

Both ARC and PRC decreased significantly in response to rubbing (Table 5-5, Table 5-6 and
Figure 5-4, Figure 5-5), reflecting transient corneal steepening. ARC changes were independent
of group (p = 0.23), while PRC changes were more pronounced in Non-KC eyes (p = 0.01). This
may be attributed to differences in corneal biomechanics, with stiffer corneas in Non-KC eyes
exhibiting greater posterior steepening under pressure. ARC change was negatively associated
with KC severity (Figure 5-7B), indicating the effect is more pronounced with advanced disease.

As expected, pre-rub ARC and PRC were significantly steeper in KC compared to Non-KC.

There were two outlier results in ARC, one each in KC and Non-KC, where the change in ARC

exceeded 0.6 mm post-rub, while all other changes were 0.3 mm or less. The reason for these

The Ocular Response to Eye Rubbing in Keratoconus 138



Chapter 5: Anterior Eye Changes After Eye Rubbing in Keratoconic and Non-Keratoconic Eyes

large changes in these two participants is unknown, but removing these two results did not alter

the inferences, and therefore, both results were preferentially kept.

ACV decreased significantly post-rub in both groups, but the effect was much larger in KC eyes
(Table 5-7, Figure 5-6), and the magnitude of change (14mm?) suggests it may be clinically
meaningful. This finding is novel, as limited prior work has explored anterior chamber responses
to eye rubbing. One explanation may be a redistribution of intraocular volume secondary to
transient IOP elevation, consistent with previous studies documenting IOP spikes during eye
rubbing (Turner, Girkin et al.2019; Osuagwu and Alanazi 2015). The higher magnitude of change
in KC eyes reflects a greater anatomical susceptibility to anterior segment compression. The
finding that the ACV is much higher in KC pre-rub may be due to a combination of the increased
space created by the protruding cornea and a less stiff cornea, enabling more aqueous humour
into the anterior chamber. The ACV parameter, with its large difference between KC and Non-
KC pre-rub and the large change in KC post-rub, may have clinical utility in the early diagnosis

of KC.

These findings support the hypothesis that mechanical trauma from eye rubbing induces short-
term changes to the anterior eye, especially the cornea, and more so in structurally vulnerable KC
eyes. Although the observed changes were statistically significant, the changes in all parameters
except ACV were small and may not be clinically meaningful when considered in isolation.
However, KC participants tend to rub their eyes frequently during the day (Figure 4-1), and thus
the effect of these small, isolated changes may accumulate over each day. As stated in section 1.6,
the threshold to induce biomechanical alterations through eye rubbing alone must exceed 10,500
rubbing movements (Torres-Netto, Abdshahzadeh et al. 2022), suggesting that infrequent eye
rubbing may not significantly impact corneal biomechanics in healthy eyes and likely only
instigates the progression of KC in predisposed corneas (Torres-Netto, Abdshahzadeh et al. 2022)
subject to frequent eye rubbing. This cumulative effect may become problematic over years rather
than days, and a higher proportion of KC participants reported their cumulative period of eye
rubbing in terms of years, while a higher proportion of Non-KC participants reported this period
in terms of days (Figure 4-6).

KC severity is associated with the length of time the disease has been present, so the association
between KC severity in CD and ARC after eye rubbing may indicate a cumulative effect.
Furthermore, the new finding of higher ACV in KC and the notable differences in KC after eye
rubbing support including ACV measurements in future KC screening protocols. From a clinical
standpoint, the overall findings provide quantitative evidence to discourage habitual, abnormal

eye rubbing, especially in individuals with confirmed or suspected KC.
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Observed differences in corneal response between KC and non-KC eyes may reflect underlying
biomechanical properties, with stiffer corneas in non-KC eyes exhibiting greater posterior
displacement under applied pressure (Elsheikh, Wang et al.2007; Vinciguerra, Ambrosio et al.
2016). Consequently, some of the greater changes observed in the KC group may result from
differences in the mechanical stimulus rather than intrinsic corneal susceptibility. By deliberately
capturing these natural variations, the study reflects real-world habitual rubbing behaviours while
acknowledging that interpreting the results must account for the interplay between corneal

biomechanics and rubbing characteristics.

This study did not directly measure ocular biomechanics; thus, any conclusions about corneal
susceptibility and response to eye rubbing are speculative. Previous studies indicate that even
brief mechanical stress can change corneal biomechanical properties (Lam, Lee et al. 2025),
suggesting that the cornea responds dynamically to force. Similarly, Scheimpflug imaging and a
dynamic bidirectional applanation device show that eye rubbing causes measurable deformation
in both KC and Non-KC eyes, with greater changes in KC corneas (Henriquez, Cerrate et al.
2019). These results imply that mechanical rubbing can induce rapid biomechanical shifts,
supporting the idea that corneal tissue properties influence the changes observed in this study’s
anterior segment. Future research using direct biomechanical assessment tools such as the Corvis
ST or the ORA is essential to accurately measure corneal stiffness and elasticity associated with

rubbing and to validate these mechanistic insights.
5.4.1 POTENTIAL LIMITATIONS

This study has some limitations. Post-rubbing measurements were only taken once immediately
after rubbing, so the duration of the observed changes over a lengthy period is unknown.
However, the taking of immediate post-rub measurements was deliberate, as there have been cases
of ocular rubbing in Non-KC eyes that have taken up to one year to return to baseline (Scotto,
Vagge et al.2021). The duration, frequency, and force of eye rubbing differed between KC and
Non-KC, making it unclear whether the group differences were due to KC or varying eye rubbing
behaviours. However, the type of eye rubbing was based on participants' habitual responses, so
the findings reflect real-world changes. Whether more severe eye rubbing causes similar changes
in Non-KC remains an academic question due to ethical issues in instructing Non-KC participants
to engage in abnormal eye rubbing, even for a short period. Ocular biomechanics were not directly
measured; therefore, the biomechanical interpretations are speculative and require confirmation
in future research using tools such as the Corvis ST or Ocular Response Analyser. The IOP was
also not measured, and thus the interpretation that rubbing induced IOP spikes influenced the

ACYV results is also speculative.
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5.4.2 CONCLUSIONS

This study shows habitual eye rubbing induces short-term changes in anterior ocular parameters,
with more pronounced effects observed in eyes with KC. These changes emphasise the
mechanical vulnerability of the KC eye and highlight the importance of targeted education and
clinical monitoring. The observed associations with KC severity further support the utility of
these metrics in assessing disease status and progression. The greater magnitude of change
observed in KC eyes may reflect greater anatomical susceptibility to anterior segment
compression; however, because the rubbing stimulus varied across groups, these differences

could also be influenced by the duration, intensity, or technique of rubbing.
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CHAPTER 6: SUMMARY AND CONCLUSIONS
6.1 SIGNIFICANCE OF THE RESEARCH

Eye rubbing is a common behaviour that is usually gentle, brief, and infrequent. While this type
of eye rubbing does not significantly impact corneal biomechanics in healthy eyes, frequent
abnormal eye rubbing can damage ocular structures and initiate the progression of KC in
predisposed corneas (Hashemi, Heydarian et al.2020; Jafri, Lichter et al.2004; Moran, Gomez
et al.2020; Torres-Netto, Abdshahzadeh et al.2022), and contribute to further progression of
KC (Jafri, Lichter et al.2004; Moran, Gomez et al.2020).

One of the aims of this thesis was to investigate anterior ocular structures before and after eye
rubbing in individuals with KC and those without (Non-KC). Additional aims included
assessing eye rubbing behaviours and the repeatability of corneal measurements, CET, and CD
in both groups, as well as the relationships between the severity of KC, rubbing habits, and

changes in ocular structures after rubbing.

6.2 SUMMARY

6.2.1 REPEATABILITY OF CORNEAL EPITHELIAL THICKNESS AND CORNEAL
DENSITOMETRY MEASUREMENTS

Two of the corneal parameters that were assessed after rubbing were CET and CD as measured
by the Triton SS-OCT and Oculus Pentacam, respectively. The repeatability of these instruments
for measuring these corneal parameters was unknown at the time this thesis commenced;
therefore, their repeatability was assessed on a cohort of 48 participants, comprising KC (n = 24)

and Non-KC (n = 24), in Chapters 2 and 3.

There were no significant differences in repeated CET measures in any corneal location in either
KC or Non-KC, and all repeatability measures were comparable between groups. These findings
were comparable to those reported in the literature using different types of OCT (Feng, Reinstein
et al.2023). The Triton SS-OCT was deemed a suitable instrument for measuring CET in both
KC and Non-KC. The CoR and SD values obtained were used to determine the available power

for within-group and between-group CET comparisons in Chapters 2 and 5.

There were no significant differences in repeated CD measures in any corneal region in either KC
or Non-KC, but significant differences in repeatability were observed between KC and Non-KC
in three of the corneal regions assessed. Repeatability was generally low in KC, while Non-KC
showed high repeatability in all regions assessed. The worse repeatability in KC was driven by
KC severity, with mild KC showing comparable repeatability with Non-KC, while repeatability
decreased with increasing KC severity. This latter finding was probably due to Scheimpflug
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imaging having lower repeatability for anterior segment measurements in eyes with KC because
of the increased irregularity of the corneal shape and increased corneal curvature (Schiano-
Lomoriello, Bono et al.2020), suggesting CD repeatability in KC is best provided based on KC
severity. The CD repeatability findings were comparable to those reported in the literature in both
KC and Non-KC (Kreps, Jimenez-Garcia et al. 2020). The Oculus Pentacam was deemed a
suitable instrument for measuring CD in both KC and Non-KC. The CoR and SD values obtained
were used to determine the available power for within-group and between-group CET

comparisons in Chapter 3 and to calculate the required sample size in Chapter 5.
6.2.2 DIFFERENCES IN ANTERIOR OCULAR PARAMETERS

Chapter 2 demonstrated that CET varied by corneal location in both KC and Non-KC. Central
and superior CET was thinnest in KC, and significantly thinner in central compared to inferior,
nasal, and temporal. The two thinnest corneal locations were also negatively associated with KC
severity. This thinning of the central CET may be an epithelial remodelling response to provide a
smooth optical surface by partially compensating for the central corneal steeping seen in KC
(Franco, White et al.2020). In contrast, temporal CET was thickest in Non-KC and significantly
thicker than superior, inferior, and nasal, while nasal CET was significantly thicker in KC

compared to Non-KC.

Chapter 3 showed that CD differed by corneal region in both KC and Non-KC. The anterior 120
um regions showed the highest CD in both groups, while KC severity was positively correlated
with CD in three of the four corneal regions assessed. CD is higher in KC and is significantly
higher in more severe KC (Lopes, Ramos et al.2014), but this study did not find any differences
between KC and Non-KC in any corneal region, possibly due to the lack of statistical power
afforded by the sample size. However, Chapter 5 employed a larger sample size, and the pre-rub
results showed CD was significantly higher in KC compared to Non-KC in 0 - 2 mm disc regions,

which is consistent with other studies (Lopes, Ramos et al.2014).

The differences between KC and Non-KC for ARC, PRC, and ACV were assessed using the pre-
rub results from Chapter 5. As expected, ARC and PRC were significantly steeper in KC, while
ACYV was significantly higher in KC.

6.2.3 EYE RUBBING HABITS

Chapter 4 reported the eye rubbing habits of KC and Non-KC participants in a 120-participant
study, KC (n = 60) and Non-KC (n = 60), that used a novel survey containing six items that was
developed to capture the main aspects of eye rubbing behaviours in KC, as reported in the
literature (Moschos, Gouliopoulos et al.2018; Zadnik, Barr et al. 1998; Gomes, Tan et al.2015;
Korb, Greiner et al.2003; Weed and McGhee 1998).
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Non-KC participants predominantly selected the lower or milder options while KC participants
tended toward the higher or more extreme options. Specifically, a higher proportion of KC
participants rubbed their eyes more frequently during the day, with greater force, for a longer
duration during each rubbing period, and a higher proportion of KC participants rubbed their eyes
using the palms or knuckles compared to Non-KC participants. These findings suggest that those
with KC are more likely to engage in abnormal eye-rubbing habits daily, which is not only a risk
factor for the development of KC (Jafri, Lichter et al. 2004; Hashemi, Heydarian et al. 2020;
Moran, Gomez et al. 2020), particularly when the knuckles are used to eye rub, but can also
contribute to mechanical damage to the cornea and further progression of keratoconic disease

(Moran, Gomez et al.2020; Jafri, Lichter et al.2004).

A higher proportion of KC participants also reported the cumulative period of rubbing their eyes
in terms of years, while a higher proportion of Non-KC participants reported this in terms of days,
suggesting those with KC are more likely to chronically engage in abnormal eye rubbing habits.
KC severity was positively associated with rubbing duration and negatively associated with the
cumulative period of rubbing. This latter finding appears counterintuitive, but those with severe
KC may have been prescribed treatments to manage ocular rubbing behaviours (McMonnies

2008), which may have also influenced their reporting of the cumulative period of rubbing.
6.2.4 THE EFFECT OF RUBBING ON ANTERIOR OCULAR PARAMETERS

The short-term effects of eye rubbing were assessed in Chapter 5. The sample size was calculated
using the CoR and CD for KC participants obtained in Chapter 3 for the Ant_0-2 region, as this
was the only region within KC that was significantly different to all other regions. A total of 66
participants, KC (n=33) and Non-KC (n = 33), completed the study. All participants rubbed both
their eyes as per their response to the survey in Chapter 4 for duration, style, intensity of force,
and ocular area rubbed. The pre- and post-rubbing anterior ocular parameters assessed were CET,

CD, ARC, PRC, and ACV.

Rubbing had a significant effect on all five ocular parameters in KC, with post-rub thinner CET,
higher CD, steeper ARC and PRC, and reduced ACV. In contrast, CET and CD were not different
post-rub in Non-KC, while significant differences in ARC, PRC, and ACV mirrored those
observed in KC. Between-group post-rub differences in ARC were independent of group, while
the post-rub change in PRC was significantly greater in Non-KC, and the change in ACV was
significantly greater in KC. KC severity was positively associated with increased CD in Ant 2-6

and negatively associated with ARC.
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6.3 DISCUSSION OF OVERALL FINDINGS

The Global Delphi Panel on Keratoconus and Ectatic Diseases reached unanimous agreement that
chronic eye rubbing can induce biomechanical decompensation and ectasia, even in individuals
without overt disease (Gomes, Tan et al. 2015). This concept has been at the heart of the Violet
June Campaign, which emphasises education and awareness as critical preventive strategies
(Ambrédsio 2020). Eye rubbing or any repetitive external mechanical trauma (Torres-Netto,
Abdshahzadeh et al. 2022) is not merely an aggravating factor but a sine qua norfor ectasia
progression (Gatinel 2016), a conjecture gaining wider acceptance. While intrinsic susceptibility
determines vulnerability, mechanical trauma appears to be the necessary trigger for
biomechanical failure in KC and postoperative ectasia (McMonnies 2022). The main findings
from this thesis are that those with KC rubbed their eyes very forcibly using the knuckles or palms
of the hand, and each rubbing episode lasted for a longer duration compared to Non-KC
participants. This type of rubbing caused short-term changes in anterior ocular parameters in KC,
and while the changes were relatively small (except for ACV), KC participants also rubbed their
eyes more frequently during the day for a cumulative period of rubbing in terms of years; these
small changes may accumulate each day, which may be relevant when a period of years is
considered. These findings align with previous published works examining the outcomes of

rubbing-related corneal and ocular trauma.

In practice, behavioural influences and interventional treatments, such as corneal cross-linking
(CXL) or intra-stromal corneal ring segments (ICRS), are typically complementary, as there are
currently no direct, long-term, controlled studies comparing exclusive behavioural influences and
surgical interventions (such as strict avoidance of eye rubbing, with interventions like CXL or
ICRS). Avoiding eye rubbing should be universally promoted, whereas CXL appears to be the
only intervention with the efficacy to stabilise documented progressive KC (Almodin, Almodin
et al.2025) albeit with guarded prognoses. Multicentre epidemiological studies and experimental

biomechanical data have also reinforced these positions (Proxenos, Kandel et al.2025).

CXL, for example, induces permanent corneal keratocyte loss, skeletonisation and repopulation
of altered keratocytes, resulting in complications such as corneal opacification, perforation, often
with unpredictable long-term corneal outcomes (Miiller, Loeffler et al.2020; Agarwal, Jain et al.
2022). Regarding ICRS, one of the main challenges is the lack of reliable mathematical models
that can accurately predict its effects on ectatic and biomechanically compromised corneas

(Morales and Duran 2025).

This suggests that interventions such as CXL and ICRS should be discouraged as a preliminary

management option in KC.
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Given the findings of this thesis, behaviour modification techniques to prevent rubbing should be
the primary measure in monitoring KC onset and progression, with directives provided to both
fellow colleagues and patients (Appendix G). There are four survey items that appear to be
related to ocular damage: frequency, duration, force applied, and the type of rubbing employed,
suggesting that behaviour modification techniques should target these critical eye rubbing

behaviours.

CET was significantly thinner post-rub, possibly due to corneal epithelium disruption in KC
(Pérez-Bartolomé, Rocha-De-Lossada et al. 2021; Yang, Wang et al. 2021) leading to
susceptibility to mechanical deformation. Central and superior CET were also negatively
associated with KC severity, but there was no association between post-rub CET and KC severity.
CD was significantly higher post-rub, which is indicative of increased corneal haze or light
scatter, possibly due to stress-related fluid shifts within the stromal matrix (Reinstein, Archer et
al. 2009a). CD was also positively correlated with KC severity in three of the four corneal regions,
and post-rub CD was positively correlated with KC severity in the Ant 0-2 region. CET and CD
were the only two anterior ocular parameters that did not show a significant post-rub difference
in Non-KC. Overall, these findings suggest that CET and CD are two parameters worth

monitoring over time when assessing KC.

The ARC and PRC results showed both parameters decreased post-rub in both KC and Non-KC,
but the effect for ARC was independent of group, while the effect for PRC was more pronounced
in Non-KC. While these findings suggest both parameters may have less clinical utility than other
parameters when assessing KC, both parameters are critical when initially diagnosing KC,
monitoring KC progression, and categorising KC severity (Belin and Duncan 2016). Therefore,

both parameters need to be monitored over time when assessing KC.

The eye rubbing study described in Chapter 5 was the first study that compared pre- and post-rub
changes in ACV in KC and Non-KC eyes. ACV was significantly reduced post-rub in both KC
and Non-KC, but the effect was more pronounced in KC. The trabecular meshwork encounters
different types of stress, including rubbing-related mechanical, oxidative, and phagocytic
stressors (Liton and Gonzalez 2008). Short-term exposure, as measured in Chapter 5, typically
triggers adaptive cellular responses. However, prolonged stress, as may occur in KC due to more
frequent rubbing over a cumulative period of years, can lead to lasting physiological changes.
These lasting changes are associated with increased resistance to aqueous humour outflow, due
to the formation of fibrotic proteins and oxidative damage within the trabecular meshwork
(Siegfried, Shui et al.2015) and Schlemm’s canal (Vittal, Rose et al.2005; Rhee, Haddadin et al.
2009). The effect of eye rubbing on IOP was not assessed in this thesis, but rubbing-induced IOP

elevation causes distending stress, raising hydrostatic pressure in the cornea, leading to keratocyte
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damage (McMonnies 2022) and faster apoptosis in KC eyes. As a result, frequent chamber
volume fluctuations cause mechanical changes in anterior segment tissues, along with changes to
corneal biomechanics and corneal hysteresis, interfering with how corneal lamellae are transected
(Roberts 2016). KC progresses once the corneal structure has been altered in manners that involve
central thinning, biomechanical, and mean corneal curvature changes (Roberts, Knoll et al.2024).
In conjunction with the finding that the pre-rub ACV is higher in KC, the post-rub findings

suggest that ACV is another parameter worth monitoring over time when assessing KC.

6.4 IMPLICATIONS FOR THE RESEARCH

The main findings from this thesis are that eye rubbing habits differ between KC and Non-KC,
and these findings highlight the biomechanical vulnerability of KC corneas to eye rubbing trauma
caused by rubbing, suggesting that eye rubbing may contribute to the progression of the disease.
Recognising abnormal eye rubbing habits may be valuable for diagnosing and managing all forms

of keratoconic disease. A summary of the implications of the research is given in Table 6-1.
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KC and Non-KC eyes

in both in KC and Non-KC eyes, and 0 - 2 mm
disc was higher than the 2 - 6 mm annulus.
Chapter 3 showed no regional differences

Chapter 2
CET measurements will Partially Triton SS-OCT showed no differences between CET repeatability was high in the central location but low in
demonstrate adequate Supported repeated measures at any location in either KC or | the peripheral locations.
repeatability in both KC and Non- Non-KC. Repeatability was comparable in both
KC eyes in all five corneal KC and Non-KC in all five corneal locations.
locations Repeatability was highest in the central cornea.
CET will vary by corneal location | Supported The central CET was thinnest in KC, while the KC and Non-KC corneas differ in the distribution of CET
in both KC and Non-KC eyes. temporal CET was thickest in Non-KC. Nasal across the five regions. The thinner central CET in KC may
CET was significantly thicker in KC compared to | be an indication of epithelial remodelling in an attempt to
Non-KC preserve optical quality by compensating for the central
corneal steepening.
Changes in CET will be Partially Central and superior CET is negatively associated | Given that central corneal thinning may be a compensatory
associated with KC severity Supported with KC severity. epithelial modelling response, the null hypothesis is
partially supported.
Chapter 3
CD measurements will Partially Oculus Pentacam showed no differences between | Repeatability in KC severity grades 0-1 were comparable to
demonstrate adequate Supported repeated measures at any region in either KC or Non-KC, and repeatability was progressively worse with
repeatability in both KC and Non- Non-KC. Repeatability was significantly higher in | increasing KC severity. Scheimpflug techniques have lower
KC eyes in all four corneal Non-KC for three of the four corneal regions. repeatability in KC eyes due to the irregularity of the
regions Repeatability was high in Non-KC for all four corneal shape and increased curvature.
regions and low for KC and Non-KC in three
regions
CD will vary by corneal region in | Supported The Anterior 120 pm regions had the highest CD | KC and Non-KC corneas have a similar distribution of CD

across the four regions. CD tends to be higher in KC.
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between KC and Non-KC, but pre-rub results
from Chapter 5 showed KC had higher CD than
Non-KC in 0 - 2 mm regions.

ocular parameters following eye
rubbing will vary between KC
and Non-KC eyes

higher CD post-rub, while there were no
differences in Non-CD. Both KC and Non-KC
showed significant differences in ARC, PRC, and
ACYV, and changes occurred in the same direction
for both groups. The change in ARC was

Changes in CD will be associated | Supported Three of the four regions were positively This is indicative of transient corneal haze or light scatter,

with KC severity associated with KC severity. possibly due to early microtrauma, cellular stress, or fluid
shifts within the stromal matrix, which can worsen the
disease.

Chapter 4

Eye rubbing habits will be Supported All six items in the survey showed a significant KC participants tended to choose the more extreme options,

different between KC and Non- difference in responses between KC and Non-KC. | while Non-KC participants tended to choose the milder

KC options. A higher proportion of KC participants habitually
engaged in abnormal eye rubbing behaviours.

Eye rubbing habits will be Partially KC severity was positively associated with the Those with more severe KC rub their eyes for a longer

associated with the severity of KC | Supported duration of rubbing and negatively associated period of time. The cumulative period of rubbing appears

with the cumulative period of rubbing. counterintuitive and may be influenced by past attempts to

reduce eye rubbing because of disease severity.

Chapter 5

Eye rubbing will be associated Supported KC eyes showed significant post-rub differences Eye rubbing has a short-term effect on both KC and Non-

with short-term changes in in all five parameters. Non-KC eyes showed KC eyes.

anterior ocular parameters in both significant post-rub differences in three of the

KC and Non-KC eyes parameters.

Short-term changes in anterior Supported KC eyes showed significantly thinner CET and The overall effects of rubbing appear to be more

pronounced in KC compared to Non-KC. CET, CD, and
ACYV appear to be parameters that are worth monitoring
when assessing KC. ARC and PRC may appear to have less
clinical utility, but both parameters need to be monitored
because they are critical to KC diagnosis, monitoring KC
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independent of group, while the changes in PRC
and ACV were pronounced in Non-KC and KC,
respectively.

progression, and categorising KC severity. The individual
post-rub differences are small, but the abnormal eye rubbing
habits in KC from Chapter 4 suggest these small changes
may have a cumulative effect over years of rubbing.

Short-term changes in anterior
ocular parameters following eye
rubbing will be associated with
KC severity.

Partially
Supported

KC severity was positively associated with CD at
the Ant_0-2 region and negatively associated with
ARC.

Some of the short-term eye rubbing changes are more
pronounced as KC severity increases.
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6.5 LIMITATIONS FOR THE RESEARCH

Most of the limitations of the research have been discussed in each chapter. The limitations
presented in this section are those that may have affected multiple chapters or those that have not

been previously discussed in this thesis.

At the commencement of this thesis, the Triton SS-OCT was one of the few instruments of its
kind available in Australia. It is primarily used for posterior segment imaging, and there is limited
literature on its use in the anterior segment. Since the commencement of this thesis, the Anterion
SS-OCT has demonstrated better repeatability in CET measurements than the Triton SS-OCT in
both KC and Non-KC groups, especially in peripheral corneal areas (Feng, Reinstein et al.2023).
As discussed in Chapter 2, the improved repeatability could be due to features available in
Anterion SS-OCT but not in the Triton SS-OCT. Future research assessing CET should consider

using an instrument such as the Anterion SS-OCT, given its higher repeatability.

The recruitment of a substantial number of KC patients posed a significant challenge in this thesis.
The proportion of participants enrolled in all studies with early-stage KC was less than 15%.
Future research should recruit more participants with early-stage KC, including those in the
subclinical (forme-fruste) stages. Such inclusion would facilitate the use of rubbing behaviours
to understand early disease manifestations or to identify those at risk of early KC diagnosis before

clinical signs appear.

6.6 RECOMMENDATIONS FOR FUTURE STUDIES

The eye rubbing behaviour survey used in this thesis has not been validated. Validation requires
a large cohort comprising Non-KC and KC to determine the validity, reliability, and repeatability
of the survey for assessing eye rubbing behaviours. The cohort could also be recruited to include
sufficient numbers in each KC severity grade, allowing comparisons between grades and with

Non-KC.

As mentioned in Chapter 5, ocular biomechanics and IOP were not measured, so any conclusions
about the impact of rubbing on these parameters are still speculative. To better understand this,
the rubbing study could be repeated using tools such as the Corvis ST or the ORA to assess corneal
biomechanics and IOP, respectively, in combination with standard applanation tonometry. The
study might also include more time points to evaluate how these parameters return to baseline

after rubbing.

The finding that ACV appears higher in KC and shows a large post-rub decrease in KC suggests
it may be a useful parameter for diagnosing KC. However, the repeatability of this measurement

has not been assessed, so it is unknown whether the differences observed in this thesis are

The Ocular Response to Eye Rubbing in Keratoconus 151



Chapter 6: Summary and Conclusions

clinically meaningful. A repeatability study, similar to the one described in Chapter 2, could be

performed on a cohort of KC and Non-KC participants.

Fujifilm coating technologies have developed pressure indicator sensors that change colour
intensity to indicate pressure levels. Ideally, if such technology were incorporated into a contact
lens, pressure from rubbing and/or compression could be measured and correlated with KC
severity. “Prescale” is a pressure-sensing film from Fuji that allows measurement of pressure

distribution and range. It is currently used on smartphones to tap into applications and to type.

The association between blinking and KC severity is not fully understood, but tear film instability,
such as that found in DED, is greater in more severe KC (Zhou, Yu et al.2022). The tear film is
dynamically modified between blinks, and abnormalities of the blink rate have an obvious

influence on the ocular surface (Korb, Herman et al.2005).

Nocturnal ocular compression is a phenomenon that is difficult to systematise. Video-monitored
sleep studies would be a more effective way of determining “pillow pressure” related external
compressive forces, especially if there is a concurrent diagnosis of sleep apnoea (Ramini, Oncel

et al.2023).

Emerging technologies offer novel approaches to objectively monitor eye-rubbing behaviour in
KC. Development of artificial intelligence-based tools integrated into a smartwatch capable of
detecting eye rubbing in real time, providing continuous, quantitative behavioural data. A smart
watch has been utilised to detect rubbing events (Elahi, Mery et al. 2024), suggesting smart
glasses (Romare and Skir 2020) may be able to detect blink rates among KC and Non-KC
individuals, enabling further possible between-group associations. Such technology could
overcome the limitations of self-reported eye-rubbing assessments and enable more precise
associations between rubbing frequency, intensity, and KC progression (Drira, Louja et al.2024).
Future studies employing these tools may enable early intervention, personalised behavioural
modification, and a better understanding of the causal relationship between eye rubbing and

disease severity, thereby addressing a key gap in current KC research.

Future research should focus on objectively measuring eye-rubbing exposure, integrating corneal
biomechanics (Wang, Maeno et al.2025), intraocular pressure data (van den Bosch, Pennisi et al.
2023), and conducting longitudinal studies that link repeated mechanical stress to structural
changes. Clinically, using epithelial thickness maps (Samolov, Moosdijk et al. 2025), corneal
densitometry (Toprak, Gunes et al. 2025), and anterior segment OCT parameters can enhance
current monitoring methods by offering insights into short-term biomechanical responses,
especially when evaluated against known repeatability limits. These measures, while not

standalone indicators of disease progression, offer valuable insights into KC risk and mechanical
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stress. This framework supports future work in objective exposure measurement, biomechanical
integration, and long-term validation, showing how epithelial and densitometric metrics can

complement current KC monitoring methods.

The research findings in this thesis indicate a potential link between eye rubbing and KC, though
causality has not been definitively established. Future research could focus on objectively
measuring rubbing force and frequency, combining biomechanical assessments with intraocular
pressure data, and conducting long-term studies to explore the relationship between exposure and
structural changes. While epithelial and densitometry metrics provide helpful additional insights,
they should be used alongside existing criteria due to current challenges with repeatability and

establishing causality.

6.7 CONCLUSIONS

Those with KC are more likely to engage in abnormal eye-rubbing habits, including rubbing more
frequently during the day, with greater force, and for longer periods per rubbing episode. A higher
proportion of KC rubbed their eyes using the palms or knuckles compared to Non-KC, and KC
were more likely to report the cumulative rubbing period in terms of years, while Non-KC tended

to report this period in terms of days.

Short-term eye rubbing causes small changes in anterior ocular parameters in both KC and Non-
KC, and the overall effects are more pronounced in Non-KC. Except for ACV, the individual
changes are small, but when combined with the abnormal rubbing behaviours in KC, these small

changes may accumulate each day, which may be relevant when a period of years is considered.

CET and CD appear to be the most clinically useful parameters when monitoring the progression
of KC. ARC and PRC are critical parameters when diagnosing KC and for classifying KC

severity. ACV shows promise as an additional diagnostic tool for KC.

The primary public health message from this thesis is that clinicians should inform all patients
(KC and non-KC) that eye rubbing can have significant adverse effects on the anterior eye,

especially when performed frequently, for extended periods, and with great force.

The Ocular Response to Eye Rubbing in Keratoconus 153



References

REFERENCES

Abdul-Maksoud, R. S., R. A. Fouad, T. G. Elsayed, R. A. Ibrahem, and A. E. Badawi. 2020. 'The
impact of catalase and glutathione peroxidase-1 genetic polymorphisms on their enzyme
activities among Egyptian patients with keratoconus', J Gene Mef22: ¢3192

Abicca, 1., D. Schiano-Lomoriello, M. Gilardi, D. Giannini, V. Dinu, C. Coutinho, and G. Savini.
2024. 'Repeatability of Automatic Measurements by an Anterior Segment Swept-Source
OCT Biometer in Patients With Keratoconus', J Refract Surgd0: e445—¢52

Abou Shousha, M., V. L. Perez, et al.2014. 'The use of Bowman's layer vertical topographic
thickness map in the diagnosis of keratoconus', Ophthalmology121: 988-93

Abtahi, M. A., A. H. Beheshtnejad, et al.2024. 'Corneal Epithelial Thickness Mapping: A Major
Review', J Ophthalmal2024: 6674747

Abusamak, M. 2022. 'Corneal Epithelial Mapping Characteristics in Normal Eyes Using Anterior
Segment Spectral Domain Optical Coherence Tomography', Transl Vis Sci Technpl 1:
6

Agarwal, R., P. Jain, and R. Arora. 2022. 'Complications of corneal collagen cross-linking', Indian
J Ophthalmal70: 1466-74

Ahn, S. J., M. K. Kim, and W. R. Wee. 2013. 'Topographic progression of keratoconus in the
Korean population', Korean J OphthalmoR7: 162—6

Ahuja, P., Z. Dadachanji, R. Shetty, S. A. Nagarajan, P. Khamar, S. Sethu, and S. D'Souza. 2020.
'Relevance of IgE, allergy and eye rubbing in the pathogenesis and management of
Keratoconus', Indian J Ophthalmgl68: 206774

Akkaya, S., and D. M. Ulusoy. 2020. 'Serum Vitamin D Levels in Patients with Keratoconus',
Ocul Immunol Inflamn28: 348-53

Al-Hazzaa, S. A., C. S. Specht, I. W. McLean, and D. J. Harris, Jr. 1995. 'Posterior keratoconus.
Case report with scanning electron microscopy', Cornea 14: 316-20

Al-Mahrougqi, H., S. B. Oraba, S. Al-Habsi, N. Mundemkattil, J. Babu, S. M. Panchatcharam, R.
Al-Saidi, and A. Al-Raisi. 2019. 'Retinoscopy as a Screening Tool for Keratoconus',
Corneag 38: 44245

Aldave, A. J., M. Mabon, D. A. Hollander, S. D. McLeod, W. H. Spencer, and R. L. Abbott. 2003.
'Spontaneous corneal hydrops and perforation in keratoconus and pellucid marginal
degeneration', Cornea 22: 169—74

Alghamdi, A., M. S. Khan, and T. A. Dakhil. 2022. 'Understanding Corneal Epithelial Thickness
Mapping', Middle East Afr J Ophthalmp29: 147-55

Alhayek, A., and P. R. Lu. 2015. 'Comeal collagen crosslinking in keratoconus and other eye
disease', Int J Ophthalmal8: 407-18

The Ocular Response to Eye Rubbing in Keratoconus 154



References

Ali, M., V. Raghunathan, J. Y. Li, C. J. Murphy, and S. M. Thomasy. 2016. 'Biomechanical
relationships between the corneal endothelium and Descemet's membrane', EXp Eye Res
152: 57-70

Alio Del Barrio, J. L., A. M. Eldanasoury, J. Arbelaez, S. Faini, and F. Versaci. 2024. 'Artificial
Neural Network for Automated Keratoconus Detection Using a Combined Placido Disc
and Anterior Segment Optical Coherence Tomography Topographer', Transl Vis Sci
Techno) 13: 13

Alio, Jorge L. 2017. Keratoconus: Recent Advances in Diagnosis and Treat($pninger:
Switzerland).978-3-319-4388-18

Almodin, Edna Motta, Flavia Almodin, and Juliana Almodin. 2025. 'Corneal collagen cross-
linking by sun exposure and high dose oral riboflavin: a multicentric longitudinal
observational study', Revista Brasileira de Oftalmologi&4

Almusawi, L. A., and F. M. Hamied. 2021. 'Risk Factors for Development of Keratoconus: A
Matched Pair Case-Control Study', Clin Ophthalmaj 15: 3473-79

Alonso-Caneiro, D., S. J. Vincent, and M. J. Collins. 2016. 'Morphological changes in the
conjunctiva, episclera and sclera following short-term miniscleral contact lens wear in
rigid lens neophytes', Cont Lens Anterior Ey&9: 53-61

Algasimi, N. A., L. H. Aljohani, et al.2025. 'Assessment of awareness of keratoconus and its
relation to eye rubbing among Saudi Arabia population', Front Ophthalmol (Lausanng)
5: 1545030

AlSomali, A., D. Almithn, A. Alamer, A. Al-Omair, F. Almuhaysin, and N. Almulhim. 2024.
'Awareness of Keratoconus and Its Relationship With Eye Rubbing Among the
Population of the Eastern Province of Saudi Arabia', Cureus 16: e51627

Althubaiti, A. 2016. 'Information bias in health research: definition, pitfalls, and adjustment
methods', J Multidiscip Health¢9: 211-7

Altshuler, D., M. J. Daly, and E. S. Lander. 2008. 'Genetic mapping in human disease', Science
322: 881-8

Alzahrani, K., C. Cristian, S. Harper, F. Carley, A. Brahma, D. Morley, and M. C. Hillarby. 2018.
'Corneal imaging and densitometry measurements in keratoconus patients to monitor
disease progression and treatment outcomes after contact lens or Intacs treatment', Clin
OphthalmoJ 12: 1653-58

Ambrosio, R., Jr. 2020. 'Violet June: The Global Keratoconus Awareness Campaign', Ophthalmol
Ther, 9: 685-88

Ambrosio, R., Jr., S. D. Klyce, and S. E. Wilson. 2003. 'Corneal topographic and pachymetric

screening of keratorefractive patients', J Refract Surgl9: 24-9

The Ocular Response to Eye Rubbing in Keratoconus 155



References

Ambrosio, R., Jr., A. Luz, B. Lopes, I. Ramos, and M. W. Belin. 2014. 'Enhanced ectasia
screening: the need for advanced and objective data', J Refract Surg30: 151-2
Ambrosio, R., Jr., A. P. Machado, et al.2023. 'Optimized Artificial Intelligence for Enhanced
Ectasia Detection Using Scheimpflug-Based Corneal Tomography and Biomechanical

Data', Am J OphthalmoR51: 12642

Ambrésio, Renato, Fernando Faria-Correia, Isaac Ramos, Bruno F. Valbon, Bernardo Lopes,
Daniela Jardim, and Allan Luz. 2013. 'Enhanced Screening for Ectasia Susceptibility
Among Refractive Candidates: The Role of Corneal Tomography and Biomechanics',
Current Ophthalmology Reports: 2838

Amit, C., P. Padmanabhan, S. V. Elchuri, and J. Narayanan. 2020. 'Probing the effect of matrix
stiffness in endocytic signalling pathway of corneal epithelium', Biochem Biophys Res
Commun525: 280-85

Anayol, M. A., M. A. Sekeroglu, B. B. Ceran, M. Dogan, S. Gunaydin, and P. Yilmazbas. 2016.
'Quantitative assessment of corneal clarity in keratoconus: a case control study of corneal
densitometry', Eur J Ophthalmql26: 18-23

Ang, M., M. Baskaran, et al.2018a. 'Anterior segment optical coherence tomography', Prog Retin
Eye Res66: 132-56

Ang, Marcus, Mani Baskaran, et al.2018b. 'Anterior segment optical coherence tomography',
Progress in Retinal and Eye Researéht 132-56

Angelo, Lize, Akilesh Gokul Boptom, Charles McGhee, and Mohammed Ziaei. 2022. 'Corneal
Crosslinking: Present and Future', AsiaPacific Journal of Ophthalmology 1: 441-52

Apple, D. J., and G. O. H. Naumann. 1986. 'General Anatomy and Development of the Eye:
Techniques of Investigation.' in G. O. H. Naumann and D. J. Apple (eds.), Pathology of
the EygSpringer New York: New York, NY).

Arbelaez, M. C., F. Versaci, G. Vestri, P. Barboni, and G. Savini. 2012. 'Use of a support vector
machine for keratoconus and subclinical keratoconus detection by topographic and
tomographic data', Ophthalmology119: 2231-8

Arciniega, J. C., J. C. Wojtowicz, E. M. Mohamed, and J. P. McCulley. 2011. 'Changes in the
evaporation rate of tear film after digital expression of meibomian glands in patients with
and without dry eye', Corneg 30: 843—7

Ared, Allan, and Fiona Stapleton. 2022. 'Analysis of eye rubbing behaviours in a clinical sample
of normal and keratoconic subjects'

Arélin, M., B. Schulze, et al.2013. 'Genome-wide linkage analysis is a powerful prenatal
diagnostic tool in families with unknown genetic defects', Eur J Hum GeneR1: 367-72

Argueso, P., and 1. K. Gipson. 2001. 'Epithelial mucins of the ocular surface: structure,

biosynthesis and function', Exp Eye Res/3: 281-9

The Ocular Response to Eye Rubbing in Keratoconus 156



References

Armitage, J. A., A. S. Bruce, A. J. Phillips, and R. G. Lindsay. 1998. 'Morphological variants in
keratoconus: anatomical observation or aetiologically significant?’, Aust N Z J
Ophthalmao) 26 Suppl 1: S68-70

Armstrong, R. A. 2013. 'Statistical guidelines for the analysis of data obtained from one or both
eyes', Ophthalmic Physiol OpB3: 7-14

Aronhime, S., C. Calcagno, et al.2014. 'DCE-MRI of the liver: effect of linear and nonlinear
conversions on hepatic perfusion quantification and reproducibility’, J Magn Reson
Imaging 40: 90-8

Arshad, M., N. Carnt, J. Tan, and F. Stapleton. 2021. 'Compliance behaviour change in contact
lens wearers: a randomised controlled trial', Eye (Lond)35: 988-95

Asimellis, G., and E. J. Kaufman. 2025. 'Keratoconus.' in, StatPearlgStatPearls Publishing

Copyright © 2025, StatPearls Publishing LLC.: Treasure Island (FL)).

Aslan, M. G., H. Findik, M. Okutucu, E. Aydin, Y. Oruc, M. Arpa, and F. Uzun. 2021. 'Serum
25-Hydroxy Vitamin D, Vitamin B12, and Folic Acid Levels in Progressive and
Nonprogressive Keratoconus', Corneg 40: 33441

Assayag, E., D. Zadok, M. Carmel, A. Abulafia, and Y. Weill. 2024. 'Superior Keratoconus in
Attention-Deficit Hyperactivity Disorder (ADHD): A Case Report and Literature
Review', Cureus 16: €76013

Assiri, A. A., B. L. Yousuf, A. J. Quantock, and P. J. Murphy. 2005. 'Incidence and severity of
keratoconus in Asir province, Saudi Arabia', Br J Ophthalmal89: 14036

Aumann, S., S. Donner, J. Fischer, and F. Muller. 2019. 'Optical Coherence Tomography (OCT):
Principle and Technical Realization.' in J. F. Bille (ed.), High Resolution Imaging in
Microscopy and Ophthalmology: New Frontiers in Biomedical Og8esinger

Copyright 2019, The Author(s). Cham (CH)).

Awwad, S. T., B. Hammoud, et al.2025. 'Thickness Speed Progression Index: Machine Learning
Approach for Keratoconus Detection', Am J OphthalmoR271: 188-201

Bacman, S., A. Berra, L. Sterin-Borda, and E. Borda. 2001. 'Muscarinic acetylcholine receptor
antibodies as a new marker of dry eye Sjogren syndrome', Invest Ophthalmol Vis Sef2:
321-7

Badian, R. A. 2023. 'Schematic sectioning approaches for corneal and retinal surfaces used in
ophthalmology and vision-related clinical practice and research', Exp Eye Res230:
109442

Bailey, John H. 1935. 'The Oculocardiac Reflex', American Journal of Ophthalmologis: 22—
25

Balasubramanian, S. A., D. C. Pye, and M. D. Willcox. 2010. 'Are proteinases the reason for
keratoconus?', Curr Eye Res35: 185-91

The Ocular Response to Eye Rubbing in Keratoconus 157



References

2013. 'Effects of eye rubbing on the levels of protease, protease activity and cytokines in tears:
relevance in keratoconus', Clin Exp Optom96: 214-8

Balci, O. 2014. 'Clinical characteristics of patients with conjunctivochalasis', Clin Ophthalma)8:
1655-60

Balparda, K., S. Mesa-Mesa, M. 1. Maya-Naranjo, C. Mora-Sanchez, and M. Escobar-Giraldo.
2023. 'Determination of the repeatability of corneal densitometry as measured with a
Scheimpflug camera device in refractive surgery candidates', Indian J Ophthalmql71:
6368

Bardan, A. S., M. Kubrak-Kisza, K. J. Kisza, and M. A. Nanavaty. 2020. 'Impact of classifying
keratoconus location based on keratometry or pachymetry on progression parameters',
Clin Exp Optom103: 312-19

Bartolomeo, N., M. Pederzolli, et al. 2025. 'The Effects of Vitamin D on Keratoconus
Progression', Am J OphthalmgR76: 235-51

Batawi, H., N. Kothari, A. Camp, L. Bernhard, C. L. Karp, and A. Galor. 2016. 'Spontaneous
Corneal Hydrops in a Patient with a Corneal Ulcer', Case Rep Ophthalmadi: 49-53

Batista, A., P. Guimaraes, J. P. Domingues, M. J. Quadrado, and A. M. Morgado. 2022. 'Two-
Photon Imaging for Non-Invasive Corneal Examination', Sensors (Basel}2

Bawazeer, A. M., W. G. Hodge, and B. Lorimer. 2000. 'Atopy and keratoconus: a multivariate
analysis', Br J Ophthalmal84: 834-6

Beebe, D. C., and B. R. Masters. 1996. 'Cell lineage and the differentiation of corneal epithelial
cells', Invest Ophthalmol Vis SA7: 1815-25

Belin, M. W., and R. Ambrosio. 2013. 'Scheimpflug imaging for keratoconus and ectatic disease’,
Indian J Ophthalmgl61: 401-6

Belin, M. W., . M. Asota, R. Ambrosio, Jr., and S. S. Khachikian. 2011. 'What's in a name:
keratoconus, pellucid marginal degeneration, and related thinning disorders’, Am J
OphthalmaoJ 152: 157-62 el

Belin, M. W., and J. K. Duncan. 2016. 'Keratoconus: The ABCD Grading System', Klin Monbl
Augenheilkd233: 701-7

Belin, M. W, H. S. Jang, and M. Borgstrom. 2022. 'Keratoconus: Diagnosis and Staging', Corneg
41: 1-11

Belin, Michael, Jay J Meyer, Josh K Duncan, Rachel Gelman, Mark Borgstrom, and Renato Jr.
2017. Assessing Progression of Keratoconus and Cliokeng Efficacy: The Belin
ABCD Progression Display

Belmonte, Carlos, Julia Garcia-Hirschfeld, and Juana Gallar. 1997. 'Neurobiology of ocular pain',

Progress in Retinal and Eye Researbh 117-56

The Ocular Response to Eye Rubbing in Keratoconus 158



References

Ben-Eli, H., N. Erdinest, and A. Solomon. 2019. 'Pathogenesis and complications of chronic eye
rubbing in ocular allergy', Curr Opin Allergy Clin Immunol19: 526-34

Berdiaki, A., M. Neagu, P. Tzanakakis, I. Spyridaki, S. Pérez, and D. Nikitovic. 2024.
'Extracellular Matrix Components and Mechanosensing Pathways in Health and Disease’',
Biomolecules14

Bergin, C., I. Guber, K. Hashemi, and F. Majo. 2015. 'Tolerance and Relative Utility: Two
Proposed Indices for Comparing Change in Clinical Measurement Noise Between
Different Populations (Repeatability) or Measurement Methods (Agreement)’, Invest
Ophthalmol Vis S¢i56: 55437

Berti, T. B., V. C. Ghanem, R. C. Ghanem, and P. S. Binder. 2013. '"Moderate keratoconus with
thick corneas', J Refract Surg29: 430-5

Beuerman, R. W., and L. Pedroza. 1996. 'Ultrastructure of the human cornea', Microsc Res Tegh
33:320-35

Bilgihan, K., A. Hondur, S. Sul, and S. Ozturk. 2011. "Pregnancy-induced progression of
keratoconus', Corneg 30: 9914

Bille, Josef F. 2019. J. F. Bille (ed.), High Resolution Imaging in Microscopy and Ophthalmology:
New Frontiers in Biomedical Opti¢Springer

Copyright 2019, The Editor(s) (if applicable) and The Author(s). This book is an open access
publication.: Cham (CH)).

Bland, J. Martin, and Douglas G. Altman. 2010. 'Statistical methods for assessing agreement
between two methods of clinical measurement', International Journal of Nursing Studies
47:931-36

Bohac, M., M. Koncarevic, A. Pasalic, A. Biscevic, M. Merlak, N. Gabric, and S. Patel. 2018.
'Incidence and Clinical Characteristics of Post LASIK Ectasia: A Review of over 30,000
LASIK Cases', Semin OphthalmoB3: 869-77

Bohnke, M., and B. R. Masters. 1999. 'Confocal microscopy of the cornea', Prog Retin Eye Res
18: 553-628

Bonini, S., P. Rama, D. Olzi, and A. Lambiase. 2003. 'Neurotrophic keratitis', Eye (Lond) 17:
989-95

Bosic, V., H. Mudassar, B. Seitz, and E. Flockerzi. 2025. 'Is there a predisposition for developing
corneal hydrops in keratoconus?-Tomographic and biomechanical analysis of the fellow
eyes', Acta Ophthalmol

Bral, N., and K. Termote. 2017. 'Unilateral Keratoconus after Chronic Eye Rubbing by the
Nondominant Hand', Case Rep Ophthalmd: 558-61

The Ocular Response to Eye Rubbing in Keratoconus 159



References

Braunstein, R. E., S. Jain, R. L. McCally, W. J. Stark, P. J. Connolly, and D. T. Azar. 1996.
'Objective measurement of corneal light scattering after excimer laser keratectomy',
Ophthalmology103: 439-43

Bremner, J. D., N. Z. Gurel, et al.2020. 'Application of Noninvasive Vagal Nerve Stimulation to
Stress-Related Psychiatric Disorders', J Pers Med10

Bron, A. J. 2001. 'The architecture of the corneal stroma', Br J Ophthalmal85: 379-81

Bron AJ, Tripathi RC, Tripathi BJ. 1997. Wo |l f f 6 s anat omy (@lbondoh:he ey
Chapman and Hall,)

Brown, B., P. Cho, and M. K. Yap. 1993. 'Mechanical manipulation of the lids and tear break-up
time measurements in Hong Kong Chinese', Ophthalmic Physiol Optl 3: 233-8
Browning, A. C., A. Bhan, A. P. Rotchford, S. Shah, and H. S. Dua. 2004. 'The effect of corneal
thickness on intraocular pressure measurement in patients with corneal pathology', Br J

Ophthalmoj 88: 1395-9

Buske-Kirschbaum, A., M. Ebrecht, S. Kern, A. Gierens, and D. H. Hellhammer. 2008.
'Personality characteristics in chronic and non-chronic allergic conditions', Brain Behav
Immun 22: 762-8

Cairns, G., A. Collins, and C. N. McGhee. 2003. 'A corneal model for slit-scanning elevation
topography', Ophthalmic Physiol Op23: 193-204

Cairns, Gerard, and Charles N. J. McGhee. 2005. 'Orbscan computerized topography: Attributes,
applications, and limitations', Journal of Cataract & Refractive Surgeii: 205-20

Caltrider, D., A. Gupta, and K. Tripathy. 2025. 'Evaluation of Visual Acuity.' in, StatPearls
(StatPearls Publishing

Copyright © 2025, StatPearls Publishing LLC.: Treasure Island (FL)).

Cankaya, A. B., and S. Ozates. 2017. 'Relationship between anterior segment and optic nerve
head parameters in healthy subjects', Arq Bras Oftalmql80: 285-89

Carlson, A. N. 2010. 'Expanding our understanding of eye rubbing and keratoconus', Corneg 29:
245

Cavanagh, H. D., M. S. El-Agha, W. M. Petroll, and J. V. Jester. 2000. 'Specular microscopy,
confocal microscopy, and ultrasound biomicroscopy: diagnostic tools of the past quarter
century', Corneg 19: 712-22

Cavas-Martinez, F., L. Bataille, D. G. Fernandez-Pacheco, F. J. F. Canavate, and J. L. Alio. 2017.
'A new approach to keratoconus detection based on corneal morphogeometric analysis',
PL0S Onel2: e0184569

Chaerkady, R., H. Shao, S. G. Scott, A. Pandey, A. S. Jun, and S. Chakravarti. 2013. 'The
keratoconus corneal proteome: loss of epithelial integrity and stromal degeneration', J

Proteomics87: 122-31

The Ocular Response to Eye Rubbing in Keratoconus 160



References

Chan, E., E. W. Chong, G. Lingham, L. J. Stevenson, P. G. Sanfilippo, A. W. Hewitt, D. A.
Mackey, and S. Yazar. 2021. 'Prevalence of Keratoconus Based on Scheimpflug Imaging:
The Raine Study', Ophthalmology128: 515-21

Chen, S., B. Potsaid, et al.2022. 'High speed, long range, deep penetration swept source OCT for
structural and angiographic imaging of the anterior eye', Sci Rep12: 992

Cheng, E. L., . Maruyama, N. SundarRaj, J. Sugar, R. S. Feder, and B. Y. Yue. 2001. 'Expression
of type XII collagen and hemidesmosome-associated proteins in keratoconus corneas',
Curr Eye Res22: 33340

Chervenkoff, Jordan, Elizabeth Hawkes, Gabriela Ortiz, Deborah Horney, and Mayank Nanavaty.
2017. A randomized, fellow eye, comparison of keratometry, aberrometry, tear film, axial
length and the anterior chamber depth after eye rubbing inkeoatoconic eyes

Cheung, I. M., C. N. McGhee, and T. Sherwin. 2013. 'A new perspective on the pathobiology of
keratoconus: interplay of stromal wound healing and reactive species-associated
processes', Clin Exp Optom96: 188-96

Cheung, I. M. Y., L. Angelo, A. Gokul, and M. Ziaei. 2025. 'Non-genetic risk factors for
keratoconus and its progression', Clin Exp Optom1-9

Chirapapaisan, C., M. Sawarot, and S. Kengpunpanich. 2025. 'Subclinical corneal inflammation
and subbasal nerve alterations in keratoconus detected by in vivo confocal microscopy: a
cross-sectional study', Graefes Arch Clin Exp Ophthalma@63: 761-69

Consejo, A., M. Jimenez-Garcia, J. J. Rozema, and A. Abass. 2022. 'Influence of eye tilt on
corneal densitometry', Ophthalmic Physiol Op#2: 1032-37

Copeman, P. W. 1965. 'Eczema and keratoconus', Br Med J 2: 977-9

Corbett, Melanie, Nicholas Maycock, Emanuel Rosen, and David O'Brart. 2019. Corneal
Topographyd78-3-030-10694-2

978-3-030-10696-6

Craig, A. S., J. G. Robertson, and D. A. Parry. 1986. 'Preservation of corneal collagen fibril
structure using low-temperature procedures for electron microscopy', J Ultrastruct Mol
Struct Res96: 172-5

Craig, I. P., J. D. Nelson, et al.2017. 'TFOS DEWS II Report Executive Summary', Ocul Surf
15: 802-12

Craig, J. P., M. D. Willcox, et al.2013. 'The TFOS International Workshop on Contact Lens
Discomfort: report of the contact lens interactions with the tear film subcommittee', Invest
Ophthalmol Vis S¢i54: TFOS123-56

Crawford, A. Z., J. Zhang, A. Gokul, C. N. J. McGhee, and S. E. Ormonde. 2020. 'The Enigma
of Environmental Factors in Keratoconus', Asia Pac J Ophthalmol (Philay: 549-56

The Ocular Response to Eye Rubbing in Keratoconus 161



References

Cristina Kenney, M., and D. J. Brown. 2003. 'The cascade hypothesis of keratoconus', Cont Lens
Anterior Eye 26: 139-46

Cruzat, A., Y. Qazi, and P. Hamrah. 2017. 'In Vivo Confocal Microscopy of Corneal Nerves in
Health and Disease', Ocul Surf 15: 15-47

Cui, J., X. Zhang, Q. Hu, W. Y. Zhou, and F. Yang. 2016. 'Evaluation of Corneal Thickness and
Volume Parameters of Subclinical Keratoconus Using a Pentacam Scheimflug System',
Curr Eye Res41: 923-6

Dartt, D. A., and M. D. Willcox. 2013. 'Complexity of the tear film: importance in homeostasis
and dysfunction during disease', Exp Eye Red17: 1-3

Dastiridou, A. 1., H. S. Ginis, D. De Brouwere, M. K. Tsilimbaris, and 1. G. Pallikaris. 2009.
'Ocular rigidity, ocular pulse amplitude, and pulsatile ocular blood flow: the effect of
intraocular pressure', Invest Ophthalmol Vis Sd@0: 5718-22

Davanger, M., and A. Evensen. 1971. 'Role of the pericorneal papillary structure in renewal of
corneal epithelium', Nature 229: 560-1

Davidson, A. E., S. Hayes, A. J. Hardcastle, and S. J. Tuft. 2014. 'The pathogenesis of
keratoconus', Eye (Lond)28: 189-95

Dawson, Daniel G., Mitchell A. Watsky, Dayle H. Geroski, and Henry F. Edelhauser. 2009.
'Duane's Ophthalmology.' in (Lippincott Williams & Wilkins: [Philadelphial]).

Daxer, A., and P. Fratzl. 1997. 'Collagen fibril orientation in the human corneal stroma and its
implication in keratoconus', Invest Ophthalmol Vis Sd8: 121-9

de Boer, J. F., B. Cense, B. H. Park, M. C. Pierce, G. J. Tearney, and B. E. Bouma. 2003.
'Improved signal-to-noise ratio in spectral-domain compared with time-domain optical
coherence tomography', Opt Lett 28: 2067-9

De La Paz, M. A., and R. E. Anderson. 1992. 'Lipid peroxidation in rod outer segments. Role of
hydroxyl radical and lipid hydroperoxides', Invest Ophthalmol Vis Sd3: 2091-6

de Oliveira, R. C., and S. E. Wilson. 2020. 'Descemet's membrane development, structure,
function and regeneration', Exp Eye Red97: 108090

DelMonte, D. W., and T. Kim. 2011. 'Anatomy and physiology of the cornea', J Cataract Refract
Surg 37: 588-98

Dembski, M., A. Nowinska, K. Ulfik-Dembska, and E. Wylggata. 2021. 'Swept Source Optical
Coherence Tomography Analysis of the Selected Eye's Anterior Segment Parameters', J
Clin Med 10

Dimacali, Victoria Grace C., and Jodhbir S. Mehta. 2023. 'Differential Diagnosis of Keratoconus.'
in, Keratoconus

Ding, Y., M. S. Murri, O. C. Birdsong, Y. Ronquillo, and M. Moshirfar. 2019. 'Terrien marginal
degeneration', Surv Ophthalmole4: 162-74

The Ocular Response to Eye Rubbing in Keratoconus 162



References

Dohlman, C. H. 1971. 'The function of the corneal epithelium in health and disease. The Jonas S.
Friedenwald Memorial Lecture', Invest Ophthalmoll0: 383-407

Dohlman, T. H., J. Yin, and R. Dana. 2019. '"Methods for Assessing Corneal Opacity', Semin
Ophthalmo) 34: 205-10

Donnenfeld, E. D., H. D. Perry, R. P. Gibralter, H. J. Ingraham, and . J. Udell. 1991. 'Keratoconus
associated with floppy eyelid syndrome', Ophthalmology98: 1674-8

Doughty, M. J., and M. L. Zaman. 2000. 'Human corneal thickness and its impact on intraocular
pressure measures: a review and meta-analysis approach’, Surv Ophthalmgk4: 367-408

Downs, J. C., C. F. Burgoyne, W. P. Seigfreid, J. F. Reynaud, N. G. Strouthidis, and V. Sallee.
2011. 24-hour IOP telemetry in the nonhuman primate: implant system performance and
initial characterization of IOP at multiple timescales', Invest Ophthalmol Vis Scb2:
7365-75

Drexler, W., U. Morgner, R. K. Ghanta, F. X. Kartner, J. S. Schuman, and J. G. Fujimoto. 2001.
'Ultrahigh-resolution ophthalmic optical coherence tomography', Nat Med 7: 502—7

Drira, L., A. Louja, L. Sliman, V. Soler, M. Noor, A. Jamali, and P. Fournie. 2024. 'Eye-Rubbing
Detection Tool Using Artificial Intelligence on a Smartwatch in the Management of
Keratoconus', Transl Vis Sci Technpl3: 16

Du, C., J. Wang, L. Cui, M. Shen, and Y. Yuan. 2012. 'Vertical and horizontal corneal epithelial
thickness profiles determined by ultrahigh resolution optical coherence tomography',
Cornea 31: 103643

Du, X. L., M. Chen, and L. X. Xie. 2015. 'Correlation of basic indicators with stages of
keratoconus assessed by Pentacam tomography', Int J Ophthalmal8: 113640

Dua, H. S., L. A. Faraj, D. G. Said, T. Gray, and J. Lowe. 2013. 'Human corneal anatomy
redefined: a novel pre-Descemet's layer (Dua's layer)', Ophthalmology120: 1778-85

Dua, H. S., and J. V. Forrester. 1987. 'Clinical patterns of corneal epithelial wound healing', Am
J Ophthalmal 104: 481-9

Dua, H. S., R. Freitas, I. Mohammed, D. S. J. Ting, and D. G. Said. 2023. 'The pre-Descemet's
layer (Dua's layer, also known as the Dua-Fine layer and the pre-posterior limiting lamina
layer): Discovery, characterisation, clinical and surgical applications, and the
controversy', Prog Retin Eye Re87: 101161

Dua, Harminder S., Lana A. Faraj, and Dalia G. Said. 2015. 'Dua’s layer: discovery,
characteristics, clinical applications, controversy and potential relevance to glaucoma',
Expert Review of Ophthalmolagy: 531-47

Dudeja, L., T. Chauhan, and S. Vohra. 2021. 'Sequence of events leading to diagnosis of
keratoconus and its impact on quality of life', Indian J Ophthalmqgl69: 3478-81

The Ocular Response to Eye Rubbing in Keratoconus 163



References

Dueker, D. K., K. Singh, S. C. Lin, R. D. Fechtner, D. S. Minckler, J. R. Samples, and J. S.
Schuman. 2007. 'Corneal thickness measurement in the management of primary open-
angle glaucoma: a report by the American Academy of Ophthalmology', Ophthalmology
114: 1779-87

Duncan, J. K., M. W. Belin, and M. Borgstrom. 2016. 'Assessing progression of keratoconus:
novel tomographic determinants', Eye Vis (Lond)3: 6

Duran-Cristiano, Sandra Carolina, Andres Bustamante-Arias, Geysson Javier Fernandez, Alba
Martin-Gil, and Gonzalo Carracedo. 2025. 'Omics in Keratoconus: From Molecular to
Clinical Practice', Journal of Clinical Medicingl4: 2459

eaglet-eye, Eye Surface Profiler user manual. 2025. "Eye Surface Profiler." In.

Edrington, T. B., K. Zadnik, and J. T. Barr. 1995. 'Keratoconus', Optom Clin 4: 65-73

Efron, N., I. Perez-Gomez, H. A. Mutalib, and J. Hollingsworth. 2001. 'Confocal microscopy of
the normal human cornea', Cont Lens Anterior Ey@4: 16-24

Ehlers, N., S. Heegaard, J. Hjortdal, A. Ivarsen, K. Nielsen, and J. U. Prause. 2010.
'Morphological evaluation of normal human corneal epithelium', Acta Ophthalmql88:
858-61

Ehlers, N., and J. Hjortdal. 2004. 'Corneal thickness: measurement and implications', EXp Eye
Res 78: 543-8

Elahi, S., T. Mery, C. Panthier, A. Saad, D. Gatinel, and A. Alahi. 2024. 'Eye-Rubbing Detection
Using a Smartwatch: A Feasibility Study Demonstrated High Accuracy With Machine
Learning', Transl| Vis Sci Technpl3: 1

Elliott, A. D. 2020. 'Confocal Microscopy: Principles and Modern Practices', Curr Protoc Cytom
92: 68

Elsheikh, A., D. Wang, M. Brown, P. Rama, M. Campanelli, and D. Pye. 2007. 'Assessment of
corneal biomechanical properties and their variation with age', Curr Eye Res32: 11-9

Eltony, Amira M., Peng Shao, and Seok-Hyun Yun. 2022. 'Measuring mechanical anisotropy of
the cornea with Brillouin microscopy', Nature Communicationg3: 1354

Enaholo, E. S., M. J. Musa, and M. Zeppieri. 2025. 'Objective Refraction Technique:
Retinoscopy.' in, StatPearlqStatPearls Publishing

Copyright © 2025, StatPearls Publishing LLC.: Treasure Island (FL)).

Erdinest, N., N. London, D. Landau, R. Barbara, A. Barbara, and S. A. Naroo. 2024. 'Higher order
aberrations in keratoconus', Int Ophthalmo) 44: 172

Erdinest, Nir, Denise Wajnsztajn, Naomi London, and Abraham Solomon. 2023. 'Ocular surface
inflammation and ectatic corneal disorders', Current Opinion in Allergy and Clinical

Immunology?23: 430-37

The Ocular Response to Eye Rubbing in Keratoconus 164



References

Erie, J. C., S. V. Patel, J. W. McLaren, C. B. Nau, D. O. Hodge, and W. M. Bourne. 2002.
'Keratocyte density in keratoconus. A confocal microscopy study(a)', Am J Ophthalmol
134: 689-95

Ernest, J. T., T. K. Goldstick, M. A. Stein, and J. D. Zheutlin. 1985. 'Ocular massage before
cataract surgery', Trans Am Ophthalmol Spg&3: 205-17

Ertan, A., and O. Muftuoglu. 2008. 'Keratoconus clinical findings according to different age and
gender groups', Cornea 27: 1109-13

Espana, E. M., and D. E. Birk. 2020. 'Composition, structure and function of the corneal stroma’,
Exp Eye Red98: 108137

Espina, J. A., M. H. Cordeiro, M. Milivojevic, 1. Paji¢-Lijakovi¢, and E. H. Barriga. 2023.
'Response of cells and tissues to shear stress', J Cell Scj 136

Evinger, Craig. 2025. 'Eyelid Organization, Blinking, Vertical Eye Movements, and Benign
Essential Blepharospasm.' in John D. England (ed.), Encyclopedia of the Neurological
Sciences (Third Edition(Academic Press: Oxford).

Ezra, D. G., M. Beaconsfield, M. Sira, C. Bunce, R. Wormald, and R. Collin. 2010. 'The
associations of floppy eyelid syndrome: a case control study', Ophthalmology117: 831—
8

Fard, Ali Mahdavi, Sangita P. Patel, Raana Daei Sorkhabi, Sara Salekzamani, Elena Pezzino, and
Nader D. Nader. 2020. 'Posterior pole retinal thickness distribution pattern in
keratoconus', International Ophthalmology0: 2807-16

Faul, F., E. Erdfelder, A. G. Lang, and A. Buchner. 2007. 'G*Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences', Behav Res
Methods39: 175-91

Feng, Y., D. Z. Reinstein, T. Nitter, T. J. Archer, C. McAlinden, G. Bertelsen, and A. Stojanovic.
2023. 'Epithelial Thickness Mapping in Keratoconic Corneas: Repeatability and
Agreement Between CSO MS-39, Heidelberg Anterion, and Optovue Avanti OCT
Devices', J Refract Surg39: 474-80

Feng, Y., and T. L. Simpson. 2004. 'Characteristics of human corneal psychophysical channels',
Invest Ophthalmol Vis Sei5: 3005-10

Ferdi, A. C., V. Nguyen, D. M. Gore, B. D. Allan, J. J. Rozema, and S. L. Watson. 2019.
'Keratoconus Natural Progression: A Systematic Review and Meta-analysis of 11 529
Eyes', Ophthalmology126: 935-45

Ferrini, E., C. Posarelli, M. Figus, D. Lisi, and G. Gabbriellini. 2024. 'A pilot study on Langerhans
cells in keratoconus patients by in vivo confocal microscopy before and after corneal

cross-linking and correlation with eye rubbing', Cont Lens Anterior Ey&7: 102170

The Ocular Response to Eye Rubbing in Keratoconus 165



References

Fink, B. A., L. T. Sinnott, H. Wagner, C. Friedman, K. Zadnik, and Clek Study Group. 2010. 'The
influence of gender and hormone status on the severity and progression of keratoconus',
Cornea 29: 65-72

Fink, B. A., H. Wagner, K. Steger-May, C. Rosenstiel, T. Roediger, T. T. McMahon, M. O.
Gordon, and K. Zadnik. 2005. 'Differences in keratoconus as a function of gender', Am J
OphthalmaJ 140: 459-68

Fishman, G. R., M. E. Pons, J. A. Seedor, J. M. Liebmann, and R. Ritch. 2005. 'Assessment of
central corneal thickness using optical coherence tomography', J Cataract Refract Surg
31: 707-11

Fitch, J. M., D. E. Birk, C. Linsenmayer, and T. F. Linsenmayer. 1990. 'The spatial organization
of Descemet's membrane-associated type IV collagen in the avian cornea', J Cell Biol
110: 1457-68

Flatau, A., F. Solano, S. Idrees, J. L. Jefferys, P. Volpe, C. Damion, and H. A. Quigley. 2016.
'Measured Changes in Limbal Strain During Simulated Sleep in Face Down Position
Using an Instrumented Contact Lens in Healthy Adults and Adults With Glaucoma!,
JAMA Ophthalmaql134: 375-82

Fogla, R., and G. K. Iyer. 2002. 'Keratoconus associated with cone-rod dystrophy: a case report’,
Cornea 21: 3312

Fogt, J. S., C. B. Nau, M. Schornack, E. Shorter, A. Nau, and J. S. Harthan. 2020. 'Comparison
of Pneumatonometry and Transpalpebral Tonometry Measurements of Intraocular
Pressure during Scleral Lens Wear', Optom Vis S¢i97: 711-19

Franco, J., C. A. White, and J. N. Kruh. 2020. 'Analysis of Compensatory Corneal Epithelial
Thickness Changes in Keratoconus Using Corneal Tomography', Corneg 39: 298-302

Fujimoto, J. G. 2003. 'Optical coherence tomography for ultrahigh resolution in vivo imaging',
Nat Biotechnaql21: 1361-7

Galbis-Estrada, C., S. Martinez-Castillo, J. M. Morales, B. Vivar-Llopis, D. Monleon, M. Diaz-
Llopis, and M. D. Pinazo-Duran. 2014. 'Differential effects of dry eye disorders on
metabolomic profile by 1H nuclear magnetic resonance spectroscopy', Biomed Res Int
2014: 542549

Galvis, V., T. Sherwin, A. Tello, J. Merayo, R. Barrera, and A. Acera. 2015. 'Keratoconus: an
inflammatory disorder?', Eye (Lond)29: 843-59

Galvis, V., A. Tello, N. L. Carreno, R. D. Berrospi, and C. A. Nino. 2017. 'Risk Factors for
Keratoconus: Atopy and Eye Rubbing', Corneg 36: el

Gao, X., D. R. Nannini, et al.2016. 'Genome-wide association study identifies WNT7B as a novel
locus for central corneal thickness in Latinos', Hum Mol Genet25: 5035-45

The Ocular Response to Eye Rubbing in Keratoconus 166



References

Gasset, A. R.,, W. A. Hinson, and J. L. Frias. 1978. 'Keratoconus and atopic diseases', Ann
Ophthalmaoj 10: 9914

Gatinel, D. 2015. "The many techniques of eye rubbing." In.

2016. 'Eye Rubbing, a Sine Qua Non for Keratoconus?', International Journal of Keratoconus
and Ectatic Corneal Diseases 6-12

Gatzioufas, Z., P. Charalambous, and S. Thanos. 2008. 'Reduced expression of the gap junction
protein Connexin 43 in keratoconus', Eye (Lond)22: 294-9

Genest, R., N. Chandrashekar, and E. Irving. 2012. 'The effect of intraocular pressure on chick
eye geometry and its application to myopia', Acta Bioeng Biomech4: 3-8

Georgiou, T., C. L. Funnell, A. Cassels-Brown, and R. O'Conor. 2004. 'Influence of ethnic origin
on the incidence of keratoconus and associated atopic disease in Asians and white
patients', Eye (Lond) 18: 379-83

Gharieb, H. M., 1. S. Othman, and R. S. Elkitkat. 2020. 'Orbscan 3 Versus Pentacam HR:
Evaluating the Possible Interchangeable Use of Various Parameters', Corneg 39: 649—
53

Ghosh, S., H. A. Mutalib, Kaur Sharanjeet, R. Ghoshal, and S. Retnasabapathy. 2017. 'Effects of
contact lens wearing on keratoconus: a confocal microscopy observation', Int J
Ophthalmoj 10: 228-34

Gideon Abou Said, A., J. Gispets, and E. Shneor. 2025. 'Strategies for Early Keratoconus
Diagnosis: A Narrative Review of Evaluating Affordable and Effective Detection
Techniques', J Clin Med 14

Gipson, L. K., S. J. Spurr-Michaud, and A. S. Tisdale. 1987. 'Anchoring fibrils form a complex
network in human and rabbit cornea', Invest Ophthalmol Vis Sd8: 212-20

Gloster, J. 1965. 'Tonometry and tonography', Int Ophthalmol Clin5: 911-1133

Godefrooij, D. A., G. A. de Wit, C. S. Uiterwaal, S. M. Imhof, and R. P. Wisse. 2017. 'Age-
specific Incidence and Prevalence of Keratoconus: A Nationwide Registration Study', Am
J Ophthalmal 175: 169-72

Goebels, S., T. Eppig, S. Wagenpfeil, A. Cayless, B. Seitz, and A. Langenbucher. 2017.
'Complementary Keratoconus Indices Based on Topographical Interpretation of
Biomechanical Waveform Parameters: A Supplement to Established Keratoconus
Indices', Comput Math Methods Me2l017: 5293573

Gold, J., V. Chauhan, S. Rojanasthien, and J. Fitzgerald. 2019. 'Munson's Sign: An Obvious
Finding to Explain Acute Vision Loss', Clin Pract Cases Emerg Me8i: 31213

Gollisch, T., and M. Meister. 2010. 'Eye smarter than scientists believed: neural computations in

circuits of the retina', Neuron 65: 150-64

The Ocular Response to Eye Rubbing in Keratoconus 167



References

Gomes, J. A., C. J. Rapuano, M. W. Belin, R. Ambrosio, Jr., Keratoconus Group of Panelists for
the Global Delphi Panel of, and Diseases Ectatic. 2015. 'Global Consensus on
Keratoconus Diagnosis', Cornea 34: e38-9

Gomes, J. A., D. Tan, et al.2015. 'Global consensus on keratoconus and ectatic diseases', Cornea
34:359-69

Goncalves, F. A., and J. M. Goncalves. 2013. 'Corneal ectasia after LASIK in a patient with
normal scheimpflug evaluation but a high Ectasia Risk Score', J Refract Surg29: 7925

Gordon-Shaag, A., M. Millodot, M. Essa, J. Garth, M. Ghara, and E. Shneor. 2013. 'Is
consanguinity a risk factor for keratoconus?', Optom Vis S¢i90: 448-54

Gordon-Shaag, A., M. Millodot, and E. Shneor. 2012. 'The epidemiology and etiology of
keratoconus', Int J Keratoco Ectatic Corneal Djg: 7-15

Gordon-Shaag, A., M. Millodot, E. Shneor, and Y. Liu. 2015. 'The genetic and environmental
factors for keratoconus', Biomed Res In2015: 795738

Gorskova, E. N., and E. N. Sevost'ianov. 1998. '[Epidemiology of keratoconus in the Urals]',
Vestn Oftalmaqll14: 38-40

Greiner, J. V., C. D. Leahy, D. A. Welter, S. L. Hearn, T. A. Weidman, and D. R. Korb. 1997.
'Histopathology of the ocular surface after eye rubbing', Cornea 16: 327-32

Greiner, J. V., D. G. Peace, R. S. Baird, and M. R. Allansmith. 1985. 'Effects of eye rubbing on
the conjunctiva as a model of ocular inflammation', Am J Ophthalmol100: 45-50

Grisevic, S., F. Gilevska, A. Biscevic, M. Ahmedbegovic-Pjano, M. Bohac, and A. Pidro. 2020.
'Keratoconus Progression Classification One Year After Performed Crosslinking Method
Based on ABCD Keratoconus Grading System', Acta Inform Med28: 18-23

Gritz, D. C., and P. J. McDonnell. 1988. 'Keratoconus and ocular massage', Am J Ophthalmol
106: 757-8

Guber, Ivo, Colm McAlinden, Frangois Majo, and Ciara Bergin. 2017. 'Identifying more reliable
parameters for the detection of change during the follow-up of mild to moderate
keratoconus patients', Eye and Visiopd: 24

Guerrero-Moreno, Adrian, Christophe Baudouin, Stéphane Melik Parsadaniantz, and Annabelle
Réaux-Le Goazigo. 2020. "Morphological and Functional Changes of Corneal Nerves and
Their Contribution to Peripheral and Central Sensory Abnormalities', Frontiers in
Cellular NeurosciencéVolume 14 - 2020

Gunes, A., L. Tok, O. Tok, and L. Seyrek. 2015. '"The Youngest Patient with Bilateral Keratoconus
Secondary to Chronic Persistent Eye Rubbing', Semin OphthalmoB0: 454-6

Guo, X., J. Bian, et al.2023. 'Eye Rubbing in Chinese Patients With Keratoconus: A Multicenter
Analysis', J Refract Surg39: 71218

The Ocular Response to Eye Rubbing in Keratoconus 168



References

Gupta, K., V. G. Lalgudi, V. Arora, S. Gupta, and P. Khamar. 2020. 'Epithelial remodelling
masquerading as keratoconus progression: An interesting case report', Indian J
OphthalmaJ 68: 3053-57

Gupta, Preeti, Arpita Singh, Ajay Kumar Verma, Hemant Kumar, Utkarsh Kumar Srivastava, and
Rishabh Chaudhary. 2022. '[soniazid.induced Thrombocytopenia in a Patient with Ocular
Tuberculosis', Indian Journal of Respiratory Cay&: 121-23

Gustafsson, ., A. Bergstrom, A. Cardiakides, A. Ivarsen, and J. O. Hjortdal. 2021. 'The Interday
Repeatability of Parameters for the Assessment of Progressive Disease in Subjects With
Less Advanced Keratoconus', Am J OphthalmoR25: 3846

Gustafsson, Ingemar, Dimitrios Bizios, Anders Ivarsen, and Jesper @ Hjortdal. 2023. 'The intra-
and inter-day repeatability of corneal densitometry measurements in subjects with
keratoconus and in healthy controls', Scientific Reportsl 3: 5566

Ha, B. J., S. W. Kim, S. W. Kim, E. K. Kim, and T. I. Kim. 2009. 'Pentacam and Orbscan II
measurements of posterior corneal elevation before and after photorefractive
keratectomy', J Refract Surg25: 290-5

Hafezi, F., N. L. Hafezi, et al.2020. 'Assessment of the mechanical forces applied during eye
rubbing', BMC Ophthalmql20: 301

Hage, A., J. Knoeri, L. Leveziel, A. Majoulet, J. V. Blanc, J. Buffault, A. Labbe, and C. Baudouin.
2023. 'EYERUBBICS: The Eye Rubbing Cycle Study', J Clin Med 12

Hamba, Niguse, Asfaw Gerbi, and Solomon Tesfaye. 2021. 'Histopathological effects of
ultraviolet radiation exposure on the ocular structures in animal studies —literature
review', Translational Research in Anaton®2: 100086

Hanna, C., and J. E. O'Brien. 1960. 'Cell production and migration in the epithelial layer of the
cornea', Arch Ophthalmal64: 536-9

Haque, S., L. Jones, and T. Simpson. 2008. 'Thickness mapping of the cornea and epithelium
using optical coherence tomography', Optom Vis S¢i85: E963-76

Hardcastle, A. J., P. Liskova, et al. 2021. 'A multi-ethnic genome-wide association study
implicates collagen matrix integrity and cell differentiation pathways in keratoconus',
Commun Biql4: 266

Harrison, R. J., P. T. Klouda, D. L. Easty, M. Manku, J. Charles, and C. M. Stewart. 1989.
'Association between keratoconus and atopy', Br J Ophthalmal73: 816-22

Hashemi, H., S. Asgari, S. Mehravaran, M. H. Emamian, and A. Fotouhi. 2020. 'Keratoconus
after 40 years of age: a longitudinal comparative population-based study', Int

Ophthalmoj 40: 58389

The Ocular Response to Eye Rubbing in Keratoconus 169



References

Hashemi, H., A. Beiranvand, A. Yekta, A. Maleki, N. Yazdani, and M. Khabazkhoob. 2016.
'Pentacam top indices for diagnosing subclinical and definite keratoconus', J Curr
OphthalmaJ 28: 21-6

Hashemi, H., M. Heirani, R. Ambrosio, Jr., F. Hafezi, S. A. Naroo, and M. Khorrami-Nejad. 2022.
'"The link between Keratoconus and posterior segment parameters: An updated,
comprehensive review', Ocul Surf23: 116-22

Hashemi, H., S. Heydarian, et al.2020. 'The Prevalence and Risk Factors for Keratoconus: A
Systematic Review and Meta-Analysis', Corneg 39: 263—70

Hashemi, H., A. Jamali, F. Pakbaz, A. Hashemi, M. Roshani, and M. Khabazkhoob. 2025.
'Keratoconus Profile in the Elderly Population: Prevalence, Keratoconus Indices, and
Patterns of Keratoconus', Cornea

Hashemi, H., M. Khabazkhoob, et al.2014. 'The prevalence of keratoconus in a young population
in Mashhad, Iran', Ophthalmic Physiol OpB4: 519-27

Hassell, J. R., and D. E. Birk. 2010. 'The molecular basis of corneal transparency', Exp Eye Res
91:326-35

Hayes, S., C. S. Kamma-Lorger, et al.2013. 'The effect of riboflavin/UVA collagen cross-linking
therapy on the structure and hydrodynamic behaviour of the ungulate and rabbit corneal
stroma', PL0OS One8: 52860

Henriquez, M. A., M. Cerrate, M. G. Hadid, L. A. Canola-Ramirez, F. Hafezi, and L. Izquierdo,
Jr. 2019. 'Comparison of eye-rubbing effect in keratoconic eyes and healthy eyes using
Scheimpflug analysis and a dynamic bidirectional applanation device', J Cataract Refract
Surg 45: 1156-62

Ho, L. T., A. M. Harris, et al.2014. 'A comparison of glycosaminoglycan distributions, keratan
sulphate sulphation patterns and collagen fibril architecture from central to peripheral
regions of the bovine cornea', Matrix Biol, 38: 59—68

Hogan, M.J., J.A. Alvarado, and J.E. Weddell. 1971. Histology of the human eye: an atlas and
textbook [by] Michael J. Hogan, Jorge A. Alvarado [and] Joan Esperson Weddell
(Saunders)

Hou, H., M. K. Durbin, N. El-Nimri, J. L. Fischer, and S. R. Sadda. 2023. 'Agreement,
repeatability, and reproducibility of quantitative retinal layer assessment using swept-
source and spectral-domain optical coherence tomography in eyes with retinal diseases',
Front Med (Lausanne) 0: 1281751

Hughes, Wendell L. 1942. 'Conjunctivochalasis', American Journal of Ophthalmolog¥s: 48—
51

Hwang, E. S.,J. M. Schallhorn, and J. B. Randleman. 2020. 'Utility of regional epithelial thickness

measurements in corneal evaluations', Surv Ophthalmol65: 187-204

The Ocular Response to Eye Rubbing in Keratoconus 170



References

Idowu, O. O., D. C. Ashraf, M. R. Vagefi, R. C. Kersten, and B. J. Winn. 2019. 'Floppy eyelid
syndrome: ocular and systemic associations', Curr Opin Ophthalmaql30: 513-24

Ikoma, A., M. Steinhoff, S. Stander, G. Yosipovitch, and M. Schmelz. 2006. 'The neurobiology
of itch', Nat Rev NeurosgV: 535-47

Imbornoni, L. M., P. Padmanabhan, M. W. Belin, and M. Deepa. 2017. 'Long-Term Tomographic
Evaluation of Unilateral Keratoconus', Cornea 36: 1316-24

Ioannidis, A. S., L. Speedwell, and K. K. Nischal. 2005. 'Unilateral keratoconus in a child with
chronic and persistent eye rubbing', Am J Ophthalmol139: 3567

Iskander, D. R., P. Wachel, P. N. Simpson, A. Consejo, and D. A. Jesus. 2016. 'Principles of
operation, accuracy and precision of an Eye Surface Profiler', Ophthalmic Physiol Opt
36: 266-78

Itzkan, Irving, and Joseph A Izatt. 2003. 'Medical use of lasers', digital Encyclopedia of Applied
Physics

Izatt, Joseph A., Michael R. Hee, Eric A. Swanson, Charles P. Lin, David Huang, Joel S.
Schuman, Carmen A. Puliafito, and James G. Fujimoto. 1994. 'Micrometer-Scale
Resolution Imaging of the Anterior Eye In Vivo With Optical Coherence Tomography',
Archives of Ophthalmology12: 1584-89

Jacob, Soosan. 2016. Mastering Endothelial Keratoplas78-81-322-2816-5

978-81-322-2818-9

Jacobsen, L. E., O. A. Jensen, and J. U. Prause. 1984. 'Structure and composition of Bowman's
membrane. Study by frozen resin cracking', Acta Ophthalmol (Copenh)2: 39-53

Jafri, B., H. Lichter, and R. D. Stulting. 2004. 'Asymmetric keratoconus attributed to eye rubbing',
Cornea 23: 5604

Jankov, Mirko R., and Aida Kasumovi¢. 2022. 'Controversies in Keratoconus Diagnosis.' in,
Keratoconus

Jaskiewicz, K., M. Maleszka-Kurpiel, A. Michalski, R. Ploski, M. Rydzanicz, and M. Gajecka.
2023. 'Non-allergic eye rubbing is a major behavioral risk factor for keratoconus', PL0OS
One 18: 0284454

Johnson, D. H., W. M. Bourne, and R. J. Campbell. 1982. 'The ultrastructure of Descemet's
membrane. I. Changes with age in normal corneas', Arch Ophthalmal100: 19427

Jonas, J. B., V. Nangia, A. Matin, M. Kulkarni, and K. Bhojwani. 2009. 'Prevalence and
associations of keratoconus in rural maharashtra in central India: the central India eye and
medical study', Am J Ophthalmol148: 760-5

Jones, Lyndon W., Karen Walsh, Alison Ng, and Marc-Mathias Schulze. 2024. 'Chapter 34 -
Diagnostic Instruments.' in Nathan Efron (ed.), Contact Lens Practice (Fourth Edition)
(Elsevier: New Delhi).

The Ocular Response to Eye Rubbing in Keratoconus 171



References

Jones, M. B., G. R. Fulford, C. P. Please, D. L. McElwain, and M. J. Collins. 2008.
'Elastohydrodynamics of the eyelid wiper', Bull Math Biol 70: 323-43

Joshi, S. A., S. Uppapealli, P. More, and M. Deshpande. 2016. 'Unusual case of globe perforation:
the brittle cornea without systemic manifestations', BMJ Case ReR016

Kallinikos, P., and N. Efron. 2004. 'On the etiology of keratocyte loss during contact lens wear',
Invest Ophthalmol Vis Sei5: 3011-20

Kalogeropoulos, G., S. Chang, T. Bolton, and I. Jalbert. 2009. 'The effects of short-term lens wear
and eye rubbing on the corneal epithelium', Eye Contact Lens5: 255-9

Kamiya, K., R. Ishii, K. Shimizu, and A. Igarashi. 2014. 'Evaluation of corneal elevation,
pachymetry and keratometry in keratoconic eyes with respect to the stage of Amsler-
Krumeich classification', Br J Ophthalmaql98: 45963

Kamml, J., C. Acevedo, and D. S. Kammer. 2023. 'Advanced-Glycation Endproducts: How cross-
linking properties affect the collagen fibril behavior', J Mech Behav Biomed Matd#8:
106198

Kandarakis, A., M. Karampelas, V. Soumplis, C. Panos, N. Makris, S. Kandarakis, and D.
Karagiannis. 2011. 'A case of bilateral self-induced keratoconus in a patient with tourette
syndrome associated with compulsive eye rubbing: case report', BMC Ophthalmal 11:
28

Kanu, L. N., N. Boychev, et al.2025. 'Sociodemographic predictors of acute corneal hydrops in
patients with unstable keratoconus', PL0S Ong20: e0319132

Karseras, A. G., and M. Ruben. 1976. 'Aetiology of keratoconus', Br J Ophthalmal60: 5225

Katayama, I., T. Koyano, and K. Nishioka. 1994. 'Prevalence of eyelid dermatitis in primary
Sjogren's syndrome', Int J Dermato) 33: 421-4

Kaushik, S., A. K. Jain, and J. S. Saini. 2003. 'Unilateral pellucid marginal degeneration', Eye
(Lond), 17: 246-8

Keiding, Niels. 1991. 'Age-Specific Incidence and Prevalence: A Statistical Perspective', Journal
of the Royal Statistical Society. Series A (Statistics in Saqciéty)

Kenia, V. P., R. V. Kenia, P. Bendre, and O. H. Pirdankar. 2024. 'Corneal stress-strain index in
myopic Indian population', Oman J Ophthalmoll 7: 47-52

Khaled, M. L., I. Helwa, M. Drewry, M. Seremwe, A. Estes, and Y. Liu. 2017. "Molecular and
Histopathological Changes Associated with Keratoconus', Biomed Res Int2017:
7803029

Kiely, Patricia M, George Smith, and Leo G Carney. 1982. 'The mean shape of the human cornea’,
Optica Acta: International Journal of Optic29: 102740

Klyce, S. D. 1984. 'Computer-assisted corneal topography. High-resolution graphic presentation
and analysis of keratoscopy', Invest Ophthalmol Vis Sd5: 1426-35

The Ocular Response to Eye Rubbing in Keratoconus 172



References

Klyce, S. D., and R. W. Beuerman. 1988. 'Structure and function of the cornea', The Cornea3—
50

Kobayashi, A., H. Yokogawa, N. Mori, T. Masaki, and K. Sugiyama. 2017. 'Association of
fluorescein anterior corneal mosaic and corneal K-structures by in vivo laser confocal
microscopy in patients with keratoconus', Clin Ophthalmo) 11: 1359-63

Koc, M., K. Tekin, M. L. Tekin, M. M. Uzel, P. Kosekahya, K. Ozulken, and P. Yilmazbas. 2018.
'An Early Finding of Keratoconus: Increase in Corneal Densitometry', Corneg 37: 580—
86

Kodavoor, S. K., S. C. Sugali, G. Selvaraju, and R. Dandapani. 2024. 'Progression of corneal
thinning and melting after collagen cross-linking for keratoconus', Rom J Ophthalmol
68: 23642

Koh, S., R. Ambrosio, Jr., R. Inoue, N. Maeda, A. Miki, and K. Nishida. 2019. 'Detection of
Subclinical Corneal Ectasia Using Corneal Tomographic and Biomechanical
Assessments in a Japanese Population', J Refract Surg35: 383-90

Koh, S., R. Inoue, et al. 2019. 'Long-term Chronological Changes in Very Asymmetric
Keratoconus', Corneg 38: 605-11

Kolozsvari, B. L., G. Petrovski, P. Gogolak, E. Rajnavolgyi, F. Toth, A. Berta, and M. Fodor.
2014. 'Association between mediators in the tear fluid and the severity of keratoconus',
Ophthalmic Res31: 46-51

Komai, Y., and T. Ushiki. 1991. 'The three-dimensional organization of collagen fibrils in the
human cornea and sclera’, Invest Ophthalmol Vis Sd2: 2244-58

Konstantopoulos, Aris, and Parwez Hossain. 2010. 'Limitations of Fourier-domain OCT"', Journal
of Cataract & Refractive Surgerg6

Korb, D. R., J. V. Greiner, T. Glonek, and K. E. Mossack. 2003. 'Eye Rubbing Severity Correlates
with Keratoconus but Not with the Degree of Keratoconus', Investigative Ophthalmology
& Visual Sciencgd4: 1315-15

Korb, D. R., J. P. Herman, J. V. Greiner, R. C. Scaffidi, V. M. Finnemore, J. M. Exford, C. A.
Blackie, and T. Douglass. 2005. 'Lid wiper epitheliopathy and dry eye symptoms', Eye
Contact Leng31: 2-8

Korb, DK, JV Greiner, and CD Leahy. 1991. 'Prevalence and characteristics of eye rubbing for
keratoconic and non-keratoconic subjects', Invest Ophthalmol Vis SA2(suppl):884

Korenfeld, M. S., and D. K. Dueker. 2016. 'Review of external ocular compression: clinical
applications of the ocular pressure estimator', Clin OphthalmaoJ 10: 34357

Krachmer, J. H. 2004. 'Eye rubbing can cause keratoconus', Corneg 23: 53940

Krachmer, J. H., R. S. Feder, and M. W. Belin. 1984. 'Keratoconus and related noninflammatory
corneal thinning disorders', Surv Ophthalmol28: 293-322

The Ocular Response to Eye Rubbing in Keratoconus 173



References

Krachmer, J. H., and M. M. Rodrigues. 1978. 'Posterior keratoconus', Arch Ophthalmal 96:
1867-73

Krachmer, Jay H. 1997. 'The Case for Eye Rubbing as the Major Cause of Keratoconus.' in
Jonathan H. Lass (ed.), Advances in Corneal Resear@pringer US: Boston, MA).

Kreps, E. O., M. Jimenez-Garcia, I. Issarti, I. Claerhout, C. Koppen, and J. J. Rozema. 2020.
'Repeatability of the Pentacam HR in Various Grades of Keratoconus', Am J Ophthalmol
219: 154-62

Krumeich, J. H., J. Daniel, and A. Knulle. 1998. 'Live-epikeratophakia for keratoconus', J
Cataract Refract Sut@4: 45663

Kuiper, J., and M. Slabaugh. 2018. 'Secondary Angle Closure due to Crystalline Lens Dislocation
in a Patient with Atopic Dermatitis and Chronic Eye Rubbing', Case Rep Ophthalma}:
197-201

Kumar, M., R. Shetty, C. Jayadev, H. L. Rao, and D. Dutta. 2017. 'Repeatability and agreement
of five imaging systems for measuring anterior segment parameters in healthy eyes',
Indian J Ophthalmql65: 288-94

Kwok, S., N. Hazen, K. Clayson, X. Pan, and J. Liu. 2021. 'Regional variation of corneal stromal
deformation measured by high-frequency ultrasound elastography', Exp Biol Med
(Maywood) 246: 2184-91

Kymes, S. M., J. J. Walline, K. Zadnik, M. O. Gordon, and group Collaborative Longitudinal
Evaluation of Keratoconus study. 2004. 'Quality of life in keratoconus', Am J Ophthalmol
138: 527-35

Labbe, A., S. Kallel, A. Denoyer, B. Dupas, and C. Baudouin. 2012. '[Corneal imaging]', J Fr
Ophtalmol 35: 628-34

Labiris, G., A. Giarmoukakis, Z. Gatzioufas, H. Sideroudi, V. Kozobolis, and B. Seitz. 2014.
'Diagnostic capacity of the keratoconus match index and keratoconus match probability
in subclinical keratoconus', J Cataract Refract Sur@0: 999-1005

Lam, A. K. C., S. N. S. Lee, M. W. S. Muij, and V. H. Y. Ng. 2025. 'Short-term digital ocular
massage may weaken corneal biomechanics', Front Bioeng Biotechnoll 3: 1582973

Le, Q., X. Cui, J. Xiang, L. Ge, L. Gong, and J. Xu. 2014. 'Impact of conjunctivochalasis on visual
quality of life: a community population survey', PLOS One9: ¢110821

Lee, J. E., and K. E. Han. 2024. 'Repeatability of Corneal Epithelial Thickness Map Using
Anterior-Segment Optical Coherence Tomography in Normal and Corneal Disease
Patients', Korean J OphthalmoB8: 496506

Lee, S. S., F. Stapleton, S. MacGregor, and D. A. Mackey. 2025. 'Genome-wide association
studies, Polygenic Risk Scores and Mendelian randomisation: an overview of common

genetic epidemiology methods for ophthalmic clinicians', Br J Ophthalmal109: 433-41

The Ocular Response to Eye Rubbing in Keratoconus 174



References

Lema, 1., and J. A. Duran. 2005. 'Inflammatory molecules in the tears of patients with
keratoconus', Ophthalmology112: 654-9

Lema, L., T. Sobrino, J. A. Duran, D. Brea, and E. Diez-Feijoo. 2009. 'Subclinical keratoconus
and inflammatory molecules from tears', Br J Ophthalmal93: 8204

Lemp, M. A., and W. D. Mathers. 1989. 'Corneal epithelial cell movement in humans', Eye
(Lond) 3 (Pt 4): 438-45

Lesueur, L., J. L. Arne, M. Mignon-Conte, and F. Malecaze. 1994. 'Structural and Ultrastructural
Changes in the Developmental Process of Premature Infants' and Children's Corneas',
Corneg 13

Li, S., Y. Huo, R. Xie, Y. Han, H. Zou, and Y. Wang. 2025. 'Enhancing early detection of
keratoconus suspects using interocular corneal tomography asymmetry', Int Ophthalma)
45: 55

Li, X., A. Wei, Y. Yang, J. Hong, and J. Xu. 2023. 'Effect of eye rubbing on corneal
biomechanical properties in myopia and emmetropia', Front Bioeng Biotechnoll1:
1168503

Li, Y., S. Ismail, J. J. McGhee, H. Wadhwa, N. Noord, B. van der Werf, and T. Sherwin. 2021.
'Differences in sphere-forming cells from keratoconic and normal corneal tissue:
Implications for keratoconus pathogenesis', Exp Eye Re202: 108301

Li, Y., O. Tan, R. Brass, J. L. Weiss, and D. Huang. 2012. 'Corneal epithelial thickness mapping
by Fourier-domain optical coherence tomography in normal and keratoconic eyes',
Ophthalmology119: 2425-33

Li, Yan, Yuli Yang, Elias Pavlatos, and David Huang. 2020. 'A Decision Tree Using OCT Corneal
and Epithelial Thickness Map Parameters and Patterns for Keratoconus Detection',
Investigative Ophthalmology & Visual Scien6é: 4743-43

Lindsay, R. G., A. S. Bruce, and L. F. Gutteridge. 2000. 'Keratoconus associated with continual
eye rubbing due to punctal agenesis', Corneg 19: 567-9

Liton, P. B., and P. Gonzalez. 2008. 'Stress response of the trabecular meshwork', Journal of
glaucomal7: 378-85

Lo, A. C. Q., and C. C. W. Lo. 2023. 'The association between keratoconus and the risk factors
of eye rubbing, atopy and other allergic diseases (conjunctivitis, rhinitis, asthma and
eczema): a meta-analysis', Int OphthalmaJ43: 1451-52

Lopes, B., I. Ramos, and R. Ambrosio, Jr. 2014. 'Corneal densitometry in keratoconus', Corneg
33:1282-6

Lopes, B. T., I. C. Ramos, et al.2018. 'Enhanced Tomographic Assessment to Detect Corneal
Ectasia Based on Artificial Intelligence', Am J Ophthalmol195: 223-32

The Ocular Response to Eye Rubbing in Keratoconus 175



References

Lopez-Lopez, M., U. Regueiro, S. B. Bravo, M. D. P. Chantada-Vazquez, R. Varela-Fernandez,
P. Avila-Gomez, P. Hervella, and 1. Lema. 2021. '"Tear Proteomics in Keratoconus: A
Quantitative SWATH-MS Analysis', Invest Ophthalmol Vis Sa2: 30

Lu, Q., Y. Xin, F. Ye, G. Foulks, and Q. Li. 2011. '14-3-3sigma controls corneal epithelium
homeostasis and wound healing', Invest Ophthalmol Vis Sci2: 2389-96

Luce, D. A. 2005. 'Determining in vivo biomechanical properties of the cornea with an ocular
response analyzer', J Cataract Refract Surg1: 156-62

Ludwig, P. E., M. J. Lopez, and K. E. Sevensma. 2025. 'Anatomy, Head and Neck, Eye Cornea.'
in, StatPearlgStatPearls Publishing

Copyright © 2025, StatPearls Publishing LLC.: Treasure Island (FL)).

Lupardi, Enrico, Antonio Moramarco, Federico Cassini, Simone Febbraro, Giacomo Savini, and
Luigi Fontana. 2024. 'Corneal densitometry measurements comparison between anterior
segment OCT and scheimpflug imaging', International Ophthalmology4: 392

Lyons, C. J., P. M. Rosser, and R. A. Welham. 1993. 'The management of punctal agenesis',
Ophthalmology100: 1851-5

Ma, S., Z. Yu, S. Feng, H. Chen, H. Chen, and X. Lu. 2019. 'Corneal autophagy and ocular surface
inflammation: A new perspective in dry eye', Exp Eye Red84: 126-34

Magcri, A., and S. Pflugfelder. 2000. 'Correlation of the Schirmer 1 and fluorescein clearance tests
with the severity of corneal epithelial and eyelid disease', Arch Ophthalmal118: 1632—
8

Madrid-Costa, D., J. S. Wolffsohn, J. Ruiz-Alcocer, and P. De Gracia. 2019. 'Dry Eye Disease
and Refractive Corrections', J Ophthalmal2019: 2058618

Magklaras, Evangelos, Konstantinia Karamitsou, Vasilios F. Diakonis, Theodoros Mprotsis, and
Konstantinos T. Tsaousis. 2026. "Early Detection of Keratoconus: Diagnostic Advances
and Their Impact on Visual Outcomes: A Systematic Review." In Medicina 42.

Maharana, P. K., N. Sharma, and R. B. Vajpayee. 2013. "Acute corneal hydrops in keratoconus."
In Indian Journal of Ophthalmology61-64.

Maloof, A. J., A. Ho, and M. T. Coroneo. 1994. 'Influence of corneal shape on limbal light
focusing', Invest Ophthalmol Vis Sd5: 25928

Mansour, A. M., and R. S. Haddad. 2002. 'Corneal topography after ocular rubbing', Corneg 21:
756-8

Marfurt, C. F., and L. C. Ellis. 1993. 'Immunohistochemical localization of tyrosine hydroxylase
in corneal nerves', J Comp Neurqgl336: 517-31

Marfurt, C. F., R. E. Kingsley, and S. E. Echtenkamp. 1989. 'Sensory and sympathetic innervation
of the mammalian cornea. A retrograde tracing study', Invest Ophthalmol Vis Sc30:
461-72

The Ocular Response to Eye Rubbing in Keratoconus 176



References

Markoulli, M., N. Chandramohan, and E. B. Papas. 2021. 'Photobiomodulation (low-level light
therapy) and dry eye disease', Clin Exp Optom104: 561-66

Mas Tur, V., C. MacGregor, R. Jayaswal, D. O'Brart, and N. Maycock. 2017. 'A review of
keratoconus: Diagnosis, pathophysiology, and genetics', Surv Ophthalmqgl62: 770-83

Masterton, S., and M. Ahearne. 2018. 'Mechanobiology of the corneal epithelium', Exp Eye Res
177: 122-29

Matalia, H., N. Chinnappaiah, R. Chandapura, S. Galiyugavaradhan, R. Shetty, and A. Sinha Roy.
2020. 'Repeatability of OCT Anterior Surface and Bowman's Layer Curvature and
Aberrations in Normal and Keratoconic Eyes', J Refract Surg36: 247-52

Mathew, J. H., J. D. Goosey, and J. P. Bergmanson. 2011. 'Quantified histopathology of the
keratoconic cornea', Optom Vis Sci88: 988-97

Matsuda, J., O. Hieda, and S. Kinoshita. 2008. 'Comparison of central corneal thickness
measurements by Orbscan II and Pentacam after corneal refractive surgery', Jpn J
Ophthalmoj 52: 24549

Maurice, David M. 1984. 'The Cornea and Sclera.' in, The EygAcademic Press).

Mazzotta, C., F. Hafezi, G. Kymionis, S. Caragiuli, S. Jacob, C. Traversi, S. Barabino, and J. B.
Randleman. 2015. 'In Vivo Confocal Microscopy after Corneal Collagen Crosslinking',
Ocul Surf 13: 298-314

McAlinden, C., J. Khadka, and K. Pesudovs. 2015. 'Precision (repeatability and reproducibility)
studies and sample-size calculation', J Cataract Refract Sur@1: 2598-604

McGhee, C. N. 2013. 'Keratoconus: the arc of past, present and future', Clin Exp Optom96: 137—
9

McLaren, J. W., W. M. Bourne, and S. V. Patel. 2010. 'Automated assessment of keratocyte
density in stromal images from the ConfoScan 4 confocal microscope', Invest Ophthalmol
Vis Scj51: 1918-26

McMabhon, T. T., L. Szczotka-Flynn, J. T. Barr, R. J. Anderson, M. E. Slaughter, J. H. Lass, S. K.
Iyengar, and Clek Study Group. 2006. 'A new method for grading the severity of
keratoconus: the Keratoconus Severity Score (KSS)', Corneg 25: 794-800

McMonnies, C. W. 2007. 'Abnormal rubbing and keratectasia', Eye Contact Lens$3: 265-71

2008. 'Management of chronic habits of abnormal eye rubbing', Cont Lens Anterior Ey&1: 95—
102

2009. 'Behaviour modification in the management of chronic habits of abnormal eye rubbing/,
Cont Lens Anterior Ey82: 55-63

2014. 'An examination of the baropathic nature of axial myopia', Clin Exp Optom97: 116-24

2015. 'Inflammation and keratoconus', Optom Vis S¢i92: e35-41

The Ocular Response to Eye Rubbing in Keratoconus 177



References

2016. 'Eye rubbing type and prevalence including contact lens 'removal-relief' rubbing', Clin Exp
Optom 99: 36672

2022. 'Mechanisms of corneal trauma in response to rubbing and other intraocular pressure
elevating activities in keratoconus', Expert Review of Ophthalmolagy’: 405-14

McMonnies, C. W., A. Alharbi, and G. C. Boneham. 2010. 'Epithelial responses to rubbing-
related mechanical forces', Corneg 29: 1223-31

McMonnies, C. W., and G. C. Boneham. 2003. 'Keratoconus, allergy, itch, eye-rubbing and hand-
dominance', Clin Exp Optom86: 376-84

Meek, K. M., and C. Knupp. 2015. 'Corneal structure and transparency', Prog Retin Eye Red9:
1-16

Mehtani, A., M. C. Agarwal, S. Sharma, and S. Chaudhary. 2017. 'Diagnosis of limbal stem cell
deficiency based on corneal epithelial thickness measured on anterior segment optical
coherence tomography', Indian J Ophthalmgl65: 1120-26

Meneux, Léna, Sarah Pernot, et al. 2025. 'Injury-specific pathways shape corneal nerve
regeneration dynamics', Scientific Reportsl 5: 25755

Meng, I. D., and M. Kurose. 2013. 'The role of corneal afferent neurons in regulating tears under
normal and dry eye conditions', Exp Eye Red 17: 79-87

Mergler, S., and U. Pleyer. 2007. 'The human corneal endothelium: new insights into
electrophysiology and ion channels', Prog Retin Eye Re26: 359-78

Michaud, L., S. Balourdet, and D. Samaha. 2025. 'Variation of Bruch's membrane opening in
response to intraocular pressure change during scleral lens wear, in a population with
keratoconus', Ophthalmic Physiol Op#5: 40515

Michaud, Langis, and Gilles Amblard. 2022. 'Comparison of Ora and Golman Tonometry in
Keratoconus', Contact Lens and Anterior Ey45

Minsky, M. 2011. "Memoir on inventing the confocal scanning microscope', Scanning10: 128—
38

Mirzayev, Ibadulla, Ahmet Kaan Giindiiz, Pmar Aydin Ellialtioglu, and Omiir Ozlenen Giindiiz.
2023. 'Clinical applications of anterior segment swept-source optical coherence
tomography: A systematic review', Photodiagnosis and Photodynamic Therap®:
103334

Miyake, M., K. Yamashiro, et al. 2015. 'Tdentification of myopia-associated WNT7B
polymorphisms provides insights into the mechanism underlying the development of
myopia', Nat Commun6: 6689

Mlyniuk, P., M. Kaszuba-Modrzejewska, J. Rzeszewska-Zamiara, 1. Piotrowiak-Slupska, and B.
J. Kaluzny. 2025. 'Corneal Epithelial Thickness Maps in Eyes with Mild and Moderate
Keratoconus', J Clin Med 14

The Ocular Response to Eye Rubbing in Keratoconus 178



References

Mohammadpour, M., 1. Etesami, Z. Yavari, M. Naderan, F. Abdollahinia, and M. Jabbarvand.
2015. 'Ocular response analyzer parameters in healthy, keratoconus suspect and manifest
keratoconus eyes', Oman J OphthalmoB: 102-6

Mohammadpour, M., Z. Heidari, and H. Hashemi. 2018. 'Updates on Managements for
Keratoconus', J Curr Ophthalmal30: 110-24

Moller-Pedersen, T., and H. J. Moller. 1996. 'Viability of human corneal keratocytes during organ
culture', Acta Ophthalmol Scand4: 449-55

Montes-Mico, R. 2007. 'Role of the tear film in the optical quality of the human eye', J Cataract
Refract Surg33: 1631-5

Moon, L., P. Kaur, J. Wang, A. Sodhi, C. Eberhart, and U. Soiberman. 2025. 'Mechanical Strain
of Corneal Epithelium Influences the Expression of Genes Implicated in Keratoconus',
Invest Ophthalmol Vis Sd6: 52

Morales, Pablo, and Juan A. Duran. 2025. 'Advances in Intracorneal Ring Segment (ICRS)
Implantation for Keratoconus: A Comprehensive Literature Review, Clinical Insights,
and Future Prospects', Journal of Clinical Medicingl4: 4454

Moran, S., L. Gomez, K. Zuber, and D. Gatinel. 2020. 'A Case-Control Study of Keratoconus
Risk Factors', Cornea 39: 697-701

Moschos, M. M., N. S. Gouliopoulos, C. Kalogeropoulos, S. Androudi, G. Kitsos, D. Ladas, M.
Tsatsos, and 1. Chatziralli. 2018. 'Psychological Aspects and Depression in Patients with
Symptomatic Keratoconus', J Ophthalmal2018: 7314308

Moschos, M. M., E. Nitoda, P. Georgoudis, M. Balidis, E. Karageorgiadis, and N. Kozeis. 2017.
'Contact Lenses for Keratoconus- Current Practice', Open Ophthalmol,Ji1: 241-51

Moshfeghinia, R., A. Arman, N. Sobhi, G. Mahmoudinezhad, and H. Molavi Vardanjani. 2024.
'Depression among keratoconus patients: a systematic review and meta-analysis', Front
Public Health 12: 1477411

Moshirfar, M., E. E. Benstead, P. M. Sorrentino, and K. Tripathy. 2025. 'Ocular Neuropathic
Pain', StatPearls Publishing, Accessed 18/06/2025.
https://www.ncbi.nlm.nih.gov/books/NBK542282/.

Moshirfar, M., K. A. Moin, and Y. Ronquillo. 2025. 'Superior Keratoconus', StatPearls
Publishing, Accessed 18/06/2025. https://www.ncbi.nlm.nih.gov/books/NBK542282/.

Moshirfar, M., S. Pandya, S. Zhang, 1. M. Stoakes, A. Ayesha, and P. C. Hoopes. 2024. 'AvaGen

Genetic Testing versus Ocular Screening Assessments Including the Keratoconus
Severity Score (KSS) and Randleman Ectasia Risk Score System (ERSS) in Refractive
Surgery Candidates', Clin Ophthalmao) 18: 1245-55

Motlagh, Mahsaw, Moshirfar Majid, Michael Murri, David Skanchy, Hamed Momeni
Moghaddam, Yasmyne Ronquillo, and Phillip Hoopes. 2019. 'Pentacam® Corneal

The Ocular Response to Eye Rubbing in Keratoconus 179


https://www.ncbi.nlm.nih.gov/books/NBK542282/
https://www.ncbi.nlm.nih.gov/books/NBK542282/

References

Tomography for Screening of Refractive Surgery Candidates: A Review of the Literature,
Part I', Medical hypothesis, discovery & innovation ophthalmology jouhal77-203

Moulton, Eric A., and David Borsook. 2019. "C-Fiber Assays in the Cornea vs. Skin." In Brain
Sciences

Mounir, A., I. Awny, H. S. Yousef, and E. M. Mostafa. 2023. 'Distribution of corneal
densitometry in different grades of keratoconus', Indian J Ophthalmgl71: 830-36

Moura, G. S., A. Santos, M. A. Cenedeze, M. . Hiyane, N. O. S. Camara, L. Barbosa de Sousa,
and L. Augusto de Oliveira. 2021. 'Increased lacrimal inflammatory mediators in patients
with keratoconus', Mol Vis, 27: 65665

Muller, L. J., C. F. Marfurt, F. Kruse, and T. M. Tervo. 2003. 'Corneal nerves: structure, contents
and function', EXp Eye Reg6: 521-42

Miiller, P. L., K. U. Loeffler, E. Messmer, F. G. Holz, G. Perdikakis, M. Kohlhaas, and M. C.
Herwig-Carl. 2020. 'Histological Corneal Alterations in Keratoconus After Crosslinking-
Expansion of Findings', Corneg 39: 33341

Munsamy, A. J., and V. R. Moodley. 2017. 'A correlation analysis of cone characteristics and
central keratometric readings for the different stages of keratoconus', Indian J
Ophthalma) 65: 7-11

Naderan, M., M. T. Rajabi, and P. Zarrinbakhsh. 2017. 'Intereye asymmetry in bilateral
keratoconus, keratoconus suspect and normal eyes and its relationship with disease
severity', Br J Ophthalmal101: 1475-82

Naderan, M., S. Shoar, F. Rezagholizadeh, M. Zolfaghari, and M. Naderan. 2015. 'Characteristics
and associations of keratoconus patients', Cont Lens Anterior Ey&8: 199-205

Nagano, T., M. Nakamura, K. Nakata, T. Yamaguchi, K. Takase, A. Okahara, T. Ikuse, and T.
Nishida. 2003. 'Effects of substance P and IGF-1 in corneal epithelial barrier function and
wound healing in a rat model of neurotrophic keratopathy', Invest Ophthalmol Vis Sci
44:3810-5

Najmi, H., Y. Mobarki, K. Mania, B. Altowairqi, M. Basehi, M. S. Mahfouz, and M. Elmahdy.
2019. 'The correlation between keratoconus and eye rubbing: a review', Int J Ophthalmal
12: 1775-81

Nakao, G., S. Koh, R. Inoue, S. Maeno, N. Maeda, and K. Nishida. 2021. 'The Characteristics and
Risk Factors of Very Asymmetric Keratoconus', Eye Contact Leng7: 511-14

Nash, I. S., P. R. Greene, and C. S. Foster. 1982. 'Comparison of mechanical properties of
keratoconus and normal corneas', Exp Eye Res$5: 413-24

Nayak, Natasha V, Tenley Bower, Leela Raju, Amy C Nau, Alex Mammen, Roheena Kamyar,
and Deepinder Dhaliwal. 2014. 'Sleep Position and Obstructive Sleep Apnea in
Keratoconus', Investigative Ophthalmology & Visual Sciengé: 1584-84

The Ocular Response to Eye Rubbing in Keratoconus 180



References

Netland, P. A., S. P. Sugrue, D. M. Albert, and J. W. Shore. 1994. 'Histopathologic features of
the floppy eyelid syndrome. Involvement of tarsal elastin', Ophthalmology101: 174-81

Ni Dhubhghaill, S., J. J. Rozema, S. Jongenelen, 1. Ruiz Hidalgo, N. Zakaria, and M. J. Tassignon.
2014. 'Normative values for corneal densitometry analysis by Scheimpflug optical
assessment’, Invest Ophthalmol Vis SA&5: 162-8

Nishtala, K., N. Pahuja, R. Shetty, R. M. Nuijts, and A. Ghosh. 2016. '"Tear biomarkers for
keratoconus', Eye Vis (Lond)3: 19

Nottingham, John. 1854. Practical observations on conical cornea, and on the short sight, and
other defects of vision connected witkJitChurchill ; Deighton & Laughton: London :
Liverpool)

Oculus. 2017. 'Pentacam Interpretation Guide', 3rd Edition

Oliva, M. S., T. Schottman, and M. Gulati. 2012. 'Turning the tide of corneal blindness', Indian J
Ophthalmoj 60: 4237

Oltulu, R., Z. Katipoglu, A. O. Giindogan, E. Mirza, and S. Belviranli. 2022. 'Evaluation of
inflammatory biomarkers in patients with keratoconus', Eur J Ophthalmaql32: 154-59

Omar, I. A. N. 2019. 'Keratoconus Screening Among Myopic Children', Clin Ophthalmo] 13:
1909-12

Oshika, T., and S. D. Klyce. 1998. 'Corneal topography in LASIK', Semin Ophthalmoll 3: 64—
70

Oshika, T., A. Sawaki, T. Nishida, T. Nakamura, and T. Kojima. 2025. 'Reproducibility and
Screening Capability of Corneal Epithelial Thickness Measurement for Keratoconus
Using Anterior Segment Optical Coherence Tomography', Clin Ophthalmal 19: 2057—
65

Osuagwu, U. L., and S. A. Alanazi. 2015. 'Eye rubbing-induced changes in intraocular pressure
and corneal thickness measured at five locations, in subjects with ocular allergy’, Int J
OphthalmoJ 8: 81-8

Otri, A. M., U. Fares, M. A. Al-Aqgaba, and H. S. Dua. 2012. 'Corneal densitometry as an indicator
of corneal health', Ophthalmology119: 501-8

Ozgurhan, E. B., N. Kara, A. Yildirim, E. Bozkurt, H. Uslu, and A. Demirok. 2013. 'Evaluation
of corneal microstructure in keratoconus: a confocal microscopy study', Am J
OphthalmaJ 156: 885-93 2

Pahuja, N. K., R. Shetty, R. M. Nuijts, A. Agrawal, A. Ghosh, C. Jayadev, and H. Nagaraja. 2016.
'An In Vivo Confocal Microscopic Study of Corneal Nerve Morphology in Unilateral
Keratoconus', Biomed Res InR016: 5067853

The Ocular Response to Eye Rubbing in Keratoconus 181



References

Pahuja, N., R. Shetty, P. Subbiah, H. Nagaraja, R. M. Nuijts, and C. Jayadev. 2016. 'Corneal
Densitometry: Repeatability in Eyes With Keratoconus and Postcollagen Cross-Linking',
Cornea 35: 833-7

Pakbin, M., M. Khabazkhoob, M. Pakravan, A. Fotouhi, E. Jafarzadehpur, M. Aghamirsalim, and
H. Hashemi. 2022. 'Repeatability of Corneal Densitometry Measurements using a
Scheimpflug Camera in Healthy Normal Corneas', J Curr Ophthalmal34: 50-55

Panikkar, K., G. Manayath, R. Rajaraman, and V. Saravanan. 2016. 'Progressive keratoconus,
retinal detachment, and intracorneal silicone oil with obsessive-compulsive eye rubbing',
Oman J Ophthalmob: 170-73

Papachristoforou, N., A. Ueno, K. Ledwos, J. Bartus, A. Nowinska, and 1. Karska-Basta. 2025.
'A Review of Keratoconus Cross-Linking Treatment Methods', J Clin Med 14

Park, J. H., C. Yoo, E. Yoo, and Y. Y. Kim. 2019. 'Intraocular Pressure Elevation during Lateral
Body Posture in Side-sleeping Glaucoma Patients', Optom Vis S¢i96: 62—70

Park, R., S. Spritz, et al.2025a. 'Corneal Sensory Receptors and Pharmacological Therapies to
Modulate Ocular Pain', Int J Mol Scj 26: 4663

Park, Ryan, Samantha Spritz, et al.2025b. "Corneal Sensory Receptors and Pharmacological
Therapies to Modulate Ocular Pain." In International Journal of Molecular Sciences

Passaro, Maria Laura, Michele Rinaldi, et al. 2025. 'The oxidative-stress-senescence axis in
keratoconus: new insights into corneal degeneration', Frontiers in Molecular Biosciences
Volume 12 - 2025

Pearson, A. R., B. Songji, N. Sarvananthan, and J. H. Sandford-Smith. 2000. 'Does ethnic origin
influence the incidence or severity of keratoconus?', Eye (Lond) 14 ( Pt 4): 625-8

Pederzolli, M., F. Procopio, B. Tombolini, S. Marra, M. De Micheli, F. Bandello, and G. Ferrari.
2025. 'Keratoconus: The Local Manifestation of a Systemic Disease?', J Clin Med 14

Pérez-Bartolomé, F., C. Rocha-De-Lossada, J. M. Sanchez-Gonzalez, S. Feu-Basilio, J. Torras-
Sanvicens, and J. Peraza-Nieves. 2021. 'Anterior-Segment Swept-Source Ocular
Coherence Tomography and Scheimpflug Imaging Agreement for Keratometry and Pupil
Measurements in Healthy Eyes', J Clin Med 10

Perry, H. D., J. N. Buxton, and B. S. Fine. 1980. 'Round and oval cones in keratoconus',
Ophthalmology87: 905-9

Pflugfelder, S. C., and M. E. Stern. 2020. 'Biological functions of tear film', Exp Eye Resl97:
108115

Pierro, Luisa, Lorenzo Bianco, et al.2023. 'New Findings in Early-Stage Keratoconus: Lamina
Cribrosa Curvature, Retinal Nerve Fiber Layer Thickness, and Vascular Perfusion',

American Journal of Ophthalmolog46: 122-29

The Ocular Response to Eye Rubbing in Keratoconus 182



References

Pinero, D. P., J. L. Alio, A. Aleson, M. Escaf Vergara, and M. Miranda. 2010. 'Corneal volume,
pachymetry, and correlation of anterior and posterior corneal shape in subclinical and
different stages of clinical keratoconus', J Cataract Refract Surg6: 814-25

Pinero, D. P., J. C. Nieto, and A. Lopez-Miguel. 2012. 'Characterization of corneal structure in
keratoconus', J Cataract Refract Sur@8: 2167-83

Polse, K. A.,R. J. Brand, D. W. Vastine, and J. S. Schwalbe. 1983. 'Corneal change accompanying
orthokeratology. Plastic or elastic? Results of a randomized controlled clinical trial', Arch
OphthalmoJ 101: 1873-8

Potts, A. M. 1962. 'Some aspects of the interrelation between corneal hydration and corneal
transparency', Invest Ophthalmoll: 163-9

Proxenos, Charles J., Himal Kandel, Aanchal Gupta, Jern Yee Chen, Adam Watson, Nicholas
Downie, and Stephanie L. Watson. 2025. 'Corneal crosslinking for keratoconus in
children with thin corneas: A multicentre registry study', AJO International2: 100145

Qazi, Y., G. Wong, B. Monson, J. Stringham, and B. K. Ambati. 2010. 'Corneal transparency:
genesis, maintenance and dysfunction', Brain Res Bull81: 198-210

Quisling, S., S. Sjoberg, B. Zimmerman, K. Goins, and J. Sutphin. 2006. 'Comparison of
Pentacam and Orbscan Ilz on posterior curvature topography measurements in
keratoconus eyes', Ophthalmology113: 1629-32

Rabbani, H., R. Kafieh, M. Kazemian Jahromi, S. Jorjandi, A. Mehri Dehnavi, F. Hajizadeh, and
A. Peyman. 2016. 'Obtaining Thickness Maps of Corneal Layers Using the Optimal
Algorithm for Intracorneal Layer Segmentation', Int J Biomed Imaging016: 1420230

Rabbetts, Ronald. 2007. Bennett and Rabbett's Clinical Visual OptigButterworth-
Heinemann).9780750688741

Rabinowitz, Y. S. 1998. 'Keratoconus', Surv OphthalmqK2: 297-319

2003. 'The genetics of keratoconus', Ophthalmol Clin North Ami 6: 60720, vii

Rabinowitz, Y. S., V. Galvis, A. Tello, D. Rueda, and J. D. Garcia. 2021. 'Genetics vs chronic
corneal mechanical trauma in the etiology of keratoconus', Exp Eye Re202: 108328

Rabinowitz, Y. S., and K. Rasheed. 1999. 'KISA% index: a quantitative videokeratography
algorithm embodying minimal topographic criteria for diagnosing keratoconus', J
Cataract Refract Sut@5: 1327-35

Radhakrishnan, Sunita, Andrew M. Rollins, Jonathan E. Roth, Siavash Yazdanfar, Volker
Westphal, David S. Bardenstein, and Joseph A. Izatt. 2001. 'Real-Time Optical
Coherence Tomography of the Anterior Segment at 1310 nm', Archives of
Ophthalmology119: 1179-85

The Ocular Response to Eye Rubbing in Keratoconus 183



References

Raghunathan, V. K., B. Dreier, J. T. Morgan, B. C. Tuyen, B. W. Rose, C. M. Reilly, P. Russell,
and C. J. Murphy. 2014. 'Involvement of YAP, TAZ and HSP90 in contact guidance and
intercellular junction formation in corneal epithelial cells', PLoS Ong9: e109811

Raizman, M. B., J. S. Rothman, F. Maroun, and W. M. Rand. 2000. 'Effect of eye rubbing on
signs and symptoms of allergic conjunctivitis in cat-sensitive individuals',
Ophthalmology107: 2158-61

Ramini, Abhishek, Damla Oncel, Michael Zilliox, and Charles Bouchard. 2023. 'The Prevalence
of Obstructive Sleep Apnea in Keratoconus Patients', Investigative Ophthalmology &
Visual Sciencgbd: 5178-78

Ramirez-Garcia, M. A., Y. M. Khalifa, and M. R. Buckley. 2018. 'Vulnerability of corneal
endothelial cells to mechanical trauma from indentation forces assessed using contact
mechanics and fluorescence microscopy', Exp Eye Red75: 73-82

Ramos, J. L., Y. Li, and D. Huang. 2009. 'Clinical and research applications of anterior segment
optical coherence tomography - a review', Clin Exp Ophthalmqgl37: 81-9

Randleman, J. B., W. J. Dupps, Jr., M. R. Santhiago, Y. S. Rabinowitz, D. D. Koch, R. D. Stulting,
and S. D. Klyce. 2015. 'Screening for Keratoconus and Related Ectatic Corneal
Disorders', Cornea 34: e20-2

Randleman, J. B., M. Woodward, M. J. Lynn, and R. D. Stulting. 2008. 'Risk assessment for
ectasia after corneal refractive surgery', Ophthalmology115: 37-50

Read, S. A., and M. J. Collins. 2011. 'Intraocular pressure in keratoconus', Acta Ophthalmql89:
358-64

Reddy, A. K., E. Liss, and E. Y. Shildkrot. 2016. 'Bilateral Iris Prolapse Secondary to Eye
Rubbing Following Cataract Surgery', JAMA Ophthalmql134: 153610

Reeves, S. W., S. Stinnett, R. A. Adelman, and N. A. Afshari. 2005. 'Risk factors for progression
to penetrating keratoplasty in patients with keratoconus', Am J Ophthalmol140: 607—11

Reinstein, D. Z., T. J. Archer, and M. Gobbe. 2009a. 'Corneal epithelial thickness profile in the
diagnosis of keratoconus', J Refract Surg25: 604-10

2009b. 'Stability of LASIK in topographically suspect keratoconus confirmed non-keratoconic by
Artemis VHF digital ultrasound epithelial thickness mapping: 1-year follow-up', J
Refract Surg25: 569-77

Reinstein, D. Z., T. J. Archer, M. Gobbe, R. H. Silverman, and D. J. Coleman. 2008. 'Epithelial
thickness in the normal cornea: three-dimensional display with Artemis very high-
frequency digital ultrasound', J Refract Surge4: 571-81

Reinstein, D. Z., T. J. Archer, and R. S. Vida. 2022. 'Epithelial thickness mapping for corneal
refractive surgery', Curr Opin Ophthalmal33: 258-68

The Ocular Response to Eye Rubbing in Keratoconus 184



References

Reinstein, D. Z., M. Gobbe, T. J. Archer, R. H. Silverman, and D. J. Coleman. 2010. 'Epithelial,
stromal, and total corneal thickness in keratoconus: three-dimensional display with
artemis very-high frequency digital ultrasound', J Refract Surg26: 25971

Reinstein, D. Z., R. H. Silverman, and D. J. Coleman. 1993. 'High-frequency ultrasound
measurement of the thickness of the corneal epithelium', Refract Corneal Sutd: 385-7

Rhee, D. J., R. . Haddadin, M. H. Kang, and D. J. Oh. 2009. 'Matricellular proteins in the
trabecular meshwork', Exp Eye Res8: 694—703

Ricchiuti, V., G. J. Pruijn, J. P. Thijssen, W. J. van Venrooij, and S. Muller. 1997. 'Accessibility
of epitopes on the 52-kD Ro/SSA protein (Ro52) and on the RoRNP associated Ro52
protein as determined by anti-peptide antibodies', J Autoimmun10: 181-91

Rigi, M., H. S. Son, L. Moon, M. Matthaei, D. Srikumaran, A. S. Jun, C. G. Eberhart, and U. S.
Soiberman. 2024. 'Collagen type XII is undetectable in keratoconus Bowman's layer', Br
J Ophthalmal 108: 34348

Rio-Cristobal, A., and R. Martin. 2014. 'Corneal assessment technologies: current status', Surv
Ophthalmaj 59: 599-614

Roberts, C. J. 2014. 'Concepts and misconceptions in corneal biomechanics', J Cataract Refract
Surg 40: 862-9

2016. 'Importance of accurately assessing biomechanics of the cornea', Curr Opin Ophthalmal
27:285-91

Roberts, C. J., K. M. Knoll, A. M. Mahmoud, A. J. Hendershot, and P. T. Yuhas. 2024. 'Corneal
Stress Distribution Evolves from Thickness-Driven in Normal Corneas to Curvature-
Driven with Progression in Keratoconus', Ophthalmol Sci4: 100373

Rodrigues, M. M., D. A. Newsome, J. H. Krachmer, and R. A. Eiferman. 1981. 'Pellucid marginal
corneal degeneration: a clinicopathologic study of two cases', Exp Eye Res$3: 277-88

Rolando, M., and M. Zierhut. 2001. 'The ocular surface and tear film and their dysfunction in dry
eye disease', Surv OphthalmgK5 Suppl 2: S203-10

Romare, C., and L. Skér. 2020. 'Smart Glasses for Caring Situations in Complex Care
Environments: Scoping Review', JMIR Mhealth Uhealth8: e16055

Romero-Jimenez, M., J. Santodomingo-Rubido, and J. S. Wolffsohn. 2010. 'Keratoconus: a
review', Cont Lens Anterior Ey&3: 157-66; quiz 205

S. Dua, Harminder, Darren S. J, Ting Mouhamed Al-Aqgaba, and Dalia G. Said. 2023.
'Pathophysiology of Keratoconus.' in, Keratoconus

Saad, A., and D. Gatinel. 2010. 'Topographic and tomographic properties of forme fruste
keratoconus corneas', Invest Ophthalmol Vis S&1: 5546-55

2013. 'Subclinical keratoconus: the need for an objective classification system', Ophthalmology
120: e56-7

The Ocular Response to Eye Rubbing in Keratoconus 185



References

Sahebjada, S., H. H. Al-Mahrouqi, S. Moshegov, S. M. Panchatcharam, E. Chan, M. Daniell, and
P. N. Baird. 2021. 'Eye rubbing in the aetiology of keratoconus: a systematic review and
meta-analysis', Graefes Arch Clin Exp Ophthalmals9: 2057-67

Salinas, R., M. Puig, C. L. Fry, D. A. Johnson, and A. Kheirkhah. 2020. 'Floppy eyelid syndrome:
A comprehensive review', Ocul Surf 18: 31-39

Samolov, Branka, Stephanie van de Moosdijk, Abinaya Priya Venkataraman, and Alberto
Dominguez-Vicent. 2025. 'Evaluation of the repeatability of corneal epithelial thickness
mapping in healthy and keratoconic eyes with two spectral domain optical coherence
tomography', Journal of Optometryl 8

Sanchez-Gonzalez, J. M., M. C. Sanchez-Gonzalez, C. De-Hita-Cantalejo, H. Nascimento, and
C. Martinez-Perez. 2025. 'ITmmediate Impact of Artificial Tear Composition on Optical
Aberrations: A Comparative Study of Lipid and Non-Lipid Hydroxypropyl Guar
Formulations', Ophthalmol Ther14: 2165-78

Santodomingo-Rubido, J., G. Carracedo, A. Suzaki, C. Villa-Collar, S. J. Vincent, and J. S.
Wolffsohn. 2022. 'Keratoconus: An updated review', Cont Lens Anterior Eyd5: 101559

Santos, A., Japm Filho, et al.2024. 'Increased inflammatory mediators in the ocular surface tissue
in keratoconus', Mol Vis 30: 279-88

Sawaguchi, S., T. Fukuchi, H. Abe, T. Kaiya, J. Sugar, and B. Y. Yue. 1998. 'Three-dimensional
scanning electron microscopic study of keratoconus corneas', Arch Ophthalmaql116: 62—
8

Schermer, A., S. Galvin, and T. T. Sun. 1986. 'Differentiation-related expression of a major 64K
corneal keratin in vivo and in culture suggests limbal location of corneal epithelial stem
cells', J Cell Biol 103: 4962

Schiano-Lomoriello, D., V. Bono, 1. Abicca, and G. Savini. 2020. 'Repeatability of anterior
segment measurements by optical coherence tomography combined with Placido disk
corneal topography in eyes with keratoconus', Sci Rep10: 1124

Schiano-Lomoriello, Domenico, Kenneth J. Hoffer, Irene Abicca, and Giacomo Savini. 2021.
'Repeatability of automated measurements by a new anterior segment optical coherence
tomographer and biometer and agreement with standard devices', Scientific Reportsl 1:
983

Schmitt-Bernard, C., C. D. Schneider, D. Blanc, and B. Arnaud. 2000. 'Keratographic analysis of
a family with keratoconus in identical twins', J Cataract Refract Sur@6: 1830-2

Schornack, Muriel M., Stephen J. Vincent, and Maria K. Walker. 2023. 'Anatomical and
physiological considerations in scleral lens wear: Intraocular pressure', Contact Lens and

Anterior Eye 46: 101535

The Ocular Response to Eye Rubbing in Keratoconus 186



References

Schulze, U., U. Hampel, S. Sel, L. Contreras-Ruiz, M. Schicht, J. Dieckow, Y. Diebold, and F.
Paulsen. 2014. 'Trefoil factor family peptide 3 (TFF3) is upregulated under experimental
conditions similar to dry eye disease and supports corneal wound healing effects in vitro',
Invest Ophthalmol Vis Sd5: 3037-42

Schwartz, Nathan Jay, R. Stuart Mackay, and Jerome L. Sackman. 1966. 'A theoretical and
experimental study of the mechanical behavior of the cornea with application to the
measurement of intraocular pressure', The Bulletin of Mathematical Biophysj@s: 585—
643

Scotto, R., A. Vagge, and C. E. Traverso. 2021. 'Eye Rubbing and Transient Corneal Ectasia
Detected by Topography in a Pediatric Patient', Corneg 40: 251-53

Sedaghat, M. R., H. Ostadi-Moghadam, M. Jabbarvand, F. Askarizadeh, H. Momeni-
Moghaddam, and F. Narooie-Noori. 2018. 'Corneal hysteresis and corneal resistance
factor in pellucid marginal degeneration', J Curr Ophthalmal30: 4247

Shabani, H., J. De Ridder, et al.2025. 'Climate Determinants of Keratoconus: Insights From a
Systematic Review of Prevalence', Invest Ophthalmol Vis S@é6: 30

Shaheen, B. S., M. Bakir, and S. Jain. 2014. 'Corneal nerves in health and disease', Surv
OphthalmaJ 59: 26385

Shajari, M., K. Herrmann, J. Biithren, P. Vunnava, E. Vounotrypidis, M. Miiller, G. Al-Khateeb,
and T. Kohnen. 2019. 'Anterior Chamber Angle, Volume, and Depth in a Normative
Cohort-A Retrospective Cross-Sectional Study', Curr Eye Res44: 632-37

Shan, J., C. DeBoer, and B. Y. Xu. 2019. 'Anterior Segment Optical Coherence Tomography:
Applications for Clinical Care and Scientific Research', Asia Pac J Ophthalmol (Phila)
8: 14657

Shapiro, M. B., M. M. Rodrigues, M. R. Mandel, and J. H. Krachmer. 1986. 'Anterior clear spaces
in keratoconus', Ophthalmology93: 1316-9

Sharif, R., S. Bak-Nielsen, J. Hjortdal, and D. Karamichos. 2018. 'Pathogenesis of Keratoconus:
The intriguing therapeutic potential of Prolactin-inducible protein', Prog Retin Eye Res
67: 150-67

Sharma, M., N. Jain, A. S. Koshy, V. Arora, and V. G. Lalgudi. 2020. 'Repeatability of Orbscan
III for anterior segment parameters in normal eyes', Indian J Ophthalmgl68: 2903-05

Shen, Y., T. Han, V. Jhanji, J. Shang, J. Zhao, M. Li, and X. Zhou. 2019. 'Correlation Between
Corneal Topographic, Densitometry, and Biomechanical Parameters in Keratoconus
Eyes', Transl Vis Sci Techngg: 12

Shetty, R., S. D'Souza, P. Khamar, A. Ghosh, Rmma Nuijts, and S. Sethu. 2020. 'Biochemical
Markers and Alterations in Keratoconus', Asia Pac J Ophthalmol (Philad: 533—40

The Ocular Response to Eye Rubbing in Keratoconus 187



References

Shetty, R., R. Deshmukh, A. Ghosh, S. Sethu, and C. Jayadev. 2017. 'Altered tear inflammatory
profile in Indian keratoconus patients - The 2015 Col Rangachari Award paper', Indian J
OphthalmaJ 65: 1105-08

Shetty, R., A. Ghosh, et al. 2015. 'Elevated expression of matrix metalloproteinase-9 and
inflammatory cytokines in keratoconus patients is inhibited by cyclosporine A', Invest
Ophthalmol Vis S¢cb6: 738-50

Shi, Y. 2016. 'Strategies for improving the early diagnosis of keratoconus', Clinical optometry8:
13-21

Shorter, E., J. Harthan, A. Nau, J. Fogt, D. Cao, M. Schornack, and C. Nau. 2021. 'Dry Eye
Symptoms in Individuals With Keratoconus Wearing Contact Lenses', Eye Contact Lens
47:515-19

Siegfried, C. J., Y. B. Shui, F. Bai, and D. C. Beebe. 2015. 'Central corneal thickness correlates
with oxygen levels in the human anterior chamber angle', Am J Ophthalmol159: 457—
62.cl

Singh, R. B., S. Koh, N. Sharma, F. A. Woreta, F. Hafezi, H. S. Dua, and V. Jhanji. 2024.
'Keratoconus', Nat Rev Dis Primetsl0: 81

Small, leslie, Anat Galor, William J Feuer, Elizabeth R Felix, Roy Levitt, Allison McClellan, and
Constantine D Sarantopoulos. 2017. 'The epidemiology of ocular itch by dry eye
symptoms and signs', Investigative Ophthalmology & Visual Scientg: 2649-49

Smith, G. T., N. A. Brown, and G. A. Shun-Shin. 1990. 'Light scatter from the central human
cornea', Eye (Lond)4 ( Pt 4): 584-8

Smolek, M. K., and S. D. Klyce. 1997. 'Current keratoconus detection methods compared with a
neural network approach', Invest Ophthalmol Vis Sd8: 2290-9

Snell, Richard S., and Michael A. Lemp. 1997. Clinical Anatomy of the Eyé€Blackwell:
Boston).0-86542-086-6

Soiberman, U., H. Kakizaki, D. Selva, and I. Leibovitch. 2012. 'Punctal stenosis: definition,
diagnosis, and treatment', Clin Ophthalmao)6: 1011-8

Song, M., T. Chen, A. Moktar, E. Chan, E. W. Chong, M. Daniell, and S. Sahebjada. 2022.
'Diagnosis and Management of Keratoconus-A Narrative Review of Clinicians'
Perspectives', Children (Basel)9

Song, T., J. Song, J. Li, H. Ben Hilal, X. Li, P. Feng, and W. Chen. 2024. 'The candidate proteins
associated with keratoconus: A meta-analysis and bioinformatic analysis', PL0S Onel9:
€0299739

Sridhar, M. S. 2018. 'Anatomy of cornea and ocular surface', Indian J Ophthalmgl66: 190-94

Sriranganathan, A., C. C. Chan, J. Dhillon, and T. Felfeli. 2025. 'Global Incidence and Prevalence

of Keratoconus: A Systematic Review and Meta-Analysis', Cornea

The Ocular Response to Eye Rubbing in Keratoconus 188



References

Stapleton, F., M. Alves, et al.2017. "TFOS DEWS II Epidemiology Report', Ocul Surf 15: 334—
65

Stapleton, F., C. Marfurt, et al. 2013. 'The TFOS International Workshop on Contact Lens
Discomfort: report of the subcommittee on neurobiology', Invest Ophthalmol Vis Sdi4:
TFOS71-97

Stein, D. M., G. Wollstein, H. Ishikawa, E. Hertzmark, R. J. Noecker, and J. S. Schuman. 2006.
'Effect of corneal drying on optical coherence tomography', Ophthalmology113: 985—
91

Stern, M. E., R. W. Beuerman, R. 1. Fox, J. Gao, A. K. Mircheff, and S. C. Pflugfelder. 1998. 'The
pathology of dry eye: the interaction between the ocular surface and lacrimal glands',
Corneg 17: 584-9

Stern, Michael E., Jianping Gao, Karyn F. Siemasko, Roger W. Beuerman, and Stephen C.
Pflugfelder. 2004. 'The role of the lacrimal functional unit in the pathophysiology of dry
eye', Experimental Eye Researcls: 409-16

Stull, C., R. Valdes-Rodriguez, et al.2017. 'The prevalence and characteristics of chronic ocular
itch: a cross-sectional survey', Itch (Philadelphia, Pa,)2: ¢4

Sturbaum, C. W., and R. L. Peiffer, Jr. 1993. 'Pathology of corneal endothelium in keratoconus',
Ophthalmologica206: 192-208

Sugar, J., and M. S. Macsai. 2012. "What causes keratoconus?', Corneg 31: 716-9

Suzuki, T., Y. Kinoshita, M. Tachibana, Y. Matsushima, Y. Kobayashi, W. Adachi, C. Sotozono,
and S. Kinoshita. 2001. 'Expression of sex steroid hormone receptors in human cornea’,
Curr Eye Regs22: 28-33

Swartz, T., L. Marten, and M. Wang. 2007. 'Measuring the cornea: the latest developments in
corneal topography', Curr Opin Ophthalmal18: 325-33

Sykakis, E., R. Karim, J. R. Evans, C. Bunce, K. N. Amissah-Arthur, S. Patwary, P. J. McDonnell,
and S. Hamada. 2015. 'Corneal collagen cross-linking for treating keratoconus', Cochrane
Database Syst Rg2015: CD010621

Tanabe, U., K. Fujiki, A. Ogawa, S. Ueda, and A. Kanai. 1985. '[Prevalence of keratoconus
patients in Japan]', Nippon Ganka Gakkai Zassi89: 407-11

Teo, A. W. J., H. Mansoor, N. Sim, M. T. Lin, and Y. C. Liu. 2022. 'In Vivo Confocal Microscopy
Evaluation in Patients with Keratoconus', J Clin Med 11

Tey, H. L., J. Wallengren, and G. Yosipovitch. 2013. "Psychosomatic factors in pruritus', Clin
Dermatol 31: 3140

Thota, S., W. L. Miller, and J. P. Bergmanson. 2006. 'Acute corneal hydrops: a case report
including confocal and histopathological considerations', Cont Lens Anterior Eye9:
69-73

The Ocular Response to Eye Rubbing in Keratoconus 189



References

Topcon, Medical Corporation. https://topconhealthcare.cu/en EU/products/sl-d701.

2015. "Topcon Instruction Manual Version 10.0." In.

Toprak, L., and C. E. Gunes. 2021. 'Increased epithelial backscatter: A novel finding in subclinical
and clinical keratoconus', Clin Exp Ophthalmgl49: 1000-08

Toprak, L., C. E. Gunes, C. Martin-Seker, and O. Parca. 2025. 'A novel metric to monitor early
progression in keratoconus: epithelial backscatter', Int Ophthalmao) 45: 253

Torres-Netto, E. A., H. Abdshahzadeh, et al.2022. 'The Impact of Repetitive and Prolonged Eye
Rubbing on Corneal Biomechanics', J Refract Surg38: 61016

Torres Netto, E. A., W. M. Al-Otaibi, N. L. Hafezi, S. Kling, H. M. Al-Farhan, J. B. Randleman,
and F. Hafezi. 2018. 'Prevalence of keratoconus in paediatric patients in Riyadh, Saudi
Arabia', Br J Ophthalmal102: 143641

Touhouche, A. T., M. Cassagne, E. Berard, F. Giordano-Labadie, A. Didier, P. Fournie, C. Paul,
and M. Tauber. 2021. 'Incidence and risk factors for dupilumab associated ocular adverse
events: a real-life prospective study', J Eur Acad Dermatol Veneredls: 172-79

Tsubota, K. 1998. 'Tear dynamics and dry eye', Prog Retin Eye Re$7: 565-96

Tsubota, K., K. P. Xu, T. Fujihara, S. Katagiri, and T. Takeuchi. 1996. 'Decreased reflex tearing
is associated with lymphocytic infiltration in lacrimal glands', J Rheumatol23: 313-20

Tuft, S. J., L. C. Moodaley, W. M. Gregory, C. R. Davison, and R. J. Buckley. 1994. 'Prognostic
factors for the progression of keratoconus', Ophthalmology101: 439-47

Turner, D. C., C. A. Girkin, and J. C. Downs. 2019. 'The Magnitude of Intraocular Pressure
Elevation Associated with Eye Rubbing', Ophthalmology126: 171-72

Uchiyama, E., J. D. Aronowicz, I. A. Butovich, and J. P. McCulley. 2007. 'Increased evaporative
rates in laboratory testing conditions simulating airplane cabin relative humidity: an
important factor for dry eye syndrome', Eye Contact Lens3: 174-6

Ueji, N., K. Kato, Y. Yonekawa, M. Takeuchi, Y. Takashima, K. Hirano, and M. Kondo. 2022.
'Case of unilateral pellucid marginal corneal degeneration progressing to corneal
perforation with keratoconus in contralateral eye', Am J Ophthalmol Case Reps:
101293

Valdes, G., M. Romaguera, M. Serramito, A. Cervino, and G. Gonzalo Carracedo. 2022. 'OCT
applications in contact lens fitting', Cont Lens Anterior Ey&5: 101540

van den Bosch, Jjon, V. Pennisi, K. Mansouri, R. N. Weinreb, H. Thieme, M. B. Hoffmann, and
L. Choritz. 2023. 'Effect of eyelid muscle action and rubbing on telemetrically obtained
intraocular pressure in patients with glaucoma with an IOP sensor implant', Br J
Ophthalmo) 107: 1425-31

van Setten, G. B. 2020. 'Impact of Attrition, Intercellular Shear in Dry Eye Disease: When Cells
are Challenged and Neurons are Triggered', Int J Mol Scj 21

The Ocular Response to Eye Rubbing in Keratoconus 190


https://topconhealthcare.eu/en_EU/products/sl-d701

References

Vega-Estrada, A., M. Mimouni, E. Espla, J. Alio Del Barrio, and J. L. Alio. 2019. 'Corneal
Epithelial Thickness Intrasubject Repeatability and its Relation With Visual Limitation
in Keratoconus', Am J OphthalmoR00: 255-62

Vellara, H. R., and D. V. Patel. 2015. 'Biomechanical properties of the keratoconic cornea: a
review', Clin Exp Optom98: 31-8

Verrey, Florian. 1947. '«Kératoglobe aiguy»', Ophthalmologicall4: 284-88

Villanueva, C., F. Viviano, M. Garcia-Montero, A. Lorente-Velazquez, 1. Martinez-Alberquilla,
and N. Garzon. 2023. 'Forward-scattered and backward-scattered light in moderate
keratoconus', Ophthalmic Physiol Op#3: 752-59

Villavicencio, Ovette F., Fatimah Gilani, Maria A. Henriquez, Luis Izquierdo, and Renato R.
Ambrosio. 2014. 'Independent Population Validation of the Belin/Ambrésio Enhanced
Ectasia Display: Implications for Keratoconus Studies and Screening', International
Journal of Keratoconus and Ectatic Corneal Disead8e$-8

Vinciguerra, R., R. Ambrosio, Jr., A. Elsheikh, C. J. Roberts, B. Lopes, E. Morenghi, C. Azzolini,
and P. Vinciguerra. 2016. 'Detection of Keratoconus With a New Biomechanical Index',
J Refract Surg32: 803-10

Viswalingam, M., S. Rauz, N. Morlet, and J. K. Dart. 2005. 'Blepharokeratoconjunctivitis in
children: diagnosis and treatment', Br J Ophthalmal89: 4003

Vittal, V., A. Rose, K. E. Gregory, M. J. Kelley, and T. S. Acott. 2005. 'Changes in gene
expression by trabecular meshwork cells in response to mechanical stretching', Invest
Ophthalmol Vis Sci6: 285768

Vought, R., S. A. Greenstein, J. Gelles, and P. S. Hersh. 2025. 'The Pathophysiology of
Keratoconus', Corneg 44: 137-43

Wadhwa, H., S. Ismail, J. J. McGhee, B. Van der Werf, and T. Sherwin. 2020. 'Sphere-forming
corneal cells repopulate dystrophic keratoconic stroma: Implications for potential
therapy', World J Stem Celld2: 35-54

Waghmare, S. V., and S. Jeria. 2022. 'A Review of Contact Lens-Related Risk Factors and
Complications', Cureus 14: ¢30118

Wagner, H., J. T. Barr, and K. Zadnik. 2007. 'Collaborative Longitudinal Evaluation of
Keratoconus (CLEK) Study: methods and findings to date', Cont Lens Anterior Ey80:
223-32

Wahba, S. S., M. M. Roshdy, R. R. Fikry, M. K. Abdellatif, and A. M. Abodarahim. 2018.
'"Topographic Asymmetry Indices: Correlation between Inferior Minus Superior Value
and Index of Height Decentration', J Ophthalmal2018: 7875148

Walker, M. K., L. P. Pardon, R. Redfern, and N. Patel. 2020. 'TOP and Optic Nerve Head
Morphology during Scleral Lens Wear', Optom Vis S¢97: 661-68

The Ocular Response to Eye Rubbing in Keratoconus 191



References

Wallang, B. S., and S. Das. 2013. 'Keratoglobus', Eye (Lond)27: 1004—12

Wang, J., J. Bao, W. Song, S. Li, Y. Hao, L. Tian, and Y. Jie. 2022. 'Assessment of Eyelid Pressure
Using a Novel Pressure Measurement Device in Patients With Moderate-to-Severe Dry
Eye Disease', Front Med (Lausanne: 833576

Wang, X., S. Maeno, et al.2025. 'Early diagnosis of keratoconus using corneal biomechanics and
OCT derived technologies', Eye Vis (Lond)12: 18

Wang, X. Y., T. Q. Zhang, A. R. Rachwani, I. Blanco-Dominguez, C. Rocha de Lossada, A. M.
Adan-Civiera, and J. Peraza-Nieves. 2022. 'New algorithm for corneal densitometry
assessment based on anterior segment optical coherence tomography', Eye (Lond) 36:
1675-80

Wang, Y. C., O. B. Zolnik, S. Yasoda, L. K. Yeh, Y. Yuan, W. Kao, S. Saika, and C. Y. Liu.
2023. 'Transforming growth factor beta receptor 2 (Tgfbr2) deficiency in keratocytes
results in corneal ectasia', Ocul Surf 29: 55765

Wang, Zhenguo, Charles Reisman, Jonathan Liu, and Kinpui Chan. 2017. 'Introduction to Swept
Source OCT." in.

Wang, Zizhen, Haowen Ma, Yu Zhang, Yifei Yuan, Yan Liu, and Yueguo Chen. 2024.
'Differences in anterior chamber depth in keratoconus patients with binocular very
asymmetry ectasia’, BMC Ophthalmology24: 87

Watson, S. L., A. Ramsay, J. K. Dart, C. Bunce, and E. Craig. 2004. 'Comparison of deep lamellar
keratoplasty and penetrating keratoplasty in patients with keratoconus', Ophthalmology
111: 1676-82

Weed, K. H., C. J. MacEwen, T. Giles, J. Low, and C. N. McGhee. 2008. 'The Dundee University
Scottish Keratoconus study: demographics, corneal signs, associated diseases, and eye
rubbing', Eye (Lond)22: 53441

Weed, K. H., and C. N. McGhee. 1998. 'Referral patterns, treatment management and visual
outcome in keratoconus', Eye (Lond) 12 ( Pt 4): 663—8

Wegener, A., and H. Laser-Junga. 2009. 'Photography of the anterior eye segment according to
Scheimpflug's principle: options and limitations - a review', Clin Exp Ophthalmgl37:
144-54

Wei, R. H., S. Z. Zhao, L. Lim, and D. T. Tan. 2011. 'Incidence and characteristics of unilateral
keratoconus classified on corneal topography', J Refract Surge7: 745-51

West-Mays, J. A., and D. J. Dwivedi. 2006. 'The keratocyte: corneal stromal cell with variable
repair phenotypes', The international journal of biochemistry & cell biolo@®g8: 1625—
31

The Ocular Response to Eye Rubbing in Keratoconus 192



References

West, E. S., B. Munoz, A. Imeru, W. Alemayehu, M. Melese, and S. K. West. 2006. '"The
association between epilation and corneal opacity among eyes with trachomatous
trichiasis', Br J Ophthalmal90: 1714

White, T. L., P. N. Lewis, R. D. Young, K. Kitazawa, T. Inatomi, S. Kinoshita, and K. M. Meek.
2017. 'Elastic microfibril distribution in the cornea: Differences between normal and
keratoconic stroma', Exp Eye Red59: 4048

Wileman, J. M., M. O. Price, and F. W. Price, Jr. 2024. 'Case of Progressive Keratoconus With
Newly Diagnosed Pellucid Marginal Degeneration After Corneal Cross-Linking',
Corneg 43: 257-60

Willke, Richard J., Zhiyuan Zheng, Prasun Subedi, Rikard Althin, and C. Daniel Mullins. 2012.
'From concepts, theory, and evidence of heterogeneity of treatment effects to
methodological approaches: a primer', BMC Medical Research Methodolqgd@: 185

Willoughby, Colin E., Diego Ponzin, Stefano Ferrari, Aires Lobo, Klara Landau, and Yadollah
Omidi. 2010. 'Anatomy and physiology of the human eye: effects of
mucopolysaccharidoses disease on structure and function — a review', Clin Exp
Ophthalmoj 38: 211

Wilson, S. E., Y. G. He, J. Weng, Q. Li, A. W. McDowall, M. Vital, and E. L. Chwang. 1996.
'Epithelial injury induces keratocyte apoptosis: hypothesized role for the interleukin-1
system in the modulation of corneal tissue organization and wound healing', Exp Eye Res
62: 325-7

Wilson, S. R., A. M. Nelson, L. Batia, T. Morita, D. Estandian, D. M. Owens, E. A. Lumpkin,
and D. M. Bautista. 2013. 'The ion channel TRPAL1 is required for chronic itch', J
Neuroscj 33: 9283-94

Winkler, M., G. Shoa, Y. Xie, S. J. Petsche, P. M. Pinsky, T. Juhasz, D. J. Brown, and J. V. Jester.
2013. 'Three-dimensional distribution of transverse collagen fibers in the anterior human
corneal stroma', Invest Ophthalmol Vis Sdi4: 7293-301

Wisse, R. P., J. J. Kuiper, R. Gans, S. Imhof, T. R. Radstake, and A. Van der Lelij. 2015. 'Cytokine
Expression in Keratoconus and its Corneal Microenvironment: A Systematic Review',
Ocul Surf 13: 272-83

Wittig-Silva, C., E. Chan, F. M. Islam, T. Wu, M. Whiting, and G. R. Snibson. 2014. 'A
randomized, controlled trial of corneal collagen cross-linking in progressive keratoconus:
three-year results', Ophthalmology121: 812-21

Wojcik, K. A., J. Blasiak, J. Szaflik, and J. P. Szaflik. 2014. 'Role of biochemical factors in the
pathogenesis of keratoconus', Acta Biochim Pql61: 55-62

The Ocular Response to Eye Rubbing in Keratoconus 193



References

Wojtkowski, M., V. Srinivasan, T. Ko, J. Fujimoto, A. Kowalczyk, and J. Duker. 2004.
'Ultrahigh-resolution, high-speed, Fourier domain optical coherence tomography and
methods for dispersion compensation', Opt Expressl2: 2404-22

Wolle, M. A., J. B. Randleman, and M. A. Woodward. 2016. 'Complications of Refractive
Surgery: Ectasia After Refractive Surgery', Int Ophthalmol Clin56: 127-39

Wong, H., L. L. Fatt, and C. J. Radke. 1996. 'Deposition and Thinning of the Human Tear Film', J
Colloid Interface Sgil84: 44-51

Woodward, D. F., A. L. Nieves, S. B. Hawley, R. Joseph, G. F. Merlino, and C. S. Spada. 1995.
'"The pruritogenic and inflammatory effects of prostanoids in the conjunctiva', J Ocul
Pharmacol Therl1: 33947

World Medical, Association. 2013. "World Medical Association Declaration of Helsinki: ethical
principles for medical research involving human subjects', Jamag 310: 21914

Wybar, K. 1977. 'Wolff's Anatomy of the Eye and Orbit', Br J Ophthalmaql61: 302

Y .Milani, Behrad, Majdi Mercede, Moarefi Majid, and Ali Djalilian. 2013. 'Copeland and
Afshari's Principles and Practice of Cornea (Volume 1 and Volume 2).' in.

Yadav, R., R. Kottaiyan, K. Ahmad, and G. Yoon. 2012. 'Epithelium and Bowman's layer
thickness and light scatter in keratoconic cornea evaluated using ultrahigh resolution
optical coherence tomography', J Biomed Opt17: 116010

Yadlowsky, M., J. Schmitt, and Robert Bonner. 1995. 'Multiple scattering in optical coherence
tomography', Appl. Opt, 34: 5699-707

Yamaguchi, M., and A. Shiraishi. 2018. 'Relationship Between Eyelid Pressure and Ocular
Surface Disorders in Patients With Healthy and Dry Eyes', Invest Ophthalmol Vis Sdi9:
Des56—des63

Yang, K., D. Li, L. Xu, C. Pang, D. Zhao, and S. Ren. 2022. 'Independent and interactive effects
of eye rubbing and atopy on keratoconus', Front ImmunaJ 13: 999435

Yang, M., H. Tian, C. Xue, and J. Li. 2024. 'Diagnostic value of corneal optical densitometry in
keratoconus', Int Ophthalmo] 44: 294

Yang, S.,J. Zhang, Y. Tan, and Y. Wang. 2022. 'Unraveling the mechanobiology of cornea: From
bench side to the clinic', Front Bioeng Biotechnoll 0: 953590

Yang, X. L., Y. Wang, B. G. Luo, Y. Xu, and X. F. Zhang. 2021. 'Corneal epithelial thickness
analysis of forme fruste keratoconus with optical coherence tomography', Int J
Ophthalmo) 14: 89-96

Yang, XiaoDi, YiRan Wang, YuYing Liu, Yong Lyu, and WeiQun Wang. 2024. 'Longitudinal
assessment of the progression of severe keratoconus based on corneal topography’,

Scientific Reportsl4: 19642

The Ocular Response to Eye Rubbing in Keratoconus 194



References

Yin, S., L. Xu, et al. 2024. 'Gene—Environment Interaction Between CAST Gene and Eye-
Rubbing in the Chinese Keratoconus Cohort Study: A Case-Only Study', Invest
Ophthalmol Vis S¢b5: 36

Yin, Z., V. Pintea, Y. Lin, B. D. Hammock, and M. A. Watsky. 2011. 'Vitamin D enhances corneal
epithelial barrier function', Invest Ophthalmol Vis S&2: 735964

Yokoi, N., A. Komuro, M. Nishii, K. Inagaki, H. Tanioka, S. Kawasaki, and S. Kinoshita. 2005.
'Clinical impact of conjunctivochalasis on the ocular surface', Corneg 24: S24-S31

Yosipovitch, G., and L. S. Samuel. 2008. 'Neuropathic and psychogenic itch', Dermatol They21:
32-41

Zadnik, K., J. T. Barr, et al.1998. 'Baseline findings in the Collaborative Longitudinal Evaluation
of Keratoconus (CLEK) Study', Invest Ophthalmol Vis SA9: 2537-46

Zhang, B., Q. Xue, et al.2019a. 'Integrated 3D bioprinting-based geometry-control strategy for
fabricating corneal substitutes', J Zhejiang Univ Sci B0: 945-59

Zhang, Bin, Qian Xue, et al.2019b. 'Integrated 3D bioprinting-based geometry-control strategy
for fabricating corneal substitutes', Journal of Zhejiang University. Science.2B: 945—
59

Zhang, X. H., and X. Li. 2020. 'Effect of rigid gas permeable contact lens on keratoconus
progression: a review', Int J Ophthalmal13: 1124-31

Zhao, L., Y. Yin, et al. 2023. 'Comprehensive management of post-LASIK ectasia: From
prevention to treatment', Acta Ophthalmql101: 485-503

Zhao, Y., Y. Shen, Z. Yan, M. Tian, J. Zhao, and X. Zhou. 2019. 'Relationship Among Corneal
Stiffness, Thickness, and Biomechanical Parameters Measured by Corvis ST, Pentacam
and ORA in Keratoconus', Front Physio) 10: 740

Zhou, L., S. Sawaguchi, S. S. Twining, J. Sugar, R. S. Feder, and B. Y. Yue. 1998. 'Expression
of degradative enzymes and protease inhibitors in corneas with keratoconus', Invest
Ophthalmol Vis S¢B9: 111724

Zhou, L., B. Y. Yue, S. S. Twining, J. Sugar, and R. S. Feder. 1996. 'Expression of wound healing
and stress-related proteins in keratoconus corneas', Curr Eye Resl5: 1124-31

Zhou, W., H. Yu, and Y. Feng. 2022. 'Decrease in Tear Film Lipid Layer Thickness in Patients
with Keratoconus', J Clin Med 11

Zhou, Xiaoyu, Jiahao Xu, and Xuanchu Duan. 2025. 'Bidirectional Causal Relationships between
Corneal Biomechanics and Glaucoma or Intraocular Pressure', Ophthalmology Science
5: 100742

The Ocular Response to Eye Rubbing in Keratoconus 195



Appendices

APPENDIX A — POSTER PRESENTED AT THE AMERICAN ACADEMY OF OPTOMETRY CONFERENCE IN 2022

ANALYSIS OF EYE RUBBING BEHAVIORS IN A CLINICAL SAMPLE OF HEALTHY NORMALS AND KERATOCONIC PARTICIPANTS
eEEEEEEEEEE—— e e

Dr. Allan Ared'

AAO San Diego 2022 B.Optom, PhD (Candidate), FAAO

Poster Board #26

Prof Fiona Stapleton!'
PhD, FCOptom, FTSE, FAAO

. cnromcabnomuleyerubbmgmqmdm:ecornealtmumaandxs
with tl ion of ker xe)'
. Thlssmdyaamedtocomparetheeyenbbmghabnsolhealthymrmals
and those with KC via a novel questionnaire

The q i ... based on eye rubbing characteristics
rq;ortudmtheiteraﬂlm and comprised of 6 items:
1. How often, each day would you rub your eyes?

+ Once a day / twice a day / 3-5 times a day / More than 5 times a day
2. For how long on average do rub your eyes each time?

= Few seconds,/ up to one minute / I1-4mins / More than 5 minutes
3. What style of rubbing do you generally use?

« Fingertips / Sides of fingers / Palms of hands / Knuckles
4. Intensity of force you use when rubbing your eyes?

= Soft / Firm / Forceful / Very forceful
5. Area where you most often rub your eyes?

* Outside corner,/ Inside corner,/ Middle of eyelids
6. For how long you have been rubbing your eyes?

= Days/ Months /Years

* A linear mixed model with subject random intercepts was used to
determine dlﬁerences in age between healthy normals and KC.

- Diffe in sexb iy normals and KC were
determined with the x2 test.

* One and

y particig (n=60 KC, n=60 normal
the i ire.There were demographic
dlﬁerencesbetweeanandnomlalconhvlsmage, gender and
y of rubbing These are shown in Figures 1-6

1 P

= Hezlthynormalswueolder

* (39.4 % 13.5 years vs.33.0 £ 11.3 years, P = 0.006)

= iy normals i a higher proportion of females
= (58% vs.40%, P =0.045)

- ﬂnssmdylllmtratesu:eabiﬁtywdetennmuldquamiya

ior by way of a questionnaire.

- SMlvehealﬂlynomulsmbbedbutcidnothavekenmconusdlsease;
conversely some KC who did not rub presented with significant
keratoconus disease’.

* Overall, the control group tended to rub eyes less frequently and for
short periods of time.
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* This study did not address nocturnal external compressive forces,a
passive form of ocular rubbing, that has been described as “pillow
pressure” induced ocular trauma®, a known possible factor in the
progression of KC.

+ All questionnaires rely on recall’. However, the
two groups (healthy normals and KC); thus, this limitation is
controuedbu-ause it applied equally to both sets of participants.

. i cf y and severity are constrained in
some I(beprariousadv:ceformemhomd rubbing.

* Those with KC were more likely to rub their eyes more frequently,
for a longer duration and with greater force

+ Under these aspects of abnormal eye rubbing may help with
appropriate counselling, behavior modification techniques as well as
appropriate therapeutic treatment.

There are no conflicts of i
report for any of the authors
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APPENDIX B - SIGNAGE POSTER FOR REPEATABILITY STUDY

2 UNSW

UNSW

SYDNEY

School of

Australia’s
ety Optometry and
Vision Science

Repeatability of the Triton OCT and Oculus Pentacam

Researchers at UNSW Sydney (The University of New South Wales) and the
UNSW School of Optometry and Vision Science are seeking volunteer research
participants to learn about the size and transparency of the front part of the eye.
This research will be conducted at Omni Eye Centre, 8 Gray St. Kogarah

2217.

Would the research study be a good fit for me?

This study might be a good fit for you if you are in good general health, are aged
over 18 years and if you have healthy eyes. Measurements of the size and
transparency of front of the eye (cornea) are useful for eye health analysis which is
why we are recruiting suitable volunteers.

What would happen if | took part in the research study ?

If you decide to take part and later change your mind, you are free to withdraw from
the project at any stage. The researcher will take screening tests (10 mins) followed
by non-invasive eye measurements (25 mins). Your eye data will be recorded in a
coded manner which will be stored in both a paper and digital format.

Will | be paid to take part in the research  study ?
Participation in any research project is voluntary so there is no payment. If you do not
want to take part, you do not have to.

Who do | contact if | want more information or want to take part in the study?
If you would like more information or are interested in being part of the study please
contact:

Name: Dr. Allan Ared (Optometrist)

Email: allan.ared@student.unsw.edu.au

Telephone:  (02) 9587 1333

Website: Www.omnieyecentre.com.au

HRE®@pproval Number: Versiondated: DayMonth Year

Participantgroup:
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APPENDIX C — PARTICIPANT INFORMATION STATEMENT AND
CONSENT FORM FOR THE REPEATABILITY STUDY

1. What is the research study about?
You are invited to participate in this research study to help us collect repeatability data for our
project.

Aim of our research project : The research study is two-fold and aims to investigate 1. How
accurately the Topcon Triton OCT instrument measures the size of the front of the eye
(cornea) and 2. How accurately the Oculus Pentacam measures the transparency of the front
surface of the eye (cornea).

Significance of this project : Measurements of the size and transparency of the front of the
eye are useful for analysis of corneal health and integrity. However, we do not yet know how
accurately these two devices measure their respective structures. You have been invited to
participate in this project as a volunteer because you are likely to fit the eligibility criteria for
this research study.

2. Who is conducting this research?
The study is being carried out by the following researcher

Dr Allan Ared (Optometrist), Student Investigator
Omni Eye Centre

8 Gray St.

Kogarah NSW 2217 Australia
allan.ared@student.unsw.edu.au

Ph: +61 (2) 95871333

Professor Fiona Stapleton, Chief Investigator
Head of School, School of Optometry and Vision Science, UNSW Sydney
f.stapleton@unsw.edu.au

3. Inclusion/Exclusion Criteria
Before you decide to participate in this research project, we need to ensure that it is ok for
you to take part. The research study is looking to recruit people who meet the following
criteria:

Inclusion criteria:
Good general health
Aged > 18 years
Participants with healthy eyes (apart from KC)

Exclusion criteria:
Aged < 18 years
Those who have had any form of corneal surgery
Those who have scarring of the cornea (front surface of the eye)

Other criteria:

Contact lens wearers will be required to discontinue lens wear for two days prior to study
measurements.
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4. Do | have to take part in this research study?
Participation in any research project is voluntary. If you do not wish to participate, you are not

required to. If you decide to participate and later change your mind, you are free to withdraw

from the project at any time.

If you decide you want to take part in the research study, you will be asked to:
1 Read the information carefully (ask questions if necessary);
1 If you would like to participate, sign the consent form

5. What does participation in this research require, and are there any risks involved?

If you decide to take part in the research study, we will ask you to complete the following tasks:

Answer a list of questions asked by your researcher. These questions are related to your age,
gender, general health, eye health, contact lens usage and eye surgery/injury, as these factors
may affect your eligibility for this study. We do not anticipate any risks associated with
answering these questions.

NOTE: Participants will not be charged a fee for any testing they receive during their
participation. Participants will also NOT be paid for their involvement as the study is purely
voluntary.

This study is conducted in two stages, both of which will be on the same day.

Stage 1 (Screening, 10 minutes)

Stage 1, or the initial phase, will be carried out to assess your eligibility. Tests such as measuring
your vision and examining your eyes under a microscope will be performed. Aside from your time
commitment, we do not anticipate any risks involved. Some patients may experience slight glare
from the brightness of the microscope light, but this is typically temporary. The light's brightness
can be easily adjusted to your comfort. You will also be asked to complete a survey form
about your eye rubbing behavi ours. If you do not rub your eyes, there is no need to fill in the
survey form.

Stage 2 (Study measurements, 25 minutes)
In Stage 2, study measurements will be taken on participants who are screened and deemed
eligible from Stage 1.

The study measurements involve capturing three sets of measurements from each of the
diagnostic instruments: the OCT for one eye, followed by the Pentacam for the other eye.

A five-minute break will be given to you in between each instrument.

You are free to stop any of the procedures described above at any time. If you withdraw from the
research, we will destroy any information that has already been collected.

There are no known serious risks to participants expected from taking part in the study. Both
instruments have been used in clinical practice and research for many years. They are both non-
contact and non-invasive diagnostic tools. The Oculus Pentacam is a rotating camera, while the
Triton OCT uses light to capture an ultrasound image of the front surface of the eye.

6. What are the possible benefits  of participation?
We hope to use the information obtained from this research study to benefit other
clinicians, helping them  better understand the size and transparency details of the
front surface of the eye.
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What will happen to information about me?

By signing the consent form, you give permission to the research team to collect and use
information about you for the research study. Your eye data will be recorded in a coded
manner. We will store information about you in both paper and digital formats that are re-
identifiable. We will retain your recorded data for a period of 7 years in locked storage cabinets
and password-protected computers at Omni Eye Centre, 8 Gray Street, Kogarah, New South
Wales, Australia. Your information will only be used for the purpose of this research study,
and it will only be disclosed with your permission.

How and when will | find out what the results of the research study are?

The research team intend to publish and/ report the results of the research study in a variety
of ways. All information published will be done in a way that will not identify you.

If you would like to receive a copy of the results, you can let the research team know by
adding your email or postal address within the consent form. We will only use these details
to send you the research results. The results will also be made available via the School of
Optometry, University of NSW website http://www.optometry.unsw.edu.au/

What if | want to withdraw from the research study?
If you do consent to participate, you may withdraw at any time. You can do so by

completing the O6Withdr awhah is pdvided at the end bf thEor mé

document. Alternatively, you can  contact the research team and inform them that you
no longer wish to participate. If you decide to leave the research study, the researchers
will not collect additional information from you.

What should | do if | have further questions about my involvement in the research
study?
The person you may need to contact will depend on the nature of your query. If you
want any further information concerning this project or if you have any problems which
may be related to your involvement in the project, you can contact the following
membe r/s of the research team:
Research Team Contact Details

Name Dr. Allan Ared

Position Optometrist
Telephone +61 2 9587 1333

Email allan.ared@student.unsw.edu.au

Support Services Contact Details
If at any stage during the project you become distressed or require additional support

from someone not involved in the research  , please call:
Name/Organisation School of Optometry and Vision Science
Position Administrator
Telephone +612 9385 4624
Email optometry@unsw.edu.au

What if | have a complaint or any concerns about the research study?

If you have any complaints about any aspect of the project, or the way it is being
conducted, then you may contact:

Complaints Contact

Position Human Research Ethics Coordinator
Telephone + 61 2 9385 6222

Email humanethics@unsw.edu.au

HC Reference = HC17893

Number
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Consent Form 1 Participant providing own consent
Declaration by the participant

I understand | am being asked to provide consent to participate in this research project.

| have read the Participant Information Sheet, or someone has read it to me in a language
that | understand;

| understand the purposes, study tasks and risks of the research described in the project;

| provide my consent for the information collected about me to be used for the purpose of this
research study only.

| have had an opportunity to ask questions, and | am satisfied with the answers | have
received;

| freely agree to participate in this research study as described and understand that | am free
to withdraw at any time during the project, and withdrawal will not affect my relationship with
any of the named organisations and/or research team members;

I would like to receive a copy of the study results via email or post. | have provided my details
below and ask that they be used for this purpose only.

Name:

Address:

Email Address:

I understand that | will be given a signed copy of this document to keep.
Participant Signature

Name of Participant
(please print)

Signature of Research

Participant

Date

Declaration by Researcher*
| have given a verbal explanation of the research study, its study activities and risks, and |
believe that the participant has understood that explanation.

Researcher Signature*
Name of Researcher

(please print)

Signature of Researcher

Date

*An appropriately qualified member of the research team must provide the explanation of,
and information concerning , the research study.

Note: All parties signing the consent section must date their own signature.
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Form for Withdrawal of Participation

| wish to WITHDRAW my consent to participate in the research proposal described above and
understand that such withdrawal WILL NOT affect my relationship with The University of New
South Wales, nor Omni Eye Centre Kogarah. In withdrawing my consent. | would like to request
that any information | have provided for the purpose of this research project be withdrawn.

Participant Signature
Name of Participant

(please print)
Signature of Research

Participant

Date

The section for Withdrawal of Participation should be forwarded to:
Cl Name: @ Dr. Allan Ared

Email: @ Allan.ared@unswalumni.com

Phone: @ +61 29587 1333

Postal Address: = Omni Eye Centre
8 Gray St.
Kogarah NSW 2217
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APPENDIX D — SIGNAGE POSTER FOR RUBBING STUDY

UNSW

SYDNEY

School of
University Optometry and
Vision Science

Australia's
Global

The effects of eye rubbing on the cornea

Researchers at UNSW Sydney (The University of New South Wales) and the
UNSW School of Optometry and Vision Science are seeking volunteer research
participants to learn about the size and transparency of the front part of the eye.
This research will be conducted at Omni Eye Centre, 8 Gray St. Kogarah

2217.

Would the research study be a good fit for me?

This study might be a good fit for you if you are in good general health, are aged
over 18 years. Measurements of the size and transparency of front of the eye
(cornea) are useful for eye health analysis which is why we are recruiting suitable
volunteers. If you rub your eyes, then this will be extra beneficial to our research.

What would happen if | took part in the research study ?

If you decide to take part and later change your mind, you are free to withdraw from
the project at any stage. The researcher will take screening tests (10 mins) followed
by non-invasive eye measurements (25 mins). Your eye data will be recorded in a
coded manner which will be stored in both a paper and digital format.

Will | be paid to take part in the research  study ?
Participation in any research project is voluntary so there is no payment. If you do not
want to take part, you do not have to.

Who do | contact if | want more information or want to take part in the study?
If you would like more information or are interested in being part of the study please
contact:

Name: Student: Allan Ared (Optometrist)

Email: allan.ared@student.unsw.edu.au

Telephone:  (02) 9587 1333

Website: WwWW.omnieyecentre.com.au

Please advise our reception if you do not wish to receive further communication about our research studies

HRE@\pproval Number: HC Versiondated: 11-02-19

Participantgroup: Eye Rubbing Studyormals and KC Subjects
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APPENDIX E — PARTICIPANT INFORMATION STATEMENT AND
CONSENT FORM FOR THE RUBBING STUDY

1. What is the research study about?
You are invited to participate in this research study to help us collect data for our project on eye-rubbing.

Aim of our research project: The research study aims to investigate the effect that eye rubbing has on
the front surface of the eye (cornea).

Significance of this project: Measurements of the size and transparency of the front of the eye are useful
for analysis of corneal health and integrity. However, we do not yet know how the cornea changes
before and after eye rubbing. You have been invited to participate in this project as a volunteer because
you are likely to fit the eligibility criteria for this research study.

2. Who is conducting this research?
The study is being carried out by the following researcher

Professor Fiona Stapleton, Chief Investigator
School of Optometry and Vision Science UNSW Sydney
f.stapleton@unsw.edu.au

Allan Ared (Optometrist), Student Investigator
Omni Eye Centre

8 Gray St.

Kogarah NSW 2217 Australia
allan.ared@student.unsw.edu.au

Ph: +61 (2) 95871333

3. Inclusion/Exclusion Criteria
Before you decide to participate in this research project, we need to ensure that it is ok for you to take
part. The research study is looking to recruit people who meet the following criteria:

Inclusion criteria:
Good general health
Aged > 18 years

Exclusion criteria:
Aged < 18 years
Those who have had any form of corneal surgery
Those who have scarring of the cornea (front surface of the eye)

Other criteria:
Contact lens wearers will be required to discontinue lens wear for two days prior to study measurements.

4. Do | have to take part in this research study?

Participation in any research project is voluntary. If you do not wish to participate, you are not required
to. If you decide to participate and later change your mind, you are free to withdraw from the project at
any time.

If you decide you want to take part in the research study, you will be asked to:
1 Read the information carefully (ask questions if necessary);

1 If you would like to participate, sign the consent form

1 Please retain a copy of this form for you to keep
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5.  What does participation in this research require, and are there any risks involved?
If you decide to take part in the research study, we will ask you to complete the following tasks:

Answer a list of questions asked by your researcher on the day of your visit. These questions are related
to your eye rubbing behaviour, gender, general health, eye health, contact lens usage and eye
surgeryl/injury, as these factors may affect your eligibility for this study. We do not expect any risks to be
involved in answering these questions.

NOTE: Participants will not be charged a fee for any testing they receive during their participation.
Participants will also NOT be paid for their involvement as the study is purely voluntary.

This study is conducted in two stages, both of which will be on the same day.

Stage 1 (Screening, 10 minutes)

This is the preliminary stage and will be conducted to categorise you as either an eye rubber or a non-eye
rubber. A survey will be required to be filled out . All contact lens-wearing patients will be asked to
remove their lenses prior to the commencement of stage 2. If you do not rub your eyes , there is no
need to fill in the survey form,  and you will no longer take part in this study

Stage 2 (Study measurements, 15 minutes)

PART A (Pentacam)

(i) Pre-Rub

An initial measurement will involve capturing topographic images from each
cornea using the Oculus Pentacam. Three scans will be taken for each eye.
Each scan takes approximately 10 seconds to conduct. The machine does
not come into contact with the eye. There will be a brief pause of a few
seconds between each scan. This instrument will also categorise your
cornea as a normal cornea or one that has KC. The Student investigator will perform these scans and
explain the various categories of corneal shape in more detail.

(i) Post Rub

The subject will then be asked to rub his/her eyes.

A repeat Oculus Pentacam topography scan will be taken immediately post rub for each eye. Only one
scan will be taken for each eye, and the results will be collated.

If you were classified as a rubber from your survey result, you will be instructed to rub each eye in the
manner that you would normally rub (as stated in your answers). A repeat Oculus Pentacam topography
scan will be taken immediately post rub in each eye. Only one scan will be taken, and the results will be
collated.

A five-minute break will be given prior to moving on to the second instrument.

Part B (Triton OCT)

@ Pre-Rub

The method followed to capture measurements for the Triton OCT involves:

1. Explaining the test to you

2. You will be asked to blink three times prior to the measurement

3. Capturing the anterior segment corneal thickness measurement using the Triton OCT for one eye takes
about 5 seconds to complete. The machine does not come into contact with the eye.

4. Allow for a break of a few seconds, and steps 2-3 above will be followed for the next two consecutive
measurements.

5. Performing steps 2-4 above for your second eye.

(i) Post Rub (5 mins)

You will then be asked to rub your eyes.

A repeat corneal OCT scan will be taken immediately post rub for each
eye. Only one scan will be taken for each eye, and the results will be
collated.

If they were classified as a rubber from their survey result, then rub each
eye in the manner that you would normally rub, as stated in your survey
answers. A repeat corneal OCT scan will be taken immediately post rub in
each eye. Only one scan will be taken, and the results will be collated.

There are no known serious risks to the participants anticipated by
participating in the study. Both instruments have been used in clinical
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practice and research settings for many years. They are both non-contact instruments and, as such, non-
invasive diagnostic tools. The Oculus Pentacam is a rotating camera. The Triton OCT uses light to capture
an ultrasound image of the front surface of the eye.

The total time will be approximately 30 minutes for the entire duration of the study measurements

6. What are the possible benefits  of participation?

We hope to use the information obtained from this research study to benefit other clinicians, helping
them better understand the size and transparency details of the front surface of the eye and how these
structural parameters change with eye rubbing.

7. What will happen to information about me?

By signing the consent form, you give permission to the research team to collect and use information
about you for the research study. Your eye data will be recorded in a coded manner. We will store
information about you in a paper and digital format that is re-identifiable. We will retain your recorded
data for a period of 7 years after the completion of our study in locked storage cabinets and password-
protected computers at Omni Eye Centre, 8 Grey Street, Kogarah, New South Wales, Australia. Your
information will only be used for the purpose of this research study, and it will only be disclosed with
your permission.

8. How and when will | find out what the results of the research study are?

The research team intend to publish and/ report the results of the research study in a variety of ways.
All information published will be done in a way that will not identify you.

If you would like to receive a copy of the results, you can let the research team know by adding your
email or postal address within the consent form. We will only use these details to send you the research
results. The results will also be made available via the School of Optometry, University of NSW website
http://www.optometry.unsw.edu.au/

9. What if I want to withdraw from the research study?
If you do consent to participate, you may withdraw at any time. You can do so by completing the

‘Wit hdr awal o f, whitlo is previded atFhe ench of this document. Alternatively, you can
email the chief investigator of this study, Professor Fiona Stapleton, on f.stapleton@unsw.edu.au and
tell them you no longer want to participate. If you decide to leave the research study, the researchers
will not collect additional information from you.

10. What should I do if | have further questions about my involvement in the research study?

The person you may need to contact will depend on the nature of your query. If you want any further
information concerning this project or if you have any problems which may be related to your
involvement in the project, you can contact the following member/s of the research team:

11. Research Team Contact Details

Name Dr. Allan Ared

Position Optometrist

Telephone +61 2 9587 1333

Email allan.ared@student.unsw.edu.au

12. Support Services Contact Details
If at any stage during the project you become distressed or require additional support from someone
not involved in the research, please call:

Name/Organisation School of Optometry and Vision Science
Position Administrator

Telephone +612 9385 4624

Email optometry@unsw.edu.au
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What if | have a complaint or any concerns about the research study?
If you have any complaints about any aspect of the project, the way it is being conducted, then you may

contact:
Complaints Contact
Position Human Research Ethics Coordinator
Telephone + 61 2 9385 6222
Email humanethics@unsw.edu.au
HC Reference = HC180932
Number

13. What is the research study about?
You are invited to take part in this research study to help us acquire data for our eye-rubbing project.

Aim of our research project: The research study aims to investigate the effect that eye rubbing has on
the front surface of the eye (cornea).

Significance of this project: Measurements of the size and transparency of the front of the eye are useful
for analysis of corneal health and integrity. However, we do not yet know how the cornea changes
before and after eye rubbing. You have been invited to participate in this project as a volunteer because
you are likely to fit the eligibility criteria for this research study.

14. Who is conducting this research?
The study is being carried out by the following researcher

Professor Fiona Stapleton, Chief Investigator
School of Optometry and Vision Science UNSW Sydney
f.stapleton@unsw.edu.au

Allan Ared (Optometrist), Student Investigator
Omni Eye Centre

8 Gray St.

Kogarah NSW 2217 Australia
allan.ared@student.unsw.edu.au

Ph: +61 (2) 95871333

15. Inclusion/Exclusion Criteria
Before you decide to participate in this research project, we need to ensure that it is ok for you to take
part. The research study is looking recruit people who meet the following criteria:

Inclusion criteria:
Good general health
Aged > 18 years

Exclusion criteria:
Aged < 18 years
Those having had any form of corneal surgery
Those who have scarring of the cornea (front surface of the eye)

Other criteria:
Contact lens wearers will be required to discontinue lens wear for two days prior to study measurements.

16. Do | have to take part in this research study?
Participation in any research project is voluntary. If you do not wish to participate, you are not required

to. If you decide to participate and later change your mind, you are free to withdraw from the project at
any time.

If you decide you want to take part in the research study, you will be asked to:
1 Read the information carefully (ask questions if necessary);

1 If you would like to participate, sign the consent form

1 Please retain a copy of this form for you to keep
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17. What does participation in this research require, and are there any risks involved?
If you decide to take part in the research study, we will ask you to complete the following tasks:

Answer a list of questions asked by your researcher on the day of your visit. These questions are related
to your eye rubbing behaviour, gender, general health, eye health, contact lens usage and eye
surgery/injury, as these factors may affect your eligibility for this study. We do not anticipate any risks
associated with answering these questions.

NOTE: Participants will not be charged a fee for any testing they receive during their participation.
Participants will also NOT be paid for their involvement as the study is purely voluntary.

This study is conducted in two stages, both of which will be on the same day.
The total time will be approximately 30 minutes for the entire duration of the study measurements

18. What are the possible benefits to participation?

We hope to use the information obtained from this research study to benefit other clinicians, helping
them better understand the size and transparency details of the front surface of the eye and how these
structural parameters change with eye rubbing.

19. What will happen to information about me?

By signing the consent form, you give permission to the research team to collect and use information
about you for the research study. Your eye data will be recorded in a coded manner. We will store
information about you in both paper and digital formats that are re-identifiable. We will retain your
recorded data for a period of 7 years after the completion of our study in locked storage cabinets and
password-protected computers at Omni Eye Centre, 8 Gray Street, Kogarah, New South Wales,
Australia.

20. How and when will | find out what the results of the research study are?

The research team intend to publish and/ report the results of the research study in a variety of ways.
All information published will be done in a way that will not identify you.

If you would like to receive a copy of the results, you can let the research team know by adding your
email or postal address within the consent form. We will only use these details to send you the research
results. The results will also be made available via the School of Optometry, University of NSW website
http://www.optometry.unsw.edu.au/

21. What if | want to withdraw from the research study?
If you do consent to participate, you may withdraw at any time. You can do so by completing the

‘Wi thdrawal o f, whitlo in pravided athe enah of this document. Alternatively, you can
email the chief investigator of this study, Professor Fiona Stapleton, at f.stapleton@unsw.edu.au and
tell them you no longer want to participate. If you decide to leave the research study, the researchers
will not collect additional information from you.
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22. What should | do if | have further questions about my involvement in the research study?

The person you may need to contact will depend on the nature of your query. If you want any further
information concerning this project or if you have any problems which may be related to your
involvement in the project, you can contact the following member/s of the research team:

23. Research Team Contact Details

Name Dr. Allan Ared

Position Optometrist

Telephone +61 2 9587 1333

Email allan.ared@student.unsw.edu.au

24. Support Services Contact Details
If at any stage during the project you become distressed or require additional support from someone
not involved in the research, please call:

Name/Organisation School of Optometry and Vision Science
Position Administrator

Telephone +612 9385 4624

Email optometry@unsw.edu.au

What if | have a complaint or any concerns about the research study?

If you have any complaints about any aspect of the project, the way it is being conducted, then you may
contact:

Complaints Contact

Position Human Research Ethics Coordinator
Telephone + 61 2 9385 6222

Email humanethics@unsw.edu.au

HC Reference = HC180932

Number
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Consent Form i Participant providing own consent
Declaration by the participant

I understand | am being asked to provide consent to participate in this research project;

| have read the Participant Information Sheet, or someone has read it to me in a language that |
understand;

| understand the purposes, study tasks and risks of the research described in the project;

| provide my consent for the information collected about me to be used for the purpose of this
research study only.

I have had an opportunity to ask questions, and | am satisfied with the answers | have received;

| freely agree to participate in this research study as described and understand that | am free to
withdraw at any time during the project, and withdrawal will not affect my relationship with any of the
named organisations and/or research team members;

I would like to receive a copy of the study results via email or post. | have provided my details below
and ask that they be used for this purpose only.

Name:

Address:

Email Address:

I understand that | will be given a signed copy of this document to keep.
Participant Signature
Name of Participant (please
print)
Signature of Research
Participant
Date
Declaration by Researcher*
| have given a verbal explanation of the research study, its study activities and risks, and | believe that
the participant has understood that explanation.

Researcher Signature*
Name of Researcher (please
print)
Signature of Researcher
Date

*An appropriately qualified member of the research team must provide the explanation of, and
information concerning the research study.

Note: All parties signing the consent section must date their own signature.
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Form for Withdrawal of Participation

I wish to WITHDRAW my consent to participate in the research proposal described above and understand
that such withdrawal WILL NOT affect my relationship with The University of New South Wales, nor Omni
Eye Centre Kogarah. In withdrawing my consent. | would like any information that | have provided for the
purpose of this research project withdrawn.

Participant Signature

Name of Participant
(please print)

Signature of Research Participant
Date

The section for Withdrawal of Participation should be forwarded to:
Cl Name: | Professor Fiona Stapleton
Email: = f.stapleton@unsw.edu.au
Phone: | +61 2 9587 1333
Postal Address: | Omni Eye Centre
8 Gray St.
Kogarah NSW 2217
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APPENDIX F — ANTERIOR SEGMENT UNIT FOR THE TRITON SS-OCT
(AA-1 KIT)

The Triton SS-OCT system features an A-scan repetition rate of 100,000 Hz and employs a
tuneable laser as its light source, centred at 1050 nm. The axial resolution in tissue is 20 mm, with
an imaging depth of 9 mm, allowing for detailed visualisation of all corneal layers. To perform
an anterior segment scan with Triton SS-OCT, the device must be connected to the anterior lens
attachment and the proprietary rubber headrest. These components are included in the optional
anterior segment attachment kit, called the “AA-1" kit. (Proprietary information from Topcon

Medical).
The dimensions of the AA-1 kit components are as follows.

Headrest Specifications
1 Dimension: 180 mm (width) x 35 mm (height) x 61 mm (depth)
T Weight: 125 g
I Material: Silicone Rubber
Anterior Segment Lens Unit
1 Dimensions: 46 mm (width) x 83 mm (height) x 7 Imm (depth)
1 Weight: 12.3¢g
1 Material: Aluminium alloy
1 Optical Power: The optical power of the anterior segment lens unit is unknown because

it is proprietary information that the manufacturer has not made public.

—

/
Anterior Headrest

Anterior Lens

Topcon AA-1 Anterior Segment Kit
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APPENDIX G - KERACLUB WEBINAR, PRESENTED IN JULY 2020

KeraClub g -~

INSTITUTE

AUSTRALIA

KeraClub links patients, researchers and clinicians on the topic of keratoconus.

This year, the KeraClub will be held as a webinar.

Tuesday, 28 July 2020
S5pm —6pm AEST

Professor Stephanie Watson Jessica Chi Allan Ared
Save Sight Keratoconus COVID-19 & Contact Lenses Eye-rubbing & Keratoconus
Registry updates

Dr Himal Kandel
Save Sight Keratoconus
Registry publications

Michelle Urquhart
Moderator + patient-perspectives
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APPENDIX H - MESH SEARCH BUILDER

Keratoconus

Appendices

A noninflammatory, usually bilateral protrusion and thinning of the CORNEA, the apex being displaced downward and nasally. It occurs most
commonly in females at about puberty. Two closely related noninflammatory corneal ectasias are pellucid marginal degeneration and keratoglobus.

Date introduced: January 1, 1999

PubMed search builder options
Subheadings:

[Jblood

[[J cerebrospinal fluid
[[J chemically induced
classification

[[J complications

[[J congenital
diagnosis
diagnostic imaging
[ diet therapy
[Jdrug therapy
[Jeconomics
[Jembryology

[JRestrict to MeSH Major Topic.

(Do not include MeSH terms found below this term in the MeSH hierarchy.

Tree Number(s): C11.204.627
MeSH Unique ID: D007640
Entry Terms:

« Pellucid Marginal Degeneration

« Degeneration, Pellucid Marginal

« Marginal Degeneration, Pellucid

» Pellucid Marginal Degenerations

« Pellucid Marginal Corneal Degeneration
« Keratoglobus

All MeSH Categories
Diseases Category.
Eye Diseases
Corneal Diseases
Keratoconus
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[[J enzymology
epidemiology
[J ethnology
etiology
genetics

[J history

[J immunology
(") metabolism
[_J microbiology
(J mortality

[ nursing

[ parasitology

pathology
physiopathology
[ prevention and control
[[J psychology
[Jradiotherapy

[ rehabilitation

[ surgery

therapy

[Jurine

[ veterinary
[virology
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