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Abstract 

Purpose: There has been a resurgence of scleral lens wear, particularly for patients with corneal 

ectasia, such as keratoconus. This method of lens correction provides good visual acuity for these 

individuals and is often a clinically sought-after lens modality where others fail. The scleral lens 

vaults the ocular surface over a fluid reservoir, which provides additional comfort and neutralization 

of irregular astigmatism. The height of this fluid reservoir is often referred to as the central corneal 

clearance of the scleral lens. The long-term ocular physiological effects of scleral lens wear have not 

been definitively established. It is hypothesized that there is a low-grade level of corneal edema 

secondary to corneal hypoxia due to the barrier of the lens and fluid reservoir. There is an unanswered 

clinical question of “how much is too much?” with regards to central corneal clearance, in terms of 

limiting the amount of oxygen reaching the eye. This question has primarily been explored in the 

healthy rather than keratoconic population, as well as over a shorter period of wear, typically eight 

hours. The purpose of this study was to investigate the longer-term effects of scleral lens wear on a 

keratoconic population and explore differences in the effect on corneal physiology between two 

lenses of different targeted central clearances. 

Methods: Two pairs of scleral lenses of targeted central clearances of 150 (low clearance) and 250 

µm (high clearance) were fit on eight male participants with keratoconus, aged 31.6 (± 6.6) years. 

Each pair of lenses was worn for a 3-week period. At baseline and follow-up, central and paracentral 

corneal thickness was measured in the horizontal, vertical, and two oblique meridians at 8mm chord 

lengths. Total corneal thickness measurements were taken with the Oculus Pentacam® HR 

(OCULUS, Wetzlar, Germany) and the Spectralis® OCT (Heidelberg Engineering, Heidelberg, 

Germany), along with epithelial thickness measurements with the Spectralis® OCT. 

Results: Scleral lens wear with both the low and high clearance lens consistently resulted in a 

statistically significant increase in corneal thickness from baseline. There were statistically significant 
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increases in corneal thickness when comparing follow-up measurements from the low to high 

clearance lens measured with both instruments for the vertical meridian (Spectralis OD p=0.003, OS 

p=0.01; Pentacam OD p=0.014, OS p<0.001). In other cases, the Pentacam® showed a significant 

increase in corneal thickness from the low to high clearance lens for the horizontal (OS p<0.001) and 

oblique meridian involving the inferior temporal-superior nasal regions (OD p=0.006). For the 

oblique meridian involving the superior temporal-inferior nasal regions, both the Spectralis® and 

Pentacam® HR measured a significant difference between lenses for left eye data (Spectralis OS 

p=0.002; Pentacam OS p<0.001), but neither detected a significant difference between lenses for the 

right eye (Spectralis OD p=0.484; Pentacam OD p=0.436). For corneal epithelial thickness 

measurements, there were significant differences only noted in the left eye, oblique meridian 

(superior temporal-inferior nasal) when comparing the low to high clearance lens follow-ups 

(increase in epithelial thickness, p=0.007), and the baseline to low clearance lens follow-up visit 

(decrease in epithelial thickness, p=0.014). These results were inconsistent and minimally significant. 

Individual patterns with corneal thickness difference mapping revealed patterns of both diffuse and 

sectoral swelling, with a general preference for the nasal side when measured with the Spectralis®, 

and on the temporal side with the Pentacam®. Patterns of corneal swelling did not appear to be 

associated with the individual’s disease stage. Other individual differences were noted and described. 

Associations were sometimes noted between central total corneal swelling and decreases in visual 

acuity; locations of total corneal and corneal epithelial swelling; and total corneal swelling and 

position of lens decentration, however, links between these factors were not consistently observed. 

Bulbar hyperemia appeared to increase descriptively with scleral lens wear. Subjective comfort varied 

descriptively in lenses of varying central corneal clearance, with less comfort noted while wearing the 

higher clearance lens. 
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Conclusion: A 3-week period of scleral lens wear in the keratoconic population has been shown to 

induce low-grade corneal edema, regardless of whether low or high targeted central lens clearance has 

been fit. A higher targeted level of central corneal clearance may induce greater swelling, that is 

possibly location-dependent in this population. Individuals with keratoconus can exhibit distinctive 

patterns of corneal swelling in response to scleral lens wear, which may be independent of their 

disease stage, and should be considered in addition to the general effect of scleral lens wear in this 

population.  
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Chapter 1 

Literature Review on Hypoxia, Scleral Lenses, and Keratoconus 

1.1 Corneal Hypoxia 

1.1.1 Physiological Mechanism 

The cornea is a dome-shaped structure with unique architecture which covers the pupil and iris and 

allows light to enter the eye. As part of the visual system, the primary attributes of the cornea are its 

transparency and refractive power, both required for light to be adequately transmitted and converged 

onto the retina. The cornea serves as a significant contributor to the latter function, providing 

approximately two-thirds of the visual system’s refractive power.1 The cornea is comprised of five 

main layers, which are, anteriorly to posteriorly: the epithelium, Bowman’s layer, the stroma, 

Descemet’s membrane, and the endothelium (see Figure 1-1). Because of its distinctive properties, 

the posterior-most aspect of the corneal stroma has recently been described as a possible sixth pre-

Descemet’s membrane layer.2 The stroma comprises the majority of the thickness of the cornea and is 

the tissue layer whose structural state corneal transparency mostly depends on.  

 

Figure 1-1: The five established layers of the cornea in cross-sectional diagrammatic form. 
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Corneal properties and functions are maintained through the specific arrangement of collagen 

fibrils in the corneal stroma. The collagen fibrils, bound together by a predominantly proteoglycan 

matrix and supported by keratocytes, are arranged into bundles, referred to as lamellae.1,3 The 

homogeneous size and precise equal spacing of less than one wavelength of visible light between 

collagen fibrils promote optimal light transmission, with light scattering being negligible. If this 

particular arrangement is disrupted, the cornea will lose its transparency. This negative consequence 

of architectural disturbance is characteristic for many pathological conditions, the most common 

being corneal swelling of various etiology, in which increasing degrees of stromal hydration are 

associated with a progressive decrease in corneal transparency.  

In its homeostatic state, the corneal stroma maintains a water content of 78%.1 The corneal stroma 

is hydrophilic in nature, due to its high concentration of proteoglycans. To prevent an influx of water 

which would disrupt this tissue’s structure, both the corneal epithelium and endothelium serve as 

protection. The epithelium and endothelium are physical tissue barriers to passive transport of water 

through to the stroma, but also carry out active cellular processes to maintain this state. Both tissue 

layers are host to ion-exchange pumps, through which the controlled concentration of all ions drive 

the entrance and exit of water to and from the stroma via active transport.  

The epithelium’s most significant role in the maintenance of corneal homeostasis is to form a 

physical barrier both to fluid and pathogen entrance into the corneal stroma.1 It is structurally 

comprised of 5-7 cell layers of three cell types: basal, wing, and squamous cells. The key structural 

factor that allows the epithelium to function as a sound semipermeable barrier are the tight junctions, 

or zonula occludens between the exterior squamous cell membranes.4 All cell layers are also 

interconnected via gap junctions. Of lesser influence than that of the endothelium, the epithelium also 

allows for ion transport in maintenance of stromal deturgescence.1 Epithelial squamous cells are host 

to many ion exchangers and co-transporters which require biochemical energy in the form of 



 

 3 

adenosine triphosphate (ATP). Along with passive transport of ions down their chemical gradient, 

these active processes manifest as a net result of sodium ions entering the stroma from the tear film, 

propelling chloride ions from the stroma to the tears, resulting in water being osmotically driven out 

of the cornea to the tears.  

The endothelium, composed of a single, non-regenerating layer of polygonal cells is considered to 

be a more permeable barrier to water and ions compared to that of the epithelium.1 Across the 

endothelium, water and solute passively flow through cells and between cell junctions (macula 

occludens).4–6 Corneal swelling is then counteracted through the exchange and cotransport of sodium 

and other ions, to a greater extent out of the stroma to the aqueous humour, where water osmotically 

follows.7 These active metabolic processes necessary for preserving the corneal stroma’s structure 

also require biochemical energy in the form of adenosine triphosphate (ATP). 

The generation of ATP is achieved through cellular metabolism, which is most effectively carried 

out aerobically when an adequate supply of oxygen is available. In this aspect, the corneal epithelium 

is roughly ten times more metabolically efficient than the stroma.1,8 If oxygen availability is reduced, 

the cornea must divert to anaerobic methods of metabolism, yielding lactate as a by-product. Lactate 

accumulates greatly in the epithelium, passively enters the stroma, and then draws water into both the 

epithelium and stroma, causing an edematous response in both tissues (see Figure 1-2).9 
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Figure 1-2: Diagrammatic representation of anaerobic lactate generation and subsequent influx 

of water, causing corneal edema. Figure is reproduced with permission from Efron, 2012.10  

 

Because the cornea lacks its own vascular supply, oxygen must be delivered to it in an open-eye 

environment from the atmosphere via the tears, the aqueous humour, and the limbal vascular supply, 

the majority being supplied by the former (155 mmHg).1,11–15 In a closed-eye environment, the tarsal 

conjunctival vessels are the major source of oxygen, but provide a lower amount (55 mmHg). As a 

result, during sleep, the eye experiences a state of relative hypoxia. Another practical example of a 

barrier to corneal oxygen availability at its primary source in an open-eye environment is contact lens 

wear, which has been proven to interfere with the cornea’s access to oxygen.16–22 

1.1.2 Hypoxia with Contact Lens Wear 

The ability of a contact lens material to allow oxygen to pass through it is most often communicated 

as the oxygen permeability parameter known as the Dk, or, specific to a particular lens, oxygen 

transmissibility (Dk/t). The lens material itself has its own Dk (oxygen permeability) that does not 
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depend on the lens’ physical form or its surface properties.23 More descriptive in this aspect is the 

Dk/t, or oxygen transmissibility of the contact lens, which takes into account the thickness of the lens, 

by dividing the Dk by this property (in mm), and multiplying it by 10. This is significant because the 

amount of oxygen that reaches the ocular surface depends not only on the permeability of the 

material, but also on how much material it must pass through. The units of Dk are [10-11 cm2 x mL 

O2]/[sec x mL x mmHg], and of Dk/t are [10-9 cm2 x mL O2]/[sec x mL x mmHg]. To avoid hypoxic 

complications during daily soft contact lens wear, it was first determined by Holden and Mertz that 

the ocular surface requires a lens of minimum central Dk/t of 24 units to prevent hypoxia-induced 

corneal edema,18 and later postulated to be 35 units centrally when considering the prevention of total 

corneal anoxia, versus prevention of hypoxia in the basal epithelial cells (23 units).21 More recently, it 

has been proposed that the minimum lens Dk/t parameters to prevent corneal edema are 19.8 units 

centrally, and 32.6 units peripherally, since it has also been discovered that central corneal swelling 

behaves differently from that in the periphery during hypoxic stress.22,24 

In the early days of contact lenses when corneal oxygen requirements were not known, contact lens 

materials included glass and polymethyl methacrylate (PMMA), both of which have a Dk of 0.25 

After ocular hypoxic complications were observed with these low Dk materials, contact lenses began 

to be manufactured from materials with a higher oxygen permeability, such as acrylate polymeric 

combinations of silicone acrylates and other chemicals in rigid materials, and hydrogel polymers in 

soft materials, later incorporating silicone as well.  

Hypoxia with contact lens wear may result in corneal edema, depending on the oxygen 

transmissibility (Dk/t) of the lens, and the conditions under which the lens is worn26. An increase in 

total corneal thickness has been used as a surrogate measure for corneal edema, especially when it 

occurs at low levels.17,18 Many studies have shown that the total cornea swells as a result of hypoxia 

in response to both daily and extended wear of soft contact lenses, centrally and peripherally, with 
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various methods of measurement.16,19,22,27,28 In studies where acute corneal swelling secondary to 

hypoxia in a closed-eye environment have been studied, the greatest extent of edema occurs in the 

corneal stroma when measured by light backscatter,29 and directly by thickness.30 Some studies have 

claimed that epithelial swelling during hypoxia is not significant,31,32 while others have noted a 

significant amount of epithelial edema.30,33,34  

The extent of hypoxia-related swelling was previously thought to be greater posteriorly due to the 

mechanical resilience of the epithelium.35–37 More recently, hypoxia-related corneal swelling was 

reported to be greater in the anterior stroma and epithelium compared to that of the posterior cornea, 

measured with optical coherence tomography (OCT).30 Conversely, with long-term extended wear of 

contact lenses of lower oxygen transmissibility, chronic effects on the cornea include reduction in 

both epithelial and stromal thickness centrally38–40 and in the midperipheral and peripheral cornea.40 

In subjects with varied wear schedules, long-term total corneal thinning was noted both centrally and 

peripherally.41 This has been noted in both rigid and soft lens materials.38,39 Epithelial thinning occurs 

to an even greater extent in soft lenses when the Dk of the lens is low,39,40 presumably due to 

structural damage as a result of chronic hypoxia.26 The relationship and interaction between the 

hypoxia-induced corneal changes, which might be temporary and reversible, and the permanent 

changes in corneal thickness with lens wear are complex and dependent on multiple factors with 

highly variable influence. 

1.1.3 Other Physiological Ocular Manifestations of Contact Lens-Induced Hypoxia 

In addition to corneal edema, corneal hypoxia results in changes to the characteristics of the corneal 

epithelium. Epithelial cells experience lactic acid accumulation, which can compromise the integrity 

of the cells, leading to functional decompensation.10 This damage has been observed clinically as 

diffuse superficial punctate keratitis (SPK), visible with fluorescein staining.42 It has been proven that 

contact-lens related hypoxia also results in damage and downregulation to the zonula occludens of 
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corneal epithelial cells, largely responsible for this tissue layer’s function as a tight barrier, along with 

loss of squamous epithelial cells themselves.43,44 The weakening of these attachments compromises 

the epithelial barrier integrity, and also manifests as corneal staining.26 

When the ocular surface experiences a metabolically hypoxic environment, the concentration of 

chemical mediators in the ocular interstitial fluid are increased, causing arterioles of the conjunctiva 

to dilate in response, to promote blood flow to ocular tissues.10,45 It is suspected that in the limbal 

vasculature, endothelial release of nitrous oxide may cause vasodilation, resulting in increased limbal 

hyperemia in a hypoxic event, although this has not been proven.46 There is a stronger association 

between hypoxia and increased limbal redness,47 in comparison to hypoxia and conjunctival 

redness,45,48 although both phenomena in theory should occur due to vascular autoregulation.49 

Increased blood flow to the conjunctiva and limbus manifest as redness, or hyperemia, and both can 

be observed and graded clinically.  

Although both corneal fluorescein staining and limbal and conjunctival hyperemia have been 

established as signs of hypoxia, both clinical signs are non-specific and can be associated with ocular 

surface insult, as in ocular surface disease or contact lens wear.  

Other ocular consequences of clinically significant corneal hypoxia include stromal striae and 

folds, epithelial microcysts, corneal neovascularization, endothelial polymegathism, and significant 

fluid influx into the corneal stroma, which disrupts the regularly spaced collagen lamellae.1,9,10,23 This 

is believed to create an optical effect wherein localized fluid spaces which are no longer occupied 

homogenously by collagen fibrils exhibit a decrease in transparency, and are visible as linear “striae”. 

It has been proposed that striae appear when the cornea swells to more than 5% of its original 

thickness.10,23 Further corneal edema, on the order of 10% or greater may result in stromal folds, 

which are thought to be due to the alteration in shape from a smooth curve to having more localized 
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bending or “buckling” in the posterior stroma and Descemet’s membrane as a result of the stress from 

corneal swelling. In very extreme cases of edema, haze or corneal clouding may occur, where there is 

a significant reduction of transparency due to diffuse loss of homogeneity in the arrangement of 

collagen fibrils. Other factors, such as an excess of lactic acid production during hypoxia, or the 

mechanical compression of a contact lens on already-present blood vessels to yield greater lactic acid, 

may also play a role.50,51 

Chronic hypoxia upregulates the expression of VEGF (vascular endothelial growth factor), an 

important chemical mediator which promotes new blood vessel growth – neovascularization of the 

cornea.10,23 Neovascularization can negatively affect both the structural integrity of the cornea as well 

as the candidacy for corneal transplantation.  

1.2 Scleral Lenses 

1.2.1 Description of Scleral Lenses 

Scleral contact lenses are large-diameter rigid contact lenses composed of gas-permeable materials, 

which vault over the ocular surface with a fluid layer between lens and eye, and land on the sclera.52 

The use of a firmly confined liquid reservoir to optically correct corneal refractive error was theorized 

upon by Leonardo da Vinci in 1508, however, the invention of scleral lenses was not reported on for 

many years later.53,54  In fact, the first published use of a contact lens was a scleral lens, by Adolf Fick 

in 1888.53 Other early researchers, Eugene Kalt and August Müller, independently developed scleral 

lenses around this time, apparently without awareness of one another’s discoveries. However, at the 

time, these lenses were comprised of glass materials and later PMMA, both not permeable to oxygen, 

and fell out of favour for a number of years.23,55 

Scleral lenses can typically range in size from 15 to 25mm,55 and depending on size and its relation 

to the patient’s ocular surface anatomy, previous convention established that a lens was termed as 
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either a corneo-scleral or scleral lens, which may include mini-sclerals and large sclerals.52 The 

Scleral Lens Education Society has since established universal terminology and categories to describe 

different scleral lenses, as well as the fit of a scleral lens.56 This report has termed all lenses landing 

on the conjunctiva to be considered scleral lenses, regardless of their sizes. A scleral lens is 

comprised of three zones (see Figure 1-3); the central optical zone (Figure 1-3A), the midperipheral 

transition zone (Figure 1-3B) and the peripheral landing zone (Figure 1-3C).  

 

Figure 1-3: Schematic diagram of a scleral lens depicting A: optical zone, B: transition zone, 

and C: landing zone. Reproduced with permission from Michaud et al, 2020.56  

 

On the eye, the central optical zone (A) will typically align with the cornea, the midperipheral 

transition zone (B) with the limbus, and the peripheral landing zone (C) with the sclera, which should 

be the only area on the ocular surface with which the lens makes contact.52 

The fluid layer between the lens and cornea can be quantified and measured, and is referred to as 

the “clearance” or “tear reservoir height”, 52,55 and in the above mentioned report, has been 

established officially as the fluid reservoir.1 56 The clearance is clinically measured centrally as the 

central corneal clearance (CCC), and over the highest point of corneal elevation if this is different 

from the centre (as in cases of corneal ectasia57,58) as well as over the limbus. Clearance can be 

estimated by the clinician at the biomicroscope using the optic section technique angling the slit beam 

on a 45-52,58 or 60-degree angle,59 or with OCT.59 It has been shown that biomicroscopic estimation of 

 
1 The fluid reservoir will also be referred to as “clearance” throughout this thesis. 



 

 10 

this parameter at a 60-degree angle tends to overestimate the amount of clearance, compared to that of 

anterior segment OCT, likely because the cross section is being observed obliquely, rather than 

orthogonal to the surface, as with OCT.59 This parameter is significant to assess when fitting scleral 

lenses. Excessive clearance may limit the amount of oxygen that reaches the cornea,11,60,61 but 

minimal clearance may result in lens touch, which is not desired as this may be abrasive to the corneal 

epithelium and result in erosions and scarring.23,62,63 

A scleral lens must be applied concave side up, with fluid – usually preservative-free saline – in the 

lens bowl. This is done with the patient holding their head parallel to the ground, so that the fluid does 

not spill out of the lens bowl upon insertion. As the lens is worn, the amount of clearance between the 

lens and the ocular surface is not static; in fact, the lens will “settle” towards the eye due to the 

landing zone of the lens gradually sinking into the conjunctiva, resulting in a reduction in the amount 

of clearance.52,64–66 For this reason, careful measurements of ocular surface biometry and 

consideration of the desired amount of clearance for prediction of ideal lens parameters (along with 

subsequent calculation including compensation for settling) are necessary to facilitate selection of the 

optimal initial diagnostic scleral lens during the fitting process.67,68 Additionally, if fluid is lost upon 

insertion or the lens fit is not ideal, air bubbles may form in the post-lens tear reservoir, which can 

cause desiccation of the ocular surface.51 

1.2.2 Indications for Scleral Lens Wear 

There are many indications for scleral lens wear, including but not limited to corneal ectasia, post 

corneal transplant, high corneal astigmatism or refractive error, corneal scarring, corneal dystrophies 

and degenerations, ocular surface disease, aphakia, myopia, and ptosis.69–72 Of these, the largest 

population of scleral lens wearers are those with corneal ectasia, specifically keratoconus. The first 

report of a scleral lens being used for an individual with keratoconus was by Panas in 1888, shortly 

after the first scleral lens was reported upon by Adolf Fick.53,54 The use of scleral lenses for visual 
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correction in cases of an irregular corneal shape is useful because the fluid within the lens bowl 

optically counteracts irregular astigmatism and aberrations by physically filling in the space between 

the irregular cornea and the optically regular scleral lens surface.  

Additionally, due to the sealed nature of the lens fit, there is a maintenance of the hydrostatic 

pressure of the fluid reservoir, stabilizing the lens and minimizing movement.69 The relatively 

immobile nature of the lens provides good visual stability, particularly in eyes with a higher amount 

of aberrations,55 as in keratoconus.23,73–75 This is also the case in patients who have had corneal 

transplants, where high, often irregular astigmatism, as well as increased higher-order aberrations are 

often present.70 In the case of ocular surface disease, the lens and fluid layer provide protection and 

lubrication to the ocular surface.71,72,76  

1.2.3 Complications of Scleral Lens Wear 

Comparable to the wear of other lens types, complications that can result from scleral lens wear may 

be of hypoxic, mechanical, infectious, or inflammatory origin.57 Currently, the long term impacts that 

scleral lens wear has on the physiology of the cornea and limbus are being explored, but have not 

been definitively established, due to the recent resurgence of this lens modality. Known complications 

with scleral lens use will be briefly outlined.  

Relative hypoxia with subsequent corneal edema, limbal and conjunctival hyperemia, and hypoxia-

induced corneal staining are a few of the possible complications of prolonged scleral lens wear. There 

are two barriers to oxygen delivery from the atmosphere to the cornea in scleral lens wear, that is, the 

lens itself, and the post-lens fluid reservoir. In addition to these barriers, modern scleral lenses are 

also known to promote little tear exchange due to the nature of the lens fit, where further oxygenation 

would typically occur.51,57,60,61 The combination of these aspects limit the routes for oxygen delivery 

to the cornea through both the lens and the post-lens fluid reservoir, possibly resulting in corneal 
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edema, as well as an increase in limbal and conjunctival hyperemia and corneal staining due to 

hypoxia.10,47 Scleral lens wear has been shown to induce a subclinical amount of total corneal edema 

secondary to hypoxia,77–84 which may be associated with changes in the depth of the fluid reservoir, 

or central corneal clearance.77,79–81,84,85 This will be discussed in greater detail in Chapter 2. 

Contact lens-induced hypoxia has been associated with increases in epithelial thickness acutely in a 

closed-eye environment,30,34 and a decrease in thickness chronically.38,40 With scleral lens wear, 

epithelial thickness changes were not found to be outside of the normal level of diurnal 

fluctuation.33,83,84 In contrast, observed hypoxia-induced changes in the corneal stroma with scleral 

lens wear were quite significant and not attributable to diurnal variation in healthy patients. In other 

words, corneal edema as a result of scleral lens wear has been postulated to be largely due to stromal, 

rather than epithelial edema. Other possible yet nonspecific epithelial changes as a result of hypoxia 

with scleral lens wear include epithelial bullae and microcysts,51 and, more recently, transient 

endothelial bleb formation.86 Neovascularization, another classic sign of direct hypoxia is also 

possible with scleral lens wear, but its occurrence in this case is theorized to be more likely primarily 

due to lens fit issues. For example, this may occur in a tight lens fit, which may hinder blood flow and 

result in increased lactic acid production,10 or additionally in cases of chronic conjunctival prolapse,87 

which will be discussed in greater detail below.  

Other complications of scleral lens wear may be the result of the lens fit and are therefore more 

mechanical in nature. It is known that the topography of the sclera is asymmetric,88,89 sometimes 

leading to a less than ideal fitting relationship between the landing zone of a spherical scleral lens and 

the sclera.51,57 As a result, uneven weight distribution of the lens may occur and consequentially 

induce compression across the landing zone, or even impingement of tissue and vasculature, both of 

which apply pressure to the conjunctival tissue and blood vessels in certain regions.90 Specifically, 

compression describes an increased pressure of the lens on the ocular surface across the lens landing 
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zone, where impingement refers to increased pressure concentrated at the lens edge. An interruption 

of blood flow can result in these locations, clinically noted as “blanching”, in the case of both 

compression and impingement.23 In the opposite case, the landing zone of the edge may be lifted 

relative to the ocular surface, which may contribute to bubble formation, and, if persistent, may result 

in corneal staining due to desiccation, along with debris accumulation underneath the lens.52 This is 

suboptimal for both ocular surface health, and patient comfort. In order to mitigate these 

complications, scleral lenses can often be ordered with a toric periphery applied, where different 

peripheral curves are specified in order to optimally align with the ocular surface, or an overall flatter 

landing zone if these complications are noted circumferentially.  

Other mechanical complications that may occur as a result of negative pressure in the fluid behind 

the lens include conjunctival prolapse, or hooding, and lens “seal-off”.23,51,57 Briefly, the former 

involves the movement of conjunctival tissue towards the peripheral cornea, in some cases making 

prolonged contact with the cornea, which may chronically result in corneal scarring and 

vascularization.87 Generally, conjunctival prolapse is not considered to be an adverse event, so long as 

it is reversible after lens removal, indicating that conjunctival-corneal adherence is not occurring. 

Clinically, decreasing the limbal clearance of the scleral lens, or applying a toric periphery may 

prevent this complication. Lens seal-off occurs when the lens is strongly suctioned onto the eye, 

which limits the exchange of tears from the tear film to the fluid reservoir and vice versa, which may 

have implications in corneal hypoxia, and cause retention of metabolic waste products in the fluid 

reservoir. Additionally, this is not comfortable for the patient, notably during removal of the lens. 

This characteristic of scleral lens fitting has been suggested to result in increased intraocular pressure, 

due to fluid pressure forces on the ocular surface, but this has not been definitively established, in part 

due to the difficulty of measuring intraocular pressure with a scleral lens applied.91 
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Depending on the fit of the lens and ocular surface elevation, corneal bearing or touch may be 

encountered, where the lens does not completely vault the cornea. Mechanical corneal staining and 

discomfort may result, as well as epithelial bullae and microcysts, and chronic epithelial 

breakdown.23,51 This can occur over the corneal apex, in particular, the pathological cone area in 

keratoconus, and at the limbus.57 Ocular surface epithelial cells, in particular limbal stem cells, play a 

key role in corneal health and regeneration.92 Thus, when fitting scleral lenses, lens parameters should 

be chosen to minimize touch at the ocular surface, and if this cannot be avoided, these areas should be 

carefully monitored to ensure that there are no adverse ocular health outcomes for the patient. 

In some cases, mid-day fogging or reservoir debris accumulation has been noted with scleral lens 

wear.23,51,57 There is not thought to be a single cause for this phenomenon, but it has been observed 

more frequently in those with ocular surface disease, as well as atopic disease. Other suspected causes 

include a suboptimal lens fit, in particular a high lens clearance, a tight lens fit, or conversely, 

excessive edge lift. There are various types of fogging that have been observed, including mucus 

debris, “diluted milk” fogging, and lipid debris, all of which have a distinct appearance. If the cause 

of the debris is modifiable by adjusting the lens fit, this complication may be mitigated. However, if 

this is not possible, other options that may be trialed in order to minimize this include substitution for 

a more viscous solution for scleral lens application, or removal and re-application of lenses 

throughout the day.  

Although rare, infectious complications can occur with scleral lens wear. In a great number of these 

reported cases, the individual had ocular surface disease, or was taking corticosteroids, which in 

theory would reduce the mechanical epithelial and chemical immune response to infection.57 If 

microorganisms are present on the lens or in solution, the limited tear exchange and sealed nature of 

the tear reservoir in a scleral lens fit can create a stagnant environment for an infection to occur.93 

Inflammatory events are also possible with scleral lens wear. Scleral lens wear involves the lens, on 
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which deposits may accumulate, the cleaning and conditioning solution, and the tear reservoir behind 

the lens, which may contain metabolic waste, exotoxins and other debris.23,51 These elements are all 

potential irritants to the ocular surface, and have the capability of causing hypersensitivity or sterile 

inflammatory events, such as giant papillary conjunctivitis, or corneal infiltrates. Similar logic as 

previously discussed for infectious events with respect to the sealed nature of the lens fit applies here 

– non-infectious irritants may remain in the relatively inert fluid reservoir due to minimal tear 

exchange and continue to aggravate the ocular surface. Additionally, the nature of the interaction of 

the lens and the ocular surface due to the lens fit may result in irritation or inflammation. To reduce 

the likelihood of both infectious and inflammatory complications, prudent and aggressive disinfection 

of lenses is recommended, and in some cases for inflammatory events, lens parameter modification 

may be of preventative value.  

1.3 Keratoconus 

1.3.1 General Overview 

Keratoconus is a progressive, degenerative corneal dystrophy, wherein corneal ectasia manifests as 

irregular astigmatism.23,94,95 Ectasia is a term used clinically to describe corneal pathology where the 

corneal shape deviates from that of the average population. Individuals with keratoconus often 

experience vision distortion and loss as a result of corneal ectasia, which varies according to disease 

severity, and in many cases cannot be corrected with conventional spectacles and contact lenses. 

Keratoconus is bilateral but often asymmetric in its presentation, most commonly presenting and 

accelerating in youth, then stabilizing around the fourth decade.23,94 There has not been a sole etiology 

established for keratoconus, however various factors including eye rubbing, atopy, genetics, 

connective tissue disorders, Down Syndrome, and oxidative stress are associated with this condition. 

Although initially thought to be a non-inflammatory disease process, there is increasing evidence that 
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this condition has certain attributes that are inflammatory in nature.96,97 Clinical signs that may 

prompt a practitioner to investigate or diagnose keratoconus include, but are not limited to, corneal 

scarring and stromal thinning, Fleischer’s ring, Vogt’s striae, or even simply in early stages, reduced 

vision that cannot be corrected to 20/20 in the absence of other causes.63,98,99 Clinically indicated 

testing for the management and diagnosis of individuals with keratoconus may include topography 

and tomography to measure corneal pachymetry,2 curvature and elevation individually or 

simultaneously via diagnosis and progression indices, as well as OCT to measure total and epithelial 

corneal thickness and visualize morphological abnormalities.100–103 

1.3.2 Demographics 

The incidence of keratoconus has been reported to range from 50-230 individuals per 100 000,94,99 

with some studies citing rates as low as 1.4 per 100 000104 and 2 per 100 000,105 and as high as 600 

per 100 000,106 all three of these studies having been performed in predominantly Caucasian 

populations in the United States and Finland. The prevalence of this disease is reported to be 

approximately 54.5 per 100 000 in an American population,105 and 28.7107 – 28.8104 per 100 000 in 

European Caucasian populations. A more recent study from The Netherlands has suggested an annual 

incidence of 13.3 individuals per 100 000 and a prevalence of 265 per 100 000.108 The diverse range 

in these figures may be due to varying diagnostic criteria for this condition among practitioners in 

different areas, and changing technology to enhance diagnosis, depending on where and when the 

study was conducted.94,99 It was previously thought that keratoconus has no predilection for ethnicity, 

but more recent studies carried out in the United Kingdom have reported a much higher incidence in 

the South Asian population compared to Caucasians, particularly those of Northern Pakistani origin, 

reporting a four to nine fold increase in incidence when comparing these two ethnic groups.107,109,110 

 
2 Throughout this work, pachymetry does not refer to the use of a physical pachymeter unless otherwise 
specified. Instead, this term is used interchangeably with corneal thickness. 
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There is not a consensus on whether keratoconus is more prevalent in males107,111,112 versus 

females94,98 as various findings have been reported for both cases, where other investigators claim that 

both sexes are affected equally.99,105 

1.3.3 Biochemistry and Histopathology 

In the disease process of keratoconus, all corneal layers may eventually be affected, however it has 

been long believed to originate with changes to the corneal epithelium.23,94,99,113 A classic “triad” of 

prominent effects have been observed in the pathological process, including corneal stromal thinning, 

breaks in Bowman’s layer, and the accumulation of iron in the basal epithelial cells of the cornea 

around the base of the cone, which may be observed clinically as a Fleischer ring (shown in Figure 

1-5A, where clinical signs of keratoconus are detailed in a later section).23,94,99 Early in the disease 

process, the structural integrity of the basal epithelial cells are thought to deteriorate, with ensuing 

damage to their basement membrane and sometimes epithelial or stromal invasion into Bowman’s 

membrane.114 In some cases, a thickening of material below basal epithelial cells is observed, forming 

a membrane-like structure,99,113 containing unidentified “particles”, which have also been observed on 

the surface of Bowman’s membrane.94,99 These particles have been proposed to contain the enzyme 

collagenase, an enzyme which degrades collagen and contributes to the initial architectural distortion 

of the stroma, ultimately resulting in thinning and anterior protrusion.94,115 Other epithelial cellular 

changes observed in vivo include altered morphology of epithelial cells at the cone apex, including 

elongation of superficial cells arranged in a whorl-like configuration, and folding of basal cells, which 

demonstrate high reflectivity.116–120 Increasingly elongated, or spindle-shaped superficial cells have 

been primarily noted in severe cases of keratoconus.116,119–121 There is not an agreement in the 

literature on whether these cells are greater in size, resulting in in a lower cell density compared to 

eyes without keratoconus,116 or if cell size and density do not differ between these two populations.122 

In severe cases, wing epithelial cells have been noted to be larger than in control eyes.119–121,123 Most 
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of these same studies determined basal cell density to be lower in KC due to larger cell size, and a 

more abnormal appearance, particularly in cases of severe disease119–121 Conversely, other researchers 

found basal cell density to be significantly higher in eyes with keratoconus compared to 

controls.120,122 

Further, epithelial thickness has been reported to vary greatly centrally in vivo and in vitro119,120 as 

well as ex vivo124 more so than peripherally, which has been attributed to cellular polymegathism, 

rather than an increase in cellular propagation.113 In these studies, the proximity of the pathological 

cone region of the cornea to the centre was not specified for patients and samples analyzed. However, 

the cone region in keratoconus more often involves the central and paracentral cornea, in contrast to 

the periphery. Qualitative cellular morphology,117,118 as well as decreased variability in measured 

epithelial thickness113 in the peripheral cornea outside of the cone area has been observed to be more 

representative of a normal cornea. Others have noted specifically corneal epithelial thinning to be a 

very common histopathologic finding in eyes with keratoconus in ex vivo sections involving the 

cone125, and also reported as a general finding where the cone location was not specified with respect 

to the epithelial thinning.114,119 

Due to the close association between the epithelium and Bowman’s layer, the latter providing 

support and a means of attachment to the anterior stroma for the former, it is easily foreseeable that 

locations of epithelial irregularity would correlate to compromise of Bowman’s layer.113 In keeping 

with this, it has been observed that in-vitro, there was a thinning or loss of Bowman’s layer more so 

centrally than peripherally, where the disease process primarily occurs.113 More recently, it has been 

proposed that damage to Bowman’s layer is more pathologically complex than straightforward 

rupturing and breaks, noting the complete absence of this structure in some locations.113,118,126 Other 

observations have included hyperreflectivity adjacent to Bowman’s layer,117 as well as the apparent 

bifurcation of this structure.119,120 In the peripheral cornea outside of the typically severely diseased 
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area, investigators have observed distinct processes from the stroma infiltrating Bowman’s layer, 

which may indicate early steps of the pathological mechanism, as this was noted outside of the 

severely diseased area.118,120,127 

As previously noted, the corneal stroma is composed of collagen fibrils bundled into lamellae, 

bound together by a proteoglycan matrix, both secreted by keratocytes.1 In the keratoconic cornea, 

there are different amounts and characteristics of these substances, in particular in the “cone” area.94 

Type I collagen, which is the most ubiquitous of all collagen types present in the cornea, makes up 

the majority of the stroma’s lamellar structure. Studies that have quantified these proteins with 

transmission electron microscopy have shown that between normal and keratoconic corneas, there is 

no difference between the thickness of the lamellae,128 and between these two groups, spacing 

between lamellae has been confirmed to be similar through X-ray diffraction.129 Another study has 

disputed these findings, claiming that collagen fibril diameter may be decreased in keratoconus, and 

additionally that collagen fibrils are more densely packed in keratoconic corneas.130 Biochemical 

studies that have attempted to quantify the amount of collagen have not universally reported that the 

keratoconic cornea has lower quantities compared to the normal cornea.118 Some investigators have 

reported less collagen128 and total protein in general in the keratoconic cornea,131,132 while others 

report the opposite,130 specifically, a technically greater amount of Type I collagen in keratoconic 

corneae, however this was not a significant difference.118,133 Similarly, others reported no differences 

in collagen composition between the keratoconic and normal cornea, with the exception of a greater 

amount of type III collagen over areas of scarring.118,134,135 Scarring has also been proposed to be a 

result of compaction of stromal fibres, occurring in similar locations to where epithelial breaks and 

thinning have been noted, suggesting that these epithelial changes occur prior to further stromal 

remodeling.114,125 Other researchers have claimed a variable presentation of collagen composition 

across keratoconic corneas in terms of collagen amount, as they found this parameter to vary across 
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individuals with this disease.131,136 Keratocyte density has been reported to be decreased in 

keratoconic eyes compared to non-keratoconic eyes in the case of previous contact lens wear, but in 

this study, there was not a significant difference between diseased and non-diseased eyes who did not 

wear contact lenses.137 In addition, keratocyte morphology has been reported to differ qualitatively 

between keratoconic and healthy eyes.117 More recent evidence of cells that were markedly 

histologically distinct from keratocytes have been noted in the anterior stroma of the keratoconic 

cornea, which investigators suspected were either highly differentiated keratocytes, or cells of a 

different origin.113,117 These cells did not have inflammatory cellular characteristics but were 

hypothesized to play a role in the pathological loss of corneal tissue, due to the observation of their 

close association with keratocytes, as well as large amounts of adjacent stromal cellular debris. There 

is evidence that the extracellular matrix component of the stroma in a keratoconic cornea is of lesser 

volume than that of a normal cornea,129 however, this is not unanimously agreed upon in the 

literature.94 Countering this finding, other studies have reported a significantly greater amount of 

glycosaminoglycans and proteoglycans in the keratoconic cornea compared to the normal 

cornea.130,136  These extracellular matrix components have also been reported to have modified 

expression and distribution in keratoconic corneas compared to those of normal individuals.126,136,138   

Descemet’s membrane may be affected in keratoconus, in some cases exhibiting structural 

folds.118,126,139 The development of corneal hydrops, a complication of keratoconus (further detailed in 

Section 1.3.4.3), occurs when Descemet’s membrane breaks and subsequently detaches from the 

endothelium, and then will assume a “scroll” or “ridge”- like state.99,140  

The corneal endothelium in general is often unaffected in keratoconus, however, there have been 

descriptions of cellular pleomorphism, in particular cellular elongation as well as the presence of dark 

intracellular structures.99,118 Additionally, when Descemet’s membrane is affected in corneal hydrops, 

adjacent endothelial cells have been observed to be damaged.113,141 
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1.3.4 Clinical Presentation and Diagnosis 

1.3.4.1 Introduction 

Clinically, keratoconus may present with both qualitative and quantitative signs, with or without 

visual symptoms.94,99 In its early stages, patients may initially have corneal morphological changes 

detectable on slit lamp biomicroscopy, or show refractive changes due to ectasia.23 Corneal ectasia 

occurs at the pathological “cone” area, the location of which can vary142,143 and result in structural 

damage to the cornea,98,114,125,142 hindering its role as a key transparent refractive interface for the 

visual system. As keratoconus advances, visual consequences often become more perceptible to the 

patient,73–75,144–148 although typically they are more severe in one eye over the other, especially in the 

early stages.149,150 

1.3.4.2 Cone Types 

Anterior segment ocular health findings in keratoconus often will be present in the diseased or ectatic 

part of the cornea, (the “cone”). The cone location varies across patients, and two distinct clinical 

subtypes exist, the round, or nipple cone, and the oval, or sagging, cone (see Figure 1-4).99,142,143  

 

Figure 1-4: Diagram of a round (left) vs oval (right) cone. In this image, the “x” represents the 

visual axis, and the “+” the cone apex. Reproduced with permission from Perry et al, 1980.143   
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Typically, the round cone is more centred in location, that is, the conical apex is closer to the visual 

axis, generally located just inferior nasally. Conversely, the oval cone is more often located further 

inferior temporally, with its apex further from the visual axis. Comparatively, the round cone is 

smaller in diameter than the oval cone.94 To the best of current knowledge, patients have not been 

noted to exhibit both cone types, either over time, or between eyes. Further, histopathologic 

differences have been noted between these two clinical subtypes. For example, oval cones have been 

noted to have significantly more, as well as, larger breaks in Bowman’s membrane, and possibly 

more frequent damage to Descemet’s, paralleling a higher occurrence of corneal hydrops and corneal 

scarring, compared to round cones.125   

1.3.4.3 Qualitative Signs 

Qualitatively, a clinician can identify signs of keratoconus during slit-lamp biomicroscopy. Naturally, 

with keratoconus being an ectatic disorder, stromal thinning at the corneal apex is often evident on 

examination, optimally viewed using an optic section biomicroscopic technique.23,94,99,142 The rapid 

change in curvature resulting in paracentral steepening of the cornea and may also be appreciable on 

slit-lamp biomicroscopy, due to the protrusion of the cone. This parallels the histopathological 

observation in keratoconus of stromal thinning,114,118 which is more often appreciated clinically in 

more advanced stages of keratoconus.  

As previously mentioned in 1.3.3, in the pathological process of keratoconus, the basal epithelial 

cells become infiltrated with iron, specifically an iron storage complex referred to as 

hemosiderin.23,94,99 The source of this compound is postulated to be that of the tear film pooling in 

areas of corneal pathological variation,151 and the deposition, referred to as “Fleischer’s ring”, can 

either completely or incompletely encircle the base of the cone (Figure 1-5A).98,152 Under white light, 

Fleischer’s ring has been observed to have an olive-green to yellow-brown hue, but is also feasibly 

visualized as a dark ring when illuminated with a cobalt-blue filter on slit-lamp biomicroscopy.  
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As the cornea becomes structurally thinner in keratoconus, but the intraocular pressure continues to 

exhibit outward force, there is strain placed on the thinner cornea, which is also weaker. As a result, 

the cone protrudes outwards, and it is believed that the pressure on the posterior corneal stroma both 

places strain on and disrupts the regular orientation pattern of collagen lamellae.23,98,142 This is thought 

to be the most likely cause for Vogt’s striae, shown in Figure 1-5B, which are vertical or oblique 

stress lines in the posterior stroma and Descemet’s membrane.94,99 This strain may also lead to breaks 

in Bowman’s membrane which may be occupied by either collagen or epithelial cells.114 This could 

be noted clinically as anterior linear scars at the conical apex.125 When scarring occurs in the corneal 

stroma, it is hypothesized to be a result of stromal collagen fibres becoming more densely packed in 

later stages of the disease (Figure 1-5C).  

At times, in advanced cases of keratoconus, Descemet’s membrane and the corneal endothelium 

weaken. If breaks form in these barriers to the anterior chamber, the aqueous humour can then enter 

the cornea in the form of corneal hydrops, resulting in corneal edema.23,94,98,99 This process is 

incredibly painful and visually debilitating for the patient. Acutely, the corneal stroma will appear 

opacified due to corneal edema, and conjunctival hyperemia may also be present. However, corneal 

edema as a result of hydrops will resolve steadily with time, typically over weeks to months. Despite 

the hydrops being resorbed as the cornea heals, their occurrence will often leave behind structural 

corneal damage and often scarring.  
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Figure 1-5: Clinical signs of keratoconus, A: Fleischer’s ring, B: Vogt’s striae, C: Apical 

scarring. Adapted by Kirsten Carter, with permission of [Wolters Kluwer Health, Inc], from 

[Clinical Manual of Contact Lenses, Bennett and Henry, 4th edition, Elsevier, 2015]; permission 

conveyed through Copyright Clearance Center, Inc.23 (1-5A, 1-5B) and Wagner et al, 2007112 (1-

5C) with permission.  

 

Outside of the biomicroscope, qualitative signs of keratoconus that may alert a clinician to the 

presence of this condition include a “scissor-like” light reflex on retinoscopy, and the “Charleux oil-

droplet” or circular reflex with an encircling darker annulus on direct ophthalmoscopy or 

retinoscopy.23,94,99,142 Additionally, mires that are irregular in appearance on keratometry, particularly 

in the central or inferior location may serve as additional signs. Another supplementary pathological 

finding, which is clinically noted in advanced cases, often after other signs have already indicated the 

diagnosis, is Munson’s sign. Munson’s sign can be described as the deformation of the lower eyelid 

on downgaze, as the keratoconic cornea forces it into an angular shape.98 

1.3.4.4 Quantitative Signs 

There are also quantitative factors that can aid a clinician in diagnosing keratoconus. As mentioned, 

disease progression is tied to increasing corneal thinning and steepening, and therefore 

astigmatism.23,94,99 This structural change is asymmetric, yielding nonorthogonal corneal astigmatism, 

and often increased myopia which cannot be corrected by conventional spectacles and contact lenses. 
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Despite this being irregular astigmatism, increased regular astigmatism can be noted in the attempt to 

measure this clinical parameter, as in topographic measurements such as keratometry, and in 

refractive measurements, such as retinoscopy, auto-refraction, and subjective refraction, all of which 

become more difficult with disease progression.153 What may alert a clinician to suspect keratoconus 

includes large amounts of astigmatism at an oblique axis, as well as this astigmatism fluctuating in its 

amount or direction (particularly from with-the-rule to oblique) over time. That said, these clinical 

methods of measurement of regular astigmatism are not reliable measures of irregular astigmatism 

and disease progression, but may change rapidly in the progression of keratoconus, and thus may 

draw the clinician’s attention to its presence. Accompanying this may be decreased best-corrected 

visual acuity, another non-specific quantitative indicator of this disease process, which is sometimes 

the first clinical sign.98,147 Other ancillary measurements that may be of value include contrast 

sensitivity, low contrast visual acuity, and aberrometry. Individuals with keratoconus have reduced 

contrast sensitivity74,144,145,154 and low contrast visual acuity, particularly in cases of corneal 

scarring,146,148 as well as a greater amount of higher-order aberrations,74,75 in particular, coma.73 While 

these signs may provide clues, they are not diagnostic of keratoconus, as the clinical standards for this 

are corneal topography and tomography – quantitative methods that can be used both for diagnosis 

and management/monitoring of keratoconus. 

1.3.4.5 Corneal Topography and Tomography in Diagnosis and Screening 

Corneal topography, also referred to as videokeratography, in its detection of the anterior corneal 

surface, can provide elevation and curvature measurements and model local variation in these 

measurements in the form of topographic maps.23 Many topographic instruments employ the optical 

concepts of a Placido disk, which involves the projection of concentric rings onto the ocular surface, 

and the analysis of how the rings are reflected to gain topographic information about the cornea.99 

The first study to report on the existence of forme fruste keratoconus detectable only by corneal 
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topography, published by Marc Amsler in 1938, involved the use of a photographic Placido disk.155 In 

anterior segment tomography, both the anterior and posterior corneal surfaces are detected during 

imaging, and measurements of both surfaces can be carried out to obtain further diagnostic 

information, including corneal thickness, in cases of suspected ectasia.156 Examples of this technology 

are Scheimpflug imaging and optical coherence tomography (OCT). In brief, Scheimpflug imaging is 

useful when imaging a non-planar object, such as the cornea, as this method uses an optical technique 

wherein the lens plane is tilted in order for the film and focal plane to be intersected, rendering the 

anterior and posterior cornea in sharp focus.157,158 The Oculus Pentacam® HR uses this principle to 

take rotational cross-sectional images of the cornea with a visible blue light source, from which 

elevation, curvature, and pachymetric measurements (along with much more information) can be 

extracted.159 In contrast, OCT instruments can generate tomographic images with location and 

reflective information obtained via interferometry with an infrared laser light source (e.g. Heidelberg 

Spectralis® OCT).160,161 With the Spectralis® device, manual pachymetric measurements can be 

made with the instrument software or in adjunct software with exported images, as no automatic 

image measurements are made.  

With both topography and tomography obtained in an automated manner, instruments take data 

pertaining to one or both surfaces and plot it as a colour-coded map to aid the clinician in visualizing 

relative changes in parameters measured (see Figure 1-6).23 With these maps, the cone can be well 

delineated, as the cone apex and local steepening are well-marked.  
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Figure 1-6: An example of tomographic data taken with the Oculus Pentacam® HR 

tomographer displayed as colour maps of a patient with advanced keratoconus.  

 

Many researchers have proposed methods using topographic indices to screen for and diagnose 

keratoconus,162,163 and specifically, to discriminate normal eyes from keratoconus suspects and early 

cases of keratoconus.164 A method using topographic parameters relating to the size and location of 

the diseased area, or cone, to identify keratoconus has also been described.165 Aberrometry may also 

be helpful in these cases.166 Detecting keratoconus may also be done with tomographers, such as with 

Scheimpflug imaging, which is frequently employed by clinicians.100,156,167,168  

In terms of diagnosing keratoconus with the assistance of topography versus tomography, many 

experts feel that tomography is optimal, as it is important to note ectatic changes of both the anterior 
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and posterior corneal surface, as well as pachymetric data across the cornea.95 While other clinical 

instruments are capable of measuring central pachymetry, this has been determined to have low value 

in diagnosing keratoconus, compared to other parameters. In particular, a panel of experts have 

released a consensus that the following criteria must be met to diagnose keratoconus:95 

1) Abnormal posterior elevation 

2) Abnormal corneal thickness distribution 

3) Clinical noninflammatory thinning 

Parameters relating to the posterior cornea are important to note not only with diagnosis, but 

monitoring for progression as well, discussed further in Section 1.3.5.2.95 A specific diagnostic tool 

which allows the clinician to evaluate the consensus criteria is the “Belin-Ambrósio Enhanced Ectasia 

Display”, an analysis feature built into the software of the Oculus Pentacam®.100,158 On this display, 

elevation and pachymetry data are presented in a manner to aid the clinician in determining the 

likelihood that the individual has a corneal ectatic disorder. Firstly, elevation is re-calculated using an 

“enhanced reference surface” method, where the best-fit sphere is re-calculated to exclude the 

elevation of the 4mm circular area where the corneal thinnest point is the centre (i.e., the area most 

likely to correspond to the cone). This is done to avoid underestimation of pronounced elevation 

changes in this area of the cornea which may be otherwise overlooked using the standard best-fit 

sphere method. After this, elevation of the front and back surface is displayed with colour maps, 

showing elevation both based on the standard reference sphere, as well as based on the enhanced 

reference surface excluding the ectatic region. Colour plots for both the front and back surface 

showing the difference in microns between the standard best-fit sphere and enhanced reference 

surface are also displayed. The greater the difference between these two maps, the more likely it is 



 

 29 

that an individual has corneal ectasia, as it has been shown that in normal eyes the two methods of 

elevation measurement yield very similar results. Pachymetric data is also displayed and plotted in 

this display, with thickness data taken in concentric circles about the thinnest point of the cornea 

displayed as a colour map. Plots from these circles of the average thickness and percent change in 

thickness are displayed for the individual, as well as where their data falls relative to the normative 

population. As individuals with keratoconus typically have a sharper increase in these parameters, 

along with thinner corneas overall, this tool aids the clinician in their diagnosis of an individual with 

keratoconus, particularly in early cases. In addition to this, the distance of the thinnest point of the 

cornea from the apex is displayed, where in keratoconic eyes, this distance between these two 

locations has been measured to be significantly greater than in normal eyes.  

1.3.4.6 Differential Diagnosis of Keratoconus from Related Ectasias 

There are varied clinical presentations of corneal ectasia which are recognized as distinct ectatic 

disorders from keratoconus;95 however they are believed to be of similar etiology and disease process, 

in particular because all presentations have been noted in individual families.23,94 The primary 

distinction between these disorders and keratoconus is the location of the cornea that is altered.23 

While the pathological area in keratoconus located more centrally or paracentrally, pellucid marginal 

degeneration results in more peripheral corneal ectasia, located approximately 1-2mm from the 

limbus.94,99  Above the diseased area, typically the central cornea, a non-pathological thickness is 

noted in pellucid marginal degeneration. To differentiate between keratoconus and pellucid marginal 

degeneration, corneal topography is helpful in addition to slit-lamp biomicroscopy, particularly in less 

advanced cases. In pellucid marginal degeneration, there is a classic “butterfly” or “kissing doves” 

appearance due to the presence of high against-the-rule astigmatism and central vertical flattening.169 

Keratoglobus, true to its name, is a disorder wherein the corneal ectasia assumes a globe-like shape, 

rather than a cone (as in keratoconus). The thinning is more diffuse and peripheral in nature compared 
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to keratoconus, and can reach the limbus, however it does not progress as quickly as 

keratoconus.23,94,99 In both pellucid marginal degeneration and keratoglobus, corneal scarring is 

observed less frequently in comparison to keratoconus, however corneal perforation is more common 

in keratoglobus, while it is uncommon in keratoconus.94,99 Terrien’s marginal degeneration and 

posterior polymorphous corneal dystrophy could sometimes present other possible differential 

diagnostic entities, since in some instances these conditions can lead to a keratoconic-like steep 

cornea. 

1.3.4.7 Symptoms 

Depending on the disease stage of keratoconus, symptoms may vary.99 In general, as the disease 

progresses, an individual with keratoconus will often experience a decline in visual function. The 

asymmetrical thinning and local steepening of the cornea yields irregular corneal astigmatism, which 

optically can manifest as blur, shadowing and haloing of images, distortion, as well as monocular 

polyopia.23,94,98 Individuals with keratoconus may also report glare, irritation, photophobia and 

asthenopia.148 Structural pathological changes, including corneal scarring present in keratoconus, 

compromises corneal transparency, reducing the amount of light that can transmit this structure to 

focus on the retina.74,170 

Structural corneal damage either from corneal scarring or other pathological changes in 

keratoconus74 can increase ocular light scatter, reducing the quality of the retinal image.170 Irregular 

astigmatism and other structural changes together often result in reduced vision perceptible to both 

the patient, and measurable by the clinician. Specifically, and as previously mentioned, this may 

translate to decreased best-corrected high contrast visual acuity,23,98,99,147 low contrast visual acuity, 

particularly in keratoconic scarred eyes,146,148 and decreased contrast sensitivity74,144,145,154 in these 

patients, compared to those without keratoconus. It should be noted that the patient may perceive a 

decline in their vision prior to manifesting a decrease in high contrast best-corrected visual acuity, 
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which may be detectable by these ancillary tests.94,145,154 Acutely, in the case of corneal hydrops, 

patients are symptomatic for both pain and an even further decline in their vision99 due to corneal 

damage and ensuing edema and later scarring, respectively.23,94 

1.3.5 Management 

1.3.5.1 Staging 

To optimally manage and monitor patients with keratoconus clinically, it is helpful to classify their 

disease stage, or severity. The most universally accepted classification system for disease severity of 

keratoconus is the Amsler-Krumeich classification, which assigns disease to Stages 1-4, depending on 

the refractive and structural criteria, which are mostly quantitative, that are met (Table 1-1).99,149,171 

This system, however antiquated, is inclusive of topographic diagnostic characteristics, particularly in 

the subclinical or “forme fruste” stage (Stage 1), where other clinical signs are absent, although 

specific and up-to-date quantitative parameters, particularly tomographic parameters, are not 

included.155 With technological improvements in corneal topography and tomography, it has been 

proposed that it would be prudent to establish a more specific set of criteria to account for 

measurements from these modalities, in order to enhance diagnosis.95,156 
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Table 1-1: Amsler-Krumeich staging of keratoconus, adapted by Kirsten Carter from 

Krumeich et al, 1998.171

 

Stage 

Clinical Criteria 

1 Eccentric corneal steepening 

Induced myopia and/or astigmatism ≤5 D 

Corneal radii ≤48 D 

Vogt’s striae, no scars 

(Typical corneal topography) 

2 Induced myopia and/or astigmatism >5 to ≤8 D 

Corneal radii ≤53 D 

No central scars 

Corneal thickness: minimally ≥400 µm 

3 Induced myopia and/or astigmatism >8 to ≤10 D 

Corneal radii >53 D 

No central scars 

Corneal thickness: 200 – 400 µm 

4 Refraction not measurable 

Corneal radii >55 D 

Central scars, perforation 

Corneal thickness: minimally ≥200 µm 

 

Various objective methods to stage keratoconus have been proposed since the Amsler-Krumeich 

classification, some supplementing or comparing to the already existing system with the addition of 

Scheimpflug tomographic parameters.167,168 Other proposed staging methods have been based solely 

on keratometry,142,143 topographic parameters and indices alone163,166 or in conjunction with clinical 

signs.164,172 Staging based purely on structural observation with OCT imaging has also been proposed 
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in the literature.173 Despite this, there has not been sufficient scientific validation, nor a consensus, for 

a potential replacement of the Amsler-Krumeich classification system.156  

The clinically observable biomicroscopic signs discussed in Section 1.3.4.3 and displayed in Figure 

1-5 may aid a clinician in assessing disease severity. Changes in these signs may also help the 

clinician to qualitatively monitor disease progression over time. Briefly, in forme fruste, or early 

keratoconus, frank clinical signs are often absent, and can be present bilaterally, or unilaterally in a 

patient with more clinically recognizable keratoconus in the fellow eye.94,99,149,150 In early 

keratoconus, or Stages 1-2 of the Amsler-Krumeich classification, there is significantly less epithelial 

and stromal scarring, as well as less breaks in Bowman’s layer and Descemet’s membrane folds.114 It 

is in these cases where identification of other potential signs which can be present in this stage, 

including irregular keratometry mires, the “Charleux oil droplet” sign on direct ophthalmoscopy, and 

a retinoscopic “scissor-like” reflex may be helpful to a clinician. In moderate to advanced 

keratoconus, clinically recognizable stromal thinning, conical protrusion, Fleischer’s ring, Vogt’s 

striae, and apical corneal scarring may be present,23,98,174 although Fleischer’s ring may also be 

present in early cases.98 In advanced cases, corneal hydrops may develop, and Munson’s sign may 

also be present.23,98,99 This however is a general overview of the stage at which a clinician is more 

likely to note these clinical signs, and staging based on clinical signs alone is variable across 

individuals, due to its qualitative nature. 

1.3.5.2 Monitoring for Disease Progression 

For many years, the clinical progression of ectasia itself did not have a universally agreed upon 

definition.156 A panel of experts, previously referred to in Section 1.3.4.5, recently established ectasia 

progression to embody at least two of the following characteristics:95  
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1) Progressive steepening of the anterior corneal surface 

2) Progressive steepening of the posterior corneal surface 

3) Progressive thinning and/or an increase in the rate of corneal 

thickness change from the periphery to the thinnest point 

Evidently, for monitoring an ectatic condition, as well as diagnosing it as previously discussed, 

information about the posterior corneal surface and total corneal thickness is paramount, as carried 

out in tomography.95 Even so, in many studies, particularly clinical trials involving corneal collagen 

cross-linking surgery, progression is defined by a change in keratometric or refractive status,175,176 or 

this in conjunction with changes in visual acuity and topographic change in the cone area,177 within a 

fixed time period. Topographic indices previously mentioned to detect and stage keratoconus may 

potentially aid in determining progression.178 However, as stated, it is considered most prudent to 

have information about the anterior and posterior cornea, as outlined in the above criteria. In the 

literature, establishing progression using Scheimpflug imaging with the Oculus Pentacam® has been 

reported, where three parameters, which are corneal thickness at the thinnest point, and anterior and 

posterior radius of curvature, have been shown to be very strong determinants for progression.156 This 

instrument’s software also has an analysis feature referred to the “ABCD Progression Display”, 

which factors these three parameters in conjunction with distance best-corrected visual acuity to assist 

a clinician on their judgement of whether progression has occurred or not.179 Despite these multiple 

guidelines and methods, there has not yet been sufficient validation or standardization for any to be 

considered a clinical gold standard.96 It should also be noted that these methods are instrument-

dependent and are not interchangeable with one another to monitor progression in a single 

patient.179,180 Similar to staging, increased or the appearance of new clinical signs may hint towards 

progression, such as reduced best-corrected visual acuity, although this may not always represent true 
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change, or it may be unchanged when there is in fact, progression.95 Analogous to staging, 

biomicroscopic changes may also provide insight, however this is also a coarse qualitative method, 

and therefore not established to determine progression. 

1.3.5.3 Management Options 

There is no cure for keratoconus, nor a treatment to reverse the disease in the host cornea. Surgical 

options do exist with the objective to slow the progression of the disease process or replace the cornea 

with that of donor tissue. It has been reported that in most cases, approximately 10-25% 23,99,105,174,181–

184 or up to 36%185 of individuals with keratoconus eventually need a corneal transplant. In terms of 

visual rehabilitation, patients may be content with conventional spectacle or contact lens therapy in 

mild cases, however as the disease progresses, specialty contact lens correction is often required for 

optimal visual function.23,94,99,186 While these management options can improve visual outcomes for 

patients with keratoconus, none of them will reverse progression or cure the disease.  

1.3.5.3.1 Non-Surgical Refractive Correction 

1.3.5.3.1.1 Conventional Methods 

Keratoconus may result in no discernible to only mild visual loss in a patient with 

forme fruste or mild forms of keratoconus.99 In these cases, a patient may be content 

with best possible correction of regular astigmatism, either in the form of spectacles 

or soft contact lenses.23,183,186 Approximately 16% of individuals with keratoconus 

will use spectacles for correction,187 however as the disease progresses, these patients 

may find that frequent updates to their prescriptions are required, and at a certain 

point, these methods may no longer provide acceptable visual correction to the 

patient, especially in cases of anisometropia and increasing irregular astigmatism and 

aberrations.94 Conventional soft contact lenses may partially neutralize irregular 
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astigmatism, and may be an option for those who cannot tolerate rigid contact 

lenses.188 Often, adjunctive spectacle correction is required with this to correct the 

remaining refractive astigmatism as much as possible.189 

1.3.5.3.1.2 Specialty Contact Lenses 

The most optimal form of correction for eyes with keratoconus, particularly in the 

more moderate to advanced stages, are corneal gas-permeable (GP) contact 

lenses.23,183 By maintaining a rigid spherical surface at the anterior plane of the ocular 

refraction system, a great amount of irregular astigmatism and aberrations caused by 

the irregular anterior cornea can be neutralized via the tear film, having a refractive 

index close to the cornea, and the optically smooth lens surface.74,190 However, 

posterior corneal irregularities are unfortunately not accounted for, and visual 

performance, particularly contrast thresholds, may still be suboptimal despite 

improvements in measured visual acuity.144 Corneal GP lens correction is generally 

the first method of specialty lens correction clinically employed in keratoconus, as 

these lenses can provide the patient with excellent vision, and are physiologically 

safe to wear when fit adequately.99 Contrary to early thinking of fitting these lenses to 

intentionally bear on the apex of the cone, which induced and exacerbated apical 

scarring and other undesirable effects,62 or the apical clearance method where there is 

a risk of increased lens-to-cornea adhesion and seal-off in the periphery,191 these 

lenses should be fit with the 3-point touch philosophy.186 This refers to having a very 

light amount of touch centrally, clearance in the paracentral area, light bearing in the 

midperiphery, and an adequate amount of peripheral clearance.23,191 This fitting 

method allows for even weight distribution across the cornea,188 for the lens to move 

adequately to promote exchange of oxygen from the atmosphere and tears to the 
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cornea without inducing mechanical damage such that it is not bearing on the cornea. 

An example of a lens fit exhibiting the characteristics of a 3-point touch fit is 

displayed in Figure 1-7. Some practitioners recommend employing a balance 

between the 3-point touch and apical clearance methods while avoiding peripheral 

seal-off and lens adhesion, so that apical bearing and its ensuing complications are 

avoided.183,191 

 

Figure 1-7: A lens-on fluorescein image of a corneal GP lens exhibiting the "3-point touch" 

fitting philosophy. Of note, there is a light touch centrally, clearance paracentrally, light 

midperipheral bearing, and an adequate amount of peripheral edge clearance. Republished 

with permission of [Wolters Kluwer Health, Inc], from [Clinical Manual of Contact Lenses, 

Bennett and Henry, 4th edition, Elsevier, 2015]; permission conveyed through Copyright 

Clearance Center, Inc.23  

 

In cases where there is discomfort or intolerance with GP lenses alone, but the optical 

correction of this lens is still desired, there are fitting methods available incorporating 

the comfort of a soft contact lens. The first option described is quite simply fitting a 

soft contact lens underneath the GP lens, referred to as a “piggyback” lens system, or 

“hard-soft combination lenses”.23,94,183,188,192 Due to the fact that in this case, there are 

two obstacles to oxygen transmission to the cornea, it is important that both lenses 
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have a high oxygen transmissibility, and that the cornea is closely monitored for 

signs of hypoxia.193 The role of the soft lens in this case is not to provide optical 

correction, as generally a low plus-powered lens is recommended, and thus its 

purpose is to provide increased comfort for the patient and protection of the cornea, 

so that the GP lens is not adjacent to the ocular surface but can still provide the 

patient with optimal optical correction. A similar idea to this is that of a hybrid 

contact lens. These lenses have a GP lens at their centre for optical correction but are 

surrounded by a soft lens material “skirt” in the periphery.99 The idea behind these 

lenses is primarily increased comfort for the patient, by avoiding ocular surface 

contact with the edge of the rigid lens, having the main point of lens contact with the 

eye being the soft contact lens skirt. The fit of these lenses should be carefully 

monitored, so to avoid possible complications such as lens tightening months after an 

acceptable fit is achieved, and corneal edema.194  

Scleral lenses, another speciality lens option in keratoconus, were discussed in detail 

in Section 1.2, along with their indication in keratoconus and other ectatic disorders 

and complications. 

Despite conventional soft lenses not playing a great role in refractive correction in 

keratoconus, there are specialty versions of soft lenses that are available and may 

work well for some patients.23,195 These lenses are custom lathe-cut for ectatic 

corneae and can come in both silicone hydrogel and hydrogel materials. Some have 

optics incorporated into the lens for aberration control as well. Often if required, 

individual curves can be modified depending on the fit of the lens. Typically, these 

lenses will perform better on eyes with centred cones, with topography that is 
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relatively symmetrical in the periphery, as it will tend to yield a more optimal fit in 

these eyes.  

1.3.5.3.2 Surgical Options 

The most invasive, and in earlier years most commonly implemented method of surgical management 

of keratoconus is a full-thickness corneal transplant.23,94,196 This is known as penetrating keratoplasty 

(PKP), and is often performed as a last-resort option in advanced stages of keratoconus.197 In most 

cases, PKP is considered when contact lenses can no longer be properly cannot be fit or are no longer 

tolerated, or structural damage from disease progression, such as extensive scarring, is reducing 

visual acuity.99,182,187 This is the longest standing and still universally accepted surgical procedure for 

keratoconus, and is still performed today, due to its generally excellent outcomes and high success 

rates, many reports being in the range of 85.4-100%.23,94,99,184,196–198 However, due to the exposed 

nature of this surgery, complications include intraoperative infection and choroidal hemorrhages. 

Postoperatively, endothelial cell loss as well as graft rejection are likely to occur in the years 

following surgery and may also occur soon after surgery in rare cases. After surgery is performed, the 

individual is monitored closely for signs of graft rejection and are placed on long-term topical steroids 

to reduce the likelihood of this.199 Due to the nature of the graft suturing, it is common for the 

individual to have postoperative astigmatism, which still will often require specialty contact lens, or 

in some cases spectacle correction.  

With the risk of possible complications with PKP, advances in technology and medicine have 

permitted for the development of modified versions of this procedure, for example, deep anterior 

lamellar keratoplasty (DALK). DALK involves the excision of all corneal layers excepting 

Descemet’s membrane and the corneal endothelium in the host cornea,23,196,198,199 commonly 

performed via the Anwar “big bubble” technique, where air is used to enable this separation.200 This 

procedure is being done more frequently, as there is a lower risk of graft rejection often encountered 
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in a full thickness transplant (PKP), as the host maintains their own endothelial cells,201 and has a 

lower risk of intraoperative complications compared to PKP, due to the closed nature of DALK. 

Some have found graft longevity to be better for PKP than for DALK,199 however there is 

significantly less long-term endothelial cell loss in DALK compared to PKP.196 DALK presents its 

own set of complications, including perforations in Descemet’s membrane,201 as well as reduced 

visual acuity in some cases,199 which may be due to losses of transparency inducing light scattering 

where the host meets the donor tissue.198 Other studies have noted visual acuity and other measures of 

visual function to be comparable between groups who had PKP and DALK.196,198 Prior DALK is not a 

contraindication for PKP, meaning subsequent PKP can still be done in eyes where DALK has not 

been successful.  

In more recent years, other surgical management options for earlier stages of the disease which 

may be considered before a patient requires the need for a corneal transplant, have emerged. These 

techniques, such as intrastromal corneal ring segment implantation and corneal collagen cross-

linking, involve altering the corneal shape and attempting to slow the progression of disease.23 

Briefly, intrastromal corneal ring segments are composed of PMMA material, and are inserted into 

the corneal stroma using a tunnelling method either mechanically202,203 or now more commonly, via 

femtosecond laser, which is thought to reduce postsurgical complications including improper 

relocation and extrusion of segments, and corneal melting.204 Ideally, this surgery is performed in 

mild-moderate stages of keratoconus.203,205 The primary aim of this surgery includes manipulating the 

irregular conically shaped tissue into a more regular profile for refractive purposes in order to 

improve visual outcomes, which was why it was originally developed for correction of myopia. There 

is also suggestion that intracorneal ring segments may slow the progression of keratoconus, due to the 

reallocation of corneal strain on collagen lamellae through the change in corneal shape.   
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Corneal collagen cross-linking (CXL), one of the more novel surgical management options for 

keratoconus, is a procedure that promotes additional cross-links, or attachments, between collagen 

lamellae of the cornea, to increase resiliency.23,206–211 The goal of CXL is to slow the progression of 

corneal ectasia, through the increased biomechanical strength provided by additional molecular cross-

links within the tissue, stabilizing the cornea.212,213 Secondary outcomes which have been noted 

include improvement of visual acuity and function, diminishing of refractive error, as well as 

flattening of corneal shape in areas of steep curvature. There are two forms of this procedure, 

“epithelium-off” and “epithelium-on”, the former being more commonly performed to promote 

maximal riboflavin permeation, in particular following The Dresden Protocol.207  

The procedure is generally performed in the following manner: once the cornea has been 

anaesthetized, the central epithelium is removed, commonly with a scalpel, rotating brush, or alcohol 

solution.23,206–213 Following this, the corneal stroma is saturated with riboflavin solution, serving as a 

photosensitizer for the chemical reaction of collagen cross-linking. Then, the tissue is irradiated with 

ultraviolet-A light, which induces the formation of cross-links between collagen fibrils, specifically, 

reactive oxygen species are produced by riboflavin upon irradiation, and covalent chemical bonds are 

formed at multiple chemical levels involving both collagen and proteoglycans. Healing involves the 

regeneration of the corneal epithelium, typically under the protection of a bandage contact lens, 

placed after surgery. Topical antibiotics and corticosteroids are also commonly instilled and 

prescribed, to protect against infection due to the loss of the normally protective epithelial barrier.  

Various contraindications have been presented in the literature and are clinically employed. The 

most consistent of these refers to the candidate’s total corneal thickness, which should not be less than 

400 um,23,207,211–213 not inclusive of the corneal epithelium.209,210 Due to the possibility of reactivation 

of ocular herpes simplex infection, clinicians may consider previous ocular herpes simplex a 

contraindication, or prescribe oral antivirals prophylactically prior to surgery. Other suggested 
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contraindications include severe ocular surface disease, history of incisional refractive surgery, 

pregnancy/nursing, and systemic collagen vascular disorders. CXL has become widely considered to 

be the standard of care especially where progression has been clinically noted,210 and in cases where 

progression is likely, particularly in young patients, and where other corneal surgeries have been 

done.95 It however should be noted that a relatively recent Cochrane review performed in 2015 

deemed the quality of evidence for CXL in the treatment of keratoconus to be insufficient, primarily 

due to inadequate study design.214 However, ongoing clinical trials are being widely conducted to 

establish high quality evidence for this management option in keratoconus.176 

1.3.6 Biomechanics and Corneal Edema 

Without question, the keratoconic cornea is mechanically weaker than the normal cornea, particularly 

over the cone area.94,99,124,215 Quantification of the cornea’s biomechanical strength can be achieved 

through measurement of both corneal hysteresis (CH) and defining the corneal resistance factor 

(CRF). Specifically, hysteresis can be measured by determining the difference between two pressures, 

firstly, the amount of pressure required to applanate the cornea, and the pressure exhibited by the 

cornea during its recovery at a fixed time after the first pulse.216,217 This process described is the way 

in which the Ocular Response Analyzer (ORA) (Reichert, Inc., Buffalo, NY) measures corneal 

hysteresis in a clinical manner. Also measured by this instrument, CRF is a proprietary parameter 

calculated which is said to reflect the elasticity of the cornea. Studies done measuring these 

parameters have shown that in eyes with keratoconus, the CH216 and CRF are decreased compared to 

eyes without keratoconus.96,215,218,219 

The orientation of collagen fibrils in the keratoconic cornea is of a more random organization, 

compared to the normal cornea,124,220 and fewer cross-links are present between fibrils.219,221 This 

phenomenon, in conjunction with pathological modifications to the extracellular matrix and a decline 

in corneal volume yield a denser, thinner and less resilient corneal stroma.124,219,222 This is theorized to 
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biomechanically result in a lower Young’s modulus, or an “increased ease of extensibility”.219 It has 

been suggested that in both the normal and keratoconic cornea, the most resilient part of this tissue is 

anterior, as it is “locked” at the epithelium, relative to its more posterior counterparts.30,34,223 When 

corneal edema induced by hypoxia with soft contact lens wear was directly compared between eyes 

with and without keratoconus, an observation of greater change in anterior corneal curvature in 

keratoconic eyes compared to those without suggests that the anterior cornea is not as robust and thus 

more affected by corneal edema in this disease population.37 This same study noted a lesser absolute 

degree of corneal swelling centrally in those with keratoconus compared to those without, but a 

similar amount in the midperipheral and peripheral regions. This configuration of edema was 

paralleled by Weissman in 1994, where frank corneal edema, induced by a PMMA scleral contact 

lens, was found to exhibit a “ring-shaped” pattern, observed with biomicroscopy.224 This finding was 

said to be “atypical” as it was not observed with scleral lens wear in eyes without keratoconus, yet 

this area of greatest swelling did seem to coincide with the thickest region of the contact lens, where 

oxygen delivery would be diminished.  

As previously mentioned, in keratoconus, the cornea may exhibit scarring as the disease progresses, 

or the cornea may be treated with CXL, both of which have aims to increase the strength of the 

cornea. It is known that in regions of corneal apical scarring, the degree of nonorthogonal spatial 

disorganization of collagen fibrils is greater than for other areas of the cornea,220 compromising its 

tensile and mechanical strength.225,226 To the best my current knowledge, in-vivo measurement of CH 

and CRF in scarred eyes with keratoconus has not been reported on. Post CXL, studies have reported 

that there was not a significant change in hysteresis or CRF one-year post surgery,227–230 however an 

increase in these parameters was noted initially after the procedure, indicating initial post-surgical 

increased mechanical strength. It is possible that corneal strength is not increased long-term after this 

procedure, or these methods of measurements are possibly not the most sensitive measure of this 
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parameter, as initial change from pre- to immediately post-surgery was often measured to be around 1 

unit.219,229,230 Theoretically, if an injurious process, such as scarring, decreases the strength of the 

cornea, this should result in a greater degree of edema in response to hypoxia, which may be seen 

regionally, where the process occurs. The opposite would be true in the case of increased corneal 

strength, which has been theoretically but not experimentally established with CXL.  

When addressing the physiological effects of scleral lens wear on the keratoconic cornea, it is 

crucial to be mindful all aspects which may influence corneal behaviour, including its unique 

biomechanics due to pathology, or previous surgery. 
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Chapter 2 

Study Rationale 

2.1 Study Background 

Scleral lenses have made a relatively recent resurgence in the last two decades, particularly in the 

refractive correction for individuals with keratoconus.23,55 It has been long established that scleral lens 

wear will induce corneal edema, especially when lenses of lower oxygen permeabilities are used, and 

when lens centre thicknesses are increased considerably, especially in lower-Dk materials as opposed 

to high-Dk materials.11,60,231,232 Modern scleral lens materials have much higher oxygen permeabilities 

than those that classically induced corneal edema due to hypoxia,25,55,233,234 however, the risk of 

hypoxia still remains.61 Rather than having the only barrier to atmospheric oxygen being an 

approximately 3µm-thick tear film,235,236 the ocular surface is separated from its typical open-eye 

environment by an, on average, 50-400 µm-thick fluid reservoir (Dk = 80224), and a conventional 

scleral lens with a central thickness between 250-350 µm (Dk 100-200).61  

In 2012, Michaud et al.61 published a theoretical paper predicting the oxygen delivery to the ocular 

surface through a typical scleral lens environment. These calculations were based on the assumption 

that the lens and fluid reservoir can be treated as “resistors in series”, as suggested by Fatt,237 and 

later, Weissman.193 This resulted in the modification of the original Fatt equation to calculate total 

Dk/t of a scleral lens system:61 
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Figure 2-1: Fatt equation modified to consider each barrier to oxygen independently, the scleral 

lens (SL) and fluid reservoir (FR), where t=thickness, and Dk=the oxygen permeability of these 

entities. Equation is from Michaud,61 modified from Fatt237 and Weissman,193 with added 

subscripts specific to this study.  
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Different combinations of central corneal clearances, lens permeabilities, and lens thicknesses were 

considered in these calculations.61 From these calculations, the authors’ recommendation in order to 

reduce corneal edema due to hypoxia was to use a scleral lens whose central thickness did not exceed 

250 microns, composed of a material with the highest Dk possible (>150), with a central clearance no 

greater than 200 microns. These calculations assumed that a Dk/t of less than 24 units centrally, and 

35 units peripherally would induce corneal edema secondary to hypoxia, according to prior thresholds 

established in the literature.18,21 Further theoretical models have been published since, many 

recommending similar clinical guidelines specifically,77 and more generally,238,239 whereas other 

model recommendation has emphasized minimizing overall Dk/t rather than advising on specific 

central clearances.80  

Since Michaud et al., 2012,61 many researchers have clinically investigated this question as well, 

primarily in eyes without ocular pathology. There has been a mixed consensus on whether scleral lens 

wear alone will77–84 or will not240 result in statistically significant corneal edema due to hypoxia, 

however more evidence indicates that edema does occur than the contrary. More recent studies have 

been done on the hypoxic effects of varying post lens fluid reservoir, or corneal clearance, in short-

term scleral lens wear of higher Dk materials on the corneae of healthy individuals,77,79–81,85,240,241 for 

which there is also no unanimous agreement. In all of the above studies, levels of edema measured 

have not been clinically significant,51,77–80,83–85,240 meaning, they have not exceeded the 4-4.5% 

swelling that has been reported to occur overnight,27,242 with the exception of one study, where 

measured edema was 5.1%.82 Other studies have investigated how the modification of scleral lens 

permeability influences corneal edema due to hypoxia, and it seems to be most likely that, for high 

Dk materials, oxygen delivery is more dependent on the oxygen transmissibility of the fluid reservoir, 

rather than the transmissibility of the lens itself.84,232,239 Further, oxygen tension at the ocular surface 

has been directly measured to be less in the instance of increased central corneal clearance.241 It is 
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likely that there is a critical post lens tear film thickness at which one would expect to observe a 

greater degree of corneal edema secondary to hypoxia, but a single value or range has not been 

definitively determined.   

2.2 Study Motivation 

Aforementioned studies have investigated the effect of both scleral lens wear and central corneal 

clearance on corneal edema, however they have all been carried out in eyes without ocular pathology, 

and for a short-term wear time (typically 3, 5, or 8 hours of wear on one day).77–85,240 There is a lack 

of literature on the hypoxic effects of scleral lens wear and central clearance over a longer term of 

wear, as well as in with keratoconus or other corneal ectasia. Additionally, most of these studies have 

investigated only central corneal pachymetry,77,79–82,240 rather than paracentral changes in corneal 

thickness. Further detail on how the peripheral cornea remote from the centre responds to hypoxia in 

a healthy cornea with scleral lens wear in addition to studies published78,83–85 would be valuable to 

further establish how the entire cornea behaves in this environment.  

To the best of current knowledge, only four studies have been done investigating scleral lens wear 

in eyes with keratoconus, most failing to satisfy all of the above criteria243–245 with the exception of 

one study, where limbal clearance was varied, rather than central corneal clearance.246 Only one of 

these studies has examined varying central clearance in a controlled manner in this population.244 

From these few studies, there is no agreement on whether scleral lens wear induces an edematous 

effect in the short244 or long term,243,246 or a thinning effect, particularly in the diseased region of the 

cornea,245 in eyes with keratoconus. In addition to this, the pathological region of keratoconus might 

be remote from the central cornea,95,99,142,143 and so investigation into the effects of scleral lenses on 

the paracentral cornea is of interest, which has only been carried out in two studies thus far and with 

no unanimous defined conclusions.245,246 
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This need for further investigation into the optimal level of central clearance in scleral lens wear for 

this population is significant, as scleral lenses are considered to be principally indicated for use in 

individuals with keratoconus and other corneal ectasias compared to individuals without this 

disease,55 and studies performed on eyes without pathology cannot be generalized for this population, 

as corneal biomechanical properties differ between these two groups.96,245  

The proposed study will investigate varying central corneal clearance of scleral lenses over a longer 

term of wear in eyes with keratoconus to provide insight into an optimal amount of clearance for 

reducing clinically significant corneal edema, centrally and paracentrally. This will contribute to the 

quantification of a limit of central corneal clearance with scleral lenses in optometric clinical 

research, which will provide practitioners with further insight into the effect of their potential clinical 

decisions when fitting scleral lenses.  

2.3 Study Hypotheses 

In eyes without ocular pathology, scleral contact lens wear is associated with low levels of corneal 

hypoxia manifesting as an increase in total corneal thickness due to edema, due to the presence of the 

lens and fluid reservoir. These findings may be extrapolated with caution to mild cases of keratoconus 

but may not hold in moderate to advanced cases of keratoconus. 

Eyes with keratoconus exhibit distinct biomechanical properties due to pathological structural 

alterations, as well as a generally thinner cornea. Due to decreased resiliency, and a theorized 

“increased ease of extensibility”,219 edema may be expected in keratoconic eyes, particularly in the 

diseased area. However, in cases of previous corneal collagen crosslinking, levels of edema may be 

lessened due to increased compensatory strength, if this has occurred long-term. It is hypothesized 

that scleral lens wear alone, as well as a relatively higher central clearance will induce hypoxia and 

thus possibly relatively more pronounced total corneal edema will be noted after lens wear when 
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compared to a lower clearance, and when compared to baseline pachymetry in eyes with keratoconus. 

However, the degree of edema may be more pronounced in the diseased area with or without scarring 

due to stromal fibril disorganization, and less pronounced or equal than others in cases of previous 

cross-linking surgery, due to possible, but not definitively determined, increased biomechanical 

strength.  

On the contrary, the degree of corneal edema might be highly unpredictable in keratoconus, since it 

might lack regular distribution and might affect to a lesser degree the areas most affected by 

keratoconic changes. These areas characteristically have highly compact architecture124 and would be 

less prone to swelling in comparison to the less affected more peripheral areas with more regular, 

thicker, and looser stroma, which would be more susceptible to swelling. It is reasonable to also 

expect that the hypoxia-induced changes, due to the reducing gradient of architectural abnormalities 

from centre to periphery, would be more pronounced in the more peripheral areas. 

Corneal edema due to scleral lens wear is suggested to be primarily due to stromal rather than 

epithelial swelling when studied in healthy eyes,83,84 as this has not been studied in this population 

and so it is hypothesized that epithelial edema will occur, however it may not be statistically 

significant.  

2.4 Study Purpose and Objectives 

With the increasing use of scleral lenses by eyecare practitioners, particularly for patients with 

keratoconus and other ectasias, there is a need to gain more knowledge about the longer-term 

physiological effects of these lenses in this population. The purpose of this study is to investigate 

hypoxic effects of varying central clearance in scleral lens wear, as well as scleral lens wear alone in 

eyes with keratoconus. For each participant, two scleral lens designs of differing central clearances 
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will be worn for three weeks to reveal differences in corneal edema as an objective physiological 

marker of hypoxia.  

The primary objective of this study will be to detect the presence of corneal edema in scleral lens 

wear, a surrogate quantification of hypoxia, measured by the Spectralis® OCT and Oculus 

Pentacam® HR, and changes in this parameter for lenses of different central clearances in eyes with 

keratoconus. In addition to this, individual patterns of corneal swelling and how they relate to 

individual characteristics such as cone apex location, disease stage, and history of CXL, will be 

explored. Additional parameters relating to scleral lens fit, including ocular health, subjective 

comfort, and high and low contrast visual acuity, will also be reported on. In fulfilment of these 

objectives, the overarching aim of this study is to contribute to the knowledge base of optometry and 

vision science to assist clinicians in the determination of an optimal quantitative range in central 

clearance to minimize corneal edema secondary to hypoxia in scleral lens wear in an at-risk 

population. This study will also provide greater insight into how individuals in this disease population 

respond to scleral lens wear, and how this may relate to their own characteristics, as well as the fit of 

the scleral lens.  
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Chapter 3 

Methods and Study Design 

3.1 Scleral Lens Fitting Terms 

The anatomy of a scleral lens was previously introduced. For further description of scleral lens fitting, 

additional terminology must be defined. The nature of a scleral lens fit involves the lens vaulting the 

cornea over a fluid reservoir.52 The amount of apical or central clearance is influenced by lens 

settling, introduced in Chapter 1, which may range from approximately 63 to 200 µm over an 8-hour 

period of lens wear.52,64,66,244 Central clearance is also dependent on the relationship between the 

ocular surface sagittal height and the sagittal depth of the lens. 

   A measurement of the ocular surface sagittal height at a particular chord length can be taken by 

drawing the chord on a cross-sectional image of the anterior segment, and then at the midpoint of the 

chord, placing a perpendicular line from the chord to the anterior boundary of the ocular surface. The 

length of this line will be the sagittal height of the ocular surface at that specific chord length. 

Similarly, for a scleral lens, the sagittal depth (SD) is the perpendicular distance from the midpoint of 

the chord length equal to the overall diameter of the lens, to the apex of the lens. Both the ocular 

sagittal height and the sagittal depth of a scleral lens is modelled below diagrammatically in Figure 

3-1. 
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Figure 3-1: Ocular sagittal height, how it relates to scleral lens sagittal depth, and how both 

relate to the apical, or central clearance. Modified from Hall, 2015247, with permission.  

 

Another parameter to be defined is the limbal clearance of a scleral lens. This refers to the amount of 

clearance between the lens and the cornea at the transition, or limbal zone (see Figure 1-3B). It is 

possible to increase and decrease this amount from standard lens parameters to achieve optimal 

limbal clearance. To protect limbal stem cell health, both limbal bearing and excessive limbal 

clearance should be avoided.52 The ideal level of limbal clearance varies in the literature, but in 

general may range from 50-100 µm.52,248  

It is known that the sclera is anatomically asymmetric across quadrants, and that scleral shape 

varies across individuals,249 particularly between those with and without keratoconus.250,251 For this 

reason, when fitting scleral lenses, one can customize the curvature of the peripheral landing zone 

(see Figure 1-3C), where the lens contacts the sclera. Relative to the standard peripheral curve of the 

lens being fit, the practitioner may wish to flatten or steepen these curves to obtain an optimal lens-to-

sclera relationship, where compression, or conversely, edge lift will be avoided, respectively. 

Horizontal and vertical curves can be modified, and in many cases, quadrant-specific designs of 
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peripheral curves are possible. For the Zenlens™, which was fit in this study, this parameter is 

referred to as the advanced peripheral system (APS). 

3.2 Methods and Materials 

3.2.1 Participant Recruitment 

3.2.1.1 Informed Consent 

Participant recruitment primarily took place through the contact of eligible patients with keratoconus 

who received eye care at the University of Waterloo School of Optometry and Vision Science 

(UWSOVS) Contact Lens Clinic. These individuals had given consent to be contacted for research 

purposes and were reached by the study investigator through telephone or e-mail, or in-person. 

Advertisements for the study were also posted in the clinic with contact information included for 

recruitment. After the participant read the Information and Consent letter, the investigator discussed 

the project and answered participant’s questions regarding the study procedures and any potential 

risks associated with the study. Informed consent was then given by the participant prior to the study. 

Recruitment protocols were carried out in accordance with the tenets of the Declaration of Helsinki 

and were approved by the Office of Research Ethics (ORE #31201) at the University of Waterloo. 

3.2.1.2 Inclusion and Exclusion Criteria 

To be eligible for this study, participants must have been diagnosed with keratoconus in at least one 

eye and had to have been at least 18 years of age with full legal capacity to volunteer, at the time of 

the study commencement. Participants were excluded if they were using any topical medications 

affecting ocular health and had any ocular pathology or severe insufficiency of lacrimal secretion 

(severe dry eyes) that would affect the wearing of contact lenses. Additionally, patients with any of 

the following conditions were also excluded from the study: known allergy or sensitivity to diagnostic 

pharmaceuticals or products used in the study, any persistent, clinically significant corneal or 



 

 54 

conjunctival staining using sodium fluorescein dye, any clinically significant lid or conjunctival 

abnormalities and any active neovascularization. Participants who had undergone previous 

penetrating keratoplasty, or who were participating in any other type of eye related clinical or 

research study were also excluded. Participants were screened for their eligibility to ensure that they 

met all inclusion criteria, and that none of the exclusion criteria applied to them. 

3.2.1.3 COVID-19 Pandemic and Study Impact 

It should be noted that recruitment and the resultant number of participants who completed this study 

was greatly affected by the coronavirus disease (COVID-19) pandemic. The spread of this novel 

strain of the coronavirus shut down all in-person activity in Southwestern Ontario in March of 2020, 

and as of 20 March 2020, all in-person research activity at the University of Waterloo School of 

Optometry and Vision Science ceased. At that point in time, eight participants had completed this 

study. Due to the uncertainty of the future effects of the pandemic on research activity, and to the 

benefit and safety of everybody involved, it was determined that this thesis project had already 

gathered sufficient data and would be completed based on the data already collected. The time frames 

and participant numbers of the study were adjusted to reflect the changed circumstances and the in-

person study visits were discontinued earlier than originally planned. 

3.2.2 Study Materials 

3.2.2.1 Zenlens™ Scleral Lens 

The Zenlens™, manufactured by Alden Optical (Lancaster, NY, USA) is a commercially available, 

Health Canada-approved (license #96602) scleral lens, indicated for both a range of ocular surface 

shapes as well as ocular surface disease.252 This lens is available in Boston XO® (Dk=100), the 

material used for this study, and Boston XO2® (Dk=141).252 Lenses with diameters of 16.0 and 17.0 

mm and any sagittal depth between 3200 and 6700 in 10 µm steps can be ordered and custom 
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made.252 The lens profile is available in both a prolate (used for this study) and oblate shape.252 A 

quadrant-specific, toric advanced peripheral system (APS) allows customization of the peripheral 

curves to optimally match the ocular scleral shape.252 Additionally, central sagittal depth can be 

modified without consequential alteration of other lens parameters due to the Smart Curve™ 

technology, which strongly influenced the decision to select this lens for use in this study.252 

3.2.2.2 Scheimpflug Anterior Segment Tomography: Oculus Pentacam® HR 

The optical principles of Scheimpflug imaging with the Oculus Pentacam® HR (OCULUS, Wetzlar, 

Germany) were briefly detailed in Chapter 1, section 1.3.4.5 (see Figure 3-2). Using rotating 

Scheimpflug photography, the Pentacam® HR automatically and non-invasively takes rotational 

cross-sectional images of the cornea with a visible blue LED light source (475 nm, UV-free), from 

which information such as elevation, curvature, and pachymetric measurements can be extracted.157–

159 This instrument is capable of taking 100 images, generated from up to 25,000 elevation points, and 

138,000 data points, in 2 seconds.157–159 This elevation data (relative to a best-fit sphere) is assembled 

into a 3D model of the anterior segment, which is used to indirectly determine other parameters such 

as corneal thickness and curvature.158 For example, corneal thickness is determined via the 

subtraction of the posterior surface from anterior surface elevation measurements. Two cameras are 

used, one rotating Scheimpflug camera to acquire anterior segment elevation data, and the other, a 

stationary camera, to measure pupil size and identify any eye movement, which is automatically 

corrected for by the software.157,158  

In conjunction with its standard software, the Pentacam® HR has an additional module – the Cornea 

Scleral Profile (CSP) Report. This software automatically and non-invasively takes 50 radial images 

of the anterior segment in 5 different zones.253 These zones are the central, nasal, temporal, superior 

and inferior cornea, all while the individual being imaged maintains a straight-forward gaze.253 Once 

these scans are carried out, all 250 images (50 images in each of the 5 zones) are integrated into a 
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composite representative corneoscleral profile of up to 18mm in diameter.253 Parameters acquired 

include those obtained for a central corneal Pentacam® scan (just described), and in particular for 

scleral lens fitting, a corneal horizontal white-to-white (HWTW) measurement, in addition to 

parameters unique to the CSP software including bulbar slope angle measurements and sagittal height 

at the flat and steep meridians for a given “Ring Diameter”, or sagittal height which can be 

customized by the user.253 

 

 

Figure 3-2: Oculus Pentacam® HR anterior segment tomographer used for this study.  
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3.2.2.3 Anterior Segment Optical Coherence Tomography: Spectralis® and Visante™ OCT 

Like Scheimpflug imaging, optical coherence tomography (OCT) is a method of anterior segment 

imaging where the anterior and posterior surfaces of the ocular surface are detected, however, it uses 

a different optical principle. In brief, OCT is an ophthalmic clinical application of the Michaelson 

interferometer, in particular, low-coherence interferometry.160,254 In very general terms, an infrared 

laser light source is divided into two paths, one in the “reference arm”, where a mirror at the end of 

the path reflects the signal back to the detector, and the other in the “sample arm” which is sent 

towards the tissue being imaged, and transmitted through and reflected back in a way that is unique to 

that tissue.160,254 Both reflections are merged, and detected by a device, such as a camera or 

photodiode.160 This information, representative of a small area of the tissue, is then used to generate a 

one-dimensional A-scan, which, together with other A-scans at adjacent locations in a single plane 

will comprise a singular two-dimensional B-scan.160,254 Similarly, multiple B-scans, or cross-sectional 

scans in the same plane at adjacent locations can be assembled to represent a three-dimensional 

volumetric representation of the tissue being imaged. The first published use of OCT in 1991 

involved visualizing the posterior segment of the eye,160 but not long after, in 1994, it was further 

developed to be capable of imaging the anterior segment as well.255  

In this study, two clinical OCT instruments were used, the Spectralis® OCT with its Anterior 

Segment Module (Heidelberg Engineering, Heidelberg, Germany), displayed in Figure 3-3, and the 

Visante™ OCT (Carl Zeiss Meditec, Dublin, CA), in Figure 3-4. The Spectralis® uses a spectral-

domain OCT system, where the Visante™ OCT uses a time-domain design, to acquire cross-sectional 

images of the anterior segment.  
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Figure 3-3: Spectralis® OCT at UWSOVS with the anterior segment objective lens (left) and a 

demonstration of the use of the anterior segment imaging module to acquire an image (right).  

 

Figure 3-4: The Visante™ OCT instrument at UWSOVS. 

 

Both instruments have the capability of imaging the cornea, sclera, anterior chamber angles, and iris. 

Light sources for both instruments are super-luminescent light emitting diodes, with an average 

wavelength of 870 nm in the Spectralis® OCT and 1310 nm for the Visante™ OCT. The Spectralis® 

has a respective axial and lateral resolution of 7 x 30 µm optically and 3.9 x 11 µm digitally in the 

imaging mode that was used for this study, and a maximum scan rate of 40 000 A-scans per 
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second.161 The resolution of the Visante™ OCT is 18 µm axially and 60 µm in the transverse plane.256  

The maximum imaging dimensions that each instrument is capable of are up to 1.9mm deep in tissue 

and 16mm wide for the Spectralis®, and up to 6mm deep and 16mm wide for the Visante™.161,256 For 

both instruments, different imaging settings, such as high resolution modes and different scan 

dimensions are possible for the user to employ. The Visante™ OCT software can generate a “Global 

Pachymetry Map” where corneal thickness measurements are generated and displayed from multiple 

acquired B-scans, whereas automatic corneal thickness measurements are not available with the 

Spectralis® OCT software, Heidelberg Eye Explorer (HEYEX). In both the Visante™ and 

Spectralis® (HEYEX) software, it is possible to measure ocular structures manually with built-in 

caliper and angle tools.161,254     

3.2.2.4 Anterior Segment Imaging: Oculus Keratograph® 5M 

The Oculus Keratograph® 5M, or K5® (OCULUS, Wetzlar, Germany) is primarily a corneal 

topographer which uses Placido-disk imaging, which was previously detailed in Chapter 1, section 

1.3.4.5. Along with keratometry measurements, this instrument is also capable of additional external 

imaging of the ocular surface via its built-in digital CCD camera, which are useful parameters for 

contact lens fitting as well as ocular health and dry eye assessments.257  



 

 60 

 

Figure 3-5: The Oculus K5® topographer at UWSOVS. 

 

For this study, additional features of the K5® including the R-Scan to objectively grade bulbar and 

limbal hyperemia, as well as fluorescein imaging to document corneal staining were used.257 

Specifically, for the R-Scan, the ocular surface is evenly illuminated with Placido rings, and an enface 

image of the ocular surface is taken with the camera. Then, the software calculates the ratio between 

the percentage area of blood vessels, relative to the rest of the region analyzed to produce a score 

from 0.0 to 4.0 (as the maximum ratio is 40%).258 This scale is referred to as the JENVIS scale,257 

which has been clinically validated.259 Fluorescein imaging with the K5® involves the use of a blue 

light emitting diode to illuminate the ocular surface, specifically with a wavelength of 465 nm.257 The 

built-in camera then takes an image of the ocular surface, and with the aid of yellow filters in the 

observation beam path, a simulated fluorescein-image is generated.257 
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3.2.3 Study Procedure 

Data gathered in this study included total corneal thickness (Pentacam® HR, Visante™ OCT, 

Spectralis® OCT), epithelial corneal thickness (Spectralis® OCT), ocular health parameters 

(biomicroscopic examination with fluorescein staining, K5® R-Scan), high and low contrast Snellen 

distance visual acuity, and subjective measures of visual clarity, comfort, and dryness with lens wear 

(Ocular Symptom Questionnaire with responses based on an interval scale, see Appendix A).  

There were 5 anticipated study visits, the first being a screening visit (Visit 0-0) that also included a 

contact lens fitting assessment for the eligible participants. Prior to the first baseline and delivery visit 

(Visit 1-1) for the first pair of scleral lenses, a minimum wash-out period of no habitual lens wear of 

48 hours was carried out, if possible, for the participant. At that visit (Visit 1-1), baseline ocular 

parameters were measured, and the first pair of lenses were delivered to the participant. If the 

comfort, fit, and vision were acceptable, the participant was given the lenses to wear for 3 weeks ± 3 

days for 6-12 hours/day, 5-7 days/week (minimum-maximum range). If the comfort, fit, and vision 

were not acceptable, lenses were re-ordered accordingly, and a second delivery visit was carried out 

(Visit 1-1 x 2). After three weeks of lens wear, a follow-up visit took place (Visit 1-2), where the 

same parameters were measured, and comfort, lens fit, and vision were again assessed. The baseline 

delivery and follow-up visits were repeated for the second pair of lenses after a minimum 48-hour 

wash-out period (Visits 2-1 and 2-2, respectively). Please see below for a detailed outline of the 

scheduled collection of outcome variable data at each visit:  

 

1) Screening/Fitting Visit (0-0) 

a. Screening for inclusion/exclusion criteria (Information and Consent Letter) 

b. Anterior segment imaging to assist in determining optimal initial diagnostic scleral 

lens (Pentacam® HR CSP 5 x 50) 

c. Screening for inclusion/exclusion criteria (biomicroscopy) 
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d. Baseline keratometry/auto-refraction with ARK-1s (NIDEK CO., Gamagori, Aichi, 

Japan)  

e. Trialling scleral lenses on eye using diagnostic set, allow lens settling for 20 minutes 

f. Assess lens fit (biomicroscopy, Spectralis®) and over-refraction  

LENSES ARE ORDERED, 48 HOUR WASH-OUT 

2) Delivery Visit 1 (1-1) 

a. Participant arrives wearing no lenses, parameters measured include: 

i. Habitual ocular comfort (Subjective Questionnaire) 

ii. Corneal thickness (Spectralis®, Pentacam® HR (25 picture/1 second), 

Visante™ Global Pachymetry Map) 

iii. Conjunctival and limbal redness and corneal fluorescein staining (K5®, 

biomicroscopy) 

b. Study lenses are inserted, parameters measured include: 

i. HC/LCVA (Snellen notation) 

ii. Ocular comfort with study lenses (Subjective Questionnaire) 

LENSES ARE WORN x 3 WEEKS 

3) Follow-up Visit 1 (1-2) 

a. Arrive wearing study lenses, parameters measured include: 

i. Ocular comfort with study lenses (Subjective Questionnaire) 

ii. HC/LCVA (Snellen notation) 

iii. Conjunctival and limbal redness (K5®) 

b. Study lenses are removed, parameters measured include: 

i. Corneal thickness (Spectralis®, Pentacam® HR, Visante™) 

ii. Corneal fluorescein staining (biomicroscopy) 

LENSES ARE ORDERED, 48 HOUR WASH-OUT 

4) Delivery Visit 2 (2-1) 

a. See Delivery Visit 1 

LENSES ARE WORN x 3 WEEKS 

5) Follow-up Visit 2 (2-2) 

a. See Follow-up Visit 1 
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Figure 3-6 illustrates the order of study visits in a flow chart. 

 

 

Figure 3-6: Study flow outlining the order of study visits. Note that words in arrows refer to the 

lenses (e.g., order lens, deliver lens)  
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3.2.3.1 Imaging with the Oculus Pentacam® HR CSP Software Module at Visit 0-0 

To determine which diagnostic lens to trial first, participants were imaged with the Oculus 

Pentacam® HR CSP Software Module. Images were taken in a closed room in complete darkness. 

With the participant positioned comfortably and securely, five images were taken of the ocular 

surface with the instrument. After each image, the Scheimpflug cross-sectional and en-face iris 

images were examined, and if any of the cross-sectional images were black or missing on the former, 

or if the eyelid was obstructing the Purkinje images at the visual axis on the latter, the scan data was 

not used, as per recommendation from a representative employed by the manufacturer. Additionally, 

in accordance with this, the quality and diagrammatic coverage of each scan was assessed when 

displayed, and if adequate coverage less than 1mm beyond the cornea was not achieved, the scan was 

repeated (Chris O’Flaherty, Product Manager, OCULUS, Inc., Personal Communication, 26 August 

2019). When this scan was completed, the “CSP Report” was generated (see below Figure 3-7). 

 

Figure 3-7: Sample display of the Pentacam® HR CSP report. A: Horizontal White-to-White. 

B: Ring Diameter. C: Mean sagittal height of the ocular surface. D: Calculated lens sagittal 

depth. E: Bulbar slopes of flat and steep meridians.  
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Only the diagnostic lenses with a prolate profile were used for this study. In selecting the initial 

diagnostic Zenlens™ Scleral Lens (see Figure 3-8), scleral lens diameter (16.0 or 17.0 mm, based on 

HWTW, Figure 3-7A) and corresponding sagittal depth was determined according to the 

manufacturer’s guide for the CSP program when fitting this particular lens (see Appendix B for the 

manufacturer’s guide).260 The chosen scleral lens diameter was then entered in the “Ring Diameter” 

box on the display (Figure 3-7B) to generate calculated measures at that particular diameter. The 

amount of central clearance added can be customized, for this study, the recommended addition of 

300 µm was used (see Appendix B, step 3). The resultant calculated sagittal depth of the scleral lens 

(Figure 3-7D) based on ocular sagittal height at the chosen scleral lens diameter (Figure 3-7C) was 

rounded to the nearest numerical diagnostic lens sagittal depth available, and this lens was trialed 

first. As an example, for this study, from parameters measured in Figure 3-7, the study investigator 

would select a lens from the “17mm” diameter row in the prolate section, as the HWTW (Figure 

3-7A) is greater than 11.8mm (per Appendix B, step 1). The “Ring Dia” has been adjusted to 17mm 

in the CSP display for this reason (Figure 3-7B), and the resultant “Sag Height Scleral Lens” at this 

chord length, as displayed (Figure 3-7D) is 5040 µm. In this case, Z-9 (4900 Sag) is the closest 

numerically to this value, and so this diagnostic lens would be initially selected. In the CSP report, 

both the “bulbar slope flat” and “bulbar slope steep” are displayed (Figure 3-7E). These angles were 

converted to their corresponding APS value per the Zenlens™ CSP guide and were the chosen initial 

horizontal and vertical parameters for the ordered lenses. 
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Figure 3-8: Zenlens™ full diagnostic set parameters. Only the prolate design (top two rows in 

grey and purple) was used for this study. © Images provided courtesy of Bausch + Lomb.252  

3.2.3.2 Scleral Lens Trial: Visit 0-0 

Prior to lens cleaning and insertion, the participant was seated in the examination chair, which was 

elevated to its maximum height. Paper towels were placed across the participant’s lap. As determined 

by steps outlined in 3.2.3.1, the appropriate initial trial Zenlens™ was selected from the diagnostic 

kit. After the lens was cleaned thoroughly on both surfaces with Boston Simplus® Multi-Action 

Solution (Bausch + Lomb, Rochester, NY, USA) and rinsed with Sensitive Eyes® Saline Plus 

Solution (Bausch + Lomb, Rochester, NY, USA), the lens was placed concave-side up on a DMV® 

plunger (DMV Corporation, Zanesville, OH, USA) and filled with preservative-free saline solution 

(0.9% sodium chloride injection solution, Addipak® (3mL), Hudson RCI Teleflex, Markham, ON, 

CA). A fluorescein strip (Diofluor™ strips, Dioptic Pharmaceuticals Inc, Toronto, ON, CA) was then 

mixed in the saline solution in the lens bowl to aid with the assessment of the lens-to-ocular surface 

relationship. The participant was asked to lean their torso forward, placing their face parallel to the 

ground. In this position, the participant was asked to pull down and hold open their inferior eyelid, 

while the investigator pulled upwards on and held open the participant’s superior eyelid. The lens 

which had been previously placed on the plunger was then swiftly inserted into the participant’s eye 
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by the investigator (see Figure 3-9). Immediately following insertion, the investigator used a handheld 

cobalt blue light to assess for the presence of bubbles behind the lens, which would cause a disruption 

in the green tear fluid layer behind the lens due to the fluorescein. A demonstration of this process is 

shown in Figure 3-9. 

 

Figure 3-9: Image of scleral lens insertion as this would be done at the initial fitting visit (0-0).  

A spherical over-refraction was carried out to ascertain the appropriate power to order for each scleral 

lens. Initially and after a minimum of twenty minutes to allow the lens to settle, the lens fit relative to 

the ocular surface was assessed. At the biomicroscope, central corneal clearance was estimated to 

ensure that the central fit of the lens was not grossly outside of the target range. Initially, central 

corneal clearance was assessed at the biomicroscope, and after settling, central corneal clearance was 

both assessed at the biomicroscope and measured with the Spectralis® OCT. After settling, limbal 

clearance and the lens-to-sclera relationship was also assessed at the biomicroscope. The 

characteristics of a desirable lens fit during the trial fitting included a central corneal clearance of 

200-300 µm in accordance with clinical recommendation and that of the manufacturer, adequate 

clearance over the limbus, and proper scleral alignment that did not appear to have significant 

compression or edge lift.52,252,261 If the lens fit was deemed unacceptable, an appropriate alternate 

diagnostic lens was trialed where possible, and/or modifications were made to the lens parameters 

ordered. In order to optimize the lens-to-scleral fitting relationship, when ordering the lenses, the 
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scleral profile of the lens or Advanced Peripheral System (APS) was determined using suggested 

bulbar slope parameters from the CSP Report (Figure 3-7E), according to the manufacturer’s guide 

(Appendix B, step 4).260 

3.2.3.3 Pachymetric OCT and Scheimpflug Imaging: Visits 1-1 – 2-2 

Pachymetric imaging was carried out at four sessions, at each of the two baseline visits (1-1 and 2-1) 

and each of the two follow-up visits (1-2 and 2-2). OCT imaging with both the Spectralis® and 

Visante™ instruments was carried out, as well as Scheimpflug imaging with Pentacam® HR. For 

baseline visits, it was ensured that measurements were taken at least 2 hours after waking to 

circumvent effects of corneal edema secondary to overnight eyelid closure.28 All study visit start 

times were kept consistent where possible, and within four hours of one another at most to minimize 

the possibility of diurnal fluctuation in corneal thickness. 

3.2.3.3.1 OCT Imaging with Spectralis® and Visante™ 

The Spectralis®  was set for anterior segment imaging according to manufacturer guidelines.161 After 

participant ID was entered into Heidelberg Eye Explorer (HEYEX) software, the average keratometry 

measurement of each eye from baseline measurements were entered in the “C-Curve” boxes of the 

Eye Data Dialog Box. According to the user manual and in correspondence with the manufacturer, 

values entered in this box did not affect measurements taken on each image (Annie Kwan, Technical 

and Clinical Support Representative, Innova – Heidelberg Supplier, Personal Communication, 22 July 

2019). Then, the instrument was mounted with the anterior segment lens and the position of the focus 

knob was set to 0mm. Automatic brightness control and high-resolution mode were selected as 

acquisition parameters. Corneal imaging with the following settings were used: a default Automatic 

Real Time (ART) setting of 16, and scan parameters of 15° x 1° to provide a volume scan of 8mm x 

0.5mm. Each volume scan consisted of 9 B-scans, separated by 69 µm. ART refers to the number of 
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images being averaged at a particular location to generate the image.161 During imaging, the 

contralateral eye was patched, and the participant was instructed to fixate on the red light inside of the 

imaging probe. In conjunction with the use of the bright central specular reflection artefact to position 

the scan, this was used to ensure that the same part of the cornea was imaged at each session. Scan 

positioning was aligned with the central specular reflection, which was centred laterally on the 

imaging display. While the image was being acquired, the participant was instructed to minimize eye 

fixation movements, but was permitted to blink when needed during imaging. One scan in each 

orientation of horizontal, vertical, and both oblique meridians, was taken. After acquisition, images 

were visually inspected to ensure good quality. Specifically, it was confirmed that the refractive 

correction was completed in the HEYEX software, images were not blurred due to motion, corneal 

and epithelial boundaries were discernible to the periphery of the image, and that the apical specular 

reflection was present and centred laterally in the images. If any of the images did not meet these 

criteria, they were re-taken. 

At delivery visits (1-1, 2-1), baseline pachymetric imaging with Spectralis® was carried out prior to 

any scleral lens insertion. At both follow-up visits (1-2, 2-2), this imaging was carried out 

immediately after the removal of the scleral lens one eye at a time, which was done in the same room 

where imaging was taking place.  

Following Scheimpflug imaging with the Pentacam® HR (to be detailed in Section 3.2.2.2), 

additional pachymetric OCT imaging was carried out with the Visante™ OCT (detailed in Section 

3.2.2.3) using the Global Pachymetry Map option. Multiple scans were obtained with this instrument. 

However, in many cases, inaccurate detection of corneal boundaries was noted when segmented 

images (used to generate the maps) were inspected. For this reason, these data were recorded but not 

used. An example of one of these cases is shown below in Figure 3-10. 
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Figure 3-10: Sample of a poorly segmented image from the Visante™ Global Pachymetry Map. 

Note how the anterior segment boundary at the 270° position has not been properly detected.  

3.2.3.3.2 Scheimpflug Imaging with Pentacam® HR 

Imaging with the Pentacam® HR was additionally carried out. For this study, the 3D Scan option of 

25 pictures/1 second was used to acquire scans generating corneal thickness data. At the delivery 

visit, Pentacam® HR scans were taken prior to fluorescein instillation. At follow-up visits, these 

images were taken as soon as possible following image acquisition with the Spectralis® OCT after 

lens removal. Images were taken in a completely dark room, and participants were encouraged to 

fixate on the target inside of the instrument and to hold their gaze and only blink once the image had 

been taken. Only images with a quality rating of “OK” or better were accepted, otherwise another 

image was taken to achieve this quality rating, if possible. One scan of each eye per subject was 

analyzed as in previous study, and good repeatability of measurements taken with this instrument has 

been shown.102  
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3.2.3.4 Assessment of Central Corneal Clearance: Visits 0-0 – 2-2 

At all visits, central corneal clearance of the scleral lens was assessed both at the biomicroscope and 

with the Spectralis® OCT. Briefly, an optic section technique was used to estimate the ratio of the 

central lens thickness to the fluid reservoir depth to determine the approximate central corneal 

clearance immediately and after 20 minutes of lens wear. This was also examined at the location of 

minimum clearance, which often would correlate with the cone apex. Then, after 20 minutes of lens 

wear, corneal clearance was measured with the Spectralis® OCT. Image acquisition was carried out 

in the same manner as previously described in detail in 3.2.3.3.1. Initially, volume scans using the 

same imaging settings as described were attempted, however this was not always possible to obtain 

due to motion, and difficulty of the instrument in imaging the ocular surface with the barrier of the 

scleral lens. Instead, line scans were taken at each of the four scan orientations, centred about the 

central corneal reflex. Corneal imaging with the following settings were used: a default ART setting 

of 60, and a line scan parameter of 15° to produce a B-scan of 8mm. Measurement of central corneal 

clearance from these images will be detailed in Chapter 4. At delivery visits (1-1, 1-1 x 2 if 

applicable, and 2-1), OCT imaging with the scleral lenses on were taken after 20 minutes of lens 

settling. At both follow-up visits (1-2, 2-2), this imaging was carried out immediately prior to the 

removal of the scleral lenses, after lenses had been worn for a minimum of 6 hours. 

3.2.3.5 Evaluation of Ocular Health and Subjective Parameters: Visits 0-0 – 2-2 

Ocular health was assessed at every visit with biomicroscopy, and with the K5® at baseline and 

follow-up visits. For the K5®, the R-Scan for bulbar and limbal redness classification was carried out 

at the beginning of both delivery and follow-up visits. If corneal fluorescein staining was present 

upon biomicroscopic examination, a simulated fluorescein image with the K5® was taken. For both 

images, the participant was instructed to hold their eye open while the user focused the instrument on 
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scleral blood vessels (R-Scan) or the cornea (fluorescein imaging) to acquire the image. Images were 

re-taken if they were of subjective low quality due to motion or poor focus.  

Biomicroscopic anterior segment examination with corneal fluorescein instillation was also carried 

out and recorded, with close attention to the cornea for both clinical signs of keratoconus, and 

hypoxia (both detailed in Chapter 1). In particular, the presence of Fleischer’s ring, Vogt’s striae, and 

apical scarring were noted as keratoconic signs (section 1.3.4.3), as well as clinical signs of hypoxia, 

specifically, corneal neovascularization, stromal striae and folds, and epithelial microcysts (section 

1.1.3).  

The first step for all baseline and delivery visits was the administration of the Ocular Symptom 

Questionnaire to adequately assess subjective comfort without the influence of procedures carried out 

during the study visit. This questionnaire is attached in Appendix A. High and low contrast distance 

visual acuity were assessed under half room illumination, which was consistent for all participants. A 

digital illuminated Snellen system (ProVideo Classic, Innova Systems USA, Inc., Burr Ridge, IL) was 

used. Habitual visual acuity, as well as visual acuity with scleral lens wear with best-corrected 

spherical over-refraction, were recorded. 

3.3 Demographics and Study Lens Parameters 

3.3.1 Participant Demographics 

Sixteen male and two female individuals with keratoconus were recruited for this study (36 eyes). 

Eight male participants (16 eyes) with keratoconus completed the study. Reasons for study 

discontinuation included maladaptation to scleral lens wear (3 participants), strong reflex 

blepharospasm preventing scleral lens insertion (1 participant), unforeseen changes to personal life 

circumstances (1 participant), failure to maintain the study visit appointment schedule (1 participant), 
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and inability to complete study visits due to COVID-19 restrictions to in-person research (4 

participants).  

The average age of participants who completed the study was 31.6 ±6.6 (range: 23.6-44.9). Based 

on the Amsler-Krumeich classification, seven eyes had Stage 1 keratoconus, four had Stage 2, one 

had Stage 3 and four had Stage 4 keratoconus. Automated keratometry readings were used for 

average keratometry values, and Pentacam® HR total corneal thickness measurements at the thinnest 

location were used for thinnest pachymetry values (see below Table 3-1, along with maximum 

keratometry values). 

Table 3-1: Average and maximum keratometry values, and minimum corneal thickness values 

for each eye and participant. 

 

 

Seven eyes (44%) had previously undergone CXL at least six months prior to the first baseline study 

visit, nine eyes (56%) had no history of CXL. Three eyes (19%) had previously worn corneal gas-

permeable contact lenses habitually for a period of greater than six months. Six eyes (25.0%) had a 

history of scleral lens wear, with two eyes (12.5%) having continued to wear them habitually, 
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however both had discontinued wear at the time of the study. Habitual correction at the initial 

screening study visit was as follows: none (eight eyes, 50.0%), spectacles (six eyes, 37.5%), and 

corneal gas-permeable contact lenses (two eyes, 12.5%). 

3.3.2 Study Lens Parameters and Fitting Characteristics 

Study methods for selecting an initial diagnostic lens has been previously detailed in sections 3.2.3.1 

and 3.2.3.2. Briefly, a novel method (Pentacam® HR CSP) of determining the initial appropriate 

diameter and sagittal depth of each diagnostic lens was used. Lens diameter was based on HWTW 

and sagittal depth was determined by adding 300 µm to the mean ocular surface sagittal height, per 

the manufacturer.260 Anterior segment OCT has been historically utilized to determine scleral lens 

sagittal depth, in particular with the Visante™ OCT.67,262 A common clinical method involves 

determining the ocular surface sagittal height at a 15mm chord parallel to the iris plane on an OCT 

image of the ocular surface, using methods described in 3.1.251,254 To determine the sagittal depth of 

the initial diagnostic scleral lens, many practitioners will add 300-400 µm to this parameter.67,68 

Because a recent pilot study had shown that comparison of the two methods (Pentacam® HR CSP 

and Visante™ OCT at 15mm chord) were statistically, but not clinically significantly different in the 

determination of the initial diagnostic scleral Zenlens™ in eyes with keratoconus, thus the 

Pentacam® HR CSP method was used.263 

When ordering lenses, a settled clearance of 150-250 µm was targeted when altering sagittal depth 

of the low clearance lens, and for the high clearance lens, a target settled clearance of 250-350 µm 

was used. These ranges were chosen to be on the lower and higher range of a clinically desirable 

settled clearance of 200-300 µm. Whether the low or high clearance lens was ordered first was 

randomly determined by a third party with a randomization table, and both the investigator and 

participant were masked to this order. Only the first pair of lenses were initially ordered in case 

changes were required. At the first follow-up (1-2), the investigator was temporarily unmasked to 
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ensure that the settled lens clearance was in the targeted range for that specific lens. If this was not the 

case, the order of low and high clearance lens delivery was reversed. Specifically, the amount of 

clearance was measured on Spectralis® images, and the investigator referred to the sagittal depth 

parameters on both drafted lens orders to determine if the high, or low clearance lens was intended. 

For example, if this amount of clearance were measured to be 400µm for the intended low clearance 

lens, this would be exceeding the targeted range of this lens (150-250 µm). So, this lens would be re-

assigned as the high clearance lens, and the sagittal depth on the drafted order for the second, newly 

low clearance lens was modified appropriately prior to submission to the manufacturer. The 

investigator was again masked for data analysis, as sufficient time had passed between this brief 

unmasking and later data analysis, which occurred many months after the end of the study.  

As mentioned, horizontal and vertical landing zone parameters (APS) of trial lenses ordered after trial 

fitting were determined using the bulbar slope measurements (Figure 3-7E) taken by the Pentacam® 

HR CSP software, through the CSP guide (Appendix B, step 4). Although there was the option for a 

front-toric design if indicated, this was not employed for this study due to introduced variability in 

lens thickness along the steep and flat meridians. Best-sphere over-refraction over diagnostic trial 

lenses determined the power of the lenses ordered. The standard central thickness of the Zenlens™ is 

0.35mm,252 and could not be altered in cases of low minus or plano powered lenses without altering 

the thickness profile of the lens (Mika Hague, Product Specialist, Alden Optical/Bausch + Lomb 

Specialty Vision Products, Personal Communication, 1 November 2019). See Table 3-2 for a 

summary of all lens parameters for participants who completed the study. 
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Table 3-2: Summary of study lens parameters for all participants. 
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Chapter 4 

Analysis Procedures 

4.1 Region Selection for Spectralis® Data Analysis 

As previously described, all total corneal and epithelial thickness measurements taken by the 

Spectralis® OCT were carried out manually in Fiji, an image processing package of ImageJ.264 Due to 

the high volume of data required to process whether the horizontal (0-180°), vertical (090-270°), and 

two oblique (045-225°, 135-315°) meridians were to be analyzed, it was suggested that if there was 

not a significant change in corneal thickness outside of the typically inferior diseased area of the 

cornea along the oblique meridians, the superior oblique be excluded from analysis. To investigate 

this, pachymetry maps taken on the Oculus Pentacam® HR from each visit were examined, and total 

corneal thickness measurements at a 2mm radius (4mm chord) were recorded and tabulated by 

location. In each case, the pachymetry difference between baseline and follow-up was calculated, and 

descriptive statistics were carried out on these differences (displayed in Table 4-1).  

Table 4-1: Descriptive summary of corneal thickness changes from baseline to follow-up by 

location at a 4mm chord, measured by the Oculus Pentacam® HR.

 Location 

 Superior Nasal Superior Temporal Inferior Temporal Inferior Nasal 

Average Difference 
(µm) 

8 7 9 11 

Standard 
Deviation 

10 9 9 11 

 

Across all regions, it appeared that the average change and standard deviation from baseline were 

similar. Since there did not appear to be a preference for location for corneal swelling, it was not 

justified to analyze only the inferior halves of the oblique meridians from the Spectralis® data. 

Measurements in the eight corneal anatomical locations (nasal, superior nasal, superior, superior 

temporal, temporal, inferior temporal, inferior, and inferior nasal) were analyzed. 



 

 78 

4.2 Image Selection and Corneal Thickness Measurements 

4.2.1 Pentacam® HR Total Corneal Thickness 

For both the Pentacam® HR and Spectralis® corneal thickness data, measurements were taken along 

the horizontal, vertical, and two oblique (45°) meridians, at 1mm increments from the centre of the 

cornea, up to a 4mm radius. 

4.2.1.1 Image Selection 

As mentioned in Chapter 3, section 3.2.3.3.2, one Pentacam® HR image per eye per session was used 

for corneal thickness measurements. During study visits, at least three Pentacam® HR images were 

taken of each eye. The first image chronologically that satisfied the following criteria was used: 

quality score (QS) of at least “OK”, with maximum coverage was noted on the enface iris image, and 

with the least amount of segmentation error of anterior and posterior corneal boundaries in the 

Scheimpflug image display (cross-sectional B-Scan images). 

4.2.1.2 Total Corneal Thickness Measurements  

Total corneal thickness data collected from the Pentacam® HR corresponding to images chosen were 

exported as comma-separated values (.csv) file and viewed in Microsoft Excel version 2105 

(14026.20246). These files were converted into a readable form using the Text to Columns function, 

and as a result, a corneal thickness map was displayed, each cell corresponding to an x and y 

coordinate in 0.1mm increments. A macro was created in Excel to highlight and copy data points 

corresponding to those analyzed by the Spectralis® for each meridian of interest. Specifically, 

relative to the centre (0,0), corneal thickness values in 1mm increments up to 4mm from centre were 

collected in all scan directions. For points along oblique meridians, the Pythagorean theorem was 

used to calculate these coordinate values, since they lie along a 45° angle. With this same macro, 

these points were pasted into a separate sheet in tabular form.  
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4.2.2 Spectralis® Total Corneal and Corneal Epithelial Thickness  

4.2.2.1 Image Selection 

Spectralis® corneal three-dimensional volume scans were exported as Tag Image File Format (TIFF) 

files from HEYEX software. Initial B-scans to be used for corneal pachymetric comparison from 

baseline (1-1) were chosen based on the image within the volume scan with the brightest specular 

reflection from the undeviated ray at the corneal apex.77,80,85,241,244 The goal was to obtain the most 

centrally located B-scan using this criterion. One B-scan from visit 1-1 was chosen for each of the 

four scan meridians: horizontal, vertical, and both obliques, specified by the Spectralis® as: 0-180°, 

090-270°, 045-225°, 135-315°. 

Each of these B-scans along with their respective enface confocal scanning laser ophthalmoscope 

(cSLO) images with the marked scan position indicated by an arrow, were printed on transparent 

films (Over Head Projector Film, product code A122, Uinkit: Hartwii Imaging Materials Co. Ltd., 

Nanjing, China). On all cSLO images, the location of the apical specular reflection was visible in the 

enface image as a circular reflection. This is visible in the cross-sectional B-scan as the apical 

specular reflection in the centre of the image. An example of this scan display with cross-sectional B-

scan and the enface cSLO image is presented in Figure 4-1. 

 

Figure 4-1: Example of a central Spectralis® OCT B-Scan with the apical specular reflection 

(right) alongside the enface cSLO image (left) indicating the scan position with an arrow, along 

the horizontal meridian.  
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For subsequent visits (1-2, 2-1, 2-2), films with the baseline (1-1) scan chosen were used to select the 

B-scan in the most congruent location to be selected for image analysis and comparison. This was 

done by overlaying the transparent baseline scan films with prospective images from subsequent 

study visits on a computer screen displaying the prospective image, using the location of the scan 

position on the enface cSLO image, and determining the image whose position most optimally 

matched that of the baseline transparent film with a bracketing technique. Specifically, on the cSLO 

image, the position of the line indicating the scan location relative to the circular light reflex on the 

cornea was examined and compared to that of the baseline, and the B-scan whose location was most 

similar was chosen. 

All subsequent steps described in 4.2.2.2 were carried out in Fiji.264  

4.2.2.2 Total Corneal and Corneal Epithelial Thickness: Manual Measurements in Fiji 

4.2.2.2.1 Centre Determination 

Firstly, the scale within the software was set to accurately take measurements in microns in all 

directions. This was done using the scale bar printed on each image (see Fig 1), attributing 16 pixels 

to every 200 microns (0.08 pixels/micron). This was initially measured for some of the images, was 

found to be consistent, and the scale was therefore assumed to be the same for all images. A macro 

was then created to set the scale as such for every image to increase efficiency and reduce error. The 

total size of each image was 12 650 x 4 275 µm, of which the B-scan occupied 9 425 x 2 425 µm. For 

each cross-sectional corneal image, the central position in the lateral plane was determined by 

inspection. With respect to each image, this was done in the “x” direction, regardless of the 

orientation of the imaging meridian. This localization was done by way of visual inspection of the 

bright apical specular reflection, generated by the undeviated ray, which was used to centre the 

imaging beam on the cornea. In Fiji,264 the central position of this artefact was first estimated with the 

Line tool, which was placed by inspection and subsequently measured using the Measure function, 
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and recorded in the Results dialog box. Then, the Rectangle tool was placed at the estimated 

hyperreflective boundaries of the artefact, measured, and displayed, and the x-coordinate of the 

centroid of this shape was noted. This coordinate was taken to be the centre of the cross-sectional 

image, and if this was a sub-pixel value, the centre coordinate was rounded to the nearest pixel in the 

direction of the initially estimated position with the Line tool. This position was also labelled with a 

vertical line using the Draw function in the Fiji software.264 

4.2.2.2.2 Image Registration 

Image registration was initially carried out via a Fiji264 registration plugin called “Align Image by line 

ROI”265 using the Line tool placed at the centre of each image using the centre determination method 

described above (4.2.2.2.1). All follow-up and second baseline images were registered to the initial 

baseline images for each participant, for each eye and meridian. However, in some instances with this 

method, the output-registered image had markedly decreased image quality in comparison to the 

original image. Troubleshooting was carried out, and the issue did not seem to resolve, even when it 

was confirmed that images were translated by full pixel values.266 Instead, an alternative method of 

image registration was tested and utilized, and is described below.  

For each individual participant, if the image had the following conditions: right eye, horizontal 

meridian, lens 1, visit 1 (OD_H_1-1), this image was taken to be the reference image in terms of 

positioning in the x-direction for all subsequent images for this participant. For all other images, the 

central x-coordinate was noted, along with its difference from the x-coordinate of the reference image 

in the positive (right) or negative (left) direction in the image. The difference between these values, 

referred to as the translation factor, was noted in a Microsoft Excel spreadsheet. With subsequent 

images, the Translate function in Fiji264 was used to register these images to the x-position of the 

reference image, using the translation factor amount and direction (positive or negative sign). When 

prompted, the amount and direction-specific translation factor described above was entered in the “X 
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offset” input, with the “Y offset” input set to 0. The Line tool demarcating the centre was then moved 

to the new centre position, matching that of the reference image.  

4.2.2.2.3 Position Marking 

Following image registration, each image had all measurement locations at 1 mm, or 1000 µm, 

increments marked to facilitate the measurement process. On the reference image (OD_H_1-1) for 

each participant, a macro was recorded, where the Draw function was used to place a vertical line at 

the predetermined central location (4.2.2.2.1), and four vertical lines spaced 1mm apart as measured 

in Fiji264 were drawn each to the left and to the right of this position (eight lines in total). To do so, 

each line was positioned using the Line tool, its proper x-location was confirmed using the Measure 

function, and then it was subsequently drawn on. Lines were drawn from the top of the image, 

downwards in the area anterior to the cornea in the axial plane of imaging, but not obstructing, or 

interfering with the corneal cross-sectional image. Once this was carried out for all locations, the 

macro was saved, and applied to all other images for that participant. An example output image from 

this step is shown in Figure 4-2. 

 

Figure 4-2: Measurement positions marked on a Spectralis® OCT B-Scan for the right eye, 

horizontal meridian. Positions are marked at 1mm increments from the centre, from 4mm 

temporal (left) to 4mm nasal (right).  
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4.2.2.2.4 Development of Segmentation and Corneal Thickness Measurement Method 

Initially, various techniques were trialed to determine an automatic or semi-automatic method to 

segment the anterior and posterior cornea, and posterior epithelium, and subsequently measure total 

corneal and epithelial thickness by taking linear measurements from appropriate segmented 

boundaries. Segmentation plugins available in Fiji264 were used on multiple sample images, as well as 

functions available in the standard ImageJ software, such as Thresholding, and use of the Freehand 

Selection tool, which among other techniques, were trialed on multiple images. However, these 

methods were not consistently successful on this set of images to determine both epithelial and total 

corneal boundaries, and therefore a standardized automatic or semi-automatic method of 

segmentation could not be determined using these techniques. The process detailed below was 

therefore employed. This systematic method was largely manual but utilized elements of the image 

processing software to facilitate the process and optimize precision and accuracy. 

4.2.2.2.5 Anterior Corneal Boundary Detection 

To maintain consistency for all epithelial and total corneal thickness measurements, the pixel 

coordinates of the anterior corneal boundary was selected objectively for each measurement position 

in each image. The image with location markings from steps outlined in 4.2.2.2.3 (as shown in Figure 

4-2) was opened in Fiji,264 and the image was binarized to black and white using the Process function. 

With this image, the cross-section of the cornea was represented by black pixel values on a white 

background. Then, the image was converted back to an RGB Color format. To select the anterior 

corneal boundary, the point tool was lined up at the appropriate x-location with the aid of the marked 

positions (4.2.2.2.3) and translated downward using the arrow keys to where the first anterior corneal 

black pixel was at this x-location. The coordinates of this pixel location were marked on the image in 

colour using the Draw function and noted in the Excel spreadsheet. Because the anterior cornea at the 

central location was obstructed by the apical specular reflection from the undeviated ray, this pixel 
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location was visually interpolated based on the y position of the row of pixels at the anterior corneal 

boundary just outside of the specular reflection. An example output image from this step of image 

processing is displayed below in Figure 4-3.  

 

Figure 4-3: An example of a binarized image with the anterior corneal boundary marked at 

previously determined 1mm increments from the centre, also marked.  

If the anterior cornea was not visible at a particular location using this method, particularly at more 

peripheral points due to signal drop-off, an extra step was taken to determine the anterior cornea 

objectively. Extraneous details to the left and below the corneal cross section (cSLO image, 

participant demographics) were outlined with the rectangular Selection tool, then the Process function 

was used to set these regions to a pixel value of 0 (black). This image with the background essentially 

subtracted was then binarized, and it was again attempted to determine the anterior corneal 

boundaries with the same steps as previously detailed. If the anterior corneal boundaries at these 

points were still not visible, the original image without binarization was examined, and these points 

were selected by inspection by the user and noted in the Excel spreadsheet. 

4.2.2.2.6 Tangent Measurements  

Prior to epithelial and total corneal thickness measurements, the angle of measurement - orthogonal to 

the tangent to the anterior corneal boundary - was predetermined at each location. This was done via 

visual inspection of the binarized image, where the investigator drew a line tangent to the anterior 
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corneal boundary point chosen at each measurement location. This was achieved with the Line tool, 

whose angle was then measured (Measure function) and noted in the Excel spreadsheet. Each line 

was also drawn on using the Draw function. In the Excel spreadsheet, 90 degrees was added to this 

value to determine the angle orthogonal to the tangent to establish the direction of measurement at 

that corneal location. With initial trials, all images for one participant had tangent measurements at 

each location carried out in this manner, however, this was found to be repeatable across all 4 visits 

for one imaging condition, that is, for a specific eye and imaging meridian. For example, for 

participant 02-KC, tangent measurements at each location were consistent across images through 

sessions 1-1 – 2-2 for the condition of right eye, horizontal meridian (OD_H). This example is 

illustrated with tangent measurements presented in Table 4-2. 

Table 4-2: Results of tangent measurements for each image at each locationfor one participant 

in the horizontal meridian, when these measurements were initially done for all images. 

Measurement angles orthogonal to those below were omitted for brevity. 

 

 

So, instead of taking tangent measurements for all four visits, tangent measurements were taken for 

the lens 1 baseline visit (1-1) for each meridian and assumed to be consistent for subsequent visits (1-

2, 2-1, 2-2) at each location. 

4.2.2.2.7 Total Corneal and Corneal Epithelial Thickness Measurements 

Firstly, the properly registered image (4.2.2.2.2) with each measurement location marked (4.2.2.2.3) 

was opened in Fiji,264 with the Excel spreadsheet concurrently open with details for each 

measurement location (anterior corneal locations and angle orthogonal to tangents determined in 

4.2.2.2.5 and 4.2.2.2.6, respectively). Using this information, the line measurement tool was used to 

-4 -3 -2 -1 0 1 2 3 4

02-KC 1_1 OD H 26.76 21.29 15.15 7.47 -0.09 -7.55 -13.72 -19.63 -25.38

02-KC 1_2 OD H 24.19 21.24 15.19 8.22 0.06 -7.37 -13.55 -20.12 -26.21

02-KC 2_1 OD H 24.50 21.54 14.50 7.37 0.33 -7.77 -14.20 -20.50 -25.84

02-KC 2_2 OD H 27.07 22.35 15.57 7.73 0.18 -7.47 -13.81 -19.82 -26.10

Participant Visit Eye Direction
Tangent Angle Measurements (°)
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mark the boundaries of the anterior cornea and posterior epithelium to measure epithelial thickness, 

and then to mark the boundaries of the anterior and posterior cornea to measure total corneal 

thickness. The line was placed along the appropriate predetermined angle for each location, and once 

set, the Measure and Draw functions were used. Measurements were displayed in the Results dialog 

box, with Length corresponding to the thickness of the tissue. After the line was drawn, the Undo 

function was used to remove the drawn line, in order to observe which pixels had been detected at 

each border, as a means of quality control for the automatic selection of the anterior corneal location 

(detailed in 4.2.2.2.5), and non-automatic selection of anterior epithelial and posterior corneal borders 

by inspection. If these pixel locations were deemed appropriate by visual inspection by the user (i.e., 

not appearing to over- or underestimate thickness when the image was zoomed out, and not choosing 

a pixel of inappropriate intensity by inspection when zoomed in), the Undo function was used once 

again to re-draw the line. If the line position was deemed inappropriate, the measurement details were 

deleted in the Results dialog box, and the measurement was performed again along with the re-

drawing of the line. The line lengths corresponding to epithelial and total corneal thickness were then 

copied and pasted into the Excel spreadsheet and measurement results were additionally saved as a 

.csv file. Each marked image was saved for reference. For example, for one condition, epithelial 

thickness measurements were measured and then marked and saved on one image, and total thickness 

measurements were obtained, and then marked and saved as a separate image. After epithelial and 

total corneal thickness measurements were taken and recorded in the Excel spreadsheet for one 

condition, these data cells had a black background applied when the user was taking these 

measurements for subsequent study visit thickness values to avoid measurement bias. 

4.3 Refractive Index Correction 

When measuring central and paracentral corneal pachymetry on exported Spectralis® images of the 

cornea alone, it was deemed unnecessary to further correct for distortion secondary to refractive 
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index, per the manufacturer’s recommendation. This was ascertained through email correspondence 

with the manufacturer, via a Clinical and Technical Support Representative (Annie Kwan, Technical 

and Clinical Support Representative, Innova-Heidelberg Supplier, Personal Communication, 23 

February 2021). In brief, when the exported corneal image is generated, it has undergone 

preprocessing in the Spectralis® HEYEX software, wherein the anterior cornea is segmented, and 

everything below this boundary is scaled via ray tracing according to the refractive index of the 

cornea, assumed to be 1.376. Therefore, scale bars on the exported image indicating 200 µm is true to 

the space anterior to the cornea, as well as the corneal tissue itself. The full response to this question 

is included in Appendix C. It should be noted that each layer of the cornea has a distinct refractive 

index, which would induce a small amount of distortion as light passes through each boundary.267,268 

However, the above assumption has been employed at the recommendation of the manufacturer, as 

the only reliably automatically segmented layer is the anterior cornea. Accounting for these small 

variations would be very challenging to carry out manually, as each layer is not consistently 

discernible across the whole cornea. This would also be beyond the scope of this thesis and would not 

significantly impact the outcome measurements. 

It is known that with OCT images taken of a contact lens, there is distortion due to both the refractive 

index of the lens, as well as its curvature.68,269,270 Thus, when taking measurements of central corneal 

clearance from Spectralis® images of the scleral lens on the eye, refractive index changes must be 

properly accounted for, as distortion due to lens curvature will be minimal if the measurement is 

taken as close as possible to the lens vertex, perpendicular to the ocular surface.269 Since when 

generating the images, the instrument software assumes a uniform refractive index of 1.376 below the 

anterior segmented surface, measurements directly taken will not be accurate due to the differing 

scleral lens refractive index (Boston XO® RI = 1.415),271 or the tear film refractive index, which is 

assumed to be 1.336.235,272 Confirmation of a proper correction method for these parameters was 
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elucidated from the manufacturer through the same Clinical and Technical Support Representative 

mentioned above (Annie Kwan, Technical and Clinical Support Representative, Innova-Heidelberg 

Supplier, Personal Communication, 4 March 2021). In summary, the recommendation was to 

calculate the optical path length by multiplying the measurement taken by the refractive index of the 

cornea, and then obtain the true physical path length by dividing by the refractive index of the 

material, which would be either the scleral lens (if measuring lens thickness), or the tear film (if 

measuring central corneal clearance). This calculation was carried out when determining the central 

corneal clearance beneath the scleral lens, as well as measuring the centre thickness of the lens. In 

addition to this, it was stated that to ensure optimal accuracy, these measurements should be taken as 

close to the apex as possible, and these assumptions for correction can only be done in the vertical 

direction, presumably due to distortion induced by lens curvature remote from this location.270 Both 

of these conditions were satisfied when measuring central corneal clearance. The detailed 

recommendation from the manufacturer is attached in Appendix D. 

4.4 Image Orientation Modification 

4.4.1 Spectralis® Image Orientation Modification 

When total corneal and corneal epithelial thickness measurements were carried out for Spectralis® 

images, this was consistently done from left to right on the cross-sectional OCT image (B-scan). The 

Spectralis® scan direction remains the same regardless of the eye being imaged. For example, left to 

right in the horizontal meridian corresponds to the temporal to nasal direction in the right eye, but 

conversely corresponds to the nasal to temporal direction in the left eye. To ensure that anatomical 

regions being analyzed were appropriately compared between eyes, the order of the data was reversed 

where appropriate. For all data taken from the Pentacam® HR and Spectralis®, the convention 

chosen was all scan directions determined when imaging the participant’s right eye with the 
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Spectralis®. This means that only left eye measurements had to be reversed to match that of the right 

eye. For example, the -4 location in the horizontal meridian of the right eye would refer to 4mm 

temporally but on the left eye, 4mm temporally would originally be the +4mm point. To place all 

temporal values in the same column for statistical analysis, all positively valued points for the left eye 

became negative (i.e., the data was reversed using the Sort function with empty cells above numbered 

consecutively in Excel). The convention meant that negative values on the horizontal meridian would 

always represent the temporal region, for example. To illustrate this for all scan directions, Table 4-3 

below shows the imaging direction for the Spectralis® where arrows represent left-to-right on cross 

sectional B-scans, and therefore negative to positive positions on original measurements. Instances 

where reversal of measurements was necessary are shown. 
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Table 4-3: Scan direction for right and left eye for the Spectralis®. Arrow direction indicates 

left (L) to right (R) on OCT cross section, and negative to positive positions on original 

measurements. Images where data was reversed are indicated.
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4.4.2 Pentacam® HR Image Orientation Modification 

For Pentacam® HR measurements, data was obtained from the instrument using the “Call-All” 

function available in the instrument software. Total corneal thickness values were extracted from 

exported .csv files and tabulated accordingly, as previously described in 4.4.1. For the left eye, a 

second macro was created to invert values where appropriate. Additionally, for both eyes, values in 

the vertical meridian were reversed due to the nature of how the initial macro copied and pasted the 

values. 

4.5 Correcting for Image Magnification for Lens-On Images 

To measure central corneal clearance, Spectralis® images were taken with the lens on, positioned at 

the brightest area within the apical specular reflection. This process was described in detail in Chapter 

3, section 3.2.3.4. It was assumed that this image was taken in the centre of the lens, perpendicular to 

the ocular surface and thus the measured clearance from the image would be the central corneal 

clearance, and the thickness of the lens should represent the central thickness, once both were 

corrected for refractive index, as detailed in 4.3. Centre thickness of each lens was specified by the 

manufacturer, and verified to be within tolerance273 once lenses arrived, with a physical thickness 

gauge (Mitutoyo Absolute, Richdome ’87 Ltd. Optics, Devon, UK). When examining the Spectralis® 

lens-on images, it was noted subjectively that in some cases, the overall magnification of the image 

appeared to vary across images, specifically for scleral lens thickness as well as the central clearance. 

Specifically, two images of similar quality, both positioned at the apex would appear to have similar 

ratios of central thickness of the lens to central clearance within one image, however the measurement 

of central clearance and central lens thickness (in Fiji264) would both appear to vary across images. 

An example of this is shown in Figure 4-4. 
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Figure 4-4: An example of two images taken within the same imaging session, appearing to have 

different magnification subjectively, and confirmed to have differently measured scleral lens 

central thicknesses and central clearances, but similar ratios of these parameters across images, 

while corneal thickness appeared to be similar.  

 

To measure the central clearance, the best quality image was chosen, and measurements were taken of 

both the central clearance and central lens thickness in Fiji,264 using the Line tool. This was after the 

centre was determined as in 4.2.2.2.1. For measurements of lens thickness, a line was measured and 

drawn in the centre from the anterior to posterior lens surface. To measure clearance, a line was 

measured and drawn in the centre from the posterior lens surface to the anterior corneal boundary. 

Both the central clearance and the lens central thickness were refractive index corrected as described 

in 4.3. After this correction, it was confirmed that the central thickness did not always match that 

specified by the manufacturer, and what was physically measured. It was also confirmed that across 
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images of the same subject within the same imaging session, the ratios of centre thickness to central 

clearance were consistent. With the assumption that these images were taken in the centre and that the 

measured lens thickness should match the central thickness specified by the manufacturer, it was very 

likely that there was some magnification effect during imaging. The magnification equation below 

(Figure 4-5) was rearranged and used (Figure 4-6) to determine the true central clearance: 

 

𝑀 =
𝐶𝑇𝑂𝐶𝑇

𝐶𝑇𝑡
=  

𝐶𝐶𝐶𝑂𝐶𝑇

𝐶𝐶𝐶𝑡
 

Figure 4-5: Magnification equation used where OCT denotes parameters measured by OCT, 

and t represents the true measurement.  

 

𝐶𝐶𝐶𝑡 =  
𝐶𝐶𝐶𝑂𝐶𝑇(𝐶𝑇𝑡)

𝐶𝑇𝑂𝐶𝑇
 

Figure 4-6: Rearrangement of magnification equation to solve for CCCt (actual central corneal 

clearance)  

 

It appeared that the measured and magnification-corrected central clearances followed similar trends 

for low and high clearances across participants. This can be visualized in Figure 4-7 below, where 

this is shown for both baseline and follow-up visits, in graphical form (created with GraphPad Prism 

9, version 9.1.1). 
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Figure 4-7: Plots demonstrating baseline and settled central corneal clearances (top and bottom 

graphs, respectively) measured with Spectralis® OCT with refractive index correction applied 

(measured), and subsequently corrected for magnification (corrected). Low clearance lenses are 

indicated by LC, and high clearance by HC in the graph legends.  
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The percent change from corrected clearance to measured clearance was also calculated in each case 

to reflect the amount of magnification. It seemed that overall, there were two distinct cases of 

magnification, that is, on average, the percent change was either ~18% or ~63%, the latter being the 

more frequent case. A density plot of all cases is displayed in Figure 4-8 below to illustrate this: 

 

Figure 4-8: Density plot outlining the distribution of magnification factors across scleral lens 

OCT images.  

 

Using Pearson’s Correlation coefficient, centre thickness of the lens was significantly negatively 

correlated with the magnification factor (r=-0.355, p=0.004). That is, the lower the central thickness 

of the lens, the higher the expected magnification. This was true in most, but not all cases. 

Additionally, most cases in the ~18% cluster were measurements from the baseline visit, rather than 



 

 96 

follow-up, where the central clearance would be relatively higher due to settling. Based on these 

observations, it can be speculated that one may expect to see a more magnified OCT scleral lens on 

image in the case of a scleral lens with a relatively thinner central thickness, measured at a follow-up 

visit, with relatively lower central clearance.  

It is possible that assumptions made here were not perfectly met, that is, the image was not taken 

exactly in the centre, and the imaging beam was not perfectly perpendicular to the ocular surface. 

Additionally, the sample size of this observation is limited and warrants further investigation on a 

larger number of individuals. However, since there was a clear difference noted between images, 

accounting for potential magnification effects was warranted. 

4.6 Investigation into Correction Factor for Differing Lens Central Thicknesses 

The Zenlens™, manufactured by Alden Optical (Lancaster, NY, USA) used in this study has a 

standard centre thickness of 0.35mm, or 350µm. As stated, participants were wearing each lens pair 

for a 3-week period, for a total of 6 weeks for both pairs. For this reason, it was important to correct 

vision as adequately as possible, with the most optimal spherical power (as discussed in Chapter 3, 

section 3.2.3.2). In some cases, this resulted in a low minus, plano, or plus powered lens, which due 

to the optics of the lens, resulted in the central thickness of the lens being greater than 350µm. As 

discussed in detail in Chapter 2, section 2.1, the oxygen delivery of a scleral lens system is dependent 

on four factors, those being: 

 

DkSL = oxygen permeability of the scleral lens 

tSL = thickness of the scleral lens 

DkFR = oxygen permeability of the fluid reservoir 

tFR = thickness of the fluid reservoir, or corneal clearance 
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The alteration of the central thickness of the scleral lens, or tSL in some of the lenses presented a 

theoretical obstacle in maintaining consistent conditions for oxygen delivery to the ocular surface 

across all participants. In communication with the manufacturer of the ZenLens™, specifying a centre 

thickness of 0.35mm was possible in the application of a negative flex control factor, such that the 

lens would be made intentionally thinner centrally (Mika Hague, Personal Communication, 1 

November 2019). However, this was not pursued as it would alter the overall thickness profile of the 

lens and create inconsistencies in lens designs across participants. Without the negative flex control 

factor, the maximum deviation from the standard 350µm centre thickness was 70µm, for a lens centre 

thickness of 420µm. 

Previous research carried out by Morgan et al. established predicted central and peripheral thresholds 

for corneal edema due to hypoxia with soft contact lens wear.22 These thresholds were plotted as a 

theoretical curve relating overall oxygen transmissibility (Dk/t) at the ocular surface, and its 

corresponding predicted per cent increase in corneal thickness (see Figure 4-9).22 Using theoretical 

calculations from Michaud et al., it is possible to predict where each participant’s overall Dk/t for 

both eyes will fall on the theoretical curve, relating this parameter to predicted per cent change in 

corneal thickness.22,61 There was a consideration of using this knowledge to calculate the overall Dk/t 

of the experimental system (that is, with the manufacturer-reported centre thickness), and then 

calculate the same parameter but using a centre thickness of 350µm. From here, the theoretical per 

cent difference in corneal edema could be determined by subtracting the two percentage values. This 

factor could be applied to the measured corneal thicknesses to correct for the change in oxygen 

delivery, that is, to calculate what the theoretical corneal thickness would be in the case of lens wear 

of a lens with a CT of 350µm, in an attempt to account for these differences.  

To further investigate the need to consider this correction method, the Dk/t of the scleral lens system 

was calculated in experimental conditions using the manufacturer-reported centre thickness of the 
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lens (herein referred to as experimental thickness), and then in the case of a lens with a CT of 350µm 

(herein referred to as standardized thickness). The equation previously mentioned in Chapter 2, 

section 2.1, to calculate Dk/t of a scleral lens system, from Michaud et al. was used.61 Central corneal 

clearance values that had been corrected for refractive index and magnification as previously 

described in sections 4.3 and 4.5, respectively, were used. In experimental and standardized cases, the 

average, as well as minimum and maximum Dk/t values were determined, and plotted on the curve 

from Morgan et al., using Fiji.22,264 From this plot, theoretical percent changes in corneal thickness 

corresponding to these values were determined in both experimental and standardized conditions. 

When comparing experimental and standardized values, the minimum Dk/t of the system remained 

unchanged. It was found that there was a minute difference between experimental (18.14 Dk/t units) 

and standardized (18.56 Dk/t units) values calculated when considering the average, as well as for the 

maximum Dk/t in these conditions (14.46 Dk/t units for experimental conditions versus 14.82 Dk/t 

units for standardized). To illustrate this, average values for experimental and standardized conditions 

are plotted in Figure 4-9 below. 
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Figure 4-9: Theoretical per cent increase in corneal thickness per Dk/t unit. Average calculated 

Dk/t values for experimental and standardized conditions are shown to illustrate predicted per 

cent change and potential correction amount (being the difference in y-values of these two 

points on the curve). Modified from Morgan et al., 201022, with permission.  

 

The resultant per cent difference between experimental and standardized averages, illustrated above, 

or the difference in their y-values on the theoretical curve, is 0.001%. To put this amount into 

perspective, for a central corneal thickness of 555 µm, this change would translate to an adjustment of 

0.5 µm. As previously stated, the resolution when measuring exported images from the Spectralis® 

OCT is 12.5 µm, which exceeds this amount of change. Further, it is theorized that when scleral 

lenses of high Dk lens materials are used, which is the case for this study, oxygen delivery is more 

limited by the tear fluid reservoir and its oxygen transmissibility, rather than the oxygen 

transmissibility of the scleral lens (which would depend on the central thickness of the lens).84,232,239  
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In summary, it was decided that a correction factor would not be applied, as the resulting changes 

would be miniscule. Additionally, theoretical predictions in corneal thickness changes used above are 

based on data obtained from a study examining hypoxia as a result of soft, rather than scleral, lens 

wear.22 To the best of current knowledge, an equivalent study based on measurements carried out 

from scleral lens wear has not been performed. Secondly, this study was carried out in participants 

without ocular disease, which is not the case for the current study, and it is likely that the keratoconic 

cornea would manifest edema differently due to physiological and biomechanical deviations from the 

healthy population. Lastly, corneal thickness measurements were taken with the Oculus Pentacam® 

in the theoretical study referenced here, which was used in the current study, however, this not 

necessarily translatable to images taken with the Spectralis® OCT, an instrument employing a 

different method of extracting corneal thickness measurements.  
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Chapter 5 

Study Results 

5.1 Detailed Description of Disease Stage and Surgical History by Eye 

As stated in 3.3.1, for final data analysis, sixteen eyes of eight participants were used. Seven eyes had 

Stage 1 keratoconus, four had Stage 2, one had Stage 3 and four had Stage 4 keratoconus. Seven eyes 

had a history of cross-linking (CXL), and nine eyes had not. History of CXL as well as disease 

severity for each eye is specifically detailed below in Table 5-1. These details will be referenced in 

sections of chapters to follow. 

Table 5-1: Summary of eyes used for final analysis, with each eye's disease stage (Amsler-

Krumeich (A-K) Classification) and history of cross-linking (CXL) surgery listed.  

 

 

5.2 Descriptive Statistics of Corneal Thickness Data 

Corneal thickness data from the Pentacam® HR and Spectralis® was sorted in Microsoft Excel 

version 2105 (14026.20246) by instrument, tissue type (total corneal or corneal epithelial thickness), 

Participant Eye A-K Classification Hx CXL

02-KC OD 2 Y

02-KC OS 2 Y

04-KC OD 1 Y

04-KC OS 2 Y

07-KC OD 4 N

07-KC OS 4 N

09-KC OD 3 Y

09-KC OS 1 N

11-KC OD 1 N

11-KC OS 2 N

13-KC OD 1 N

13-KC OS 1 N

14-KC OD 4 N

14-KC OS 1 N

15-KC OD 1 Y

15-KC OS 4 Y
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eye (OD or OS), scan orientation (H/V/IT/IN), visit type (baseline or follow-up) and lens type (low 

clearance or high clearance). Descriptive statistics of epithelial and total corneal thickness were 

generated for each instrument and eye in every scan orientation, using jamovi 1.8.1.274,275 Descriptive 

statistics for total corneal thickness are tabulated in Appendix E, and for corneal epithelial thickness 

in Appendix F. 

Shapiro-Wilk testing for normality was p>0.05 in all instances for total corneal thickness. 

However, for epithelial thickness measurements, there were instances where this was not the case, 

indicating that these data were not normally distributed. Results of statistically significant Shapiro-

Wilk testing for epithelial thickness measurements can be found in Appendix F within descriptive 

statistics tables. 

The distributions of total and epithelial thickness for each eye and instrument, divided by visit type 

and lens type, were generated as part of the descriptive statistical analysis. For these distributions, 

scan orientations (e.g., horizontal, vertical, etc.) were grouped together to give a broader sense of the 

tissue thickness distribution. Then, rather than lens type (low versus high clearance), visits were 

categorized by chronological order (e.g., baseline 1, follow-up 2, etc.).  Distributions of separate 

baseline measurements for each location appeared overall very similar to one another in most cases 

by inspection. In some cases, a slight shift of the distribution toward greater thickness values was 

qualitatively noted, and in other cases, a shift towards lower thickness values was noted. To illustrate 

this, sample density plots of each visit by location of right eye total corneal thickness measurements 

taken with the Spectralis® are displayed below (Figure 5-1 – Figure 5-9). Baseline distributions are 

displayed in blue and follow ups are in orange. 
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Figure 5-1: Density plots of corneal thickness at the location 4mm temporal to centre. 

Distributions are grouped by baseline (blue) and follow-up (orange) visits, with measurements 

from the first chronological pair of visits on the left, and from the second pair on the right. This 

grouping description applies to Figure 5-1-Figure 5-17. 

 

Figure 5-2: Density plots of corneal thickness at the location 3mm temporal to centre. 
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Figure 5-3: Density plots of corneal thickness at the location 2mm temporal to centre. 

 

Figure 5-4: Density plots of corneal thickness at the location 1mm temporal to centre. 
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Figure 5-5: Density plots of corneal thickness at the central location. 

 

Figure 5-6: Density plots of corneal thickness at the location 1mm nasal to centre. 
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Figure 5-7: Density plots of corneal thickness at the location 2mm nasal to centre. 

 

Figure 5-8: Density plots of corneal thickness at the location 3mm nasal to centre. 
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Figure 5-9: Density plots of corneal thickness at the location 4mm nasal to centre. 

 

Quantitative analysis of corneal thickness at each location measured at baseline visits alone with 

paired t-tests confirmed that in all but one case (Spectralis® total corneal thickness in the left eye, 

measured at the central location), the difference between baselines was not statistically significant. 

Specifically, in cases where Shapiro-Wilk normality testing was significant, non-parametric paired t-

tests with Wilcoxon signed rank testing were carried out. Initial paired t-test results in jamovi274,275 

were manually corrected for multiple comparisons with the Holm-Bonferroni method276 in Microsoft 

Excel. Bayes factor10 was also determined in this analysis.277,278 In the majority of cases, this value 

was less than 1, indicating weak support for the alternative hypothesis that baseline measurements 

were different from one another. Paired t-testing and Bayesian analysis is displayed in Table 5-2 for 

total corneal thickness and corneal epithelial thickness measurements in Table 5-3. 
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Table 5-2: Paired t-testing and Bayesian analysis results between baselines for total corneal 

thickness measurements. Location analyzed is indicated by a number after the condition, where 

M represents negative location values. BL1 refers to the first baseline and BL2 is the second. 

Statistical significance is indicated by an asterisk (*), and non-significant (NS) results of 

comparisons are indicated after Holm-Bonferroni correction.  
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Table 5-3: Paired t-testing and Bayesian analysis results between results obtained at both baseline visits for corneal epithelial thickness 

measurements.  BL1 refers to the first chronological baseline and BL2 is the second. Location analyzed is indicated by a number after the 

condition, where M represents negative location values. Statistical significance is indicated as in Table 5-2 after Holm-Bonferroni 

correction.  

 

 

Knowing that corneal thicknesses measured at baseline visits did not vary significantly in all but one case from subjective density plots and 

statistical analysis, baseline measurements were averaged for initial RMANOVAs, and subsequent paired t-testing detailed in the next section 

(5.3).  
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5.3 Initial Repeated-Measures ANOVA and Subsequent Paired Samples t-Tests  

Initially, parametric RMANOVAs were carried out on all total corneal thickness data due to its 

normal distribution in descriptive analysis (5.2), and non-parametric RMANOVAs were performed 

on all epithelial thickness data due to its non-normal distribution in this analysis. 

5.3.1 Total Corneal Thickness: Parametric RMANOVAs 

For total corneal thickness data, RMANOVAs in jamovi 1.8.1 were performed.274,275,279 Data were 

arranged by location for this analysis, that is, each corneal location (e.g. 4mm temporal relative to 

centre) had its own column in the statistical software. Due to the spherical nature of the data 

presumably due to limited sample size, both between-subjects effect testing (F-statistics and p-values) 

and sphericity testing were not available within statistical software. To obtain results of RMANOVA 

within-subject effects testing for condition in the software, no sphericity correction was made. Results 

of this analysis are displayed below in Table 5-4. From this analysis, there was only one instance of 

non-significance, for the Spectralis® OS measurements in the inferior temporal meridian. 

Table 5-4: RMANOVA results for condition (baseline average, LC follow-up, HC follow-up) for 

total corneal thickness. Measurements are sorted by scan orientation and eye.  

 

F p η2p

OD H Spectralis 10.540 *0.002 0.637

OS H Spectralis 12.931 *<0.001 0.649

OD V Spectralis 19.297 *<0.001 0.794

OS V Spectralis 7.180 *0.007 0.506

OD IT Spectralis 15.855 *0.002 0.799

OS IT Spectralis 3.326 0.141 0.625

OD IN Spectralis 20.090 *<0.001 0.801

OS IN Spectralis 18.570 *<0.001 0.788

OD H Pentacam 8.920 *0.003 0.560

OS H Pentacam 25.830 *<0.001 0.773

OD V Pentacam 9.770 *0.003 0.620

OS V Pentacam 15.090 *<0.001 0.715

OD IT Pentacam 9.300 *0.003 0.571

OS IT Pentacam 8.560 *0.004 0.550

OD IN Pentacam 5.600 *0.016 0.444

OS IN Pentacam 34.650 *<0.001 0.832

Eye Scan Orientation Instrument
Within Subjects Effects - Condition
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Because data were deemed too spherical to warrant sphericity testing within the statistical software, it 

was determined that selective paired t-tests with the Holm-Bonferroni correction applied276 would be 

used to compare between conditions of baseline, low clearance follow-up and high clearance follow-

up, in lieu of post-hoc RMANOVA tests. For this testing, data were not split by location. Specifically, 

all baseline measurements for a particular eye and scan orientation were listed in one column for the 

baseline visit average measurements, and two other columns for each follow-up. Paired t-tests were 

performed between measurements from the averaged baseline visits and each individual follow-up 

visits, and between the low and high clearance follow-up visits. Shapiro-Wilk testing for normality 

was again carried out, and in cases where data were not normally distributed, paired t-tests with 

Wilcoxon signed rank testing was carried out. Manual correction of these data in Microsoft Excel 

using the Holm-Bonferroni method276 was performed. These data for total corneal thickness for both 

the Spectralis® and Pentacam® HR are displayed below in Table 5-5. Descriptive thickness values 

used for paired t-testing are shown in Table 5-6. For total corneal thickness, scleral lens wear always 

yielded a statistically significant increase in corneal thickness compared to baseline, whether it was at 

the low or high clearance lens follow-up visit. The high clearance lens follow-up corneal thickness 

was at times, but not consistently statistically significantly greater than the low clearance lens follow-

up corneal thickness. However, for the vertical meridian, there was a consistent statistically 

significantly greater corneal thickness when comparing the high to the low clearance lens follow-up 

for both the eyes, and for both Pentacam® and Spectralis® measurements. More often, statistically 

significant differences between the high and low clearance follow-ups were noted with Pentacam®, 

compared to Spectralis® measurements. Aside from the vertical meridian, significantly greater 

corneal thickness measurements comparing high to low clearance lens follow-ups were noted for the 

Pentacam® OS horizontal meridian, the Pentacam® OD inferior temporal meridian, and for the OS 

inferior nasal meridian for both the Spectralis® and Pentacam®. 
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Table 5-5: Results of specific paired t-tests for total corneal thickness measurements comparing 

all locations between baseline, low clearance follow-up, and high clearance follow-up conditions. 

Statistical significance is indicated as in Table 5-2 after Holm-Bonferroni correction.  
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Table 5-6: Descriptive values for each condition for total corneal thickness, sorted by meridian, 

instrument, and eye, used for each paired t-test (results displayed in Table 5-5).  

 

Condition N Mean Median SD SE Condition N Mean Median SD SE

BL 72 612 617 74.5 8.78 BL 72 567 567 88.8 10.5

LC FU 72 622 623 77.1 9.09 LC FU 72 576 577 90.7 10.7

BL 71 611 616 74.3 8.82 BL 72 567 567 88.8 10.5

HC FU 71 626 628 82.7 9.82 HC FU 72 578 584 93.6 11.0

LC FU 71 621 619 76.8 9.11 LC FU 72 576 577 90.7 10.7

HC FU 71 626 628 82.7 9.82 HC FU 72 578 584 93.6 11.0

BL 72 618 615 75.0 8.84 BL 72 580 572 89.1 10.5

LC FU 72 631 628 82.9 9.76 LC FU 72 589 586 89.8 10.6

BL 72 618 615 75.0 8.84 BL 72 580 572 89.1 10.5

HC FU 72 630 628 83.4 9.83 HC FU 72 592 585 93.2 11.0

LC FU 72 631 628 82.9 9.76 LC FU 72 589 586 89.8 10.6

HC FU 72 630 628 83.4 9.83 HC FU 72 592 585 93.2 11.0

BL 70 614 607 88.0 10.50 BL 71 586 572 97.9 11.6

LC FU 70 629 619 93.7 11.20 LC FU 71 594 578 101.2 12.0

BL 71 614 608 87.2 10.30 BL 71 586 572 97.9 11.6

HC FU 71 634 635 96.1 11.40 HC FU 71 597 586 105.7 12.5

LC FU 69 627 616 93.3 11.20 LC FU 71 594 578 101.2 12.0

HC FU 69 633 633 97.2 11.70 HC FU 71 597 586 105.7 12.5

BL 72 627 627 89.9 10.60 BL 71 593 593 94.4 11.2

LC FU 72 637 629 94.0 11.10 LC FU 71 602 600 98.1 11.6

BL 72 627 627 89.9 10.60 BL 72 596 594 96.8 11.4

HC FU 72 641 636 100.8 11.90 HC FU 72 608 608 102.5 12.1

LC FU 72 637 629 94.0 11.10 LC FU 71 602 600 98.1 11.6

HC FU 72 641 636 100.8 11.90 HC FU 71 606 606 100.3 11.9

BL 69 605 600 78.0 9.39 BL 72 576 569 93.1 11.0

LC FU 69 621 613 81.7 9.83 LC FU 72 584 577 97.0 11.4

BL 71 610 603 81.2 9.64 BL 72 576 569 93.1 11.0

HC FU 71 629 623 88.7 10.53 HC FU 72 586 581 97.3 11.5

LC FU 69 621 613 81.7 9.83 LC FU 72 584 577 97.0 11.4

HC FU 69 623 621 83.6 10.07 HC FU 72 586 581 97.3 11.5

BL 67 615 610 87.3 10.70 BL 72 584 585 92.1 10.9

LC FU 67 628 625 88.1 10.80 LC FU 72 592 594 94.2 11.1

BL 66 615 609 87.9 10.80 BL 72 584 585 92.1 10.9

HC FU 66 629 623 98.0 12.10 HC FU 72 594 592 98.5 11.6

LC FU 65 624 617 88.6 11.00 LC FU 72 592 594 94.2 11.1

HC FU 65 626 618 97.4 12.10 HC FU 72 594 592 98.5 11.6

BL 70 613 616 77.5 9.27 BL 72 577 575 91.8 10.8

LC FU 70 626 623 83.3 9.96 LC FU 72 586 579 96.9 11.4

BL 62 624 620 69.4 8.82 BL 72 577 575 91.8 10.8

HC FU 62 640 636 77.7 9.87 HC FU 72 587 582 99.1 11.7

LC FU 62 638 635 73.8 9.38 LC FU 72 586 579 96.9 11.4

HC FU 62 640 636 77.7 9.87 HC FU 72 587 582 99.1 11.7

BL 71 626 628 84.3 10.00 BL 72 589 587 91.6 10.8

LC FU 71 636 632 91.1 10.80 LC FU 72 598 597 94.3 11.1

BL 71 627 628 85.4 10.10 BL 72 589 587 91.6 10.8

HC FU 71 643 632 97.3 11.60 HC FU 72 603 599 97.7 11.5

LC FU 70 635 631 91.6 11.00 LC FU 72 598 597 94.3 11.1

HC FU 70 641 632 95.8 11.40 HC FU 72 603 599 97.7 11.5

Spectralis TCT OS Inferior Nasal Paired Samples t-Test Pentacam TCT OS Inferior Nasal Paired Samples t-Test

Spectralis TCT OD Inferior Temporal Paired Samples t-Test Pentacam TCT OD Inferior Temporal Paired Samples t-Test

Spectralis TCT OS Inferior Temporal Paired Samples t-Test Pentacam TCT OS Inferior Temporal Paired Samples t-Test

Spectralis TCT OD Inferior Nasal Paired Samples t-Test Pentacam TCT OD Inferior Nasal Paired Samples t-Test

Spectralis TCT OD Vertical Paired Samples t-Test Pentacam TCT OD Vertical Paired Samples t-Test

Spectralis TCT OS Vertical Paired Samples t-Test Pentacam TCT OS Vertical Paired Samples t-Test

Spectralis TCT OD Horizontal Paired Samples t-Test Pentacam TCT OD Horizontal Paired Samples t-Test

Spectralis TCT OS Horizontal Paired Samples t-Test Pentacam TCT OS Horizontal Paired Samples t-Test
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5.3.2 Corneal Epithelial Thickness: Non-Parametric RMANOVAs and Paired Samples 

Wilcoxon Testing 

Friedman RMANOVAs in jamovi 1.8.1. were carried out on epithelial thickness by comparing all 

baseline measurements to all low and high clearance follow-up measurements.274,275,280 Data were not 

separated by location due to the nature of this rank-based analysis. See Table 5-7 below for analysis. 

One instance of statistical significance was noted, for the OD inferior nasal meridian measurements. 

Table 5-7: Friedman RMANOVA for corneal epithelial thickness measured by the Spectralis®. 

 

As with total corneal thickness measurements, to investigate statistically significant differences 

between conditions, it was determined that selective paired t-testing with Holm-Bonferroni correction 

would be carried out. After Shapiro-Wilk testing for normality, cases where data were not normally 

distributed were identified, and Wilcoxon signed rank t-testing was carried out in these cases. Results 

of paired t-testing for corneal epithelial thickness measurements are displayed below in Table 5-8, 

and thickness values used for statistical analysis are shown in Table 5-9. In all but two instances, 

changes across conditions were not statistically significant, shown in Table 5-8. Exceptions occurred 

in the OS inferior nasal meridian, specifically from the low to high clearance follow-up and from 

baseline to low clearance follow-up. In the latter case, a statistically significant decrease in average 

epithelial thickness was noted, indicating corneal epithelial thinning, as shown in Table 5-9. 
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Table 5-8: Results of specific paired t-tests for corneal epithelial thickness measurements 

comparing all locations between each combination of condition comparisons. Statistical 

significance is indicated as in Table 5-2 after Holm-Bonferroni correction.  
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Table 5-9: Descriptive values used for statistical analysis for corneal epithelial thickness, as displayed in Table 5-8. Values used for each 

paired t-test are listed.  

 

 

Condition N Mean Median SD SE Condition N Mean Median SD SE

BL 72 64.2 63.9 8.97 1.06 BL 72 64.1 65.4 10.60 1.25

LC FU 72 65.3 65.8 11.61 1.37 LC FU 72 63.8 64.6 11.50 1.35

BL 71 64.2 63.9 9.03 1.07 BL 72 64.1 65.4 10.60 1.25

HC FU 71 65.2 64.8 10.16 1.21 HC FU 72 62.7 64.1 12.40 1.46

LC FU 71 65.0 65.7 11.46 1.36 LC FU 72 63.8 64.6 11.50 1.35

HC FU 71 65.2 64.8 10.16 1.21 HC FU 72 62.7 64.1 12.40 1.46

BL 71 62.7 63.1 8.50 1.01 BL 72 63.7 63.7 8.73 1.03

LC FU 71 64.5 63.7 10.47 1.24 LC FU 72 63.7 64.3 10.23 1.21

BL 71 62.6 63.1 8.54 1.01 BL 72 63.7 63.7 8.73 1.03

HC FU 71 64.9 64.1 10.82 1.28 HC FU 72 64.2 65.4 11.34 1.34

LC FU 70 64.7 63.8 10.49 1.25 LC FU 72 63.7 64.3 10.23 1.21

HC FU 70 65.0 64.3 10.84 1.30 HC FU 72 64.2 65.4 11.34 1.34

BL 71 62.9 63.4 12.20 1.45 BL 72 63.0 62.8 9.89 1.17

LC FU 71 65.4 66.4 11.30 1.34 LC FU 72 63.5 64.0 11.40 1.34

BL 72 62.8 63.2 12.20 1.43 BL 72 63.0 62.8 9.89 1.17

HC FU 72 63.8 64.3 12.60 1.48 HC FU 72 61.4 62.9 12.43 1.46

LC FU 71 65.4 66.4 11.30 1.34 LC FU 72 63.5 64.0 11.40 1.34

HC FU 71 63.8 64.2 12.60 1.50 HC FU 72 61.4 62.9 12.43 1.46

BL 72 64.4 64.0 9.15 1.08 BL 72 65.6 65.7 10.30 1.22

LC FU 72 63.8 64.4 12.18 1.44 LC FU 72 62.9 64.2 11.40 1.34

BL 63 64.5 64.2 8.27 1.04 BL 72 65.6 65.7 10.30 1.22

HC FU 63 66.1 64.8 9.52 1.20 HC FU 72 66.6 65.8 12.10 1.43

LC FU 63 65.1 64.4 10.89 1.37 LC FU 72 62.9 64.2 11.40 1.34

HC FU 63 66.1 64.8 9.52 1.20 HC FU 72 66.6 65.8 12.10 1.43

Spectralis ECT OD Horizontal Paired Samples t-Test Spectralis ECT OS Horizontal Paired Samples t-Test

Spectralis ECT OD Vertical Paired Samples t-Test Spectralis ECT OS Vertical Paired Samples t-Test

Spectralis ECT OD Inferior Temporal Paired Samples t-Test Spectralis ECT OS Inferior Temporal Paired Samples t-Test

Spectralis ECT OD Inferior Nasal Paired Samples t-Test Spectralis ECT OS Inferior Nasal Paired Samples t-Test
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5.4 Illustration of Regional Changes in Corneal Thickness 

Following a more generalized statistical approach to the data previously described in 5.3, location-

specific changes were explored. Further, these changes were examined on both an overall group basis 

(5.4.1, 5.4.2), as well as with a descriptive individual method (5.4.3). Both approaches are described 

and illustrated below. 

5.4.1 Group Analysis: Estimated Marginal Means of Pentacam® Corneal Thickness 

From RMANOVA testing in jamovi 1.8.1281 described in 5.3.1 performed on all participants’ data, 

estimated marginal means plots were generated for the group. These graphs illustrate the estimated 

marginal mean total corneal thickness measured at each corneal location under each condition, that is, 

at the averaged baseline (BL) and at both follow-up visits (LC and HC). Location parameters on the 

x-axis marked with an M (e.g., M4) refer to negative location values, and values without this letter are 

positive location values, according to the convention described in Chapter 4, section 4.4, shown in 

Table 4-3. These plots are shown for the group means of total corneal thickness measured by the 

Pentacam® HR for each eye and each meridian below in Figure 5-10 – Figure 5-17. It can be noted 

from these plots that there is a greater separation between baseline (blue line) and both follow-ups 

(grey and gold lines) at the conventionally negative corneal locations. That is, with scleral lens wear 

in general, there was a qualitatively greater increase in corneal thickness measured by the Pentacam® 

regionally in the temporal, inferior, inferior temporal, and superior temporal locations. 
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Figure 5-10: Estimated Marginal Means - Pentacam® OD Horizontal (T-N) Meridian. For 

Figure 5-10 – Figure 5-17, locations on the x-axis marked with “M” indicate negative location 

values previously described, and condition is colour-coded above by baseline average (BL), low 

clearance follow-up (LC) and high clearance follow-up (HC) visit measurements.  

 

 

Figure 5-11: Estimated Marginal Means - Pentacam® OS Horizontal (T-N) Meridian 
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Figure 5-12: Estimated Marginal Means - Pentacam® OD Vertical (I-S) Meridian 

 

 

 

 

 

Figure 5-13: Estimated Marginal Means - Pentacam® OS Vertical (I-S) Meridian 



 

 120 

 

Figure 5-14: Estimated Marginal Means - Pentacam® OD Oblique (IT-SN) Meridian 

 

 

 

 

 

Figure 5-15: Estimated Marginal Means - Pentacam® OS Oblique (IT-SN) Meridian 
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Figure 5-16: Estimated Marginal Means - Pentacam® OD Oblique (ST-IN) 

 

 

 

 

 

Figure 5-17: Estimated Marginal Means - Pentacam® OS Oblique (ST-IN) 
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5.4.2 Group Analysis: Descriptive Percent Changes in Corneal Thickness  

Percent change in corneal thickness at each location was calculated for each eye and scan orientation 

from the average of the two baselines. The calculation was made as follows: 

%change=
follow upLC/HC - baselineavg

|baselineavg|
×100% 

Since in most cases, there was not a significant difference in corneal epithelial thickness across visits 

(determined in 5.3.2, results displayed in Table 5-8), percent change was calculated only for total 

corneal thickness from baseline to low (Table 5-10) and high clearance (Table 5-11) follow-up visits, 

measured by the Spectralis® and Pentacam® HR. 

 

Table 5-10: Percent change in total corneal thickness from baseline to low clearance 
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Table 5-11: Percent change in total corneal thickness from baseline to high clearance 

 

5.4.3 Individual and Subcategory Analysis: Corneal Thickness Difference Mapping 

Due to the limitation of generalizing findings based on group analysis from a statistical perspective 

due to sample size, examination of data on an individual level, along with disease severity and 

surgical history subcategories, were explored. To visualize changes in total corneal and corneal 

epithelial thickness as measured, thickness values were entered into RStudio (version 1.4.1106),282 

where a custom code in R (Darwin Kernel Version 20.5.0)283 was written to generate maps displaying 

regional differences in thickness. Additional software packages referenced here were also used to 

generate these maps.284–287 Maps were produced via the subtraction of baseline from follow-up values 

at each location, displaying the amount and direction of change with an appropriate saturation and 

hue of colour, respectively. Cone apex locations were indicated with a small dot. As it was 

established in 5.2 that both baselines may be used, each baseline was used for their respective follow-

up visit. Maps are displayed in a confrontation manner, that is, where the changes would be located as 

if one were looking directly at the participant. These maps for each participant are displayed in 

figures below for total corneal thickness (Spectralis®: Figure 5-18-Figure 5-25; Pentacam® Figure 

5-26-Figure 5-33), followed by difference maps for corneal epithelial thickness measured by the 

Spectralis® in Figure 5-34-Figure 5-41.  
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Figure 5-18: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 02-KC, as measured by 

the Spectralis®. This individual has Stage 2 keratoconus OU. Maps are presented in confrontation view, with LC as the top two plots and 

HC as the bottom two, and cone apex location is indicated by a dot in each map. This is consistent for Figure 5-18-Figure 5-41. For Figure 

5-18-Figure 5-33, red shades represent an increase in thickness, where green shades represent a decrease in thickness. Grey shades 

indicate missing data for Figure 5-18-Figure 5-41. 
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Figure 5-19: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 04-KC, as measured by 

the Spectralis®. This individual has Stage 1 keratoconus OD, and Stage 2 OS.  
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Figure 5-20: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 07-KC, as measured by 

the Spectralis®. This individual has Stage 4 keratoconus OU. 
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Figure 5-21: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 09-KC, as measured by 

the Spectralis®. This individual has Stage 3 keratoconus OD, and Stage 1 OS. 
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Figure 5-22: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 11-KC, as measured by 

the Spectralis®. This individual has Stage 1 keratoconus OD, and Stage 2 OS.  
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Figure 5-23: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 13-KC, as measured by 

the Spectralis®. This individual has Stage 1 keratoconus OU.  
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Figure 5-24: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 14-KC, as measured by 

the Spectralis®. This individual has Stage 4 keratoconus OD, and Stage 1 OS.  
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Figure 5-25: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 15-KC, as measured by 

the Spectralis®. This individual has Stage 1 keratoconus OD, and Stage 4 OS.  
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Figure 5-26: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 02-KC, as measured by 

the Pentacam® HR. This individual has Stage 2 keratoconus OU.  
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Figure 5-27: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 04-KC, as measured by 

the Pentacam® HR.  This individual has Stage 1 keratoconus OD, and Stage 2 OS.  
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Figure 5-28: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 07-KC, as measured by 

the Pentacam® HR. This individual has Stage 4 keratoconus OU.  
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Figure 5-29: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 09-KC, as measured by 

the Pentacam® HR. This individual has Stage 3 keratoconus OD, and Stage 1 OS.  
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Figure 5-30: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 11-KC, as measured by 

the Pentacam® HR. This individual has Stage 1 keratoconus OD, and Stage 2 OS.  
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Figure 5-31: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 13-KC, as measured by 

the Pentacam® HR. This individual has Stage 1 keratoconus OU. 
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Figure 5-32: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 14-KC, as measured by 

the Pentacam® HR.  This individual has Stage 4 keratoconus OD, and Stage 1 OS.  
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Figure 5-33: Difference maps of total corneal thickness subtracting baseline from follow-up values for Participant 15-KC, as measured by 

the Pentacam® HR.  This individual has Stage 1 keratoconus OD, and Stage 4 OS.  
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Figure 5-34: Difference maps of corneal epithelial thickness subtracting baseline from follow-up values for Participant 02-KC, as 

measured by the Spectralis®.  This individual has Stage 2 keratoconus OU. For Figure 5-34-Figure 5-41, yellow shades represent an 

increase in thickness, where blue shades represent a decrease in thickness.  
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Figure 5-35: Difference maps of corneal epithelial thickness subtracting baseline from follow-up values for Participant 04-KC, as 

measured by the Spectralis®.  This individual has Stage 1 keratoconus OD, and Stage 2 OS.  
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Figure 5-36: Difference maps of corneal epithelial thickness subtracting baseline from follow-up values for Participant 07-KC, as 

measured by the Spectralis®. This individual has Stage 4 keratoconus OU.  
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Figure 5-37: Difference maps of corneal epithelial thickness subtracting baseline from follow-up values for Participant 09-KC, as 

measured by the Spectralis®.  This individual has Stage 3 keratoconus OD, and Stage 1 OS.  
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Figure 5-38: Difference maps of corneal epithelial thickness subtracting baseline from follow-up values for Participant 11-KC, as 

measured by the Spectralis®. This individual has Stage 1 keratoconus OD, and Stage 2 OS. 
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Figure 5-39: Difference maps of corneal epithelial thickness subtracting baseline from follow-up values for Participant 13-KC, as 

measured by the Spectralis®. This individual has Stage 1 keratoconus OU.  
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Figure 5-40: Difference maps of corneal epithelial thickness subtracting baseline from follow-up values for Participant 14-KC, as 

measured by the Spectralis®. This individual has Stage 4 keratoconus OD, and Stage 1 OS. 
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Figure 5-41: Difference maps of corneal epithelial thickness subtracting baseline from follow-up values for Participant 15-KC, as 

measured by the Spectralis®. This individual has Stage 1 keratoconus OD, and Stage 4 OS.  
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5.5 Additional Parameters Relating to Lens Fit and Ocular Health 

5.5.1 Central Corneal Clearance 

As previously discussed, central corneal clearance was measured in Fiji on images taken with 

Spectralis® OCT and subsequently corrected for magnification effects. Individual measured and 

magnification corrected central clearances are tabulated below in Table 5-12, and a group summary is 

presented in Table 5-13.   

Table 5-12: Summary table of individual clearances measured for all participants for each lens. 

For each eye, Amsler-Krumeich disease stage171 is indicated. From left to right on this table, 

clearances are summarized as low clearance (LC) baseline (BL) and follow-up (FU), and then 

BL and FU for the high clearance (HC) lens.  
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Table 5-13: Group summary and descriptive statistics for central corneal clearances. These 

values are shown for baseline (BL) and follow-up (FU) for each of the low clearance (LC) and 

high clearance (HC) lenses.  

 

5.5.2 High and Low Contrast Visual Acuity 

For this study, high and low contrast visual acuity was measured with study lenses before and after 

best-spherical over refraction. As these measurements were recorded using Snellen notation, values 

were converted to logMAR using a validated method in Excel.288 Results of best-corrected high and 

low contrast visual acuity for each participant are displayed in Appendix G. These data are 

summarized below in Table 5-14 for high contrast visual acuity, and Table 5-15 for low contrast 

visual acuity. 

Table 5-14: Summary of changes in high contrast visual acuity between baseline and follow-up 

for the low (left) and high clearance lens (right). Counts and averages of both decreases (colour 

coded in red) and increases (colour coded in green) in visual acuity are summarized at the 

bottom of the table.  

 

 

BL FU BL FU

Average CCC (µm) 249 201 384 295

SD 78 71 92 44

Range (µm) 138-413 101-378 238-529 212-381

LC HC
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For the measurement of high contrast visual acuity summarized previously in Table 5-14, there was 

an overall roughly even division between case counts of improvement and worsening of VA with lens 

wear. The highest average of letters lost from baseline to follow-up was with the right eye, high 

clearance lens (five letters), however the same magnitude of letters gained was noted on average for 

the left eye with the same lens. Averages were otherwise similar.  

 

Table 5-15: Summary of changes in low contrast visual acuity between baseline and follow-up 

for the low (left) and high clearance lens (right). Counts and averages are indicated as in Table 

5-14.  

 

 

For low contrast visual acuity shown above in Table 5-15, in all but one situation (low clearance, left 

eye), there were more cases of decreased visual acuity when comparing baseline to follow-up, 

compared to cases of improvement. However, this was generally only by 1-2 cases. When comparing 

averages of how many letters were lost or gained, in the low contrast acuity measurement for the high 

clearance lens for the right eye, the average number of letters lost was twice that of letters gained. On 

the other hand, the average number of letters gained was twice that of letters lost for the low contrast 

acuity measurement for the low clearance lens on the left eye. Otherwise, averages were similar. 
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5.5.3 Subjective Comfort 

At each study visit, subjective comfort was assessed via written questionnaire, which is shown in 

Appendix A. Relevant answers to questions for scleral lens wear for each individual participant at all 

visits are tabulated in Appendix H. These questions refer to comfort and clarity ratings from 0 to 100, 

with 0 being poor and 100 being excellent, in addition to a determination of lens preference, if any. 

These values, in addition to the differences between clarity and comfort from baseline to follow-up 

for each lens are tabulated in Table 5-16 (low clearance lens) and Table 5-17 (high clearance lens). 

Table 5-16: Summary of clarity and comfort values and change from baseline to follow-up for 

the low clearance lens.  Improvements are indicated in green, and worsening of scores are in 

red.  

 

 

In most cases, for the low clearance lens, clarity either decreased or remained the same from baseline 

to follow-up. Where decreases were noted, the magnitudes of these changes from baseline were 

significantly smaller than those noted with the high clearance lens (see Table 5-17 below). For 11-

KC, there was a small improvement in clarity with the low clearance lens. In terms of comfort, 
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participants 04-KC, 07-KC and 14-KC all felt this parameter to improve from baseline to follow-up in 

at least one eye, where 13-KC noted a significant decrease in comfort in both eyes. Participants 02-

KC, 09-KC, 11-KC, and 15-KC all reported less or equal comfort at follow-up compared to baseline. 

Changes in clarity and comfort from baseline to follow-up were more varied with the low clearance 

lens (Table 5-16), compared to the high clearance lens, shown in Table 5-17 below. 

Table 5-17: Summary of clarity and comfort values and change from baseline to follow-up for 

the high clearance lens.  Improvements are indicated in green, and worsening of scores are in 

red.  

 

 

In general, from baseline to follow-up for the high clearance lens, both the clarity and the comfort of 

the lenses decreased, based on subjective scores given. Exceptions to this are participant 02-KC (OU), 

participant 09-KC (OD) and participant 13-KC (OD) where an improvement or stable score was 

noted. For comfort only, improvements in scores were noted for participant 07-KC in both eyes, and 

the left eye of 09-KC. 
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Lens preferences, both in terms of clearance and chronological order, for each participant are 

additionally summarized below in Table 5-18. 

Table 5-18: Lens preference both by chronological order (first lens: navy blue, second lens: 

light blue), and by clearance (low clearance: grey, high clearance: beige).  

 

The majority of individuals preferred the low clearance lens at baseline and follow-up, which was the 

second lens worn in all but one case (15-KC). In approximately half of all cases, preference was the 

same from baseline to follow-up. Exceptions to this were participants 09-KC OD, 13-KC, 14-KC, and 

15-KC (all OU), where the nature of changes in preferences varied among participants from baseline 

to follow-up. 

5.5.4 Lens Centration 

At each visit, any decentration of the scleral lens on-eye was recorded during slit-lamp biomicroscopy 

when lens fit was assessed. These results are detailed in Appendix I for each participant, and case 

counts for each direction of decentration are summarized below in Table 5-19 for all visits, and then 

at follow-up only. 

Participant Visit Type Eye

Preferred Lens:

Order Worn

Preferred Lens:

Type of Clearance Visit Type Eye

Preferred Lens:

Order Worn

Preferred Lens:

Type of Clearance

02-KC BL OD L1 HC FU OD L1 HC 

02-KC BL OS L1 HC FU OS L1 HC 

04-KC BL OD L2 LC FU OD L2 LC 

04-KC BL OS L2 LC FU OS L2 LC 

07-KC BL OD L2 LC FU OD L2 LC 

07-KC BL OS L2 LC FU OS L2 LC 

09-KC BL OD L2 LC FU OD L1=L2 LC=HC 

09-KC BL OS L1=L2 LC=HC FU OS L1=L2 LC=HC 

11-KC BL OD L2 LC FU OD L2 LC 

11-KC BL OS L2 LC FU OS L2 LC 

13-KC BL OD L2 LC FU OD L1 HC 

13-KC BL OS L1=L2 LC=HC FU OS L1 HC 

14-KC BL OD L1=L2 LC=HC FU OD L2 LC 

14-KC BL OS L1=L2 LC=HC FU OS L2 LC 

15-KC BL OD L2 HC FU OD L1=L2 LC=HC 

15-KC BL OS L2 HC FU OS L1=L2 LC=HC 
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Table 5-19: Summary of directions of decentration for all participants. All visits include 

baseline and follow-up, and follow-up only (centration after lens settling) is also detailed.  

 

Most lenses showed a decentration towards the inferior temporal direction, when considering both 

baseline and follow-up visits (“all visits” column in Table 5-19). The second most common 

observation was inferior decentration with lateral centration, followed by the lens being centred both 

laterally and vertically. At follow-up only, inferior temporal decentration was still the most frequent, 

with a centred fit, followed by an inferiorly decentred fit, being the next most common. 

5.5.5 Ocular Health Parameters 

Ocular health parameters such as bulbar conjunctival and limbal hyperemia, and fluorescein 

staining were measured and documented at each study visit.  

5.5.5.1 Bulbar and Limbal Hyperemia 

Hyperemia was automatically graded with the K5® R-Scan for both the bulbar conjunctiva and the 

limbus, in the nasal and temporal regions. Results of individual measurements are displayed in 

Appendix J, and a summary of mean hyperemia and standard deviations of measurements at each 

location for each visit is tabulated below in Table 5-20. 
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Table 5-20: Mean and standard deviation of bulbar and limbal hyperemia both nasally and 

temporally at each visit for all participants.  

 

Mean bulbar hyperemia increased qualitatively with scleral lens wear (i.e., from baseline to follow-

up), by similar amounts for the low and high clearance lens. Nasal and temporal scores were similar. 

Limbal hyperemia average scores were similar at baseline and follow-up, and nasal and temporal 

measures were also similar. 

Participants with decreases in both clarity and comfort, which occurred more with the high 

clearance lens (shown in Table 5-17) in comparison to the low clearance lens (Table 5-16), would 

often have an above average hyperemia grading (individual results shown in Appendix J). These 

individuals included, for high clearance, 04-KC OU, 11-KC OU, 13-KC OS, 14-KC OU, and 15-KC 

OU. For low clearance, these individuals were 02-KC OS and 13-KC OU. There was more often than 

not an increase in bulbar hyperemia in these cases from baseline to follow-up. However, decreases in 

these scores from baseline to follow-up were also at times noted for these individuals, and above 

average scores were also noted in individuals who did not have decreased clarity and comfort. 

5.5.5.2 Corneal Fluorescein Staining 

Corneal fluorescein staining was assessed at each visit with slit-lamp biomicroscopy. Grading was 

carried out by location (central, superior, inferior, nasal, temporal) and type on an integer scale of 1-4, 

representing micro-, macropunctate, coalescent, and patch staining, per the Brien Holden Vision 
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Institute (BHVI) grading system.289 If no staining was present, a grade of “0” was given. The 

presence and location of negative staining was also noted. Individual results are shown in Appendix 

K. Mean positive staining scores and their standard deviations at each location, along with presence 

or absence of negative staining are displayed below in Table 5-21 for each visit. 

Table 5-21: Summary of corneal fluorescein staining using the BHVI scale.289 Mean and 

standard deviation are displayed at each corneal location for each visit for positive staining. 

Counts of the presence and absence of negative staining are detailed for each visit.  

 

Average positive staining with lens wear was very similar from baseline to follow-up, as well as 

between the low and high clearance lens follow-ups. The presence of negative staining was less often 

noted at baseline for the high clearance lens, which was the first baseline in all but one case. 

However, the number of cases with and without negative staining were very similar between both 

lens follow-ups. In the same participants who reported decreases in both clarity and comfort from 

baseline to follow-up (referenced in 5.5.5.1), corneal fluorescein staining (results displayed in 

Appendix K) was not consistently above the average score. Similar to hyperemia scores, decreases in 

staining scores were also noted for these individuals, and above average staining scores were 

observed in individuals who did not report both decreases in clarity and comfort. 

In general, group averages for ocular health parameters were stable throughout the study and were 

similar between the low and high clearance lenses.  

Central Superior Inferior Temporal Nasal Presence Absence

Mean 1 1 1 1 1

SD 1 1 1 1 1

Mean 0 1 1 0 1

SD 0 1 1 0 1

Mean 1 1 1 1 1

SD 0 1 1 1 1

Mean 1 1 1 1 1

SD 1 1 1 1 1

LC BL

HC BL

LC FU

HC FU

Positive Staining
Condition Statistic

114

Negative Staining

7 9

2 14

5 11
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Chapter 6 

Discussion 

6.1 Group Analysis Interpretation 

This section will detail group analyses discussed in Chapter 5, performed on total (5.3.1, 5.4.1, 5.4.2) 

and corneal epithelial thickness measurements (5.3.2) collected at each visit. Firstly, total thickness 

group analysis will be discussed, followed by corneal epithelial thickness group analysis. 

6.1.1 Total Corneal Thickness 

Total corneal thickness measurements taken with both the Spectralis® and Pentacam® HR were 

initially analyzed via repeated-measures ANOVA (Chapter 5, section 5.3.1). The goal of this analysis 

was to determine if there was a statistically significant difference in corneal thickness measurements 

overall across the three conditions of averaged baseline, low clearance follow-up and high clearance 

follow-up visits, at each location. Separate analyses were performed for each instrument, eye, and 

meridian. Results of this analysis are shown in Table 5-4. With both Spectralis® and Pentacam® HR 

measurements, differences in total corneal thickness measurements across conditions were 

statistically significantly different in all but one case. The only instance where this was not noted was 

for the left eye, inferior temporal-superior nasal meridian analysis, measured with the Spectralis®.  

Due to the spherical nature of the data, a repeated-measures method to determine specific 

differences between conditions would have been of limited value. In lieu of post-hoc testing, selective 

paired t-testing with Holm-Bonferroni correction applied was carried out on each of the three possible 

combinations of conditions to determine where statistically significant differences in corneal 

thickness occurred. Comparisons were made between the averaged baseline and low clearance 

follow-up measurements; averaged baseline and high clearance follow-up; and the low clearance and 

high clearance follow-up visits. Results of paired t-testing are shown in Chapter 5, Table 5-5, and 
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descriptive values used for each test are shown in Table 5-6. In this case, measurements were not 

tabulated separately by location, and all measurements taken at each visit type (e.g., baseline average) 

for all participants within the same eye, meridian, and instrument were matched with those 

corresponding measurements from the visit type they were being compared to (e.g., low clearance 

follow-up). For the Spectralis®, in five out of the eight analyses, there was a statistically significant 

increase in corneal thickness with scleral lens wear in general, that is, between baseline and both 

follow-up visits, however there was not a significant difference between low and high clearance 

follow-up measurements. One of these analyses was for the Spectralis® measurements for the left 

eye, inferior temporal-superior nasal meridian, where RMANOVA within-subject effects testing did 

not yield a significant difference. For the remaining three analyses, statistically significant differences 

were noted with both scleral lens wear in general, and between low and high clearance follow-ups. 

These three analyses were for the right and left eye in the vertical meridian, and the left eye superior 

temporal-inferior nasal meridian. For the Pentacam® HR measurements, the same two combinations 

of statistical significance were observed. However, in more of these analyses (five out of eight), 

significant differences were observed for scleral lens wear (between baseline and each follow-up), 

and between low and high clearance follow-up visits. For the right eye horizontal meridian, left eye 

inferior temporal-superior nasal meridian, and right eye superior temporal-inferior nasal meridian, 

there was a significant difference in measurements with scleral lens wear, but the difference between 

low and high clearance follow-ups was not significant. Of note, these three groupings where the 

change from the low to high clearance lens follow-ups measured with the Pentacam® were not 

significantly different paralleled statistical significance findings with the Spectralis® measurements. 

Whether statistically significant or not, all but one comparison yielded an increase in the mean total 

corneal thickness from baseline to follow-up, and from the low to high clearance follow-up. The 

exception to this is the analysis of the left eye measured with the Spectralis® in the horizontal 



 

 159 

meridian, where mean thickness decreased very minimally (1 µm) from the low to high clearance 

lens. Mean total corneal thickness measurements referenced here are shown in Table 5-6. 

To summarize the results of the group statistical analysis, when comparing follow-up to baseline 

total corneal thickness measurements, total corneal thickness measurements at follow-up were always 

statistically significantly greater than baseline measurements, whether the low or high clearance lens 

was worn. In other words, scleral lens wear always resulted in a statistically significant increase in 

total corneal thickness, compared to baseline. In some cases, this increase in corneal thickness was 

statistically significant with increased central clearance (i.e., when comparing the low to the high 

clearance follow-up corneal thickness measurements). Even if the amount of change was not 

statistically significant, either scleral lens wear, or increased central clearance in all but one case 

resulted in an increase in the mean corneal thickness, when analyzing all measurements of each 

meridian as above. An increase in corneal thickness as a result of conventional scleral lens wear, 

hypothesized to be due to a relative hypoxic state, is consistent with what has been reported in the 

literature for eyes with keratoconus,243,244,246 and eyes without78–85 measured with both OCT and 

Pentacam® for both populations. Central, as well as midperipheral increases in thickness has been 

noted with scleral lens wear in healthy eyes, where a largely symmetrical and uniform response has 

been suggested, but with a suggestion of a greater amount of swelling inferiorly.78,85 However, it 

should be noted that studies done on eyes without pathology far outnumber those carried out in 

individuals with keratoconus, and comparisons with all studies should be done with caution, due to 

pathological and biomechanical differences between these two groups.245  

As mentioned, the other important question investigated in this study was whether varying central 

corneal clearance in scleral lens wear influenced the degree of induction of corneal edema secondary 

to subclinical hypoxia.  
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Results of this group statistical analysis suggests that there may be an effect of increased clearance, 

that is location dependent. Uniformly and with both instruments, corneal thickness along the vertical 

meridian increased significantly with wear of scleral lenses with an increased corneal clearance, 

meaning from the low to high clearance follow-up measurements. In most, but not all comparisons, 

the horizontal and the inferior temporal-superior nasal oblique meridians were not measured to be 

significantly different across varying clearances, and for the other oblique meridian (superior 

temporal-inferior nasal), there appeared to be an even division for significance across instruments 

where the right eye was unaffected by clearance for both, and the left eye was affected. To the best of 

current knowledge, of the few studies published on scleral lens wear in keratoconus, none have varied 

central clearance and simultaneously investigated midperipheral changes across various meridians in 

total corneal thickness. One study where limbal clearance was varied did note corneal swelling to be 

particularly greater in the inferior and temporal regions.246 In contrast to this cited study and the 

current study, another group reported inferior total corneal thinning with scleral lens wear alone 

compared to baseline measurements, which will be discussed further in a later section.245 It is 

challenging to compare our study results to the results of both of these studies, as analyses were 

performed by meridian in the current study, rather than quadrant. Also, central corneal clearance was 

not varied in the cited investigations. When potential edematous effects of lenses of different central 

corneal clearances have been retrospectively investigated in the healthy population, measurements 

averaged over the central 4mm of the cornea were reported to increase with increased central 

clearance, but not by a statistically significant amount, and a preference for location was not 

mentioned.83 As previously stated, a greater amount of swelling due to scleral lens wear in the inferior 

meridian has been reported in healthy eyes, and so this finding may be one shared by eyes with and 

without keratoconus.78,290 We carried out a pilot study of similar design to the current study on a small 

sample size of healthy individuals for a two week period in order to obtain the parameters of a healthy 
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corneal response to scleral lens wear.290 This pilot study yielded significant total corneal thickness 

increases across all compared conditions in the vertical meridian, similar to the current study, but in 

the horizontal meridian, a non-significant increase in thickness with low clearance scleral lens wear 

was observed, alongside statistically significant increases in corneal thickness from baseline to high 

clearance follow-up measurements, and between both follow-ups.290 These measurements were taken 

from images taken with the Pentacam® HR, analyzed along the horizontal and vertical meridians 

only. In contrast, Pentacam® HR measurements from the current study yielded significant increases 

in these meridians for all combinations of conditions except for the low versus high clearance follow-

up visit in the horizontal meridian. Further work is needed to ascertain this, but it is possible that the 

keratoconic cornea is more influenced by scleral lens wear in general in the horizontal meridian, in 

comparison to the non-keratoconic cornea. This observation could potentially be related to the fact 

that the horizontal meridian, irregularly protruding in keratoconic eyes, is subjected to different 

influences than the vertical meridian in terms of pressure changes and mechanical rubbing since it 

follows and falls on the closure line of the eyelids.  

A proposed reason for the consistently affected vertical meridian in the case of increased central 

corneal clearance in this study would be that the cone apex (indicated by a dot in thickness maps, 

Figure 5-18-Figure 5-41) is quite often located on (31% of cases) or adjacent to this meridian (69% - 

however, these apices are equidistant to the horizontal meridian). The cone area in its entirety, would 

lie along or very close to this meridian. In keratoconus, it is known that corneal biomechanical 

strength is compromised215,216,218 due to the pathological process, which would theoretically make this 

region more vulnerable to edematous changes.219,291 However, with 31% of cone apices being located 

exactly along the inferior temporal-superior nasal meridian, one would expect this uniform effect of 

significant swelling with increased clearance for this meridian as well, however this was only noted 

for the right eye, Pentacam® measurements. Similarly, lens decentration coincided with the inferior 



 

 162 

temporal meridian in approximately half of follow-up visits, and along the vertical meridian about 

20% of the time which would again partially but not fully explain the consistently affected vertical, 

but not inferior temporal oblique meridian. The interplay between these two factors, as well as 

probable individual differences are possibly responsible for there not being a consistently affected 

region across these meridians. 

Much of the literature reports on changes in central corneal thickness when central clearance has 

been varied in scleral lens wear in the healthy population. An association between increased initial 

clearance and the increase in central corneal thickness both has84 and has not81 been postulated, and 

significant differences have been noted especially where clearance was intentionally varied and 

controlled,77 while it has otherwise been suggested this not to be the case.79,240 Further, a greater 

influence of clearance on oxygen transmissibility has been suggested where the lens material has a Dk 

of greater than 100.84 In this study, percent changes from baseline to follow-up in the centre were 

approximately 1-2% for the low clearance lens (Table 5-10), and 1-3% for the high clearance lens 

(Table 5-11). Scleral lens wear in both cases resulted in an increase in central corneal thickness, and a 

descriptively greater increase at this location with the high clearance lens. 

Estimated marginal mean plots were generated following RMANOVA testing. These results from 

analysis of data taken with the Pentacam® HR are displayed in Chapter 5, section 5.4.1. Mean total 

corneal thickness values at each location are graphed, and individual graphs separated by instrument, 

eye, and meridian are shown. It can be noted that there appears to be a greater separation between the 

baseline and two follow-up means at the negatively assigned locations, denoted with an “M” on the x 

axes. For horizontal meridians, this refers to the temporal region, for vertical this is inferior, for the 

oblique inferior temporal-superior nasal meridian this is the inferior temporal hemi-meridian, and for 

the superior temporal-inferior nasal meridian, this is the superior temporal meridian. Descriptively, it 

appears that there are greater increases in thickness between baseline and follow-up measurements 
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regionally in the temporal, inferior, inferior-temporal, and superior-temporal hemi-meridians 

compared to their counterparts, in general. Estimated marginal means plots generated from analysis of 

Spectralis® data did not reveal any clear or consistent regional trends. This general trend in 

keratoconic eyes was also noted by Yeung et al, where more significant increases in thickness were 

noted in the inferior and temporal quadrants,246 and in the inferior region, when investigated in 

healthy eyes,78 both measured with the Pentacam®. This observation of descriptively greater edema 

in these regions would be feasibly explained by both frequent inferior temporal lens decentration, as 

well as the position of the mechanically weaker cone apex located along the inferior temporal 

meridian. These observations represent corneal behaviour minutes after lens removal, that is, as it is 

recovering from scleral lens wear, since this is when Pentacam® measurements were taken. This will 

be further discussed in later sections. 

As mentioned, further descriptive analysis was carried out in the calculation of percent changes 

from baseline to low clearance (Table 5-10) and baseline to high clearance (Table 5-11), described in 

5.4.2. Again, analyses were done separately per instrument, eye, and meridian. Percent changes were 

reported at each location. Regional descriptive trends discussed previously for Pentacam® HR data 

were reflected in these tables, that is, descriptively, greater percent changes from baseline were 

observed in the conventionally assigned negative location values, compared to the positive. Again, 

Spectralis® data did not exhibit a clear preference for location in this analysis. For both instruments, 

in many cases, greater percent changes were noted in the more peripheral locations (3 and 4mm from 

the centre) when comparing baseline to low clearance (Table 5-10). High percent changes were 

observed closer to the centre (i.e., 1 and 2mm from the centre) in many cases of comparing baseline 

to high clearance (Table 5-11), in addition to the periphery specifically with Spectralis® 

measurements. As Spectralis® measurements were taken prior to the Pentacam® HR, it is possible 

that by the time Pentacam® imaging was done, edema closer to the centre present initially after lens 
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removal had dissipated. From these results, it can be suggested that as the level of central clearance 

increases, corneal edema may begin in the periphery and then occupy the central cornea as the degree 

of hypoxia increases. In the literature, values of corneal edema have reported to range from 0.38-

5.44%77,78,240,243,244,246,79–85,232 In this study, the range of -0.65-5.01% corneal edema, with an average 

of 1.96 ±0.96% are aligned with what has been described by others.   

Descriptively, when examining ocular health parameters overall, there was a greater amount of 

bulbar hyperemia at both lens follow-ups compared to baseline. However, a descriptive difference 

between these values at follow-up visits after lens wear of varying clearance was not obvious. Limbal 

hyperemia appeared to remain consistent at all visits. This may suggest that bulbar hyperemia may be 

associated with subclinical hypoxia induced by scleral lens wear, in theory due to vascular 

autoregulation,49 but varying levels of clearance used for this study does not appear to substantially 

affect the overall average amount of hyperemia, from a purely descriptive perspective. This contrasts 

the more well-established link in the literature between limbal hyperemia and hypoxia in comparison 

to bulbar hyperemia.45,47,48 Bulbar and limbal hyperemia group results are summarized in Table 5-20. 

It was descriptively noted that positive corneal fluorescein staining did not change substantially 

from baseline to follow-up (i.e., with scleral lens wear alone). Negative staining may occur more 

frequently as scleral lenses are worn, as this was more often noted at the second baseline visit, 

however there was not a great difference in its occurrence between follow-up visits after lens wear of 

varying clearances. These results contrast the theoretical prediction that scleral lens-induced hypoxia 

may be associated with increased positive corneal fluorescein staining.43,44 A group summary of 

corneal fluorescein staining results is displayed in Table 5-21. Further work in a larger sample size of 

individuals is required to contribute to the investigation of ocular hyperemia and corneal fluorescein 

staining and its possible relationship with scleral lens-induced hypoxia.  
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6.1.2 Corneal Epithelial Thickness 

Initially, RMANOVAs were also carried out for corneal epithelial thickness data to compare between 

baseline and both follow-up visits. Results of non-parametric Friedman RMANOVA were in most 

cases not statistically significant, apart from analysis of the right eye, superior temporal-inferior nasal 

meridian, where a significance difference was noted. Specific analyses to test for differences between 

combinations of conditions mentioned in 6.1.1 were similarly carried out with selective paired t-

testing, rather than pairwise Durbin-Conover comparisons in the repeated-measures analysis. In 

general, there was not a statistically significant change in epithelial thickness across any of the three 

comparisons. That is, scleral lens wear in general did not yield a significant increase in epithelial 

thickness, and there was not a significant difference between wear of the low and higher clearance 

lens. Results of paired t-testing with Holm-Bonferroni correction applied (see Table 5-8) revealed 

only two instances of statistically significant change, those being for the left eye superior temporal-

inferior nasal meridian from both the low to high clearance follow-up, and from the baseline to low 

clearance follow-up. When comparing low to high clearance there was a statistically significant 

increase in epithelial thickness, however, the change from baseline to low clearance follow-up 

revealed a significant decrease in epithelial thickness. Descriptive values of epithelial thickness used 

for these comparisons are shown in Table 5-9. All other pairs of conditions were not significantly 

different from one another. For epithelial thickness, there was not a consistent trend for a descriptive 

increase in mean corneal epithelial thickness from baseline to either follow-up visit, or from the low 

to high clearance follow-up visit, as there was for mean total corneal thickness. These results of 

largely non-significant and inconsistent changes in epithelial thickness with scleral lens wear are 

similar to that in the literature, as studies thus far have suggested that total corneal edema secondary 

to scleral lens wear primarily occurs in the stroma.83,84 However, with resolution limitations with 

current imaging technology, changes in epithelial thickness are presumably more difficult to detect in 
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comparison to changes in total corneal thickness. It would be worth continuing to investigate this 

parameter with scleral lens wear, especially with improvements in imaging technology and resolution, 

in this disease population. In particular, the response to scleral lens wear in locations where the 

epithelium is pathologically affected would be of clinical interest. However, local variations in 

epithelial thickness due to pathology alone present practical difficulties in measuring this parameter 

and may result in a range of responses to scleral lens wear which may not be feasibly generalized. 

6.2 Subcategory and Individual Exploratory Analysis Interpretation 

With this study being of limited sample size and statistical power, it was determined that it would be 

of value to describe individual changes and explore patterns across participants with common 

characteristics in a qualitative manner. Visual depiction of changes in total corneal and corneal 

epithelial thickness was presented in Chapter 5 in the form of corneal thickness difference mapping. 

These maps are shown in Figure 5-18-Figure 5-33 (total corneal thickness) and in Figure 5-34-Figure 

5-41 (corneal epithelial thickness). When all maps were examined, swelling was defined by a positive 

difference from baseline to follow-up that was detected by the warmer colour scale of the maps (red 

for total corneal thickness, yellow for corneal epithelial thickness). Thinning conversely was defined 

by a negative difference from baseline to follow-up detected by the cooler colour scale of the maps 

(green for total corneal thickness, blue for corneal epithelial thickness). For both directions of change, 

the magnitudes necessary to yield a visible colour on the maps were 10µm for corneal epithelial 

thickness maps, and 15µm for total corneal thickness maps. Initially, all maps were surveyed in a 

broad manner. Following this, individual cases grouped by swelling patterns were analyzed. Finally, 

eyes were sorted firstly by instrument type and disease stage and then, instrument type and positive or 

negative history of CXL to elucidate patterns. In accordance with the labelling of the difference maps, 

Stages 1 and 2 will be referred to as “early” keratoconus and Stages 3 and 4 as “severe” keratoconus. 
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6.2.1 Total Corneal Thickness Analysis 

It was generally noted that apparent corneal swelling was much more frequently detected by the 

Spectralis®, in comparison to the Pentacam® HR. Visually, this meant that Spectralis® maps 

appeared much redder, indicating swelling, compared to the Pentacam® maps, which conversely 

appeared much whiter, suggesting minimal change in corneal thickness. As mentioned, Spectralis® 

measurements were taken immediately after scleral lens removal. The reversal of corneal swelling 

with scleral lens wear has been reported to occur immediately after removal of a scleral lens,68 which 

would provide a reasonable explanation for greater changes in corneal thickness noted by the 

Spectralis®, compared to the Pentacam®. However, because the Spectralis® measurements were 

always taken immediately after scleral lens removal, and Pentacam® measurements were taken 

minutes later, it cannot be assertively stated that these differences in observations were not also due to 

instrument variation. To confirm this, randomization of the order of imaging instruments used 

following lens removal could have been employed. Measurement procedures could have also been 

repeated, where the other instrument not used after the first measurement session would then be used 

immediately after lens removal for the repeated session. The latter option would also assist in ruling 

out the possibility of individual differences. If in both cases with both instruments, measurements 

were found to be similar immediately following lens removal and during recovery regardless of the 

instrument used, the change in corneal swelling between those two time points could be fully 

attributed to the passage of time alone as the cornea recovers from scleral lens wear. 

Additionally, in most cases, maps showing high clearance lens data appeared “redder” indicating 

more regions of swelling, compared to the low clearance lens for both instruments. This further 

supports a link between increased corneal clearance and increased corneal edema secondary to 

hypoxia. 
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6.2.1.1 Patterns in Changes in Total Corneal Thickness: Individual Observations  

6.2.1.1.1 Diffuse Total Corneal Swelling 

With the Spectralis®, some individuals tended to exhibit a more diffuse effect of swelling in terms of 

location, and swell more, quantitatively, manifesting as a deeper saturation of red, indicating a greater 

increase in corneal thickness. The three individuals who were most noteworthy for diffuse swelling 

were 09-KC, 13-KC, and 07-KC.  

Participant 09-KC had asymmetrical disease severity between eyes. Specifically, their right eye 

was graded a Stage 3, or severe stage and their left eye Stage 1, or early stage. In nearly all cases of 

scleral lens wear for 09-KC, almost the entire total corneal area appeared to swell. High amounts of 

swelling were noted (in the range of 45-105 µm), which were among the highest amounts of corneal 

thickness increase observed in this study. This was noted particularly for the right eye high clearance 

map in the vertical meridian and superior nasal, nasal, and inferior nasal hemimeridians, and to a 

lesser degree (in the approximate 15-60µm range) for the left eye high clearance map affecting 

inferior hemimeridians slightly more than superior regions. In all situations, the cone was affected by 

total corneal swelling, but it was most intensely affected in terms of swelling amount in the case of 

the right eye, high clearance lens. The corneal epithelium did not appear to exhibit great amounts of 

changes in thickness, and exhibited both areas of swelling and thinning, which were sparsely 

distributed across the cornea. For this participant, the general diffuse nature of swelling was detected 

by the Pentacam® and can be noted from the thickness maps, but the same degree of swelling as with 

the Spectralis® was not observed. Instead, difference values tended to range from approximately 15-

60µm, generally falling in the 20-40µm range for the right eye and stay within the range of 18-31µm 

for the left eye. For the Pentacam®, cone apices appeared to be similarly affected for right and left 

eyes in the cases of low and high clearance lenses, unlike the asymmetric (OD>OS) swelling at the 

cone noted with the Spectralis®. In the right eye, the substantially increased inferior nasal sectoral 
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swelling did not correlate exactly with the inferior temporal noted lens decentration, however there 

was an association between higher values of swelling inferiorly in the left eye and the inferior 

decentration of this lens.  

The above noted nasal swelling in both oblique hemimeridians was paralleled in participant 13-KC 

with the Spectralis®, who also exhibited a diffuse pattern of swelling but on essentially half of the 

cornea on the more superior nasal side, where the superior temporal to inferior nasal meridian divides 

the cornea in two, in addition to swelling along this meridian. Greater total corneal swelling was 

noted in this region compared to the more inferior temporal section, with the cornea divided as such. 

This was noted in both eyes, for the higher clearance lens. Specifically, the superior temporal-inferior 

nasal oblique meridian was affected, as well as the superior, superior nasal, nasal, and inferior nasal 

hemimeridians. Epithelial swelling appeared to parallel these locations of total corneal swelling for 

the right eye much more so than for the left for the high clearance lens. Of note, participant 13-KC 

has Stage 1 (early) keratoconus in both eyes. In all cases, located inferiorly in both eyes, the cone 

apex was not affected by swelling. Both high clearance lenses were reported to be centred at follow-

up, which would not correspond to this sectoral preference for swelling. The Pentacam® did detect 

greater swelling comparatively with the high, compared to the low clearance lens, but the location of 

swelling was more diffuse in nature, in contrast to Spectralis® mapping. This may reflect a 

dissipation of corneal swelling as it recovers from scleral lens wear. With the Pentacam® 

measurements, it appeared that the cone was affected by swelling only in the case of the left eye, high 

clearance lens.   

For participant 07-KC, diffuse swelling was also noted, similarly to 09-KC, but due to missing data 

with the Spectralis®, this was difficult to ascertain with these maps alone. From what was available 

to analyze, the region where the greatest amount of swelling (i.e., where difference maps were most 

saturated with colour) was noted was for the right eye, high clearance, inferior temporal 
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hemimeridian. Swelling across entire meridians but of lesser amounts include the nasal region for the 

right eye, high clearance lens, and for the left eye in this scenario, in the superior temporal region. For 

the Pentacam®, the same regions of the right eye were affected, as well as more swelling inferior 

nasal for the left. For the Pentacam®, the centre and adjacent areas 1mm from the centre were largely 

unaffected by swelling, that is, the swelling appeared to be more paracentrally located compared to 

Spectralis® measurements. This may loosely parallel the general findings of the Pentacam® detecting 

less of an increase in the adjacent paracentral regions, compared to more midperipheral paracentral 

regions, potentially due to the dissipation of corneal swelling at those locations at the time of 

Pentacam® imaging, minutes after lens removal. The cone apex, located in the centre, appeared to be 

generally unaffected by swelling for both the Pentacam® and Spectralis®, except for the right eye, 

low clearance lens. The centrally located cone apices were coincident with the lens being perfectly 

centred in all situations, meaning that for this individual, scleral lens centration did not overlap well 

with the strict individual central area of swelling. However, neighbouring locations 1mm from the 

centre were noted to swell with the Spectralis®, particularly for the right eye. Locations of epithelial 

swelling were at times coincident with locations of total corneal swelling, both measured by the 

Spectralis®, most notably for the right eye, low clearance lens. The single location of high corneal 

epithelial swelling (4mm temporal to centre, left eye, high clearance lens) did overlap with a great 

amount of total corneal swelling at this location, measured at the same time by the Spectralis®. 

When examining individually measured central corneal clearances for these participants, it was 

noted that for both 07- and 09-KC, one eye exceeded the target range for the low and high clearance 

lenses. This was the left eye for 07-KC and the right for 09-KC. However, only the left eye of 07-KC 

was at the extreme of the measured range for the high clearance lens. These observations correlated 

with descriptive swelling interpretations more so for 09-KC, however a difference between eyes for 

07-KC was more difficult to establish due to missing data. Measurements for 13-KC fell within and 
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not towards the higher extremes of both targeted and measured ranges for both lenses. However, for 

this participant, stable endothelial guttata throughout study visits were noted, which may explain a 

slightly greater vulnerability to swelling in this participant. Diffuse corneal swelling occurred in 

individuals with ranging disease stages. Therefore, this may be a property of the individual’s corneal 

biomechanics. These individuals may have a more even distribution of corneal strength, resulting in a 

symmetrical pattern of swelling across the cornea. 

6.2.1.1.2 Sectoral Total Corneal Swelling 

In the majority of cases, distinct corneal swelling was noted in certain hemimeridians. To begin, 

swelling in the inferior meridian was noted in participants 11-KC, 14-KC, and 15-KC. These 

participants all had asymmetric disease staging, specifically for 11-KC, their right eye was graded as 

Stage 1, and left Stage 2, and to a greater degree of asymmetry, early and severe stages in each eye 

for participants 14-KC (right eye Stage 4, left eye Stage 1) and 15-KC (right eye Stage 1, left eye 

Stage 4). For participant 11-KC, greater swelling inferiorly was noted for the right eye, high clearance 

lens only. For 14-KC and 15-KC, inferior swelling was most consistently noted in both eyes for the 

high clearance lens, but was also observed for the right eye, low clearance lens in 15-KC. The cone 

apex was affected by swelling in the case of the high clearance lens except for in 11-KC, and in 15-

KC left eye, where regions neighboring the cone were affected. Otherwise, corneal swelling at the 

cone apex was noted for the low clearance lens for 11-KC, where the entire inferior temporal 

hemimeridian was also affected. This meridian was also affected in 14-KC (right eye, high clearance 

lens). For both 14-KC and 15-KC, the inferior nasal hemimeridian exhibited some swelling for both 

high clearance lenses. Other participants also exhibited swelling in the oblique hemimeridians, which 

will be later detailed. For participants 11-, 14- and 15-KC, lens centration and regions of swelling 

were well-correlated, particularly for 11-KC and for the right eye, high clearance lens for 14-KC. For 

all other instances for 14- and 15-KC, both lens centration and corneal swelling were located 



 

 172 

inferiorly, but not technically in the same hemimeridians. Some overlap between total corneal and 

corneal epithelial swelling as measured with the Spectralis® was noted, cases where this was quite 

apparent were 11-KC in both eyes, low clearance lens, and for both 14- and 15-KC, the left eye, high 

clearance lens. Pentacam® images most often showed similar regions of swelling and usually 

swelling to a lesser degree in comparison to the Spectralis®. The exceptions to this would be with 11-

KC left eye, high clearance lens where more inferior swelling was noted with the Pentacam®, and for 

14-KC, right eye, low clearance lens, where more swelling was noted in the superior and nasal 

hemimeridians. 

Other hemimeridians notably affected by swelling were on the nasal side. Participant 11-KC was 

previously discussed in detail, as with the high clearance lens, diffuse swelling was noted in the right 

eye’s inferior nasal hemimeridian. This meridian was consistently affected in participant 02-KC and 

04-KC with the same lens (high clearance) and eye (right eye), along with the left eye, high clearance 

lens for 04-KC. Additionally, diffuse swelling in the superior nasal meridian was noted for participant 

02-KC for the left eye, high clearance lens. For 04-KC, diffuse and in a few areas, substantial 

swelling was noted in the nasal hemimeridian for the right eye, and inferiorly in the left eye, both 

with the high clearance lens. Participants 02- and 04-KC are like one another in terms of disease 

stage, as well as to participant 11-KC, as all eyes have early keratoconus (Stages 1 and 2). 

Specifically, participant 02-KC has Stage 2 keratoconus bilaterally, and both participants 04- and 11-

KC have Stage 1 in the right, and Stage 2 in the left eye. In all but one case for 02- and 04-KC, the 

cone apex was unaffected by swelling. The exception to this was 04-KC, left eye, high clearance lens. 

Lens centration did not perfectly correlate with meridians where greater swelling was noted, however, 

in all cases except one (02-KC left eye, high clearance lens), both lens centration and swelling were 

inferiorly noted. In terms of regional parallels to epithelial swelling, this was noted for both 02- and 

11-KC with the left eye, low clearance lens, and sparsely noted for the left eye, high clearance lens 
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for 02-KC. Comparing Pentacam® to Spectralis® mapping revealed in general less total corneal 

swelling as measured with the Pentacam®, except for a few diffuse areas of swelling noted with 

Pentacam® and not the Spectralis® for all four maps for participant 02-KC. As stated, Spectralis® 

measurements were taken prior to those of them Pentacam® after lens removal. The change in pattern 

of swelling may indicate the dissipation of corneal swelling from a more sectoral to diffuse pattern in 

the minutes of recovery following lens removal, however, differences in instrumentation may also be 

responsible. Sectoral corneal swelling patterns appeared to be independent of disease stage, and 

weakly associated with the location of lens decentration. Thus, these patterns are more likely to be 

related to individual biomechanics. 

6.2.1.1.3 Sectoral Corneal Thinning 

In a few isolated cases, total corneal thinning relative to baseline was noted. This was observed in 

the following participants: 02-KC, 04-KC, 07-KC, 11-KC. All individuals except 07-KC had early 

keratoconus, who had severe keratoconus bilaterally. Also, thinning was noted more so on the 

temporal side for early cases, whereas thinning noted for 07-KC was predominantly observed on the 

nasal side. In all early cases, this occurred with the high clearance lens, but with 07-KC who had 

severe keratoconus, thinning was noted for the low clearance lens as well. For this group, in all but 

one case, thinning occurred near the cone but not at the exact conical apex. The exception to this was 

07-KC (left eye, low clearance lens), where thinning occurred at the conical apex. In some, but not all 

cases, these regions overlapped with relative epithelial thinning.  

A previous study has reported a noted “rebound” corneal thinning, or deswelling following scleral 

lens removal, which this very well may be.78 In healthy eyes, a regional significance for this 

phenomenon was not reported.78 In contrast, one study carried out in individuals with keratoconus did 

note significant thinning inferiorly.245 Despite this thinning effect being noted in the extreme groups 

of disease staging, its nature may vary across these groups. Specifically, since it tended to occur more 
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nasally in severe cases as opposed to temporally in early, one may expect the location of thinning to 

change with disease severity. If this thinning is related to the hypoxic effect of scleral lens wear, more 

severely diseased corneas may also have a lower clearance (and therefore hypoxia) threshold for this 

effect to occur, as thinning was noted for both the low and high clearance lens for 07-KC, whereas it 

was only noted in the high clearance lenses for other participants. In particular, the left eye of 07-KC 

where thinning was noted for the low clearance lens, was the intrasubject “more severe” eye, in terms 

of possessing more advanced disease characteristics of Stage 4 keratoconus. This thinning effect, if 

related to corneal edema, may be occurring because of the uneven distribution of mechanical strength 

across the keratoconic cornea. In particular, it may be a consequence of other, weaker areas (such as 

the diseased area)219,291 of the cornea swelling prior to lens removal if this occurs, placing greater 

tension and strain on other these regions, resulting in thinning.245 As mentioned, corneal thinning in 

eyes with keratoconus after scleral lens wear has been reported to be significant inferiorly, in addition 

to superior corneal thinning in individuals who had both keratoconus and intrastromal corneal ring 

segments.245 Differences in locations of thinning depending on a history of surgery which has altered 

the shape, and by consequence, biomechanics of the cornea, provides further support for the 

possibility of this phenomenon being related to this trait. In the present study, thinning appeared to 

occur approximately equally in the inferior, superior, and nasal regions. Further, the most dominant 

effect of scleral lens wear on this group of participants was corneal edema, rather than corneal 

thinning, as was the case with the group analysis for the study discussed. Since for the current study, 

this phenomenon was not noted in all participants, it may be more related to individual biomechanical 

traits. Another possible reason why it was not uniformly noted in all participants was slightly varied 

timing of image acquisition following scleral lens removal across participants, despite maximal 

efforts to acquire an image instantly following lens removal. Further, some participants may “de-

swell” at a faster rate than others. Additionally, since this was noted in both early and severe stages, it 
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may not be related to disease stage in terms of its likelihood but may present itself differently in 

varying disease severity as suggested. Further investigation in a greater number of individuals with a 

range of disease severity is needed to fully establish this.  

6.2.1.2 Subcategory Analysis 

6.2.1.2.1 By Disease Severity 

For disease stage, three groups were formed according to previously mentioned Amsler-Krumeich 

staging for keratoconus (see Table 1-1). Eight eyes belonged to the Stage 1 disease group, four to the 

Stage 2 group, and five had a disease stage of either 3 or 4. Stages 3 and 4 were grouped together, as 

only one eye in the study had a Stage 3 severity of keratoconus.  

When examining thickness maps generated for total corneal thickness measured by both the 

Spectralis® and the Pentacam® HR, it can be noted that quite often, the measured area closest to the 

cone apex (labelled with a dot on all thickness maps) is spared from swelling. It was very rare for 

there to be corneal swelling coinciding with the cone area for the Pentacam®, and this occurrence 

was more frequent for the Spectralis® maps, which as mentioned exhibited more instances of 

swelling in general. When maps of the above-mentioned disease severity groupings were analyzed for 

the Spectralis®, it appeared that the cone apex area was affected by swelling in 35-40% of cases for 

both Stage 1 and in the severe grouping (Stages 3 and 4), and only approximately in 13% of cases for 

participants with Stage 2 keratoconus. These comparisons are limited in that they are purely 

descriptive; however, it may provide insight into a unique resilience at the cone apex of individuals 

with Stage 2 disease, perhaps due to the specific characteristics and morphological changes occurring 

during tissue remodeling at this disease stage.  

Potential regional patterns in swelling for each instrument were noted. Specifically, when measured 

with the Spectralis®, swelling more frequently occurred nasally in terms of location, particularly for 
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individuals with early keratoconus. Conversely, when measured with the Pentacam®, slightly more 

swelling was noted temporally in general. This finding is consistent with group measurements for the 

Pentacam® previously mentioned, particularly the estimated marginal means plots as well as percent 

changes on the conventionally “negative” locations, which includes areas temporal to the centre. 

When visually inspecting the difference maps, there was not however a particular preference for 

inferior swelling. The shift in nasal to temporal corneal swelling from the Spectralis® to Pentacam® 

measurements may indicate how regional corneal swelling changes in the minutes following lens 

removal, barring differences between instrumentation. This is further discussed in section 6.2.1.3. 

6.2.1.2.1.1 Lens Decentration 

For each case, lens fit as measured at follow-up visits were noted, and the area on the map 

corresponding to the lens decentration was examined. This was carried out on groups sorted by 

instrument, and then examined by disease severity and lens clearance. Lens decentration at follow-up 

visits were tabulated alongside whether there was substantial regional overlap with the corneal 

swelling on thickness maps. Substantial regional swelling was determined to be two or more boxes on 

thickness maps in each area. These results are tabulated by disease severity in Table 6-1 and by lens 

clearance in Table 6-2.  
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Table 6-1: Direction of decentration for each eye, sorted by Amsler-Krumeich disease stage.171 

Presence (Y) or absence of regional overlap (N) with corneal swelling on thickness maps as 

measured by each instrument is indicated and totalled for each disease stage.  

 

 

Lateral (x) Vertical (y)

04-KC LC 1 OD -0.5 -1 IT N N

09-KC LC 1 OS 0 -1 I Y N

11-KC LC 1 OD -0.5 -1 IT Y Y

13-KC LC 1 OD 0 0.5 S Y N

13-KC LC 1 OS -1 0.5 ST N N

14-KC LC 1 OS -1 -1.5 IT N N

15-KC LC 1 OD -1 -1.5 IT N N

04-KC HC 1 OD -1 -2 IT N N

09-KC HC 1 OS 0 -1 I Y Y

11-KC HC 1 OD 0 0 C Y N

13-KC HC 1 OD 0 0.5 S Y Y

13-KC HC 1 OS 0 0 C Y N

14-KC HC 1 OS -1 -1 IT N N

15-KC HC 1 OD -1 -1 IT N N

Stage 1, Y 7 3

Stage 1, N 7 11

02-KC LC 2 OD -1 -1 IT N N

02-KC LC 2 OS -1 -1 IT Y N

04-KC LC 2 OS 1 -1 IN N N

11-KC LC 2 OS -1 -1 IT N N

02-KC HC 2 OD -1 -1 IT Y N

02-KC HC 2 OS -1 -1.5 IT N N

04-KC HC 2 OS -1 -2 IT N N

11-KC HC 2 OS 0 -1 I N N

Stage 2, Y 2 0

Stage 2, N 6 8

09-KC LC 3 OD 0 -1 I Y Y

09-KC HC 3 OD -1 -1 IT Y Y

07-KC LC 4 OD 0 0 C Y N

07-KC LC 4 OS 0 0 C N N

14-KC LC 4 OD -0.5 -1.5 IT Y N

15-KC LC 4 OS -1 -1.5 IT N N

07-KC HC 4 OD 0 0 C Y N

07-KC HC 4 OS 0 0 C N N

14-KC HC 4 OD 0 -1.5 I Y N

15-KC HC 4 OS -1 -1 IT N Y

Stage 3/4, Y 6 3

Stage 3/4, N 4 7

Counts of presence (Y) 

and absence of overlap (N)

Counts of presence (Y) 

and absence of overlap (N)

Counts of presence (Y) 

and absence of overlap (N)

Lens Fit
Decentration

Overlap with 

Spectralis Swelling

Overlap with 

Pentacam Swelling
Participant Lens

A-K Disease 

Stage
Eye
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From these results, taken from individual analyses, overlap between corneal swelling and the 

direction of decentration was more often noted with the Spectralis® than the Pentacam®. This may 

be due to the recovery of corneal swelling in general following lens removal. Regional overlap and 

the lack thereof appeared to equally occur in both early (Stage 1) and late disease stages (Stages 3 and 

4). In individuals with Stage 2 disease, there tended to be less regional overlap with lens decentration 

and swelling. This may indicate that regional swelling due to lens decentration when individually 

examined is independent of disease stage, or that individuals with Stage 2 disease may be less 

vulnerable to swelling due to morphology at this disease stage, as previously referenced.  

These results were also explored in terms of lens clearance, see below in Table 6-2. As shown, and 

consistent with results displayed in Table 6-1, there tended to be fewer instances of regional overlap 

with the Pentacam® compared to the Spectralis®. Instances of regional overlap between corneal 

swelling and lens decentration were very similar in amount across varying lens clearances, and there 

was an almost equal occurrence of overlap and lack thereof for both the high and low clearance lens. 

From this method of analysis, it may be suggested that varying lens central clearance may not have a 

great effect on regional swelling due to lens decentration. 
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Table 6-2: Settled direction of decentration for each eye, sorted by lens clearance. Presence (Y) 

or absence of regional overlap (N) with corneal swelling on thickness maps as measured by each 

instrument is indicated and totalled for both the low and high clearance lens groups. 

 

 

Lateral (x) Vertical (y)

02-KC LC 2 OD -1 -1 IT N N

02-KC LC 2 OS -1 -1 IT Y N

04-KC LC 1 OD -0.5 -1 IT N N

04-KC LC 2 OS 1 -1 IN N N

07-KC LC 4 OD 0 0 C Y N

07-KC LC 4 OS 0 0 C N N

09-KC LC 3 OD 0 -1 I Y Y

09-KC LC 1 OS 0 -1 I Y N

11-KC LC 1 OD -0.5 -1 IT Y Y

11-KC LC 2 OS -1 -1 IT N N

13-KC LC 1 OD 0 0.5 S Y N

13-KC LC 1 OS -1 0.5 ST N N

14-KC LC 4 OD -0.5 -1.5 IT Y N

14-KC LC 1 OS -1 -1.5 IT N N

15-KC LC 1 OD -1 -1.5 IT N N

15-KC LC 4 OS -1 -1.5 IT N N

LC, Y 7 2

LC, N 9 14

02-KC HC 2 OD -1 -1 IT Y N

02-KC HC 2 OS -1 -1.5 IT N N

04-KC HC 1 OD -1 -2 IT N N

04-KC HC 2 OS -1 -2 IT N N

07-KC HC 4 OD 0 0 C Y N

07-KC HC 4 OS 0 0 C N N

09-KC HC 3 OD -1 -1 IT Y Y

09-KC HC 1 OS 0 -1 I Y Y

11-KC HC 1 OD 0 0 C Y N

11-KC HC 2 OS 0 -1 I N N

13-KC HC 1 OD 0 0.5 S Y Y

13-KC HC 1 OS 0 0 C Y N

14-KC HC 4 OD 0 -1.5 I Y N

14-KC HC 1 OS -1 -1 IT N N

15-KC HC 1 OD -1 -1 IT N N

15-KC HC 4 OS -1 -1 IT N Y

HC, Y 8 4

HC, N 8 12

Counts of presence (Y) and absence of overlap (N)

Counts of presence (Y) and absence of overlap (N)

Decentration
Overlap with 

Spectralis Swelling

Overlap with 

Pentacam Swelling
Participant Lens

A-K Disease 

Stage
Eye

Lens Fit
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When examined in this manner, results are contrary to what was previously discussed for that of 

the Pentacam®, where a qualitatively greater swelling was suspected in the general region of lens 

centration (displayed in estimated marginal means plots, see Figure 5 11-Figure 5 18). However, it 

should be noted that the analysis discussed in this section refers to the presence or absence of a 

certain magnitude of swelling in a particular region as shown by the thickness maps, and prior 

analysis in the estimated marginal means plots displayed descriptive differences in amounts of 

swelling in certain regions compared to other regions. That is, the area of lens decentration (typically 

inferior temporal) does likely exhibit a greater amount of corneal swelling than its superior nasal 

counterpart when measured with the Pentacam®, however this magnitude was not deemed to be 

substantial in the context of this section’s analysis. Further work is needed to explore this 

phenomenon. 

6.2.1.2.1.2 Central Total Corneal Swelling and Changes in Visual Acuity 

Where central swelling was noted, the change in both high and low contrast visual acuity from 

baseline to follow-up was examined for that lens and eye. A change of one line (0.1 logMAR units) or 

greater was considered a substantial change, as this would be clinically significant. Again, difference 

maps were sorted by instrument and disease severity. A substantially decreased visual acuity was not 

consistently observed in cases of centrally located swelling. However, the instance where decreased 

visual acuity was most frequently observed with central corneal swelling was in individuals with 

Stage 1 and Stage 4 keratoconus, with corneal thickness measured by the Spectralis®. In both disease 

categories, 50% of cases of central swelling were associated with a decrease in low contrast visual 

acuity from baseline to follow-up. In severe keratoconus, there was one case (17%) of a decrease in 

high contrast visual acuity from baseline to follow-up, and in Stage 1, there was one case of an 

improvement in high contrast visual acuity (10%). There may be an association between increased 

total corneal thickness centrally and decreased low contrast visual acuity, but this finding was not 
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consistently observed. With the Pentacam®, central swelling was much less frequently observed, 

specifically, it was only noted in participants 09-KC and 15-KC. These individuals both exhibited 

extreme asymmetrical disease staging between eyes, paralleling the range of disease stages where 

central swelling was noted with the Spectralis®. Where central swelling was noted for these 

participants, a clinically significant decrease in visual acuity was only noted for 09-KC OD with the 

high clearance lens and measured with high contrast visual acuity, and low contrast visual acuity 

remained stable, in contrast with individuals with central swelling noted with the Spectralis®. Due to 

the more frequent occurrence of central swelling immediately after lens removal (Spectralis®) 

compared to minutes later (Pentacam®), along with differences in the nature of the change in visual 

acuity between individuals exhibiting central swelling with each instrument, visual acuity may also 

return to baseline as the cornea recovers from swelling, aside from possible differences between 

instruments. This would be better asserted by measuring visual acuity as the cornea recovers. This 

however may be practically difficult in severely diseased eyes with irregular astigmatism without a 

scleral lens to adequately correct one’s vision. 

6.2.1.2.2 By Surgical History 

Comparisons were also made between individuals with and without a history of CXL surgery. 

Individuals with a history of CXL included participants 02-KC OU, 04-KC OU, 09-KC OD, and 15-

KC OU, as shown in Table 5-1. Swelling at the cone area previously detailed appeared to be similar 

for those with and without a history of CXL when examining Spectralis® maps, which was just under 

one third of cases for both groups of participants. However, for the Pentacam® maps, there was less 

corneal swelling measured at the cone apex in those with a history of CXL (7%), compared to those 

without (22%). This may indicate a unique resiliency at the cone region in its recovery from edema in 

eyes with prior CXL, unless instrumentation differences are responsible. Regionally, both eyes that 

had undergone and had not undergone CXL, when imaged with the Spectralis® exhibited a nasal 
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location preference for swelling, as was noted in general. With the Pentacam®, there did not appear 

to be a preference for a particular region of swelling. Plausibly, cross-linking surgery may provide 

greater resistance to corneal swelling secondary to hypoxia with scleral lens wear, although further 

investigation is needed to determine this. Otherwise, patterns of corneal swelling secondary to scleral 

lens wear did not appear to differ greatly across these two groups. Our findings, if confirmed with a 

larger study, would suggest that patients who had undergone CXL would potentially recover more 

rapidly at the cone region from hypoxia-induced corneal swelling, if subsequent scleral lens wear is 

necessary. Theoretically, these eyes would be less susceptible to hypoxia-induced corneal swelling, 

however, this must also be confirmed in larger study. This could represent an additional possible 

benefit of CXL together with the expected therapeutic and preventive benefits of this treatment. 

6.2.1.3 Interpretation of Common Locations of Swelling 

Quite often, in Spectralis® mapping, representing differences in corneal thickness immediately after 

scleral lens removal, both entire meridians inferiorly and inferior nasally exhibited a diffuse pattern of 

swelling. Additionally, the region closest to the cone apex was often spared but swelling in 

neighbouring regions was noted. Regions on the nasal side tended to swell by a substantial amount in 

individuals who exhibited a more diffuse pattern of swelling (09-KC, 13-KC). Most of these instances 

were noted in situations where the individual had worn the higher clearance lens in this study. In 

addition, Pentacam® mapping, representing corneal thickness minutes after lens removal, displayed a 

general location preference for swelling on the temporal side. These patterns provide insight into the 

location of greatest swelling in scleral lens wear in individuals with keratoconus, and how this 

swelling may recover in the time after lens removal. In most cases, both the cone apex and lens 

centration are located inferior temporally. Presumably, where the lens apex centres on the eye is the 

location of maximum negative fluid pressure, placing this region under comparatively greatest strain. 

If these locations are coincident, the cone apex region, already vulnerable due to pathology, is being 



 

 183 

placed under great mechanical strain. Perhaps, neighbouring regions to the cone apex, as well as nasal 

regions exhibit a sympathetic adaptive response in swelling by a greater amount, which varies by the 

individual. It is also possible that instantaneously with lens removal and relief of this pressure, greater 

swelling at the vulnerable inferior temporal and cone regions rapidly migrates to this nasal region. 

Then, a few minutes after removal, residual swelling is more apparent in the originally vulnerable 

temporal area as the cornea recovers. On the contrary, it is also possible that neighbouring regions are 

swelling comparatively more due to the cone area being of more compact architecture.124 This would 

be fully asserted with lens-on imaging, followed by imaging immediately after (as was done in this 

study), and then imaging at set time increments following lens removal with the same instrument. To 

the best of current knowledge, this has not been reported on in keratoconus. In healthy eyes, initial 

corneal swelling following scleral lens removal after a short period of wear appeared to be greatest 

inferiorly, and in that study, it was suspected that the superior region would be more compromised in 

terms of oxygen delivery due to the upper lid presence.78 This would imply a similar hypothesis as 

proposed here, that perhaps neighbouring regions to those most affected may swell more immediately 

after lens removal. 

6.2.2 Corneal Epithelial Thickness Analysis 

Unlike changes in total corneal thickness, there was not a uniform effect of an increase in epithelial 

thickness. Rather, there appeared to be a roughly even distribution of epithelial swelling and thinning, 

excepting participants with early (Stage 1) keratoconus, where there were more occurrences of 

swelling than thinning when considering individual cases. This was especially noted for 04-KC OD, 

13-KC OU, and 14-KC OS. The cone apex was again largely unaffected, but when affected, there 

were more cases of epithelial swelling at the cone apex in severe cases, and more cases of epithelial 

thinning at the cone apex in Stage 2 keratoconus. For individuals with Stage 1 keratoconus, there was 

a similar amount of thinning and thickening of the corneal epithelium at the cone apex. The 
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epithelium may be more vulnerable to swelling as keratoconus advances, as early as Stage 2. There 

was a slight preference for epithelial swelling at locations of lens centration for individuals with 

Stages 1 and 2 keratoconus, however thinning and thickening at this location was equally likely for 

severe cases. Further regional trends, and differences between the low and high clearance lenses 

could not be assertively elucidated for the group.   

Literature on epithelial behaviour in scleral lens wear is limited in healthy eyes, and to the best of 

current knowledge, not yet reported in eyes with keratoconus. In studies carried out, an initial 

epithelial swelling, followed by thinning during an 8-hour period of wear has been suggested.83 

Additionally, a non-significant increase of the epithelium has been noted.84 Our study’s largely non-

significant results in both individual and group analysis parallels these mixed, yet limited results 

reported.  

6.3 Lens Fit and Ocular Health 

6.3.1 Central Corneal Clearance 

On average, measurements of follow-up central corneal clearance fell exactly within targeted ranges 

for both the low and high clearance lenses, as shown in Table 5-13. There was one isolated 

occurrence where the settled clearance for the high clearance lens was lower than that of the low 

clearance lens settled clearance, by 54 µm (participant 14-KC OS, see Table 5-12). It is not likely that 

lenses were reversed in error, as the lens of the other eye settled accordingly, but it is possible that the 

force used by the participant was greater, or the amount of fluid in the lens bowl was slightly less than 

what was used for insertion that day, compared to at the delivery appointment to assess the lens 

clearance. Settling was 48 µm on average for the low clearance lens, and 89 µm for the high 

clearance lens. This observation is consistent with previous reports that lenses of higher initial 

clearance settle more than those of lower initial clearance.292 
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6.3.2 High and Low Contrast Visual Acuity 

Clinically significant decreases in BCVA from baseline to follow-up rarely occurred in the case of 

high contrast visual acuity, where this was only noted for participant 09-KC OS, high clearance lens. 

This individual exhibited diffuse swelling of considerable magnitude all cases of lens wear, but 

especially in this case, as shown in Figure 5-21. In many other circumstances, there was a clinically 

significant improvement in high contrast visual acuity. Low contrast visual acuity was much more 

frequently decreased by a clinically significant amount when comparing baseline to follow-up, and on 

average, there were more letters lost compared to when measured with high contrast visual acuity. For 

low contrast visual acuity alone, average amounts of letters lost were similar and technically more 

substantial for the low clearance lens follow-up compared to the high clearance lens follow-up. 

However, average amounts of improvement were often similar to amounts of decreased acuity, except 

for the right eye, high clearance lens where on average more letters were lost, and for the left eye, low 

clearance lens where on average more letters were gained. These results suggest that low contrast 

visual acuity may slightly decrease with scleral lens wear, however since improvements in this 

parameter were similarly noted, this cannot be assertively stated. As corneal edema increases in 

magnitude, it may induce clinically significant decreases in high contrast visual acuity, as shown for 

participant 09-KC. 

Visual acuity findings were also discussed previously in section 6.2.1.2.1.2 and investigated for 

possible correlation to central corneal edema. 

6.3.3 Subjective Comfort Results  

Most participants preferred the lower clearance lens between the two. Also, from baseline to follow-

up, there were more cases of decreased clarity and comfort and a greater magnitude in the decrease of 

these scores for the high clearance compared to the low clearance lens. For all but one participant, this 

was the second lens worn. The participant for whom the low clearance was worn first, the preferred 
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lens was the high clearance initially, and equal at follow-up. Because order did not stay randomized 

as planned, it cannot be definitively stated that the low clearance was exclusively preferred due to 

fitting characteristics, as adaptation to scleral lens wear was also a factor. The preference for the 

lower clearance lens with a scleral lens system of an overall lower Dk is indirectly in alignment with 

reports of a preferred higher Dk lens,84 and in contrast to another study, reporting a lens of higher 

limbal clearance being preferred.246 However, central clearance in both studies were not altered, and 

so these two studies could not be compared with certainty. 

6.3.4 Lens Centration 

As is typical with scleral lens wear, many of the study lens fits, despite optimal prediction of 

alignment with scleral toricity per the CSP, were slightly decentred inferiorly and temporally.51 

Additionally, lenses were often inferiorly decentred and centred laterally. Specific groupings of these 

cases were detailed as they potentially related to changes corneal thickness in 6.1.1 and additionally 

in 6.2.1.2.1.1. 

6.3.5 Ocular Health Parameters  

Ocular health parameters, including hyperemia and corneal fluorescein staining are detailed 

individually in Appendix J and Appendix K, respectively, and summarized for the group in Table 

5-20. These parameters as they relate to scleral lens wear were previously discussed in section 6.1.1. 

These results indicate that scleral lens wear was well-tolerated in all participants. Hyperemia rarely 

exceeded a grade of 2.0 on the 0.0-4.0 JENVIS scale257 at follow-up visits, apart from two cases of 

bulbar hyperemia for participant 07-KC, nasally in the left eye both times (2.5 at low clearance 

follow-up, 2.1 at high). This was due to mild blanching which was deemed acceptable for this study 

time frame. However, these results should be interpreted with caution, since this method has been 

shown to underestimate ocular redness compared to subjective methods.293,294 
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Corneal fluorescein staining, an indicator of both the ocular response to scleral lens wear and 

nonspecific ocular surface insult rarely exceeded a grade 1, or micropunctate type per the BHVI 

grading scale.289 Of note, for participant 15-KC’s right eye at the high clearance lens follow up visit, 

grade 3 coalescent staining was noted centrally, superiorly and inferiorly. This was determined to be 

secondary to desiccation from a noted bubble in the post-lens fluid reservoir, coincident with these 

regions. This finding resolved at the subsequent visit. Across participants, there was not any 

significant impairment of ocular health parameters noted, due to scleral lens wear. 

6.4 Comparison to Findings of Michaud et al. 

As detailed in 2.1, theoretical calculations made by Michaud et al. advise that practitioners use scleral 

lenses of the highest Dk possible, greater than 150, with a centre thickness not exceeding 250 µm, and 

a central corneal clearance no greater than 200 µm to prevent corneal edema secondary to hypoxia.61 

In this study, two of these criteria could not be met due to lens specifications available for the study. 

Specifically, the scleral lenses used (Zenlens™) were composed of Boston XO® (Dk=100), with a 

standard centre thickness of 350 µm.252 As discussed in section 4.6, a negative flex control factor was 

considered for lenses whose centre thicknesses exceeded this standard value due to the lens power, 

however this was not employed since it would alter the lens thickness profile. The central corneal 

clearance recommendation of 200 µm is highly congruent with the average settled clearance for the 

low clearance lens used in this study, as shown in Table 5-13, which is also in the centre of the 

targeted low clearance range. It would be expected that corneal edema would be induced in all cases 

of scleral lens wear in this study, whether the low or high clearance lens was worn, predicted by 

Michaud’s calculations. A statistically significant amount of edema was indeed observed in this study 

with the wear of both lenses, but these levels were largely within the physiological range, as noted in 

other clinical studies.77,78,240,243,244,246,79–85,232 It should be noted that the goal of Michaud et al. was to 

determine levels to completely prevent any corneal edema from occurring, regardless of whether this 
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was within the physiological range. The Dk/t predicted by this paper, when using average settled 

clearance values, would range from 13.8-16.7 Dk/t units for the high and low clearance lens, 

respectively. From predictions by Morgan et al.,22 both Dk/t values would result in a less than 1% 

increase in corneal thickness (see Figure 4-9). In this study, percentage total corneal swelling more 

commonly did exceed 1%, likely because initial levels of clearance exceeded these values prior to 

settling, inducing greater corneal edema. Therefore, the results of this study did follow what was 

predicted by this theoretical study in that edema was induced, however, the wear of both lenses 

appeared to be clinically safe due to its low level.   

When considering cases where the clearance did exceed 200 µm (i.e., after wear of the high 

clearance lens for all participants), there was descriptively less comfort and clarity, and the lower 

clearance lens was often preferred. Scleral lens wear alone did result in decreased visual acuity, more 

frequently low contrast, however there was not a consistent effect of lens clearance noted, and 

improvements in this parameter were similarly noted. Likewise, bulbar redness was increased with 

scleral lens wear, but not particularly more so with the higher clearance lens. Positive corneal 

fluorescein staining remained stable throughout the study.  

In individuals whose settled clearances greatly exceeded 200 µm in the low clearance lens group 

(i.e., 250 µm or greater), perceptual and ocular health parameters were examined. Specifically, this 

was for participant 09-KC OD, and 14-KC OU. Visual acuity shown in Table 5-14 remained stable 

from baseline to follow-up for 09-KC OD, where a clinically significant decrease in low contrast VA 

was noted in the right eye of 14-KC, and a clinically significant increase was noted in the left eye. 

Subjective changes in clarity and comfort from baseline to follow-up were stable for 09-KC OD, 

where for 14-KC there was an increase in comfort but a decrease in clarity for both eyes (see Table 

5-16). As shown in Appendix J, hyperemia remained stable from baseline to follow-up for 09-KC 

OD, where there was an increase in limbal hyperemia nasally and temporally for 14-KC OD, and in 
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temporal bulbar hyperemia OS. Corneal fluorescein staining slightly increased inferiorly and 

temporally for 09-KC, and for 14-KC there was a slight increase centrally and nasally (OD) and 

superior and temporally (OS), as shown in Appendix K. 

Overall, changes in these parameters were noted with lens wear, however they were not 

consistently observed for these participants, nor was there a trend in location of ocular health 

parameter changes. Subjective scores most consistently indicate that there may be subclinical 

differences between the low and high clearance lens due to hypoxia, which may result in decreased 

lens comfort. 

6.5 Study Limitations 

This study was primarily limited due to its sample size. As mentioned, the COVID-19 pandemic, an 

external factor, was the reason for the unforeseen changes to the study, which necessitated protocol 

adjustments and a smaller sample size than originally intended. However, study results still have 

provided excellent insight into scleral lens wear in individuals with keratoconus and have generated 

multiple hypotheses on corneal swelling secondary to hypoxia with this lens modality. A healthy 

control group studied under identical conditions would have assisted in the assertion that regional 

changes observed were related to the pathological process of keratoconus. 

As mentioned, corneal imaging was carried out immediately following scleral lens removal. This 

was done as quickly as possible, however could not be guaranteed to be immediately following this 

for all images. This was due to each volume scan taking a small amount of time, exacerbated by 

participant movement, which could vary by individual and across study visits within each individual 

case. Measurements with the Spectralis® were always carried out before those taken with the 

Pentacam®, resulting in higher thickness measurements being recorded with the Spectralis®. It is 

unclear whether this finding was solely due to this order of measurement or if it must be attributed to 
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the instruments as well – future studies comparing these multiple devices should include device-order 

randomization. The image processing method used to generate corneal thickness measurements from 

Spectralis® images was largely manual, with automatic aspects. The development of this process was 

incredibly valuable from an image processing learning perspective. However, its manual nature gave 

way to potential human error, despite the process being highly systematic, and maximal efforts by the 

investigator to remain unbiased. 

Lastly, in this study, a difference of 100µm of initial targeted clearance between lenses was used, 

which may have not been sufficiently different, due to settling differences, to confirm if varying 

clearance truly influenced corneal physiology. Perhaps if a greater difference between lenses was 

targeted, a more consistent effect of varying clearance would have been observed. However, the fact 

that there were significant changes noted at times with this chosen target difference does provide 

unique insight into location-specific changes in corneal thickness in response to scleral lens wear. 

Additionally, it has made a valuable contribution to answering the clinical question of how subtle 

changes in clearance influence corneal physiology in the keratoconic population, for whom scleral 

lenses are primarily indicated. 
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Chapter 7 

Conclusions and Future Work 

7.1 Conclusions 

7.1.1 Corneal Thickness Changes 

Analyzing corneal thickness data with scleral lens wear both as a group, and with individual mapping 

has provided further insight into the nature of corneal swelling with scleral lens wear in this at-risk 

population. 

Without question, scleral lens wear is associated with increased corneal thickness secondary to 

hypoxia, with both the lens and fluid reservoir as barriers to oxygen delivery. With the amount of 

clearance varied, a statistically significant difference in the group analysis was not always noted 

between corneal thickness measurements at follow-up. However, greater consistency of descriptive 

swelling patterns from difference maps noted at the high clearance follow-up visit compared to the 

low clearance follow-up suggests that corneal swelling with scleral lens wear does depend on the 

amount of scleral lens clearance. As depicted in difference mapping, this swelling is quite likely 

location-specific in individuals with keratoconus.  

The changing of location preference of corneal swelling when comparing Spectralis® to 

Pentacam® maps, taken minutes apart after lens removal suggests that during recovery, the location 

of this swelling shifts, assuming instrumentation was consistent. A complex interaction between the 

nature of recovery, unique corneal biomechanics, and relief of lens pressure may very well be 

responsible for the change in the location of corneal swelling.  

7.1.2 Individual Differences 

An important finding from this work is that there are individual differences in patterns of swelling in 

this disease population, that is not always related to disease severity. This is significant, as many 
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individuals with keratoconus have asymmetric disease stages between eyes. Therefore, individuals 

may possess characteristics of swelling that are both unique to them, as well as their disease stage. 

In some individuals, corneal thinning immediately following lens removal was observed. This 

phenomenon is likely related to corneal biomechanics in keratoconus, as well as how the individual’s 

cornea responds to the relief of fluid pressure and reversal of hypoxia. 

7.1.3 Association of Total Corneal Thickness Changes and Varying Lens Clearance 

with Other Factors 

Associations between total corneal and epithelial swelling were sometimes, but not consistently 

noted. Additionally, cases of increased central corneal swelling did at times correspond with a 

decrease in low contrast visual acuity, but this was again not a uniform finding. Lens centration 

location was not consistently perfectly coincident with areas of noted swelling. The nature of corneal 

swelling secondary to scleral lens wear in eyes with and without clinical history of CXL may vary 

between these groups qualitatively in terms of swelling at the cone apex, but this was only noted with 

Pentacam® measurements. Otherwise, these two parties did not drastically differ from one another in 

their patterns of swelling, despite the intended increase in biomechanical strength of the cornea with 

this treatment. Decreases in subjective clarity and comfort were descriptively noted more often and of 

greater magnitude for the high clearance, compared to the low clearance lens, which was more often 

preferred. A descriptive increase in bulbar hyperemia with scleral lens wear from baseline was noted 

for both lenses but similar between lenses. Corneal staining remained stable on average throughout 

the study. Decreased low contrast visual acuity was at times observed with scleral lens wear, with 

inconsistent differences between lens clearances. 
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7.2 Future Work 

To gain more insight into the pan-corneal effects of hypoxia secondary to scleral lens wear in 

individuals with keratoconus, further work is needed. Firstly, a greater number of individuals should 

be studied to fully establish the effects of increased central corneal clearance with scleral lens wear. 

Secondly, greater representation of individuals with more advanced stages of keratoconus would be 

valuable, particularly including more patients with severe keratoconus, as these individuals tend to 

more often require and benefit from optical correction through scleral lenses. Individuals with 

asymmetrical disease staging between eyes represent a large percentage of this disease population, 

and thus should continue to be studied. Additionally, a direct comparison with individuals without 

ocular pathology would also be of value, to confirm whether regional trends in corneal swelling are 

truly unique to this disease process, and resultant biomechanical properties of the cornea. 

Further work on image processing, where corneal measurements could be taken with lenses on 

would also be feasible and would provide important insight into corneal behaviour immediately 

before and after scleral lens removal. An automatic method of image processing would be of value in 

the reduction of human error and increasing efficiency in the collection of corneal thickness 

measurements. Corneal thickness difference mapping beyond the four principal meridians would also 

be useful, to gain a greater understanding of how corneal thickness behaves beyond these regions, and 

the cone region in its entirety. This would likely be achieved most effectively by using automatic 

image processing algorithms which commercially available instruments may be equipped with.  

The relationship between total corneal swelling with epithelial changes in thickness, low contrast 

visual acuity decrease, and scleral lens decentration could not be definitively established. However, 

association between these factors were at times noted. Subjective comfort and bulbar hyperemia may 

provide greater insight into the effects of scleral lens-induced edema. Further exploration of the 
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interaction between these elements, in addition to a history of CXL, in a larger group of individuals 

with keratoconus would be of interest to be evaluated in further studies, some of which are ongoing. 

It was valuable to note that a difference of 100µm between targeted clearances may affect corneal 

physiology. This difference, in conjunction with a third lens of a greater targeted clearance from the 

low clearance lens would provide insight into the influence of both subtle, as well as changes of a 

greater magnitude in scleral lens central clearance, on the corneal physiology in those with 

keratoconus.  
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Figure 1-3 
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Figure 1-4 
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Figure 1-5A-B 
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Figure 1-5C 
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Figure 1-7 
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Figure 3-1 
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Figure 3-8 
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Appendix B 
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Figure 4-7 
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Appendix A 

Ocular Symptom Questionnaire 
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Appendix B 

Oculus Pentacam® Cornea Sclera Profile Scleral Fitting Guide. © 

Image provided courtesy of Oculus.260 
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Appendix C 

Personal Communication, Annie Kwan, Technical and Clinical 

Support Representative, Innova-Heidelberg Supplier, 23 February 

2021 
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Appendix D 

Personal Communication, Annie Kwan, Technical and Clinical 

Support Representative, Innova-Heidelberg Supplier, 4 March 2021 
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Appendix E 

Descriptive Statistics: Total Corneal Thickness Measurements 

Table E-1: Spectralis OD Horizontal (-Temporal to +Nasal). In all tables in this appendix, “M” 

refers to negative location values.

    Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 7 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 1 0 0 0 0 0 0 0 0 

Mean BL LC 656 609 574 553 541 582 619 665 695 

    HC 676 630 593 566 543 573 610 651 680 

  FU LC 662 628 583 566 552 595 632 672 709 

    HC 678 620 590 570 555 593 638 678 717 

Median BL LC 653 620 574 548 551 580 618 659 686 

    HC 686 653 613 574 563 586 611 652 679 

  FU LC 673 627 587 560 563 593 624 663 716 

    HC 662 626 593 560 570 592 618 659 699 

Standard deviation BL LC 57.9 58.8 59.6 58.7 81.8 66.5 55.6 49.5 53.8 

    HC 36.5 61.1 60.6 63.9 88.0 69.1 55.5 53.2 54.1 

  FU LC 60.5 47.3 63.4 61.0 80.5 64.7 55.2 52.5 69.3 

    HC 63.6 61.5 57.8 61.4 90.8 73.6 64.3 66.6 66.3 

Minimum BL LC 574 524 487 469 402 468 522 594 616 

    HC 626 534 487 456 384 445 511 587 605 

  FU LC 564 563 487 480 427 494 551 609 627 

    HC 591 535 511 493 409 468 549 607 639 

Maximum BL LC 723 675 664 642 644 666 691 740 794 

    HC 730 696 665 654 651 666 691 722 752 

  FU LC 724 688 664 655 656 678 704 743 814 

    HC 765 701 691 667 653 684 741 807 847 
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Table E-2: Spectralis OS Horizontal (-Temporal to +Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 657 621 589 567 565 595 624 662 700 

    HC 667 636 599 570 556 578 607 648 681 

  FU LC 673 633 598 572 571 601 636 676 718 

    HC 675 635 601 575 577 599 627 667 712 

Median BL LC 653 617 587 567 569 599 632 659 712 

    HC 673 637 613 573 562 574 605 637 660 

  FU LC 666 627 587 567 578 605 629 662 726 

    HC 687 626 587 561 572 599 630 659 708 

Standard deviation BL LC 51.0 64.1 66.6 71.7 82.5 66.4 65.7 55.0 54.3 

    HC 52.9 57.1 66.5 64.6 80.3 81.7 77.2 64.1 65.6 

  FU LC 61.3 64.5 75.7 80.6 90.0 76.3 68.9 59.8 61.4 

    HC 63.9 66.3 72.0 74.3 89.3 93.0 82.3 63.8 60.6 

Minimum BL LC 608 530 494 467 425 494 527 593 629 

    HC 603 554 507 481 413 432 474 556 607 

  FU LC 601 557 494 456 413 469 540 618 627 

    HC 595 562 522 493 428 429 484 580 640 

Maximum BL LC 755 728 705 692 688 692 715 750 776 

    HC 741 716 692 680 672 692 709 744 779 

  FU LC 769 728 721 705 703 707 731 774 790 

    HC 776 744 730 717 725 733 741 767 807 
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Table E-3: Spectralis OD Vertical (-Inferior to +Superior) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 7 8 8 8 8 8 8 8 7 

    HC 8 8 8 8 8 8 8 8 7 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 1 0 0 0 0 0 0 0 1 

    HC 0 0 0 0 0 0 0 0 1 

Mean BL LC 690 635 584 545 543 577 620 667 696 

    HC 681 628 574 535 541 575 621 668 697 

  FU LC 712 648 595 555 550 587 631 679 723 

    HC 714 655 598 556 559 595 640 684 720 

Median BL LC 675 616 576 550 557 586 629 665 694 

    HC 676 615 566 536 560 592 635 661 708 

  FU LC 697 622 582 549 561 592 635 674 747 

    HC 698 628 582 555 566 598 635 672 682 

Standard deviation BL LC 79.0 70.4 74.6 78.3 81.0 63.7 61.5 59.3 66.2 

    HC 77.0 61.7 69.2 81.0 82.4 75.4 66.4 64.3 61.7 

  FU LC 79.1 79.1 81.7 83.6 82.4 73.0 67.5 67.1 72.4 

    HC 72.8 83.4 85.1 92.4 87.6 73.7 72.7 67.2 88.8 

Minimum BL LC 579 541 494 404 396 471 541 594 600 

    HC 572 554 494 394 400 456 530 584 595 

  FU LC 603 557 499 419 421 475 534 597 608 

    HC 633 571 499 393 411 481 547 597 608 

Maximum BL LC 839 737 709 656 638 656 710 749 787 

    HC 789 719 696 655 637 668 722 762 767 

  FU LC 835 771 734 681 650 680 722 789 817 

    HC 850 801 735 681 663 680 735 792 827 
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Table E-4: Spectralis OS Vertical (-Inferior to +Superior) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 7 7 

    HC 7 7 7 7 7 7 7 7 7 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 1 1 

    HC 1 1 1 1 1 1 1 1 1 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 691 651 596 551 565 595 632 651 684 

    HC 694 656 613 577 580 610 644 676 707 

  FU LC 697 652 608 560 570 604 640 679 719 

    HC 720 662 612 563 565 608 640 679 721 

Median BL LC 678 645 593 567 563 586 616 638 663 

    HC 688 669 597 552 569 604 643 679 701 

  FU LC 706 632 593 567 572 598 629 672 715 

    HC 720 645 592 572 572 611 629 657 702 

Standard deviation BL LC 56.2 72.4 91.0 109 77.5 68.2 67.6 55.9 62.4 

    HC 63.4 68.6 70.4 69.9 59.8 54.9 61.3 78.3 76.9 

  FU LC 68.7 85.7 97.4 116 89.8 68.3 70.7 66.1 66.6 

    HC 68.4 86.3 88.8 113 108 87.0 84.7 80.5 70.6 

Minimum BL LC 631 546 442 330 425 491 551 593 627 

    HC 604 576 545 481 502 541 577 591 625 

  FU LC 585 539 453 328 400 492 543 602 634 

    HC 631 556 492 344 350 445 505 592 652 

Maximum BL LC 763 754 723 673 669 676 728 742 805 

    HC 780 742 711 680 684 692 741 803 828 

  FU LC 777 784 749 706 700 704 742 803 828 

    HC 832 796 746 717 713 726 754 803 818 
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Table E-5: Spectralis OD Oblique (-Inferior Temporal to +Superior Nasal) 

  Lens Only Visit Type M4 M3 M2 M1 0 1 2 3 4 

N LC BL 8 8 8 8 8 8 8 8 8 

    FU 8 8 8 8 8 8 8 8 5 

  HC BL 8 8 8 8 8 8 8 8 8 

    FU 8 8 8 8 8 8 8 8 7 

Missing LC BL 0 0 0 0 0 0 0 0 0 

    FU 0 0 0 0 0 0 0 0 3 

  HC BL 0 0 0 0 0 0 0 0 0 

    FU 0 0 0 0 0 0 0 0 1 

Mean LC BL 664 612 566 536 544 589 622 658 678 

    FU 697 626 575 546 557 602 637 681 692 

  HC BL 671 617 567 535 541 588 625 662 696 

    FU 689 639 581 554 560 598 638 686 724 

Median LC BL 651 603 557 536 558 593 623 656 686 

    FU 699 610 569 554 581 605 636 684 694 

  HC BL 671 610 570 548 551 592 628 652 682 

    FU 672 617 563 548 573 593 620 679 689 

Standard deviation LC BL 55.5 59.1 68.0 76.8 80.0 64.4 58.8 45.9 57.2 

    FU 62.8 59.8 68.9 79.5 83.1 59.6 53.1 54.4 51.5 

  HC BL 64.7 60.9 80.0 83.2 74.2 59.1 48.1 63.2 77.7 

    FU 74.2 57.9 70.9 63.9 88.0 74.4 69.2 69.0 79.4 

Minimum LC BL 593 535 465 393 406 482 531 595 596 

    FU 611 547 457 393 413 508 555 607 611 

  HC BL 568 506 418 367 425 495 566 592 604 

    FU 595 563 482 457 413 468 543 603 624 

Maximum LC BL 762 713 692 655 650 667 707 728 760 

    FU 818 725 692 667 650 681 706 757 744 

  HC BL 760 712 692 655 637 681 693 754 799 

    FU 804 726 705 655 663 681 731 804 855 
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Table E-6: Spectralis OS Oblique (-Inferior Temporal to +Superior Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 5 8 8 8 8 8 8 8 8 

    HC 4 8 8 8 8 8 8 8 7 

  FU LC 5 8 8 8 8 8 8 8 7 

    HC 5 8 8 8 8 8 8 8 6 

Missing BL LC 3 0 0 0 0 0 0 0 0 

    HC 4 0 0 0 0 0 0 0 1 

  FU LC 3 0 0 0 0 0 0 0 1 

    HC 3 0 0 0 0 0 0 0 2 

Mean BL LC 630 609 573 552 558 597 628 662 698 

    HC 723 625 585 556 556 589 625 658 710 

  FU LC 676 625 586 560 572 607 644 682 719 

    HC 689 628 584 559 571 611 642 683 739 

Median BL LC 641 597 561 549 560 598 618 656 705 

    HC 725 643 587 555 563 579 616 643 701 

  FU LC 693 617 573 561 581 604 631 680 706 

    HC 680 606 567 554 575 611 629 681 726 

Standard deviation BL LC 90.5 79.5 82.2 82.3 78.1 67.1 65.7 59.8 74.4 

    HC 57.4 92.8 88.7 87.3 77.5 66.2 64.7 68.0 71.3 

  FU LC 82.9 82.6 87.6 88.6 86.5 65.8 63.9 63.7 57.9 

    HC 83.6 84.6 94.9 101 95.0 74.8 73.3 69.5 88.0 

Minimum BL LC 494 490 446 419 419 493 544 590 599 

    HC 666 473 446 406 418 493 543 590 631 

  FU LC 553 504 449 420 417 505 580 616 637 

    HC 595 527 446 393 400 493 554 603 641 

Maximum BL LC 742 724 690 680 672 680 722 744 822 

    HC 777 751 703 683 675 695 719 773 811 

  FU LC 756 737 713 696 700 705 734 785 797 

    HC 791 769 742 715 714 717 747 786 857 
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Table E-7: Spectralis OD Oblique (-Superior Temporal to +Inferior Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 4 

    HC 8 8 8 8 8 8 8 8 7 

  FU LC 8 8 8 8 8 8 8 8 6 

    HC 7 7 7 7 7 7 7 7 6 

Missing BL LC 0 0 0 0 0 0 0 0 4 

    HC 0 0 0 0 0 0 0 0 1 

  FU LC 0 0 0 0 0 0 0 0 2 

    HC 1 1 1 1 1 1 1 1 2 

Mean BL LC 674 643 599 565 541 557 609 655 687 

    HC 697 651 605 571 541 554 600 650 691 

  FU LC 701 664 609 577 549 569 613 674 692 

    HC 699 661 624 592 572 593 646 689 695 

Median BL LC 666 640 604 580 554 562 609 647 685 

    HC 705 659 635 593 556 550 579 653 698 

  FU LC 706 673 616 580 563 581 607 659 693 

    HC 714 662 618 579 563 579 637 687 699 

Standard deviation BL LC 52.6 58.1 60.8 66.4 83.6 75.9 60.0 55.1 60.2 

    HC 66.1 69.3 69.2 70.0 72.3 68.2 55.2 55.9 75.8 

  FU LC 65.0 57.7 66.0 65.8 76.1 82.4 68.5 64.2 59.6 

    HC 82.1 71.9 63.1 60.9 67.7 65.0 65.4 74.1 48.4 

Minimum BL LC 601 578 513 458 400 430 511 592 622 

    HC 599 555 490 446 430 456 551 576 603 

  FU LC 601 584 516 471 419 431 499 599 622 

    HC 594 556 530 493 451 494 583 609 637 

Maximum BL LC 746 724 682 643 650 656 696 735 757 

    HC 790 743 695 669 638 656 696 728 818 

  FU LC 800 731 707 668 638 669 708 776 771 

    HC 804 756 720 681 650 679 747 817 743 
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Table E-8: Spectralis OS Oblique (-Superior Temporal to +Inferior Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 7 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 7 

  FU LC 7 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 7 

Missing BL LC 1 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 1 

  FU LC 1 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 1 

Mean BL LC 684 656 616 581 566 575 619 670 706 

    HC 694 657 618 582 556 563 602 651 688 

  FU LC 701 666 625 591 566 579 619 667 716 

    HC 708 675 638 596 569 578 625 681 728 

Median BL LC 673 640 615 579 566 581 615 660 713 

    HC 712 659 628 585 563 575 605 649 668 

  FU LC 687 659 615 592 574 593 615 654 703 

    HC 701 660 621 591 572 588 631 674 729 

Standard deviation BL LC 81.1 67.2 72.2 72.6 80.3 90.2 71.5 62.5 51.3 

    HC 75.7 73.9 70.8 69.2 81.1 96.0 76.0 72.4 48.9 

  FU LC 73.9 72.5 73.0 77.5 94.4 108 84.3 70.9 58.7 

    HC 86.1 80.0 75.5 78.4 92.0 115 93.2 77.5 67.7 

Minimum BL LC 604 580 510 457 424 406 525 593 623 

    HC 603 567 522 468 405 379 486 569 628 

  FU LC 621 592 521 457 388 368 486 589 649 

    HC 614 580 548 483 413 356 472 585 625 

Maximum BL LC 838 760 707 682 678 680 709 757 766 

    HC 812 776 713 692 675 692 700 754 759 

  FU LC 838 787 720 704 700 717 746 780 814 

    HC 825 801 742 717 716 730 759 794 831 
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Table E-9: Pentacam OD Horizontal (-Temporal to +Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 645 579 519 482 483 515 564 624 691 

    HC 643 579 520 482 483 516 565 623 689 

  FU LC 656 589 528 489 489 523 575 635 703 

    HC 661 592 530 490 489 522 575 638 707 

Median BL LC 646 589 532 487 495 517 563 612 683 

    HC 640 588 537 490 496 517 560 612 682 

  FU LC 653 594 545 495 502 522 570 626 696 

    HC 654 596 538 493 499 519 564 622 693 

Standard deviation BL LC 57.0 56.4 57.7 61.5 64.8 58.2 46.5 46.5 61.3 

    HC 63.4 62.2 63.2 64.4 63.2 55.0 46.0 49.9 63.8 

  FU LC 66.7 65.3 62.4 63.9 64.7 54.1 40.4 42.2 56.1 

    HC 62.6 60.4 60.5 65.7 69.3 60.5 48.9 53.2 65.8 

Minimum BL LC 569 495 425 376 364 405 491 577 623 

    HC 558 486 419 377 377 420 496 562 606 

  FU LC 577 499 438 382 371 421 516 587 639 

    HC 587 511 445 394 377 423 516 585 639 

Maximum BL LC 709 648 596 568 571 593 630 691 787 

    HC 719 650 602 573 572 593 627 711 804 

  FU LC 738 659 606 577 577 596 630 711 807 

    HC 739 664 614 586 586 605 651 737 833 
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Table E-10: Pentacam OS Horizontal (-Temporal to +Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 656 595 538 503 503 530 572 629 699 

    HC 655 593 537 503 503 531 572 628 697 

  FU LC 673 609 549 511 510 535 576 632 706 

    HC 672 607 548 511 511 539 583 642 713 

Median BL LC 645 591 529 499 506 533 569 620 698 

    HC 647 591 535 502 508 535 567 614 692 

  FU LC 662 601 539 506 510 535 569 620 705 

    HC 665 602 540 507 511 537 573 634 710 

Standard deviation BL LC 61.8 63.9 64.9 66.8 69.9 65.5 54.9 54.0 68.9 

    HC 60.4 64.4 65.9 67.9 69.0 63.9 56.5 56.2 71.7 

  FU LC 59.3 60.2 62.2 67.1 70.0 65.4 57.7 57.3 69.3 

    HC 55.8 61.8 68.1 73.0 76.1 70.0 60.3 61.1 74.9 

Minimum BL LC 569 498 433 388 378 420 508 565 602 

    HC 549 482 425 382 378 423 498 572 601 

  FU LC 591 521 453 399 388 430 508 564 610 

    HC 588 509 435 383 372 422 519 570 616 

Maximum BL LC 749 684 623 595 596 614 649 715 808 

    HC 732 675 622 594 592 608 651 709 802 

  FU LC 753 690 640 611 609 625 660 726 822 

    HC 743 690 643 617 617 633 670 739 833 
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Table E-11: Pentacam OD Vertical (-Inferior to +Superior) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 7 8 8 8 8 8 8 8 7 

    HC 7 8 8 8 8 8 8 8 8 

  FU LC 7 8 8 8 8 8 8 8 8 

    HC 7 8 8 8 8 8 8 8 8 

Missing BL LC 1 0 0 0 0 0 0 0 1 

    HC 1 0 0 0 0 0 0 0 0 

  FU LC 1 0 0 0 0 0 0 0 0 

    HC 1 0 0 0 0 0 0 0 0 

Mean BL LC 725 640 556 495 483 517 569 622 673 

    HC 725 636 552 495 483 516 569 625 687 

  FU LC 742 641 554 499 489 521 576 638 702 

    HC 748 649 562 502 489 523 579 637 702 

Median BL LC 720 631 546 495 495 518 568 622 693 

    HC 735 637 545 492 496 516 563 620 698 

  FU LC 749 626 538 501 502 518 571 640 709 

    HC 754 638 544 498 499 516 568 643 717 

Standard deviation BL LC 53.7 50.1 53.9 61.9 64.8 57.2 53.6 61.2 76.2 

    HC 57.0 49.7 55.0 62.6 63.2 56.9 52.9 59.9 75.3 

  FU LC 55.2 53.2 59.6 65.8 64.7 56.7 50.9 57.7 69.8 

    HC 65.3 58.6 65.0 70.7 69.3 61.7 57.1 65.7 82.9 

Minimum BL LC 625 564 485 381 364 429 500 527 534 

    HC 613 557 477 383 377 438 500 532 539 

  FU LC 642 576 476 381 371 431 516 555 578 

    HC 632 570 480 384 377 437 509 536 542 

Maximum BL LC 798 719 651 594 571 601 650 698 766 

    HC 790 703 651 597 572 600 652 709 773 

  FU LC 827 734 653 600 577 604 656 714 787 

    HC 849 750 671 614 586 612 664 726 802 
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Table E-12: Pentacam OS Vertical (-Inferior to +Superior) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 7 

  FU LC 8 8 8 8 8 8 8 8 7 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 1 

  FU LC 0 0 0 0 0 0 0 0 1 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 710 628 557 508 503 535 586 641 704 

    HC 703 624 554 507 503 536 584 640 691 

  FU LC 728 638 563 515 510 540 590 649 699 

    HC 733 641 567 518 511 543 595 652 718 

Median BL LC 723 628 553 507 506 533 574 624 706 

    HC 719 616 545 509 508 534 574 627 701 

  FU LC 746 637 560 515 510 533 576 634 684 

    HC 742 638 558 514 511 533 575 630 713 

Standard deviation BL LC 63.3 60.3 69.6 75.3 69.9 61.6 65.1 68.1 68.9 

    HC 61.6 55.5 66.8 74.3 69.0 60.6 63.3 67.2 62.1 

  FU LC 61.1 60.3 71.9 75.9 70.0 63.7 65.4 69.5 65.1 

    HC 59.4 61.4 75.8 81.4 76.1 67.0 68.1 67.8 73.0 

Minimum BL LC 609 548 458 373 378 446 521 573 614 

    HC 599 544 458 372 378 443 518 563 610 

  FU LC 623 556 461 381 388 451 523 576 630 

    HC 629 558 461 372 372 444 530 585 629 

Maximum BL LC 808 721 654 608 596 611 700 765 800 

    HC 795 708 651 602 592 610 693 761 791 

  FU LC 815 728 664 621 609 625 699 774 812 

    HC 825 739 674 630 617 634 711 768 818 
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Table E-13: Pentacam OD Oblique (-Inferior Temporal to +Superior Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 695 603 526 481 483 521 571 625 686 

    HC 691 600 524 481 483 521 570 623 683 

  FU LC 714 611 528 486 489 526 576 631 693 

    HC 714 614 536 490 489 527 581 633 695 

Median BL LC 698 596 520 483 495 522 567 616 688 

    HC 685 587 514 482 496 520 567 618 686 

  FU LC 712 594 525 491 502 523 570 628 701 

    HC 712 593 525 489 499 521 567 620 694 

Standard deviation BL LC 42.7 43.3 50.5 61.1 64.8 56.8 50.9 57.8 74.4 

    HC 50.5 49.4 55.5 62.7 63.2 53.9 49.0 55.3 65.9 

  FU LC 47.6 45.9 53.9 64.5 64.7 54.8 49.7 60.5 76.3 

    HC 45.7 49.3 56.9 66.5 69.3 59.0 52.4 60.3 73.0 

Minimum BL LC 626 555 452 371 364 423 504 566 585 

    HC 619 548 438 370 377 437 511 555 577 

  FU LC 656 557 447 371 371 427 509 548 565 

    HC 655 562 461 382 377 435 522 557 578 

Maximum BL LC 758 663 615 577 571 601 648 718 805 

    HC 772 670 619 580 572 598 644 698 771 

  FU LC 789 681 615 583 577 601 646 722 805 

    HC 798 693 634 596 586 610 656 724 799 
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Table E-14: Pentacam OS Oblique (-Inferior Temporal to +Superior Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 690 600 531 497 503 536 579 630 692 

    HC 686 599 530 496 503 537 578 627 692 

  FU LC 697 603 536 505 510 542 588 643 707 

    HC 697 607 539 505 511 543 591 646 711 

Median BL LC 695 594 519 493 506 537 574 625 699 

    HC 675 587 522 497 508 537 571 618 690 

  FU LC 709 594 524 502 510 538 581 636 716 

    HC 698 592 522 501 511 539 581 635 715 

Standard deviation BL LC 43.3 55.1 66.3 72.3 69.9 62.4 59.8 63.5 74.0 

    HC 45.8 56.6 66.4 72.0 69.0 59.2 56.7 61.0 71.1 

  FU LC 49.1 58.6 66.3 71.9 70.0 62.3 57.9 60.2 71.4 

    HC 54.8 67.3 75.6 79.3 76.1 67.5 63.9 65.8 75.9 

Minimum BL LC 627 541 426 365 378 438 513 556 591 

    HC 624 535 420 362 378 444 519 564 605 

  FU LC 622 531 443 378 388 450 528 573 612 

    HC 618 539 426 362 372 436 521 573 615 

Maximum BL LC 747 681 622 595 596 613 667 722 794 

    HC 746 685 619 592 592 609 666 725 796 

  FU LC 759 685 635 610 609 626 672 732 809 

    HC 776 714 648 619 617 633 683 740 817 
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Table E-15: Pentacam OD Oblique (-Superior Temporal to +Inferior Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 666 603 547 500 483 505 558 626 705 

    HC 666 604 546 499 483 507 557 623 705 

  FU LC 678 610 551 505 489 514 567 639 726 

    HC 680 613 553 505 489 512 566 638 725 

Median BL LC 671 602 551 504 495 508 555 622 705 

    HC 664 597 546 504 496 508 557 623 708 

  FU LC 675 602 548 506 502 513 564 631 721 

    HC 673 605 549 504 499 511 554 627 724 

Standard deviation BL LC 65.4 57.1 55.0 59.8 64.8 60.8 49.9 45.5 52.9 

    HC 63.6 57.5 57.0 61.6 63.2 60.4 55.6 53.6 57.8 

  FU LC 66.8 60.4 57.4 61.0 64.7 60.7 54.0 56.5 65.2 

    HC 69.0 62.4 60.9 65.1 69.3 68.0 61.9 59.5 62.0 

Minimum BL LC 577 534 480 406 364 390 484 561 606 

    HC 582 534 473 412 377 397 470 561 608 

  FU LC 576 525 472 411 371 402 498 571 621 

    HC 581 530 465 413 377 401 492 571 629 

Maximum BL LC 767 681 629 585 571 593 632 695 784 

    HC 754 683 632 587 572 597 639 701 789 

  FU LC 788 701 636 591 577 600 642 742 845 

    HC 791 705 643 599 586 611 655 742 834 
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Table E-16: Pentacam OS Oblique (-Superior Temporal to +Inferior Nasal) 

  Visit Type Lens Only M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 670 612 562 520 503 521 570 635 711 

    HC 674 616 564 522 503 520 565 627 706 

  FU LC 684 622 569 527 510 528 576 645 727 

    HC 690 627 573 529 511 531 583 651 735 

Median BL LC 662 596 550 515 506 524 566 632 718 

    HC 664 600 554 518 508 526 568 629 720 

  FU LC 678 605 553 516 510 528 572 636 725 

    HC 676 606 556 519 511 530 575 643 740 

Standard deviation BL LC 74.2 71.0 64.5 62.8 69.9 72.1 62.2 48.4 49.9 

    HC 69.7 66.5 63.6 63.4 69.0 72.1 67.7 56.6 57.8 

  FU LC 69.9 68.1 65.6 65.5 70.0 72.5 66.1 52.6 49.4 

    HC 78.8 74.8 69.1 68.4 76.1 75.8 62.7 48.1 49.0 

Minimum BL LC 570 532 489 426 378 394 483 574 632 

    HC 585 547 482 419 378 393 464 556 624 

  FU LC 583 539 498 429 388 401 475 582 676 

    HC 594 553 492 422 372 399 503 594 666 

Maximum BL LC 790 737 662 604 596 614 654 715 799 

    HC 788 736 664 603 592 607 655 707 794 

  FU LC 788 735 667 619 609 626 667 731 820 

    HC 823 758 677 626 617 634 673 736 825 
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Appendix F 

Descriptive Statistics: Corneal Epithelial Thickness Measurements 

Table F-1: Spectralis OD Horizontal (-Temporal to +Nasal). In all tables in this appendix, “M” 

refers to negative location values. 

  
Visit 
Type 

Lens 

Only 
M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 7 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 1 0 0 0 0 0 0 0 0 

Mean BL LC 63.7 60.4 62.5 57.4 56.0 63.1 67.5 73.7 65.3 

    HC 66.2 65.5 67.9 60.0 57.1 63.5 68.6 69.7 68.2 

  FU LC 71.1 61.2 59.0 53.7 60.6 69.1 69.1 73.7 70.1 

    HC 71.6 60.3 62.4 62.7 58.4 63.8 71.0 69.2 68.4 

Median BL LC 61.8 65.1 64.4 55.3 55.6 63.0 64.3 72.0 62.8 

    HC 66.2 65.8 63.9 62.5 59.1 62.9 68.0 66.4 68.5 

  FU LC 71.1 66.6 64.2 51.0 62.7 68.4 64.7 76.7 69.1 

    HC 70.7 56.5 64.7 62.6 60.0 63.3 70.7 67.0 70.7 

Standard 

deviation 
BL LC 10.1 9.81 16.5 8.32 6.49 8.00 9.14 9.47 11.4 

    HC 9.51 7.80 10.5 9.08 6.10 11.9 7.63 6.74 9.42 

  FU LC 9.38 15.6 14.5 9.79 7.33 6.39 6.75 7.03 10.9 

    HC 9.82 12.7 13.4 7.04 7.91 9.18 8.05 7.33 9.27 

Minimum BL LC 54.0 41.3 35.1 50.2 49.0 49.5 52.4 63.9 53.1 

    HC 54.3 54.7 58.4 50.4 50.0 44.4 56.5 64.4 55.0 

  FU LC 55.1 34.7 29.6 35.8 50.0 62.3 63.6 63.9 53.9 

    HC 54.6 41.3 40.0 50.5 50.0 50.6 62.2 59.3 54.4 
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Maximum BL LC 81.8 69.3 91.8 72.5 62.5 79.1 81.1 91.1 83.2 

    HC 81.8 78.9 90.6 76.4 63.0 76.0 77.5 81.3 81.8 

  FU LC 84.7 79.3 77.4 65.9 71.9 76.4 78.1 80.1 93.6 

    HC 82.5 78.9 77.4 75.7 71.9 74.5 81.1 81.3 81.1 

Shapiro-Wilk W BL LC 0.892 0.845 0.896 0.828 0.751 0.812 0.929 0.874 0.894 

    HC 0.936 0.958 0.752 0.854 0.784 0.884 0.919 0.689 0.923 

  FU LC 0.964 0.796 0.897 0.898 0.864 0.779 0.715 0.804 0.796 

    HC 0.938 0.940 0.862 0.929 0.875 0.886 0.804 0.840 0.902 

Shapiro-Wilk p BL LC 0.246 0.084 0.264 0.057 0.008 0.038 0.509 0.165 0.253 

    HC 0.569 0.794 0.009 0.105 0.019 0.204 0.421 0.002 0.454 

  FU LC 0.849 0.026 0.274 0.275 0.133 0.017 0.003 0.032 0.026 

    HC 0.623 0.610 0.124 0.509 0.167 0.214 0.031 0.076 0.303 

Table F-2: Spectralis OS Horizontal (-Temporal to +Nasal) 

  
Visit 
Type 

Lens 

Only 
M4 M3 M2 M1 0 1 2 3 4 

N BL LC 7 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 1 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 69.3 62.8 57.9 63.3 58.0 64.9 68.2 68.8 72.2 

    HC 65.7 62.8 61.1 58.8 57.6 65.2 60.5 72.7 66.1 

  FU LC 66.0 61.9 56.2 64.5 59.7 59.8 65.5 72.2 68.5 

    HC 68.0 60.4 59.9 62.6 60.7 62.3 60.2 65.6 65.0 

Median BL LC 71.1 60.3 64.3 63.3 59.2 68.2 73.7 66.4 68.7 

    HC 67.5 66.1 63.6 57.2 51.0 63.2 63.4 73.1 62.4 

Median  FU LC 68.8 66.3 57.7 63.2 60.4 57.0 64.6 66.6 68.6 

    HC 67.8 60.5 64.6 57.4 55.6 63.1 64.2 66.2 67.4 
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Standard 

deviation 
BL LC 6.87 18.7 12.7 11.5 8.29 11.9 11.6 5.76 14.3 

    HC 8.96 13.3 9.16 14.4 11.1 6.93 8.35 7.83 12.0 

  FU LC 5.82 7.28 14.8 11.9 10.9 11.6 8.23 11.5 14.5 

    HC 15.3 12.4 10.7 15.4 14.1 14.2 10.3 11.7 10.1 

Minimum BL LC 56.0 39.9 38.6 47.4 47.9 49.1 50.9 63.7 55.2 

    HC 55.3 39.8 39.6 37.0 50.0 57.0 50.4 63.3 54.8 

  FU LC 55.7 52.1 27.7 39.0 47.9 48.3 51.3 64.8 53.9 

    HC 53.1 39.8 41.2 48.6 49.2 38.0 39.5 52.2 54.4 

Maximum BL LC 76.9 93.1 73.6 81.8 71.9 76.6 77.9 79.7 97.2 

    HC 76.9 80.5 70.5 81.8 75.0 76.0 73.6 80.6 83.2 

  FU LC 70.4 69.3 76.6 75.6 81.3 76.0 76.6 94.6 95.0 

    HC 99.7 80.1 73.6 88.0 87.5 84.9 73.6 88.3 83.4 

Shapiro-Wilk W BL LC 0.908 0.951 0.862 0.927 0.922 0.834 0.789 0.765 0.926 

    HC 0.870 0.957 0.713 0.958 0.698 0.818 0.875 0.763 0.836 

  FU LC 0.708 0.766 0.919 0.803 0.891 0.828 0.901 0.653 0.890 

    HC 0.864 0.978 0.908 0.849 0.825 0.967 0.864 0.918 0.863 

Shapiro-Wilk p BL LC 0.382 0.719 0.127 0.490 0.443 0.066 0.022 0.012 0.478 

    HC 0.149 0.777 0.003 0.790 0.002 0.045 0.169 0.011 0.068 

  FU LC 0.003 0.012 0.426 0.031 0.240 0.057 0.295 < .001 0.234 

    HC 0.131 0.955 0.342 0.094 0.053 0.870 0.133 0.416 0.129 

  

Table F-3: Spectralis OD Vertical (-Inferior to +Superior) 

  
Visit 

Type 

Lens 

Only 
M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 7 

    HC 8 8 8 8 8 8 8 8 7 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 
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  FU LC 0 0 0 0 0 0 0 0 1 

    HC 0 0 0 0 0 0 0 0 1 

Mean BL LC 63.5 62.3 61.7 63.5 56.2 62.9 65.5 71.5 64.6 

    HC 63.9 65.4 61.7 55.1 57.3 59.8 64.7 65.0 61.7 

  FU LC 71.1 67.2 63.5 62.6 59.6 62.4 64.8 67.2 62.1 

    HC 70.0 67.8 61.5 60.5 61.2 62.3 66.8 70.2 63.1 

Median BL LC 64.1 66.0 63.6 63.7 53.3 63.1 64.1 71.5 65.0 

    HC 63.7 67.1 64.0 50.9 59.9 62.8 63.3 65.5 57.0 

  FU LC 69.6 66.8 64.9 62.8 62.2 62.4 63.8 66.0 66.5 

    HC 70.9 67.0 64.7 63.1 62.5 62.8 69.4 67.7 65.6 

Standard 

deviation 
BL LC 11.9 9.98 9.90 9.83 8.24 9.37 8.13 8.41 8.33 

    HC 7.98 11.3 9.24 9.60 6.02 8.83 7.55 10.8 9.47 

  FU LC 9.55 13.5 15.2 8.78 5.50 9.22 8.95 10.6 10.6 

    HC 8.54 12.5 13.2 9.76 7.38 9.93 12.5 13.7 6.82 

Minimum BL LC 45.8 42.3 50.9 49.7 49.0 49.7 52.1 59.6 54.8 

    HC 54.4 54.1 51.6 48.3 50.0 38.0 51.9 51.4 54.8 

  FU LC 56.6 43.2 37.6 50.9 50.5 49.9 47.8 53.5 41.0 

    HC 55.5 53.0 38.6 50.5 50.4 49.1 40.2 53.0 54.8 

Maximum BL LC 85.8 74.3 77.8 76.0 71.9 75.0 77.3 82.8 80.1 

    HC 72.9 88.2 78.1 76.0 62.9 63.8 76.0 87.1 81.8 

  FU LC 83.9 81.6 80.6 74.2 64.6 75.8 76.9 80.7 71.3 

    HC 84.1 91.1 76.9 79.1 71.9 75.8 77.1 89.4 70.4 

Shapiro-Wilk W BL LC 0.961 0.900 0.889 0.878 0.861 0.868 0.868 0.926 0.935 

    HC 0.856 0.841 0.872 0.708 0.765 0.467 0.891 0.856 0.777 

  FU LC 0.960 0.912 0.922 0.888 0.714 0.889 0.844 0.906 0.819 

    HC 0.942 0.924 0.937 0.833 0.862 0.908 0.809 0.921 0.853 

Shapiro-Wilk p BL LC 0.820 0.286 0.229 0.182 0.123 0.143 0.145 0.479 0.559 

    HC 0.109 0.078 0.158 0.003 0.012 < .001 0.242 0.111 0.016 

  FU LC 0.806 0.370 0.447 0.222 0.003 0.228 0.082 0.328 0.062 

    HC 0.629 0.461 0.578 0.064 0.127 0.337 0.036 0.440 0.130 
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Table F-4: Spectralis OS Vertical (-Inferior to +Superior) 

  
Visit 

Type 

Lens 

Only 
M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 7 

    HC 7 7 7 7 7 7 7 7 7 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 1 

    HC 1 1 1 1 1 1 1 1 1 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 63.3 63.4 60.7 59.2 60.4 60.9 66.4 70.1 63.9 

    HC 60.3 67.7 64.7 62.8 61.2 66.4 69.6 67.1 60.3 

  FU LC 64.9 61.3 64.0 64.5 59.2 62.7 64.1 67.9 64.9 

    HC 63.2 67.2 61.3 61.7 60.6 65.3 65.7 68.2 64.1 

Median BL LC 61.3 66.3 62.0 55.5 62.5 62.9 64.5 66.4 63.5 

    HC 57.7 67.2 64.8 63.3 60.4 63.6 65.0 65.9 56.4 

  FU LC 66.3 60.6 64.7 63.1 53.6 63.0 64.2 66.0 68.1 

    HC 62.7 67.5 65.1 57.9 57.2 68.8 64.7 66.7 66.6 

Standard 

deviation 
BL LC 9.33 5.69 12.3 11.3 7.27 4.40 7.96 9.65 9.11 

    HC 11.2 11.0 10.9 7.51 11.5 9.17 6.64 7.86 6.27 

  FU LC 11.7 8.16 13.0 11.8 11.2 9.26 11.2 10.8 6.30 

    HC 10.1 10.0 13.9 12.1 13.4 16.8 12.7 4.50 7.24 

Minimum BL LC 54.3 52.5 40.9 48.6 50.0 50.7 51.4 63.3 55.6 

    HC 41.3 52.0 50.6 49.6 50.0 50.6 63.7 54.4 54.5 

  FU LC 44.2 52.0 39.5 50.8 50.0 49.7 50.5 53.0 54.7 

    HC 52.0 45.7 37.6 49.4 47.9 35.8 38.7 64.3 55.6 

Maximum BL LC 81.9 68.1 77.6 76.2 71.9 63.2 77.1 92.9 80.4 

    HC 72.7 83.0 78.7 75.6 84.4 75.6 78.0 79.8 69.0 

  FU LC 83.0 75.5 78.4 86.4 76.6 75.5 87.5 91.9 70.1 

    HC 78.4 79.8 77.9 75.9 84.4 88.0 79.7 76.1 75.0 
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Shapiro-Wilk W BL LC 0.864 0.808 0.970 0.822 0.860 0.599 0.903 0.647 0.879 

    HC 0.915 0.945 0.893 0.828 0.849 0.868 0.767 0.914 0.813 

  FU LC 0.953 0.907 0.918 0.888 0.784 0.888 0.818 0.720 0.763 

    HC 0.869 0.825 0.921 0.794 0.867 0.947 0.840 0.802 0.875 

Shapiro-Wilk p BL LC 0.130 0.035 0.900 0.049 0.119 < .001 0.309 < .001 0.223 

    HC 0.433 0.685 0.291 0.077 0.121 0.180 0.019 0.427 0.055 

  FU LC 0.746 0.330 0.413 0.226 0.019 0.225 0.045 0.004 0.011 

    HC 0.148 0.053 0.435 0.025 0.140 0.682 0.075 0.030 0.170 

  

Table F-5: Spectralis OD Oblique (-Inferior Temporal to +Superior Nasal) 

  
Visit 

Type 

Lens 

Only 
M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 7 8 8 8 8 8 8 8 

    HC 8 7 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 7 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 1 0 0 0 0 0 0 0 

    HC 0 1 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 1 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 62.5 60.9 60.2 58.0 63.1 68.9 65.3 72.6 66.6 

    HC 63.9 60.5 60.1 56.3 56.2 63.9 71.8 69.0 66.1 

  FU LC 63.6 60.8 61.1 57.9 64.7 70.7 70.0 72.2 67.8 

    HC 62.1 64.2 55.0 60.1 58.6 62.7 68.0 73.0 70.9 

Median BL LC 60.2 64.6 58.0 56.1 62.9 72.9 64.6 73.3 67.9 

    HC 65.9 54.0 58.9 55.2 59.4 63.4 70.1 66.2 63.0 

  FU LC 66.2 60.9 63.3 56.6 63.0 73.8 73.8 73.8 67.7 

    HC 63.9 61.0 51.3 62.4 58.9 63.4 66.5 71.4 69.4 

Standard 

deviation 
BL LC 15.5 6.90 10.3 9.09 7.01 8.53 10.9 11.4 8.12 

    HC 11.1 9.41 9.54 11.5 7.50 10.1 9.27 7.56 12.4 

  FU LC 10.8 10.1 12.4 13.1 7.86 7.54 15.1 10.9 7.11 

    HC 15.2 12.8 14.3 9.17 8.49 10.7 15.5 9.69 9.07 
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Minimum BL LC 36.6 51.1 49.5 50.3 49.5 52.2 42.1 53.0 54.6 

    HC 45.1 53.0 51.1 37.8 43.8 49.5 63.4 63.3 54.9 

  FU LC 45.1 46.2 41.2 37.9 50.0 54.8 38.7 52.4 55.5 

    HC 41.2 51.5 37.9 49.6 50.0 39.6 37.6 61.3 54.5 

Maximum BL LC 85.3 67.5 76.9 76.0 75.4 76.0 76.4 91.9 79.7 

    HC 78.3 76.6 77.8 75.7 63.0 75.4 89.1 82.4 85.7 

  FU LC 78.3 74.3 79.1 76.0 75.0 76.0 89.5 87.0 79.7 

    HC 88.1 83.9 81.1 76.0 75.0 74.9 92.5 90.4 83.4 

Shapiro-Wilk W BL LC 0.963 0.850 0.882 0.821 0.833 0.819 0.826 0.975 0.913 

    HC 0.963 0.799 0.841 0.966 0.845 0.891 0.843 0.726 0.827 

  FU LC 0.962 0.919 0.962 0.933 0.914 0.737 0.896 0.958 0.905 

    HC 0.963 0.861 0.931 0.890 0.880 0.826 0.909 0.928 0.947 

Shapiro-Wilk p BL LC 0.839 0.122 0.198 0.047 0.063 0.046 0.054 0.935 0.372 

    HC 0.835 0.040 0.077 0.861 0.085 0.238 0.081 0.004 0.056 

  FU LC 0.832 0.419 0.832 0.548 0.386 0.006 0.268 0.792 0.364 

    HC 0.837 0.123 0.529 0.232 0.189 0.054 0.348 0.501 0.680 

  

Table F-6: Spectralis OS Oblique (-Inferior Temporal to +Superior Nasal) 

  
Visit 

Type 

Lens 

Only 
M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 7 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 1 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 56.3 58.7 58.7 61.2 57.0 60.2 63.7 70.1 69.3 

    HC 65.1 66.9 62.1 59.6 57.6 60.0 68.9 69.1 70.1 

  FU LC 60.1 62.6 63.2 60.5 59.0 62.7 65.6 72.7 65.5 

    HC 64.4 56.0 62.3 54.6 57.4 61.2 65.4 68.9 62.5 
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Median BL LC 56.3 56.9 56.4 62.6 50.4 63.1 64.1 66.8 69.1 

    HC 69.5 66.0 64.4 54.9 50.2 57.0 70.9 66.6 68.6 

  FU LC 56.3 65.3 63.9 62.2 53.3 62.4 64.4 66.7 67.5 

    HC 66.0 53.0 63.3 50.4 56.4 62.9 64.3 66.5 58.8 

Standard 

deviation 
BL LC 9.54 12.9 12.8 8.00 10.4 10.6 6.66 10.6 8.90 

    HC 10.6 15.2 10.6 13.0 11.5 12.7 9.52 10.1 9.34 

  FU LC 6.70 11.5 9.64 11.3 16.5 13.4 10.3 12.8 6.97 

    HC 8.94 12.4 20.3 11.0 13.6 12.5 8.82 9.48 9.65 

Minimum BL LC 41.9 39.7 38.5 50.4 48.8 40.1 52.8 53.6 53.9 

    HC 41.2 41.0 49.4 50.4 49.5 50.4 51.1 63.3 55.3 

  FU LC 54.3 47.2 48.1 45.4 37.5 37.9 50.5 65.5 55.3 

    HC 53.1 37.3 24.0 37.0 37.5 37.9 50.4 63.3 54.9 

Maximum BL LC 68.5 78.9 76.7 75.6 75.4 76.0 77.0 89.7 81.2 

    HC 70.2 93.0 77.2 88.4 75.5 88.0 77.3 93.9 81.7 

  FU LC 70.1 79.7 76.3 75.6 87.5 75.9 87.9 103 75.2 

    HC 76.9 80.1 90.2 72.5 82.8 76.0 77.9 91.9 82.2 

Shapiro-Wilk W BL LC 0.934 0.985 0.948 0.845 0.771 0.845 0.871 0.925 0.903 

    HC 0.568 0.938 0.894 0.748 0.705 0.756 0.826 0.557 0.940 

  FU LC 0.769 0.941 0.921 0.912 0.915 0.888 0.734 0.629 0.910 

    HC 0.906 0.866 0.952 0.919 0.923 0.902 0.878 0.592 0.822 

Shapiro-Wilk p BL LC 0.550 0.983 0.694 0.086 0.014 0.085 0.154 0.471 0.310 

    HC < .001 0.588 0.253 0.008 0.003 0.010 0.054 < .001 0.610 

  FU LC 0.013 0.618 0.441 0.371 0.393 0.223 0.005 < .001 0.353 

    HC 0.324 0.138 0.728 0.424 0.457 0.303 0.179 < .001 0.049 

  

Table F-7: Spectralis OD Oblique (-Superior Temporal to +Inferior Nasal) 

  
Visit 

Type 

Lens 

Only 
M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 7 7 7 7 7 7 7 7 7 
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Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 1 1 1 1 1 1 1 1 1 

Mean BL LC 70.7 70.7 62.3 61.0 60.6 61.6 63.5 70.4 65.5 

    HC 67.3 69.9 63.0 60.7 55.8 60.4 65.5 67.8 63.0 

  FU LC 67.2 70.5 57.7 61.1 56.6 64.1 61.5 70.4 65.3 

    HC 65.2 63.7 63.3 64.7 60.4 65.1 69.6 71.0 72.3 

Median BL LC 68.5 70.5 64.0 62.9 62.2 63.0 64.8 68.6 62.9 

    HC 68.1 66.6 64.1 62.8 55.2 60.0 64.7 66.6 67.1 

  FU LC 68.3 71.7 63.0 62.9 50.0 63.4 64.4 67.8 67.1 

    HC 67.8 66.1 64.7 63.1 62.5 63.6 65.4 67.6 71.3 

Standard 

deviation 
BL LC 9.94 10.6 4.14 12.2 7.31 7.77 13.6 7.75 11.2 

    HC 12.4 7.31 7.47 6.33 6.49 10.3 12.0 15.0 10.3 

  FU LC 6.60 9.89 9.60 10.3 10.3 14.3 15.2 18.5 6.98 

    HC 10.9 4.99 2.82 8.73 8.82 8.56 12.0 11.7 11.5 

Minimum BL LC 55.1 50.7 52.7 37.4 50.0 50.5 39.2 56.4 54.6 

    HC 54.4 63.3 52.7 50.6 49.1 50.0 51.8 44.5 44.2 

  FU LC 52.3 53.0 38.8 38.2 49.0 38.0 39.8 43.2 54.6 

    HC 54.2 53.0 57.6 50.3 50.0 51.0 53.0 55.7 55.3 

Maximum BL LC 85.8 82.5 65.3 75.9 71.9 75.5 84.1 79.4 82.5 

    HC 85.4 83.0 78.1 69.4 62.5 76.0 91.0 91.1 73.2 

  FU LC 75.5 80.2 65.2 75.1 75.0 82.2 88.0 105 74.6 

    HC 82.8 67.5 65.2 75.9 75.8 76.0 91.0 91.2 84.9 

Shapiro-Wilk W BL LC 0.966 0.908 0.712 0.890 0.851 0.863 0.933 0.894 0.857 

    HC 0.861 0.740 0.891 0.870 0.737 0.880 0.838 0.937 0.869 

  FU LC 0.748 0.873 0.793 0.744 0.757 0.933 0.832 0.947 0.945 

    HC 0.880 0.731 0.752 0.862 0.882 0.871 0.936 0.906 0.922 

Shapiro-Wilk p BL LC 0.868 0.338 0.003 0.232 0.099 0.128 0.545 0.256 0.112 

    HC 0.124 0.006 0.240 0.149 0.006 0.189 0.072 0.586 0.148 

  FU LC 0.008 0.161 0.024 0.007 0.010 0.540 0.062 0.678 0.662 

    HC 0.226 0.008 0.013 0.157 0.233 0.189 0.602 0.371 0.486 

  



 

 276 

Table F-8: Spectralis OS Oblique (-Superior Temporal to +Inferior Nasal) 

  
Visit 

Type 

Lens 

Only 
M4 M3 M2 M1 0 1 2 3 4 

N BL LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

  FU LC 8 8 8 8 8 8 8 8 8 

    HC 8 8 8 8 8 8 8 8 8 

Missing BL LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

  FU LC 0 0 0 0 0 0 0 0 0 

    HC 0 0 0 0 0 0 0 0 0 

Mean BL LC 68.8 71.9 67.8 64.4 59.8 63.1 66.4 72.6 68.1 

    HC 68.2 70.6 63.1 58.0 56.8 63.8 61.4 67.8 68.7 

  FU LC 60.9 69.2 65.1 61.3 57.2 57.9 61.7 66.9 65.6 

    HC 65.2 69.0 62.8 65.7 53.7 60.9 71.3 76.7 74.1 

            

Median BL LC 68.7 66.7 71.3 68.6 60.4 63.5 64.8 75.4 69.7 

    HC 68.0 65.9 64.1 56.3 50.5 62.1 64.7 67.0 69.7 

  FU LC 55.7 66.5 63.6 62.7 54.4 55.9 64.2 66.3 68.5 

    HC 64.4 66.3 64.0 63.0 50.0 61.4 76.4 79.4 70.5 

Standard 

deviation 
BL LC 8.87 9.43 11.0 13.9 9.90 12.2 10.7 9.30 13.1 

    HC 12.3 16.4 6.19 13.6 14.1 11.7 8.19 6.94 9.58 

  FU LC 10.6 5.00 11.5 14.2 12.9 13.5 15.0 6.99 8.43 

    HC 9.08 5.66 11.2 14.8 12.2 7.93 9.55 9.92 13.1 

Minimum BL LC 55.0 65.7 52.1 38.0 49.0 36.2 52.1 54.3 54.1 

    HC 54.5 52.2 52.2 38.2 37.2 50.6 51.7 54.9 54.6 

  FU LC 51.2 65.6 51.1 37.0 37.5 37.0 30.6 55.9 55.1 

    HC 54.5 65.5 39.1 37.0 36.7 50.2 52.4 62.9 56.1 

Maximum BL LC 83.3 92.7 77.3 75.6 75.5 76.1 78.5 81.3 92.5 

    HC 83.9 98.8 73.6 76.0 78.1 84.9 74.3 79.1 82.2 

  FU LC 83.2 77.2 85.4 75.8 75.5 75.6 77.3 81.6 77.7 

    HC 83.5 80.6 80.3 87.4 75.0 75.6 80.3 92.6 100 
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Shapiro-Wilk W BL LC 0.951 0.721 0.803 0.823 0.900 0.759 0.861 0.877 0.903 

    HC 0.862 0.857 0.903 0.925 0.883 0.890 0.846 0.892 0.934 

  FU LC 0.806 0.697 0.901 0.898 0.940 0.928 0.852 0.778 0.887 

    HC 0.924 0.675 0.760 0.909 0.828 0.882 0.826 0.941 0.922 

Shapiro-Wilk p BL LC 0.718 0.004 0.031 0.050 0.286 0.010 0.124 0.177 0.306 

    HC 0.126 0.113 0.304 0.471 0.200 0.232 0.087 0.246 0.557 

  FU LC 0.034 0.002 0.293 0.277 0.609 0.498 0.100 0.017 0.221 

    HC 0.460 0.001 0.011 0.346 0.056 0.196 0.054 0.625 0.450 
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Appendix G 

High and Low Contrast Visual Acuity 

Table G-1: Best sphere over-refraction (BS O/R) and high contrast visual acuity results for 

participants 02-KC - 09-KC. Differences between follow-up and baseline for each lens and eye 

are in the column marked “FU-BL”.  

Participant Lens Visit Type Eye BS O/R Snellen Numerator Snellen Denominator Additional Optotypes logMAR VA FU-BL

02-KC LC BL OD +0.25 20 20 -1 0.02

02-KC LC FU OD +0.25 20 20 -1 0.02

02-KC LC BL OS 0.00 20 20 0 0

02-KC LC FU OS 0.00 20 25 3 0.04

02-KC HC BL OD +0.25 20 20 -1 0.02

02-KC HC FU OD +0.50 20 25 3 0.04

02-KC HC BL OS -0.50 20 20 -3 0.06

02-KC HC FU OS +0.50 20 20 -2 0.04

04-KC LC BL OD -0.25 20 25 2 0.06

04-KC LC FU OD 0.00 20 25 2 0.06

04-KC LC BL OS 0.00 20 30 2 0.14

04-KC LC FU OS +0.25 20 20 -1 0.02

04-KC HC BL OD 0.00 20 20 -2 0.04

04-KC HC FU OD 0.00 20 20 0 0

04-KC HC BL OS 0.00 20 20 -1 0.02

04-KC HC FU OS +0.25 20 20 -2 0.04

07-KC LC BL OD -0.25 20 25 2 0.06

07-KC LC FU OD -0.25 20 20 2 -0.04

07-KC LC BL OS +0.50 20 20 1 -0.02

07-KC LC FU OS 0.00 20 20 -2 0.04

07-KC HC BL OD -0.75 20 25 1 0.08

07-KC HC FU OD -0.75 20 25 1 0.08

07-KC HC BL OS 0.00 20 20 1 -0.02

07-KC HC FU OS 0.00 20 20 1 -0.02

09-KC LC BL OD 0.00 20 30 2 0.14

09-KC LC FU OD -0.25 20 30 1 0.16

09-KC LC BL OS 0.00 20 20 2 -0.04

09-KC LC FU OS 0.00 20 20 0 0

09-KC HC BL OD 0.00 20 30 2 0.14

09-KC HC FU OD 0.00 20 40 -1 0.32

09-KC HC BL OS 0.00 20 15 -1 -0.1

09-KC HC FU OS 0.00 20 20 2 -0.04

0

0.06

-0.1

0.06

0.18

0.04

0.02

0

0

0.04

0.02

-0.02

0

0.02

-0.04

-0.12
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Table G-2: Best sphere over-refraction (BS O/R) and high contrast visual acuity results for 

participants 11-KC - 15-KC.  Differences between follow-up and baseline for each lens and eye 

are in the column marked “FU-BL”.  

 

 

 

 

 

 

 

 

 

 

 

 

Participant Lens Visit Type Eye BS O/R Snellen Numerator Snellen Denominator Additional Optotypes logMAR VA FU-BL

11-KC LC BL OD -0.50 20 20 2 -0.04

11-KC LC FU OD 0.00 20 20 2 -0.04

11-KC LC BL OS -0.25 20 30 2 0.14

11-KC LC FU OS +0.50 20 25 0 0.1

11-KC HC BL OD -0.50 20 20 2 -0.04

11-KC HC FU OD -0.50 20 20 4 -0.08

11-KC HC BL OS -0.25 20 30 2 0.14

11-KC HC FU OS +0.75 20 20 2 -0.04

13-KC LC BL OD 0.00 20 15 -3 -0.06

13-KC LC FU OD 0.00 20 20 0 0

13-KC LC BL OS 0.00 20 25 -3 0.16

13-KC LC FU OS -0.25 20 25 1 0.08

13-KC HC BL OD -0.25 20 25 -2 0.14

13-KC HC FU OD -1.00 20 25 2 0.06

13-KC HC BL OS 0.00 20 30 1 0.16

13-KC HC FU OS +1.50 20 20 -1 0.02

14-KC LC BL OD 0.00 20 40 -2 0.34

14-KC LC FU OD 0.00 20 40 1 0.28

14-KC LC BL OS 0.00 20 25 1 0.08

14-KC LC FU OS 0.00 20 25 2 0.06

14-KC HC BL OD -0.50 20 40 2 0.26

14-KC HC FU OD 0.00 20 40 -2 0.34

14-KC HC BL OS 0.00 20 20 -3 0.06

14-KC HC FU OS -0.50 20 20 -1 0.02

15-KC LC BL OD 0.00 20 20 1 -0.02

15-KC LC FU OD +0.75 20 20 -2 0.04

15-KC LC BL OS +0.25 20 20 -1 0.02

15-KC LC FU OS 0.00 20 25 2 0.06

15-KC HC BL OD +1.25 20 25 -1 0.12

15-KC HC FU OD 0.00 20 25 -1 0.12

15-KC HC BL OS 0.00 20 25 -2 0.14

15-KC HC FU OS +0.75 20 25 2 0.06

-0.06

-0.14

-0.08

0

0.04

0.06

-0.04

0.08

-0.02

0

-0.08

-0.08

0.06

-0.18

-0.04

-0.04
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Table G-3: Best sphere over-refraction (BS O/R) and low contrast visual acuity results for 

participants 02-KC - 09-KC.  Differences between follow-up and baseline for each lens and eye 

are in the column marked “FU-BL”.  

 

 

 

 

 

 

 

 

 

 

 

Participant Lens Visit Type Eye BS O/R Snellen Numerator Snellen Denominator Additional Optotypes logMAR VA FU-BL

02-KC LC BL OD +0.25 20 60 -1 0.5

02-KC LC FU OD +0.25 20 100 2 0.66

02-KC LC BL OS +0.25 20 50 -1 0.42

02-KC LC FU OS 0.00 20 70 -1 0.56

02-KC HC BL OD +0.25 20 70 -1 0.56

02-KC HC FU OD +0.50 20 70 -1 0.56

02-KC HC BL OS -0.50 20 70 -2 0.58

02-KC HC FU OS +0.50 20 50 -1 0.42

04-KC LC BL OD -0.25 20 100 1 0.68

04-KC LC FU OD 0.00 20 60 2 0.44

04-KC LC BL OS 0.00 20 200 0 1

04-KC LC FU OS +0.25 20 50 0 0.4

04-KC HC BL OD 0.00 20 50 -2 0.44

04-KC HC FU OD 0.00 20 70 0 0.54

04-KC HC BL OS 0.00 20 60 -1 0.5

04-KC HC FU OS 0.00 20 70 0 0.54

07-KC LC BL OD -0.25 20 60 2 0.44

07-KC LC FU OD -0.25 20 100 2 0.66

07-KC LC BL OS 0.00 20 60 -2 0.52

07-KC LC FU OS 0.00 20 100 1 0.68

07-KC HC BL OD -0.75 20 60 1 0.46

07-KC HC FU OD -0.75 20 80 -2 0.64

07-KC HC BL OS 0.00 20 70 1 0.52

07-KC HC FU OS 0.00 20 80 1 0.58

09-KC LC BL OD 0.00 20 200 0 1

09-KC LC FU OD -0.25 20 100 0 0.7

09-KC LC BL OS -0.50 20 70 -2 0.58

09-KC LC FU OS 0.00 20 100 0 0.7

09-KC HC BL OD 0.00 20 80 0 0.6

09-KC HC FU OD 0.00 20 80 0 0.6

09-KC HC BL OS 0.00 20 50 1 0.38

09-KC HC FU OS 0.00 20 50 -2 0.44

-0.3

0.12

0

0.06

0.1

0.04

0.22

0.16

0.18

0.06

0.16

0.14

0

-0.16

-0.24

-0.6
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Table G-4: Best sphere over-refraction (BS O/R) and low contrast visual acuity results for 

participants 11-KC - 15-KC. Differences between follow-up and baseline for each lens and eye 

are in the column marked “FU-BL”.  

 

 

 

 

  

Participant Lens Visit Type Eye BS O/R Snellen Numerator Snellen Denominator Additional Optotypes logMAR VA FU-BL

11-KC LC BL OD -0.50 20 50 1 0.38

11-KC LC FU OD +0.25 20 60 -1 0.5

11-KC LC BL OS -0.25 20 100 2 0.66

11-KC LC FU OS 0.00 20 60 -2 0.52

11-KC HC BL OD -0.50 20 50 1 0.38

11-KC HC FU OD -0.50 20 80 1 0.58

11-KC HC BL OS -0.25 20 100 2 0.66

11-KC HC FU OS +0.75 20 100 0 0.7

13-KC LC BL OD 0.00 20 60 -1 0.5

13-KC LC FU OD 0.00 20 50 -2 0.44

13-KC LC BL OS 0.00 20 200 0 1

13-KC LC FU OS -0.25 20 100 1 0.68

13-KC HC BL OD -0.25 20 60 -1 0.5

13-KC HC FU OD -1.00 20 50 -1 0.42

13-KC HC BL OS 0.00 20 70 0 0.54

13-KC HC FU OS +1.50 20 100 1 0.68

14-KC LC BL OD 0.00 20 200 0 1

14-KC LC FU OD 0.00 20 300 0 1.18

14-KC LC BL OS 0.00 20 100 1 0.68

14-KC LC FU OS -0.25 20 70 -1 0.56

14-KC HC BL OD -0.50 20 200 0 1

14-KC HC FU OD 0.00 20 200 0 1

14-KC HC BL OS 0.00 20 70 1 0.52

14-KC HC FU OS -0.50 20 70 3 0.48

15-KC LC BL OD 0.00 20 40 -2 0.34

15-KC LC FU OD +0.75 20 100 1 0.68

15-KC LC BL OS 0.00 20 70 0 0.54

15-KC LC FU OS 0.00 20 100 1 0.68

15-KC HC BL OD 0.00 20 80 -1 0.62

15-KC HC FU OD 0.00 20 80 2 0.56

15-KC HC BL OS +0.75 20 100 0 0.7

15-KC HC FU OS +0.75 20 100 1 0.68

-0.06

-0.02

0.18

-0.12

0

-0.04

0.34

0.14

0.2

0.04

-0.06

-0.32

-0.08

0.14

0.12

-0.14
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Appendix H 

Subjective Comfort Results 

Table H-1: Subjective comfort results recorded at each visit for participants 02-KC - 09-KC. 

Each lens was given a clarity and comfort score from 0-100, with 0 being poor and 100 being 

excellent. Lens is indicated with LC or HC for low and high clearance, respectively. Visit type is 

abbreviated to BL (baseline) and FU (follow-up). For preferred lens, L1 refers to the first lens 

worn, and L2 to the second.  

 

 

Chronological By Clearance

02-KC LC BL OD 90 100 L1 HC

02-KC LC FU OD 90 95 L1 HC

02-KC LC BL OS 95 100 L1 HC

02-KC LC FU OS 90 95 L1 HC

02-KC HC BL OD 95 80 - -

02-KC HC FU OD 95 100 - -

02-KC HC BL OS 95 80 - -

02-KC HC FU OS 95 100 - -

04-KC LC BL OD 65 95 L2 LC

04-KC LC FU OD 75 85 L2 LC

04-KC LC BL OS 65 95 L2 LC

04-KC LC FU OS 65 85 L2 LC

04-KC HC BL OD 65 65 - -

04-KC HC FU OD 30 20 - -

04-KC HC BL OS 50 55 - -

04-KC HC FU OS 20 10 - -

07-KC LC BL OD 95 100 L2 LC

07-KC LC FU OD 100 100 L2 LC

07-KC LC BL OS 95 100 L2 LC

07-KC LC FU OS 100 100 L2 LC

07-KC HC BL OD 70 100 - -

07-KC HC FU OD 90 70 - -

07-KC HC BL OS 90 100 - -

07-KC HC FU OS 95 70 - -

09-KC LC BL OD 95 90 L2 LC

09-KC LC FU OD 90 90 L1=L2 LC=HC

09-KC LC BL OS 90 85 L1=L2 LC=HC

09-KC LC FU OS 90 85 L1=L2 LC=HC

09-KC HC BL OD 90 85 - -

09-KC HC FU OD 90 90 - -

09-KC HC BL OS 85 90 - -

09-KC HC FU OS 90 85 - -

ClarityComfortEyeVisit TypeLensParticipant
Preferred Lens
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Table H-2: Subjective comfort results recorded at each visit for participants 11-KC - 15-KC.  

Abbreviations and scores are as described in Table H-1.  

 

  

Chronological By Clearance

11-KC LC BL OD 100 90 L2 LC

11-KC LC FU OD 95 95 L2 LC

11-KC LC BL OS 100 90 L2 LC

11-KC LC FU OS 95 95 L2 LC

11-KC HC BL OD 95 90 - -

11-KC HC FU OD 85 85 - -

11-KC HC BL OS 95 90 - -

11-KC HC FU OS 85 85 - -

13-KC LC BL OD 90 100 L2 LC

13-KC LC FU OD 30 90 L1 HC

13-KC LC BL OS 75 100 L1=L2 LC=HC

13-KC LC FU OS 30 90 L1 HC

13-KC HC BL OD 90 100 - -

13-KC HC FU OD 90 100 - -

13-KC HC BL OS 100 100 - -

13-KC HC FU OS 80 60 - -

14-KC LC BL OD 65 100 L1=L2 LC=HC

14-KC LC FU OD 95 80 L2 LC

14-KC LC BL OS 75 100 L1=L2 LC=HC

14-KC LC FU OS 95 95 L2 LC

14-KC HC BL OD 100 100 - -

14-KC HC FU OD 85 80 - -

14-KC HC BL OS 100 100 - -

14-KC HC FU OS 85 80 - -

15-KC LC BL OD 90 80 L2 HC

15-KC LC FU OD 85 80 L1=L2 LC=HC

15-KC LC BL OS 90 80 L2 HC

15-KC LC FU OS 85 80 L1=L2 LC=HC

15-KC HC BL OD 100 80 - -

15-KC HC FU OD 90 75 - -

15-KC HC BL OS 100 80 - -

15-KC HC FU OS 90 75 - -

Visit TypeLensParticipant
Preferred Lens

ClarityComfortEye
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Appendix I 

Assessment of Lens Centration 

Table I-1: Description of lens decentration in the lateral and vertical plane for participants 02-

KC – 09-KC.  Negative values refer to the temporal and inferior direction, where positive values 

refer to superior and nasal. This assessment was qualitatively observed and graded on a scale 

from 0 (centred) to 2 (very decentred).  

 

Lateral (x) Vertical (y)

02-KC LC BL OD 0 -1

02-KC LC FU OD -1 -1

02-KC LC BL OS -1 -1

02-KC LC FU OS -1 -1

02-KC HC BL OD 0 -2

02-KC HC FU OD -1 -1

02-KC HC BL OS 0 -2

02-KC HC FU OS -1 -1.5

04-KC LC BL OD -1 -1

04-KC LC FU OD -0.5 -1

04-KC LC BL OS 1 -1

04-KC LC FU OS 1 -1

04-KC HC BL OD 0 -1.5

04-KC HC FU OD -1 -2

04-KC HC BL OS -0.5 -1.5

04-KC HC FU OS -1 -2

07-KC LC BL OD 0 -1

07-KC LC FU OD 0 0

07-KC LC BL OS 0 0

07-KC LC FU OS 0 0

07-KC HC BL OD 0 -1

07-KC HC FU OD 0 0

07-KC HC BL OS -1 -1

07-KC HC FU OS 0 0

09-KC LC BL OD 0 -1

09-KC LC FU OD 0 -1

09-KC LC BL OS 0 -1

09-KC LC FU OS 0 -1

09-KC HC BL OD -1 -1

09-KC HC FU OD -1 -1

09-KC HC BL OS 0 -1

09-KC HC FU OS 0 -1

Lens Fit
Participant Lens Visit Type Eye



 

 285 

Table I-2: Description of lens decentration in the lateral and vertical plane for participants 11-

KC – 15-KC.  Lens fit parameters are detailed as in Table I-1.  

 

 

 

 

 

Lateral (x) Vertical (y)

11-KC LC BL OD -1 -1.5

11-KC LC FU OD -0.5 -1

11-KC LC BL OS -0.5 -1.5

11-KC LC FU OS -1 -1

11-KC HC BL OD -0.5 -1

11-KC HC FU OD 0 0

11-KC HC BL OS 0 -1

11-KC HC FU OS 0 -1

13-KC LC BL OD 0 0

13-KC LC FU OD 0 0.5

13-KC LC BL OS -0.5 0

13-KC LC FU OS -1 0.5

13-KC HC BL OD 0 0

13-KC HC FU OD 0 0.5

13-KC HC BL OS 0 -1

13-KC HC FU OS 0 0

14-KC LC BL OD -1 -1

14-KC LC FU OD -0.5 -1.5

14-KC LC BL OS -1 -1

14-KC LC FU OS -1 -1.5

14-KC HC BL OD 0 -1

14-KC HC FU OD 0 -1.5

14-KC HC BL OS -1 -1

14-KC HC FU OS -1 -1

15-KC LC BL OD -1 -1

15-KC LC FU OD -1 -1.5

15-KC LC BL OS -1 -1

15-KC LC FU OS -1 -1.5

15-KC HC BL OD -1 0

15-KC HC FU OD -1 -1

15-KC HC BL OS -1 -1

15-KC HC FU OS -1 -1

Participant Lens Visit Type Eye
Lens Fit
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Appendix J 

Bulbar and Limbal Hyperemia Grading by Oculus K5®M 

Table J-1: Hyperemia grading from 0-4 in 0.1 steps by the Oculus Keratograph 5®M JENVIS 

scale257 for participants 02-KC - 09-KC.  Lens is indicated with LC or HC for low and high 

clearance, respectively. Visit type is abbreviated to BL (baseline) and FU (follow-up). Temporal 

scores are indicated with “T” and nasal with “N”. 

 

 

T N T N

02-KC LC BL OD 1.1 1.1 0.6 0.9 19.5

02-KC LC FU OD 0.9 0.8 0.5 0.6 20.8

02-KC LC BL OS 1.2 1.5 0.8 0.9 23.4

02-KC LC FU OS 1 0.8 0.5 0.4 23.5

02-KC HC BL OD 1.2 1.1 0.7 0.9 21

02-KC HC FU OD 1.2 0.6 0.3 0.4 19.7

02-KC HC BL OS 1.2 1.8 0.8 1.1 23.9

02-KC HC FU OS 1.1 1.3 0.4 0.3 26.2

04-KC LC BL OD 0.7 0.6 0.4 0.5 22.5

04-KC LC FU OD 1 0.9 0.3 0.3 21.2

04-KC LC BL OS 0.7 0.8 0.5 0.3 27.1

04-KC LC FU OS 1.1 1.1 0.3 0.1 24.9

04-KC HC BL OD 0.8 0.7 0.4 0.5 24.4

04-KC HC FU OD 0.8 1.3 0.4 0.3 25.9

04-KC HC BL OS 0.7 1 0.5 0.3 26.2

04-KC HC FU OS 1.1 1.1 0.5 0.3 26.3

07-KC LC BL OD 0.7 0.8 0.2 0.2 18

07-KC LC FU OD 1.2 1.4 0.4 0.3 20

07-KC LC BL OS 0.9 1.2 0.6 0.4 17.5

07-KC LC FU OS 1.7 2.5 0.6 0.5 20.5

07-KC HC BL OD 0.4 0.7 0.1 0.2 11.3

07-KC HC FU OD 0.9 1 0.4 0.3 17.6

07-KC HC BL OS 0.6 0.7 0.2 0.4 12.2

07-KC HC FU OS 2 2.1 0.7 0.4 14.8

09-KC LC BL OD 1.1 1.3 0.7 0.8 11.7

09-KC LC FU OD 0.8 1.2 0.5 1 10.8

09-KC LC BL OS 0.9 1.3 0.6 0.9 13.7

09-KC LC FU OS 0.8 1.7 0.8 1 12.8

09-KC HC BL OD 0.8 1.1 0.6 0.7 14.4

09-KC HC FU OD 0.8 1 0.7 0.8 13.1

09-KC HC BL OS 0.7 1 0.4 0.6 17.3

09-KC HC FU OS 0.9 1.4 0.9 1 13.4

Participant
Bulbar Hyperemia Limbal Hyperemia

Analysed AreaEyeVisit TypeLens
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Table J-2: Hyperemia grading for participants 11-KC - 15-KC, as detailed in Table J-1. 

 

 

  

T N T N

11-KC LC BL OD 0.7 0.7 0.3 0.3 21.3

11-KC LC FU OD 0.8 0.8 0.4 0.5 20.9

11-KC LC BL OS 1 1.8 0.5 0.7 17

11-KC LC FU OS 1.1 1.3 0.5 0.5 21.5

11-KC HC BL OD 0.7 0.7 0.3 0.4 13

11-KC HC FU OD 0.7 0.9 0.4 0.5 19.4

11-KC HC BL OS 0.9 1.4 0.6 0.5 13.7

11-KC HC FU OS 1 1.3 0.5 0.5 20.3

13-KC LC BL OD 1.3 0.9 0.6 0.4 21.1

13-KC LC FU OD 1.5 1.1 0.6 0.5 17.2

13-KC LC BL OS 0.8 1.7 0.6 0.5 21.7

13-KC LC FU OS 1.4 1.2 0.6 0.4 13

13-KC HC BL OD 1 0.9 0.5 0.5 19.2

13-KC HC FU OD 1.5 0.8 0.7 0.4 20.9

13-KC HC BL OS 0.6 1.1 0.5 0.3 16.8

13-KC HC FU OS 1.4 0.5 0.5 0.5 6.6

14-KC LC BL OD 1 1 0.5 0.5 16.5

14-KC LC FU OD 1.2 1.2 0.9 1.1 18.3

14-KC LC BL OS 0.9 0.8 0.7 0.6 10.7

14-KC LC FU OS 1.5 1 1 0.6 21.9

14-KC HC BL OD 1.1 1.2 0.8 0.6 11.7

14-KC HC FU OD 1 0.8 0.6 0.3 17.2

14-KC HC BL OS 0.9 1.1 0.6 0.7 18.3

14-KC HC FU OS 1.4 1.4 1 0.8 21.3

15-KC LC BL OD 0.6 0.4 0.2 0.3 8.6

15-KC LC FU OD 1.3 1.6 0.4 1.1 11.3

15-KC LC BL OS 0.8 0.8 0.3 0.6 11.1

15-KC LC FU OS 1.2 1.3 0.5 0.9 12.6

15-KC HC BL OD 0.6 0.9 0.3 0.9 9.6

15-KC HC FU OD 0.9 1.6 0.4 1 11.2

15-KC HC BL OS 0.8 1.1 0.3 0.8 11.4

15-KC HC FU OS 1 1.2 0.5 0.7 11.2

Limbal Hyperemia
Analysed AreaParticipant Lens Visit Type Eye

Bulbar Hyperemia
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Appendix K 

Corneal Fluorescein Staining Results 

Table K-1: Corneal fluorescein staining for participants 02-KC - 09-KC  by nature (positive vs 

negative), and if positive, the type graded from 0 (not present) to 4 (patch) and location 

according to the BHVI scale289. Location of negative staining is specified as C (central), S 

(superior), I (inferior), N (nasal), or T (temporal).  

 

 

Central Superior Inferior Temporal Nasal Presence Location

02-KC LC BL OD 1 1 1 1 1 - -

02-KC LC FU OD 1 3 1 1 1 - -

02-KC LC BL OS 1 1 1 1 1 - -

02-KC LC FU OS 1 1 1 1 1 - -

02-KC HC BL OD 0 1 1 0 0 - -

02-KC HC FU OD 1 1 1 3 3 - -

02-KC HC BL OS 1 1 1 0 1 - -

02-KC HC FU OS 1 1 1 0 1 - -

04-KC LC BL OD 0 1 1 0 0 + C

04-KC LC FU OD 0 1 1 0 0 - -

04-KC LC BL OS 0 1 0 0 0 + C

04-KC LC FU OS 0 1 1 0 0 - -

04-KC HC BL OD 0 1 0 0 0 + C

04-KC HC FU OD 0 1 1 0 2 - -

04-KC HC BL OS 0 1 1 0 0 - -

04-KC HC FU OS 0 1 1 0 1 - -

07-KC LC BL OD 0 0 1 1 1 + C

07-KC LC FU OD 0 1 1 1 1 - -

07-KC LC BL OS 1 1 1 1 0 + C

07-KC LC FU OS 1 1 2 2 1 - -

07-KC HC BL OD 0 2 0 0 0 + C

07-KC HC FU OD 1 1 1 1 1 + C

07-KC HC BL OS 0 1 0 0 0 - -

07-KC HC FU OS 1 1 1 1 1 + C

09-KC LC BL OD 1 1 1 1 0 - -

09-KC LC FU OD 1 1 1 2 1 - -

09-KC LC BL OS 1 1 1 0 1 - -

09-KC LC FU OS 1 1 2 1 1 - -

09-KC HC BL OD 0 1 1 0 1 - -

09-KC HC FU OD 1 1 1 1 1 - -

09-KC HC BL OS 1 2 1 0 0 - -

09-KC HC FU OS 0 1 2 0 0 - -

Positive Staining Negative Staining
Participant Lens Visit Type Eye
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Table K-2: Corneal fluorescein staining for participants 11-KC - 15-KC, as detailed in Table K-

1.   

 

 

  

Central Superior Inferior Temporal Nasal Presence Location

11-KC LC BL OD 0 1 1 1 0 + S, T

11-KC LC FU OD 1 1 1 1 1 + S, I, T

11-KC LC BL OS 0 1 1 1 1 - -

11-KC LC FU OS 1 1 1 1 1 - -

11-KC HC BL OD 0 1 1 0 1 - -

11-KC HC FU OD 0 1 1 1 0 + S, I, T

11-KC HC BL OS 0 1 3 1 1 - -

11-KC HC FU OS 1 1 1 1 1 - -

13-KC LC BL OD 0 1 0 1 0 - -

13-KC LC FU OD 1 1 2 1 3 - -

13-KC LC BL OS 0 1 0 0 0 - -

13-KC LC FU OS 1 0 3 1 1 + I

13-KC HC BL OD 0 3 1 0 0 - -

13-KC HC FU OD 0 1 3 1 0 - -

13-KC HC BL OS 0 1 0 1 0 - -

13-KC HC FU OS 0 1 1 0 0 -

14-KC LC BL OD 0 1 1 0 0 + C

14-KC LC FU OD 1 1 1 0 1 + C

14-KC LC BL OS 1 0 1 0 1 + C

14-KC LC FU OS 1 1 1 1 1 + C

14-KC HC BL OD 0 1 2 0 0 - -

14-KC HC FU OD 3 3 2 3 0 + C, S, T

14-KC HC BL OS 1 0 2 1 1 - -

14-KC HC FU OS 0 0 1 0 0 - -

15-KC LC BL OD 1 1 2 0 1 - -

15-KC LC FU OD 1 1 1 1 1 + C

15-KC LC BL OS 1 3 3 0 1 - -

15-KC LC FU OS 1 1 1 1 1 - -

15-KC HC BL OD 1 0 2 1 1 - -

15-KC HC FU OD 0 1 1 2 1 - -

15-KC HC BL OS 0 2 0 0 2 - -

15-KC HC FU OS 1 1 1 2 0 - -

Participant LensOnly Visit Type Eye
Positive Staining Negative Staining
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