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ABSTRACT 

Purpose: There are several gaps in understanding ocular effects of a scleral lens (SL), 

particularly in the composition of the fluid reservoir (FR) that bathes the cornea and the impact of 

the landing zone radius (LZR) on the eye. The purpose of this dissertation is to (1) identify and 

compare molecules in the FR to basal tears, (2) determine the composition of the FR in midday 

fogging (MDF), and (3) determine if conjunctival compression from the LZR changes the 

intraocular pressure (IOP) and optic nerve head minimum rim width (MRW). 

Methods: (1) In normal subjects (n=15) wearing SL for 8-hour, basal and FR tear samples were 

collected, and immunomodulatory molecules were quantitated using Luminex multiplex 

immunoassay and compared between tear sample types. (2) In normal subjects (n=13) wearing 

SL, optical coherence tomography (OCT) was used to quantitate MDF, which was then correlated 

to relative lipid and protein abundances (mass spectrometry), SL parameters, and ocular surface 

health outcomes. (3) In normal subjects (n=26) wearing a SL on one (test) eye, MRW and IOP 

were measured using OCT imaging and iCare tonometry, respectively, at baseline, 2- and 6-hours 

SL wear and compared to the untreated (control) eye. 

Results: (1) Matrix metalloproteinase (MMP)-9 and MMP-10 were significantly greater in the FR, 

reaching 62.7 and 25.8 ng/ml, respectively, after 8-hours SL wear. (2) MDF samples were 

positively correlated to levels of wax esters (r = +0.76, P = 0.01) and hydrophobic lipids, negatively 

correlated to conjunctival compression (r = -0.59, P = 0.048), and not correlated to negative ocular 

surface health outcomes. (3) MRW thinning was not different in the test eyes after 6-hours of SL 

wear (-8 μm) vs control (-6 μm) eyes (P = 0.09). Mean IOP increased 2 mmHg post-SL removal 

(P = 0.02). 

Conclusions: In normal SL wearers, the FR is distinct from the basal tears and may retain 

inflammatory molecules. Hydrophobic lipids are primarily correlated to MDF, supporting the need 

for development of a lipophilic solution in the SL bowl to reduce the risk of MDF. Despite a modest 

increase in IOP post-SL removal, MRW is not significantly impacted during SL wear.  
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The history of scleral lenses 

A rigid contact lens to provide stable and optimal optics for an irregular cornea is not a novel concept, 

and in fact the first type of rigid lens was a scleral bearing, large diameter (15. 0-22.0 mm) glass lens, 

developed between 1887 to 1889 by three independent men in Europe1–3. In 1887, at the firm of F. 

Ad. Müller & Söhne of Wiesbaden, Germany, the first SL was manufactured for a patient with 

lagophthalmic keratitis in the right eye due to cancerous destruction of the lower eyelid. This 

therapeutic, blown glass shell was worn on an extended wear basis and probably had a total diameter 

of about 25.00 - 30.00 mm4. In 1888, Adolf Fick designed a ground shell with a total diameter of 20.00 

mm in a series of five patients with corneal scarring and one with keratoconus, only one of them 

achieving visual improvement1. In the same year, Photinos Panas reported that his junior colleague, 

Eugène Kalt, had obtained a significant increase in visual acuity with a shell in a case of keratoconus5. 

Examination of Kalt's shells revealed that they had a mono- curve back surface construction with a total 

diameter of 16.00–22.00 mm6. In 1889, August Müller was the first clinician to correct refractive error 

with a contact lens, when he neutralized his own high myopia using a ground SL having a total 

diameter of 20.00 mm3. 

SL fitting in Europe expanded slowly over the next 30-40 years, and in the 1920s a German firm (Carl 

Zeiss) developed the practice of fitting SLs using a trial set. They offered a choice of four alternative 

specifications of ground glass lenses to correct keratoconus7. Within a decade the fitting set 

expanded to 39 lenses to allow correction of refractive errors8. While there was a range of base curve 

radii and back surface scleral radii, each lens had the same primary optic diameter of 12.00 mm and 

the same overall diameter of 20.00 mm. Successful eye impressions were first made by István 

Csapody in 19299 and the manufacture and fitting of molded SL using this approach was developed 

by József Dallos a decade later10. The earliest report of the successful clinical use of a plastic polymer 

to manufacture a SL was in 1939 by Petrus Their using polymethyl methacrylate (PMMA)11 . 
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The major limitation of both glass and PMMA contact lenses is their negligible gas transmissibility, 

which has been associated with hypoxic complications for patients wearing them from the late 19th 

until the latter part of the 20th century. For this primary reason, the SL was largely replaced by corneal 

bearing lenses from about 1920 until the late 20th century, since these smaller diameter lenses allow 

tear exchange and don’t cover the entire cornea. In the mid-1970s, the first rigid gas permeable (GP) 

contact lens material (cellulose acetate butyrate) was developed12, and the evolution of more GP 

materials followed. Siloxymethacrylate and fluoromethacrylate materials were developed with greatly 

increased oxygen permeability, and eventually the most commonly used GP material today, 

fluorosilicone acrylate, was developed. Even with the development of newer GP materials, the re-

emergence of scleral contact lenses did not gain momentum until the late 1990's and early 2000's. 

The SL manufactured in GP materials first emerged in 1983 when Donald Ezekiel of Perth, Australia 

described fitting gas permeable SL on 43 patients13. In the rest of the world, pioneering specialists 

led the advancement of SL for refractive correction in post-surgical and keratoconic eyes, including 

Perry Rosenthal of the United States, Ken Pullum of the United Kingdom, and Rients Visser of The 

Netherlands14–16. These innovators realized the potential of the SL modality and have led 

practitioners to embrace this new application of a historical concept. Today there are hundreds of 

worldwide SL specialists and the SL continues to expand market share and utilization17–19. 

The volume of scientific research on SL has increased significantly during the past decade20,21, as 

the use of these lenses has expanded into community eye care practice22. Early literature on SL 

consisted primarily of case reports and retrospective reviews describing outcomes of SL therapy 

in advanced corneal disease15,23–27. More recently, study scopes have expanded to evaluate 

interactions between SL and ocular surface tissues, in healthy and diseased eyes. For example, 

studies evaluating the oxygen tension beneath a SL and corneal edema during lens wear28–37, and 

those studying the effects of a SL on anterior ocular anatomy38–44, have been primary interests of 

researchers. Yet despite the developing body of scientific literature on SL and the growing number 
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of eye care providers who are utilizing these lenses22, gaps remain in the eye care community’s 

understanding of the impact that SL may have on ocular surface tissues, specifically regards to the 

fluid reservoir (FR) beneath the SL and the effect of the lens landing area (on the conjunctiva/sclera) 

during SL wear. 

Features of a SL fit 

Despite their differences, the optical performance of a SL is similar to that of a corneal GP lens, which 

has long been the standard of care when fitting corneal diseases. They are both made of the same 

rigid plastic materials, but in comparison to the corneal GP, the SL has superior comfort and visual 

stability19,45–49, making it a more desirable option for many patients. The superior comfort is attributed 

to the SL landing on the conjunctiva, which has markedly less pain nerve receptors compared to the 

highly sensitive cornea50,51, as well as minimal amount of movement when the SL is on the eye. 

However, despite the favorability of the lens modality, the unique fitting system of the SL presents 

potential complications that are not observed with any other types of contact lenses17,52,53, such as 

midday fogging (MDF) of the FR52,54 and compression of conjunctival tissue38. 

A SL is fitted on the eye in a manner unique from all other types of contact lenses. The relatively thick 

GP plastic lens is approximately 300 µm centrally and vaults over the cornea by about the same 

amount, landing on the spongy conjunctival tissue overlying the sclera (Figure 1.1 and Figure 1.2). 

Due to this vault over the cornea, a SL is customarily filled with preservative free saline, which mixes 

with the tears on the ocular surface to form the tear fluid reservoir (FR). The FR is much thicker 

(typically 200-400 µm) than the tear layer which exists beneath traditional soft contact lenses (~5 µm) 

and corneal GP lenses (~20 µm). Beyond the thickness of the FR, there is increasing evidence 

that the exchange rate of the FR is quite limited55–58, which is important to consider in the context of 

the cornea that relies on the tear fluid for much of its oxygen, microbial protection, and other nutritional 

support51,59.  
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Figure 1.1. A scleral lens on the eye. The SL is shown using biomicroscopy in white light low 
magnification (A) which shows the landing of the lens on the conjunctiva. In higher magnification, 
an optic section can be used to view the width of the cornea (B), the tear fluid reservoir (FR) and 
scleral lens (SL) can be evaluated. 

 

 
Figure 1.2. Cross-sectional schematic of a scleral lens. The SL has three distinct zones. The 
optic zone is the central (~8.5 mm) zone of the lens; the transition zone radius (TZR) is located in the 
mid-periphery of the SL, and most peripheral area of the lens is the landing zone radius (LZR), which 
lands on the conjunctival tissue during SL wear. Note that radius refers to radius of curvature of the 
back surface of the lens rather than a linear radius measurement. SAG: sagittal depth; OAD: overall 
diameter; PC: peripheral curve 

SL indications and uses 

The SL is used to treat a variety of ocular surface conditions, with well-established benefits of visual 

quality, comfort, and ocular surface protection17,48,60–62. The most common indication for SL wear is 

keratoconus, and SL are also used in other conditions that create irregular corneal astigmatism (i.e., 

pellucid marginal degeneration, post-infectious scarring, post-transplant irregularities, and post-
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refractive surgery complications). All of these conditions can create severe visual distortion and 

require rigid contact lenses to neutralize optical aberrations. The benefit of SL for these patients is to 

provide optical correction that cannot be achieved with other refractive modalities. Beyond irregular 

astigmatism, SL are increasingly used to treat systemic diseases that create severe ocular surface 

dryness such as Sjögren’s Syndrome, Steven’s Johnson Syndrome, and graft-versus-host disease, 

as well as eyelid malformations or deformities that create ocular exposure63–68. Individuals suffering 

from these conditions often experience extreme pain and damage to the ocular surface due to severe 

dryness, which the SL can relieve by vaulting over the exposed cornea and providing a liquid bandage 

in the FR. 

The success and expansion of the SL due to the visual clarity and stability achieved has motivated     its 

use in cases of complicated but normal eyes, such as in patients with high ametropia, astigmatism, 

and presbyopia69,70. While examples of visual success are acclaimed with SL wear, and the capacity 

to rehabilitate the ocular surface is exceptional67,71–73, alongside these successes are accounts of 

adverse events and an increasing concern for potential side effects31,40,52,74–77. Consequently, there 

is an increasing interest in the effects of these custom devices on the ocular surface and adnexa20,78. 

In light of this, and considering the diseased eyes for which they are indicated14,49,61,79–83, it is 

imperative to understand both the positive and negative ocular health impacts of the SL. 

The tear fluid and scleral lenses 

Function and composition of the natural tear film 

The human tear film is an essential component of the ocular surface, providing nutrition, lubrication 

and protection for the corneal and conjunctival epithelial cells. Specifically, the primary functions of 

the tear film are to prevent desiccation, protect from invading microorganisms, and provide an 

optically smooth refractive interface. These functions are facilitated by the physiological activity of 

the proteins, peptides, lipids, electrolytes, gases and metabolites that compose the fluid, as well as 

by the physical properties of the tear film. 
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The high-water content mixture of proteins and metabolites, mainly produced by the lacrimal gland, 

are considered aqueous and typically deliver nutrition and antimicrobial protection. The mucins, 

which are shed or secreted by epithelial and goblet cells84,85, help to tether the tear film to the ocular 

surface. The lipids, primarily secreted from the Meibomian glands (aka tarsal gland) as meibum86, help 

reduce evaporation of the tear fluid. The aqueous and mucin are often considered a mucoaqueous 

gel when closest to the cornea87, with lipids present throughout but mostly concentrated at the surface 

in a 40 nm lipid layer88. Overall, the mixture of the tear components provides a nutritious fluid that 

protects and nourishes the underlying ocular surface, which will be discussed in chapters 2, 3 and 5.  

Over the past 20 years more than 1500 proteins have been detected in the human tear film89–91. Most 

of these proteins originate from the lacrimal gland, but many are also secreted from the conjunctival 

and corneal cells90. Of these proteins, the most abundant are lactoferrin, lysozyme, and lipocalin 

A90,92–95, which primarily exhibit anti-microbial activity95. Beyond these common tear proteins there are 

cytokines, chemokines, proteases and other small proteins and peptides that are variably present 

during different times of day and during periods of inflammation or infection. The concentrations of 

these proteins are often studied in the open and closed eye environments, and many are targeted in 

protein quantification studies as indicators of inflammation and disease96 (Table 1.1). 

Human tear lipids are primarily responsible for reducing evaporation of the tear film. Although 

different types of classifications exist, in one of the most common classification systems (LIPID 

MAPS® Lipid Classification System) lipids are classified into 8 major categories (Table 1.2). Each 

category contains hundreds of classes, subclasses, and species. Lipids from all 8 classes and as 

many as 236 unique species have been identified in the human tears97,98. Some of the primary lipid 

classes studies in the tears include wax esters (WE) and other fatty acyls, cholesterol esters (CE), 

triacylglycerols (TAG), phosphatidycholines (PC), and sphingomyelins (SM). Most of these lipids are 

believed to originate from meibum, the holocrine secretions from Meibomian glands that contribute 

most of the lipids to the tear film, although there is some contribution from secretory cells on the 
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ocular surface98,99. There is controversy on the exact composition of the tear lipids, but most sources 

agree that the majority are WE and CE that originate through the meibum secreted by the Meibomian 

(Tarsal) glands97–100. In general, many studies agree that WE and CE comprise about 40% of the 

tear lipids each, with the remaining 20% being primarily a mixture of TAGs, OAHFAs and 

phospholipids101. Lipids have been found to be irregular in patients with ocular surface disease, 

specifically dry eye disease102 and Meibomian gland dysfunction103,104 and have been implicated in 

contact lens discomfort105. In SL wear, they have not been evaluated in the peer-reviewed literature. 

Lipids and proteins are assessed in the FR using mass spectrometry (MS), in Chapter 3.  
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Table 1.1. Common proteins studies in disease and contact lens wear. 

 
Protein 

 
Function 

 
Change in disease or CL 

Lactoferrin Iron binding and antimicrobial 
⇵ Sjogren’s Syndrome106,107; ↑ GPC108; ↓ dry eye 
⟲ SCL wear106,107 discomfort108

 

Lysozyme-C antimicrobial ↓ dry eye; ⟲ SCL109,110
 

Lipocalin-1 lipid-binding111,112
 ⇵ Sjogren’s Syndrome106,107; ↑ CL intolerance113

 

Serum Albumin osmotic pressure regulation ↑ dry eye114
 

Secretory IgA lipid-binding111,112
 ↓ dry eye; ⟲ SCL109

 

sPLA2 Staphylococcal-cidal ↑ CL intolerance113
 

EGF cell proliferation, differentiation, viability ↓ Sjogren’s Syndrome115
 

EBP may be related to epi staining ↓ Sjogrens116; ⟲ SCL109
 

PIP vague function, may degrade ECM 
↑ dry eye114

 

↓ blepharitis117, Kc118, CL discomfort119
 

Immunoglobulins (many) Immune functions ⇵ in Kc120, ↑IgA in CL wear121
 

Colony stimulating factors 
GM-CSF, G-CSF, M-CSF 

Leukocyte production/proliferation ↑ SCL122
 

Pro-Inflammatory Cytokines 
IL-1⍺,IL-1β,IL-4, IL-12p70,IL-13,IL-
15IL-16,IL-17,IL-22, IL-6sR, IL-33, 
TNF-⍺, TNF- β, IFN-𝛾 

 
Immune functions 

 
⇵ SCL123–125 

Proteases 
MMP-1, -2,-3,-5,-7,-9,-10; TIMP 1-4 

ECM degradation ⇵126 

VEGF (many) Angiogenesis, endothelial migration ↑ CL discomfort122
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Fibronectin Tissue repair ↑ SCL127
 

Cystatin SA – III Cysteine protease inhibitor ↓ blepharitis117
 

Proline rich 4 Unknown function128
 ↓ CL dry eye114

 

Secretoglobin 1D1 Steroid binding and transport ↓ CL dry eye114
 

Secretoglobin 2A2 Unknown, possible steroid binding ↑ CL dry eye 114
 

Lacritin Pro-secretory functions129 ↓ blepharitis117, CL dry eye 114  

β-2 microglobulin expression/stability of MHC class I ↓CL dry eye 114
 

G-CSF: Granulocyte-colony stimulating factor; GM-CSF: Granulocyte-monocyte-colony stimulating factor; EGF: epidermal growth factor; EBP: 
epidermal binding factor; VEGF: vascular endothelial growth factor 

⟲: no change found; ⇵ variably altered in studies 
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Table 1.2. Major lipid categories and classes identified in human tear lipids. 

Relevant Classes Relevant Classes 
Estimated Meibum 

Abundance101,130 (%) 

Sterols 

Cholesterol esters (CE) 30 
Steroids                                                         <1 
Cholesterol & derivatives                      3.5 – 19.2 

Sphingolipids 
Ceramides <1 
Sphingomyelin                                  Found minimally 

Fatty acyls 

Wax esters (WE)                                    41 – 68 
Carnitines                                           Found minimally 
Fatty Amides                                    Found minimally 
Free fatty acids 0.1 
OAHFA                                                       4.0 

Glycerolipids 
Monoradylglycerols (MAG)                 Trace – 2.6 
Diracylglycerols (DAG)                       Trace – 3.3 
Triracylglycerols (TAG)                          1.0 – 9.8 

Glycerophospholipids 
Phosphotidylcholine                         Found minimally 
Phospholipids                                         0.1 – 14.8 

Prenols Saccharolipids 
&Polyketides 

 
Minimal or no detection in tears 

 

In addition to proteins and lipids, approximately 100 minerals and metabolites have been identified in 

the tear film including amino acids, electrolytes, and arachidonic acid derivatives89,131. Two studies 

have evaluated metabolites in SL wear. One study in 1977 observed no difference in tear calcium 

levels between patients wearing soft, corneal GP, or SL, when compared to non-lens wearers132. 

More recently, Carracedo et al. found a reduced concentration of diadenosine tetraphosphate 

(Ap4A), a nucleotide associated with dry eye disease133, after 8 hours of SL wear in keratoconus 

subjects39, although the significance of an alteration in this or other metabolites associated with SL 

wear is not clear. Metabolites in the tear film are not specifically evaluated in this dissertation, 

although Chapter 5 Discussion summarizes future directions for evaluating tear metabolites in SL 

wear. 

The SL fluid reservoir 

There is a conspicuous lack of understanding in the eyecare community with regards to the FR. The 

FR bears little resemblance to a normal tear film and is instead a deep reservoir which may harbor 
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a composition of proteins and lipids that is considerably different than the ocular surface tears. The 

fluid begins as a mixture of ocular surface tears with the non-preserved sterile saline or other non-

preserved ocular lubricants used as the application solution134. One recent study measured 

leukocytes in the reservoir after SL wear135, and another evaluated the tear fluid outside the lens 

margin39, but otherwise there are no published reports that have quantified the composition of the 

FR itself. The potential physiological impact of bathing the entire cornea with a fluid that does not 

mimic natural tears is not yet fully understood. Chapters 2 and 3 of this dissertation focus on 

examining the composition of the FR in SL wear. 

The FR is substantially thicker than the normal tear film. The ideal thickness of the FR over the 

cornea is a matter of some debate30,32, but in clinical practice it can range from 100-1000 µm 

overlying different areas of the cornea in successful SL wearers136,137. However, most experts 

recommend limiting the reservoir to approximately 200 µm over the apex of the cornea. Factors 

such as ocular surface and corneal contour, centration of the lens, and other lens parameters can 

affect FR thickness. Variations in the thickness are also observed over time, as SL tend to settle into 

the conjunctiva during wear138–140. Physiological implications of the presence of this thick tear film for 

long-term SL wear have yet to be comprehensively examined. 

There are favorable and unfavorable reports of the tear FR and its effect on the ocular surface, and 

although there have only been a couple studies assessing the molecular composition of the FR, 

many groups have indirectly assessed this layer by evaluating the protective and healing effects of 

the fluid. Perry Rosenthal first published on the use of a SL for a rehabilitation device for persistent 

epithelial defects in 2000, and there has been expansion into treatment of neovascularization141 and 

potential treatment of severe infection62 using the FR141–143.  Yet while the presence of a (largely 

stagnant) tear FR may provide protection for and facilitate healing of the cornea, it may also have 

detrimental effects on corneal health. Tear stagnation may contribute to the development of microbial 

keratitis144,145, or an accumulation of carbon dioxide and other metabolic waste products in the post-
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lens FR146. Increased concentration of these waste products can lead to changes in corneal pH and 

stromal acidosis147. The importance of understanding the composition and influences of the tear FR 

is ever apparent as the use of the SL continues to expand. 

The most common complication associated with the FR is the accumulation of debris in the fluid, 

referred to as midday fogging (MDF, Figure 3) due to its typical presentation after 3-4 hours of lens 

wear52,148. MDF is reported by 26-46% of SL wearers135,148,149, but peer-reviewed publication on this 

topic is limited, and there is some confusion as to exactly what it is and how it should be managed. 

There was one study, of the two that have evaluated tears in SL wear, which identified leukocytes in 

the FR but not greater in MDF135, but no other studies have explored the specific cells or analyte 

composition of the FR during MDF. Chapter 3 of this dissertation evaluates the composition of MDF 

and its association with other SL parameters. 

 

Figure 1.3. Midday fogging in SL wear. A white light biomicroscope full illumination image at 10x 
shows debris visible over the pupil in a patient wearing SL who is experiencing MDF (A). An OCT 
image (B) and white light 40x biomicroscope optic section (C) of the same patient show a layer of 
debris in the FR. An OCT image of a patient without MDF is shown for comparison (D). 

 

 

 

 

A B C D

FR
C SL FR

C
SL

FR
C SL



 
14 

Anterior segment morphology and scleral lenses 

In addition to trapping a significant FR over the cornea, SL land on the soft and spongy conjunctiva 

overlying the sclera, perilimbally around the cornea. This unique interaction creates uncertainty 

regarding the impact of pressure and the weight of the SL on this deformable tissue. This area of 

landing is superficial to the anterior chamber structures that are responsible for aqueous humor (AH) 

outflow, and thus maintaining the intraocular pressure (IOP) of the eye (Figure 1.4). Pressure 

overlying these structures could in theory create increased resistance to outflow (most likely at the 

level of the episcleral veins), and potentially increase IOP. There is conflicting data in support or 

rejection of this hypothesis, although there is no real consensus on the experimental approach in 

this relatively new area of research. Here we will review the AH outflow pathways and associated 

structures, including the conjunctiva but also the most vulnerable downstream structure, the optic 

nerve head, which could be affected by increased IOP. In Chapter 4, we report the findings from a 

clinical study that evaluated the effect of SL on the downstream optic nerve head morphology. 

 

 

Figure 1.4. OCT image of the anterior 
chamber angle. An OCT image shows the 
anterior chamber angle in the area that the SL 
lands. In image (A), the angle is shown without 
a lens on the eye, with the locations of 
anatomical structures labeled (estimated based 
on histological understanding of the anatomical 
region). In (B), the same structures with a scleral 
lens in place.   
 
CC: collector channels 
AV: aqueous veins 
SV: scleral veins (including episcleral veins) 
SC: Schlemm’s canal 
TM: trabecular meshwork 

A

B

TM

SC

CC, AV, SV
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The conjunctiva and sclera 

The well-fitted SL lands on the bulbar conjunctiva overlying the sclera. The primary functions of this 

tissue are (1) ocular surface lubrication through mucous contributions to the tear film, (2) mechanical 

protection, and (3) immune defense. This anterior-most aspect of the conjunctiva covers the globe 

and consists of 2-4 layers of non-keratinized stratified cuboidal epithelial cells around goblet and 

Langerhans cells51,150, the former of which are greater in abundance further from the limbus and in 

the fornix and palpebral conjunctiva51. It is highly vascularized, with anterior ciliary arteries feeding 

into the episcleral arterial plexus which in part eventually branches to supply oxygen and nutrients to 

the peripheral cornea151. The venous vasculature drains into numerous peripheral veins that connect 

with the eyelid’s venous system, and also drain directly into the episcleral venous network. The 

sensory nerve fibers innervating the bulbar conjunctiva are contained in the ophthalmic (upper 

conjunctiva) and maxillary (lower conjunctiva) branches of the trigeminal nerve (CN V), and there is 

also both sympathetic and parasympathetic autonomic innervation (primary to regulate the blood 

vessels in the region)51. The terminal nerves consist of free as well as complex, corpuscular nerve 

endings, which are located immediately beneath the epithelium in the anterior stroma51,152. The 

corpuscles are often within the palisades of Vogt and are most numerous within a 0.5 to 1.5 mm 

annulus around the limbus51,152 (i.e., a subepithelial plexus that is in the approximate location of the 

inner landing zone for smaller diameter scleral lenses). These mechanoreceptors are sensitive to 

touch51, and given their proximity to the limbus may be more responsive to SL landing close to the 

limbus. In addition, bulbar conjunctival vessels and episcleral vessels may become dilated or 

constricted if the LZR is not appropriately aligned with the underlying tissue. 

The sclera underlying the bulbar conjunctiva is also important to consider in SL wear, as the LZR of 

the lens overlies this tissue in the perilimbal region. The episclera is the outermost layer of the sclera 

that lies between Tenon’s capsule (and also connects with the conjunctiva at the limbus) and the 

scleral stroma153.  It primarily consists of loosely arranged collagen bundles and is ~15-20 µm thick 
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at the limbus and thinner posteriorly154. The scleral stroma is composed primarily of dense bundles 

of collagen of varying fibril diameter in a random arrangement with a similar percentage and type of 

collagen observed anteriorly and posteriorly. Near the limbus scleral collagen bundles are arranged 

in concentric circles, which is thought to allow some flexibility in response to changes in intraocular 

pressure or biomechanical stress transmitted from the extraocular muscle153. Despite a similar 

collagen content, the anterior sclera adjacent the limbus is typically stiffer than the tissue at the 

equator or posterior155, and a chemically induced stiffening of the posterior sclera results in greater 

elevations in intraocular pressure during experimental IOP challenges in animal models156. 

Anterior chamber & aqueous humor pathway 

The pathway of AH starts at production by the ciliary body157 in the posterior chamber, out through 

the pupil, through the anterior chamber and outflowing primarily through the trabecular meshwork 

(TM). The TM is a complex tissue located in the iridocorneal angle at the junction of the cornea and 

iris root, consisting of a scaffolding of connective tissue with a dense extracellular matrix (ECM) and 

lamellar sheets sandwiched between endothelial cells51,158. There are three functional sections of 

the TM: the uveal meshwork, corneoscleral meshwork, and the juxtacanalicular tissue (JCT). The 

uveal and corneoscleral meshworks have 3 and 8-15 layers of fenestrated sheets, respectively159, 

with fenestrations in these tissues becoming more narrowly spaced as they approach the JCT that 

lies between the inner wall of Schlemm’s canal and the last trabecular lamellae.  The JCT is denser 

than the rest of the TM and consists of 2-5 amorphous cell layers in a loose ECM, providing the 

greatest resistance to AH outflow158–163. The ECM plays a dominant role in controlling the rate of AH 

outflow through the TM, containing collagens, proteoglycans, fibrillin, fibronectin, elastin, laminins, 

and proteins such as integrins that act as mechanoreceptors, which sense changes in the ECM that 

indicate an increase or decrease in pressure in the TM162,164–168. These structural and organizational 

components collectively provide the matrix which allows controlled passage of AH from the anterior 

segment to Schlemm’s canal.  
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The TM leads to Schlemm’s canal (SC), which has the first (endothelial) membrane that the AH can 

pass through. Some of the AH fluid passes through the endothelium of SC through vacuoles and 

pinocytosis, pressure driven by the forces from the anterior chamber. The SC also drains into 24-35 

collector channels169,170 that connect to more conventional outflow pathway through aqueous veins 

and episcleral veins. The aqueous veins are at the end of the outflow pathway and are small vessels 

that function as the final transporter of the AH to the venous drainage of the eye170,171. As clear AH 

enters the general blood circulation in the episcleral veins, a diluted blood colored gradient of fluid is 

often observed. Approximately half of these small veins are found in the deep limbus171, and the 

remainder of them originate in the anterior limbal loops and from the more posterior sclera. 

Intrascleral and episcleral veins carry the AH outflow into the vortex veins to exit the eye172. The 

episcleral veins are more anterior and typically considered as the primary outflow pathway. There 

are also small tributary episcleral veins that drain aqueous veins and join larger episcleral veins 

before reaching the venous system. These tributary vessels normally contain blood and maintain an 

oscillatory pressure equilibrium with the aqueous veins172,173, but aqueous can enter them when the 

pulsatile pressure increases in the downstream outflow structures (i.e., episcleral veins)174. In a 

normal functioning eye, when the resistance to outflow in the episcleral veins increases, upstream 

structures of the outflow system (TM, SC) increase pulsatile pressure to maintain AH outflow.  

Beyond the primary outflow pathway through the TM, the uveoscleral pathway is an alternate route 

for AH outflow175,176. In this pathway, AH outflows through the iris root and the connective tissue of 

the ciliary muscle. From there the AH diffuses through supraciliary and suprachoroidal spaces, 

exiting to the venous system through ciliary muscle and episcleral veins51,177, and in small amounts 

through the choroidal circulation.  

The anatomy and physiology of the conjunctiva, as well as of the aqueous humor outflow pathway, 

are of particular relevance to SL wear, primarily because the conjunctival tissue in conjunction with 

the underlying sclera supports the weight of the LZR. The blanching of small blood vessels and 
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compression of conjunctival tissue can be easily observed in many individuals during SL wear 

(Figure 1.5). This compression could affect the important functions of the conjunctiva such as ocular 

surface protection and immune regulation178, and has major potential implications for the impact on 

IOP and the homeostasis of AH outflow.  

 
Figure 1.5. Conjunctival compression in SL wear. Compression of the conjunctiva can be 
observed with SL. White light biomicroscopy shows areas with restricted blood flow (A) evidenced by 
the blanched appearance at the LZR (arrow). When the lenses are removed and the ocular surface 
stained with NaFl (B), indentation of the conjunctiva is observed where the lens edge was (arrow). 
Using OCT (C), the compression can be assessed quantitatively and measured with software 
calipers. SL: scleral lens; L: limbus (approximate location); S: sclera. 

Intraocular pressure and the optic nerve head 

The regulation of IOP is a vital homeostatic process and dysregulation can result in ocular 

hypertension and glaucoma. The process is controlled in the anterior segment, where the balance 

between the inflow and outflow of AH determines IOP179. Anything that increases production or 

impedes outflow of AH may disrupt this balance, and thus it has been suggested that SL wear may 
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cause IOP elevation. In 1951, Huggert reported that IOP increased by up to 30 mmHg in patients 

wearing glass SL for 25 minutes180. Miller, Carroll and Holmberg hypothesized that the suction force 

that holds a SL on the eye (referred to as “scleral cling”) could lead to compression of episcleral 

vasculature and could therefore impede the evacuation of aqueous from the eye through those 

vascular structures181. More recent studies have also raised concerns that a SL may lead to elevated 

IOP due to increased resistance to AH outflow182,183, or due to the forces generated by the sub-

atmospheric pressure beneath the lens182
.  

The primary challenge in assessing IOP during SL wear is that the lens lands overlying the cornea, 

which is the tissue that most tonometers are calibrated to. This makes it all but impossible to glean 

a true IOP measurement noninvasively while the lens is in place. Therefore, researchers must 

consider other ways to evaluate any changes, or effects thereof, in IOP during SL wear. In recent 

years, optical coherence tomography (OCT) has made it possible to reliable quantify microscopic 

changes in optic nerve morphology. The minimum rim width (MRW) is the minimum distance 

between Bruch’s membrane opening (BMO) and the inner limiting membrane (Figure 1.6). This 

metric has been shown to have excellent repeatability and sensitivity to detect subtle changes due 

to fluctuations in IOP184–187. When IOP increases, it causes thinning of the MRW due to the stress of 

the pressure. Changes can be noted within minutes of IOP change and have been shown to be 

dose-dependent in primate models184. It has been suggested that change may be detected with IOP 

fluctuations of as little as 5 mmHg. In Chapter 4, this parameter will be assessed in SL wearers to 

determine if SL wear causes transient changes to MRW. 
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Figure 1.6. Minimum rim width of the optic nerve head. Using optical coherence tomography 
(OCT), a cross section of the optic nerve head (ONH) can be imaged (A). To measure the MRW, a 
24-line radial scan of the optic ONH was acquired (B). From each of the 24-line scans, the MRW is 
calculated as the distance from the Bruch’s membrane opening to the inner limiting membrane of the 
retina (teal arrows in A). The detection arrows can be manually adjusted as needed168, and the 
software automatically measures the length of the arrows for each scan in µm. The average MRW 
can then be calculated (C) and split into sectors or averaged globally (the middle “G” section of the 
sector map). Due to the variation in the different sectors that can be observed based on ONH size 
and shape, this global “G” MRW, which is an average of all 24 scans, is a better representation of 
the entire ONH and is a single value that can be used to represent MRW of an eye.   

Overview of dissertation 

SL are an increasingly utilized medical device to treat normal and diseased eyes, and there remain 

large gaps in the understanding of how they affect the eye. The purpose of this dissertation is to 

provide an in-depth assessment of SL on the anterior ocular surface tissues and tears, and to 

determine the normal response of an eye to SL. We explore the effects of SL in a normal population 

A
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with the goal of understanding how these devices affect normal tissue and to develop a platform to 

study them in disease. The central hypothesis of our research is that standard SL treatment alters 

the composition of the tear fluid and IOP homeostasis that may lead to negative sequelae in patients 

wearing SL. The hypothesis was examined with the following specific aims: 

SA1. To measure the inflammatory proteins in the tears and FR after acute SL wear in normal eyes. 

Tear samples were collected from the basal tears and the FR before and after 8 hours and 4 days 

of SL wear in normal neophyte eyes. The levels of inflammatory markers were quantitated using 

Luminex assays. Corneal staining, conjunctival hyperemia, subjective comfort, and visual acuity 

were also assessed and compared to the tears. 

SA2. To evaluate the impact of short-term SL wear on the anterior segment morphology and FR 

composition. The curvature of the conjunctiva will be measured using scleral topography (sMap 3D) 

after an 8-hour SL wearing period and several days of SL wear. The FR will be assessed for midday 

fogging using OCT in all subjects to determine if there is a relationship between compression and 

midday fogging. Additionally, select samples will be quantified for proteins and lipids using mass 

spectrometry. Concentrations of proteins and lipids will be compared to levels of compression to 

determine the relationship between conjunctival/scleral compression and the occurrence of midday 

fogging in the FR. 

SA3. To determine the impact of short-term SL wear on the posterior segment morphology (MRW) and 

IOP. The MRW at the optic nerve head rim tissue will be measured before, during, and after 6 hours 

of SL wear, and the change will be measured and compared between a test eye and a non-SL 

wearing control. IOP will also be measured after lens removal to determine if the amount of MRW 

changes have any relationship with post-removal IOP. 

The data from this study will significantly expand the knowledge of the FR and increase our 

understanding of its composition. We will also learn if the amount of SL compression can influence the 
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FR composition, specifically MDF. Furthermore, understanding the impact of a SL on IOP and ONH 

morphology is paramount to managing risks and benefits of wearing SL. This study is significant 

because it will contribute to the characterization of the components of the tear fluid beneath the SL 

and lead to a better understanding of the eye’s response to SL wear in normal eyes. 
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Chapter 2. Scleral lens wear: measuring inflammation in the fluid 
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Introduction 

The scleral lens (SL) is an ocular surface device manufactured in gas-permeable plastic and placed 

on the eyes of individuals with corneal disease. They were originally manufactured in glass and used 

to treat high myopia and irregular corneas in Europe during the late 19 th century, but it wasn’t until 

the development of gas-permeable materials in the late 20th century that the SL became a widely 

viable option; in the past 15-20 years the gas-permeable SL has dramatically integrated into clinical 

practice. Modern applications of the SL remain to manage irregular corneal disorders like 

keratoconus19,61,188 and have expanded to include s/p corneal surgeries81,189 and the treatment of 

ocular surface compromise caused by Sjögren’s syndrome72,190, ocular cicatricial pemphigoid191,192, 

graft-versus-host disease189,193, and other environmental exposure-related or dry eye 

diseases72,194,195. Over the past two decades, the use of the SL has soared with the global realization 

of the superior comfort and visual stability it can provide72,196,197.  

The expanding use of the SL has led to an increase in case reports that establish the benefits of 

their use74,198–200, but also in the reports of clinical conundrums that raise important questions about 

the side effects of the SL on the ocular surface74,76,201–208. The need for additional prospective 

research focused on the impact of SL on ocular health is recognized by both researchers and clinical 

practitioners76,182,209, and the basis of the need is the unique SL fit, which can lend way to several 

ocular surface sequelae that are not observed with any other ocular medical devices. When a SL is 

fit to the ocular surface, the large diameter, relatively thick (~300µm) plastic lens vaults over the 

cornea, landing on the conjunctiva and harboring a relatively thick post-lens tear fluid reservoir (FR) 

between the SL and the cornea. Prior to application, the concave portion of a SL is filled with a 

preservative-free solution (customarily saline), which mixes with the ocular surface tears during SL 

application to form the FR. This layer is often considered beneficial to the cornea as a protective fluid 

barrier from the environment, also helping to neutralize higher order aberrations seen in patients with 

irregular corneal shape. The FR is commonly between 200 and 400 µm in axial depth (thickness), 
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with an estimated volume of approximately 200 to 400 µL. During SL wear, the FR often has minimal 

exchange with the outer basal surface tears210–214, meaning that the SL may sequester inflammatory 

and other tear film components in the FR that would otherwise be refreshed during blinking. Several 

complications associated with SL wear do in fact occur within the FR, such as midday 

fogging198,215,216 epithelial toxicity81, and underlying corneal edema217–219. A recent study reported the 

presence of leukocytes in the FR of SL wearers experiencing midday fogging suggesting 

inflammation could be occurring on the ocular surface216. The composition of the FR and how it 

differs from the basal ocular surface tear film is otherwise unknown.  

The current evidence supports the hypothesis that SL wear traps normally refreshed tear film 

components in the FR leading to elevated levels of inflammatory mediators overlying the cornea and 

perilimbal conjunctiva. To test this hypothesis, we determined if pro-inflammatory cytokines 

(Interleukins: IL) and matrix metalloproteinases (MMPs), which are often used as biomarkers for 

inflammation in the tear film220–224, are increased in the FR after 8 hours and 4 days of SL wear in 

normal individuals. 

Methods 

Participants  

This study was compliant with the tenets of the Declaration of Helsinki and was approved by the 

University of Houston’s Institutional Review Board. All enrolled subjects signed an informed consent 

prior to participation. A total of sixteen normal, habitual soft contact lens wearers (SL neophytes) 

were recruited and seen at the University of Houston, College of Optometry (UHCO). Inclusion 

criterion was daily soft contact lens wear to ensure that all eyes were accustomed to a contact lens 

being applied to the eye (spherical, soft, or multifocal power). Subjects with a history of extended 

wear soft contact lens wear were excluded, as with those with a history of corneal gas permeable or 

hybrid contact lens wear.  
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Scleral lens fit and wearing schedule 

Subjects reported to The Ocular Surface Institute (TOSI) at UHCO for a complete anterior segment 

examination which included assessment of the cornea, conjunctiva, sclera, eyelids and lashes, 

anterior chamber, and iris. All subjects were determined to have good ocular health and were then 

fitted with SLs. A diagnostic fitting set with 14.8- and 15.4-mm SLs was used to determine the lens 

parameters for each subject (Zenlens RC, Alden Optical, Rochester, NY, USA) and selection of 

diameter was based on horizontal visible iris diameter (HVID). Subjects were fitted into 14.8 mm 

lenses if their HVID was <11.8 mm, and 15.4 mm lenses when their HVID was 11.8 mm. Sagittal 

depth (SAG) was determined by applying various diagnostic lenses and determining which lens 

vaulted the apical cornea nearest to 300 µm. During the diagnostic fitting, the investigator also 

examined the transition zone radius (TZR) and the landing zone radius (LZR), two peripheral lens 

areas overlying the limbus and the sclera, respectively, to determine if the lens was adequately 

vaulting the cornea and landing evenly on the conjunctiva. Toric TZR and LZR designs were ordered 

when meridional asymmetries of compression or excess lift were observed. An ideal SL fit vaulted 

over the cornea, clearing the limbus by approximately 30-50 µm and landing on the conjunctiva 

without impingement of blood vessels. Over-refraction was conducted to determine best SL power. 

Custom SL were ordered and finalized for each subject prior to beginning the experimental visits. 

Subjects were instructed to discontinue soft contact lens wear for a 3-day washout period prior to 

the start of the SL experimental visits, to allow the eye to return to a relative baseline state and avoid 

interference of any inflammation caused by a soft contact lens fit. On the morning of the first 

experimental day, baseline testing was done (ocular surface tear collection, comfort, vision and 

ocular health), and the SL were dispensed between 7:30 and 8:30 AM to be worn continuously before 

returning for the 8-hour (8h) follow-up visit that evening. At the 8h visit, all initial testing was repeated, 

and in addition the FR was collected during SL removal. At the completion of the 8h visit, subjects 

wore the SL at least 8h per day for 3 consecutive days, returning after 8 hours on the 4th day for the 
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4-day (4d) visit to evaluate a potential adaptive response. During this wearing period subjects were 

instructed to remove the SL at night and use a hydrogen peroxide disinfection and cleaning solution 

to disinfect SL daily (ClearCare®, Alcon Laboratories, Ft Worth, TX, USA). Each morning the SL was 

filled with sterile saline solution prior to application (Purilens, Freehold, NJ, USA). 

Tear collection  

Basal ocular surface tears (Tb) were collected using a 10 µL microcapillary tube placed in the lower 

temporal fornix, taking care to avoid the eyelid margin and reflex tearing. Capillary action facilitates 

movement of tears into the tube. The Tb were collected at the baseline visit (prior to SL wear) and at 

the 8h and 4d visits (Tb samples at 8h and 4d were collected prior to SL removal). The FR samples 

(TFR) were collected as the SL was removed by the investigator (using a micropipette) (Figure 2.1). 

For each sample type (basal, FR), left and right eyes were pooled for each subject in a single 

Eppendorf tube and frozen at -800C until analysis. Samples were pooled to maximize FR volume, 

which is fixed and can have low yield. In total, five tear samples (three Tb and two TFR) were collected 

for each subject. No samples were pooled between subjects. 

 
Figure 2.1. Basal tear and tear film reservoir collection. A microcapillary tube was placed in the 
temporal fornix to collect basal tears (Tb) from the exposed ocular surface prior to SL removal 
when applicable (A). The SL was carefully removed using a small plunger (B) and the tear fluid 
reservoir (TFR) was collected from the lens basin using a pipette (C). 

Cytokine and MMP Luminex assay 

All tear samples (2 to 140 μL) were frozen immediately after collection and thawed at the time of 

analysis. Two- microliters of undiluted sample were used to determine total protein concentration by 
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the use of the Direct Detect® infrared spectrometer (EMD Millipore, San Diego, CA, USA). Levels of 

IL-4, IL-8, MMP-7, MMP-9, and MMP-10 were quantitated in tear samples using customized 

magnetic beads-based Luminex assays (R&D Systems, TC. Minneapolis, MN, USA). All assays 

were performed according to manufacturer instructions. Briefly, standards, quality controls and 

samples were pipetted into individual wells of a 96-well plate and thoroughly mixed and incubated 

with antibody-immobilized beads at room temperature for 2h. Then, a cocktail of biotinylated 

detection antibodies specific to the analytes of interest was added to all wells, thoroughly mixed and 

incubated for 1h. Next, development was done by adding a streptavidin-phycoerythrin (SAPE) 

conjugate, which was thoroughly mixed into each well and incubated for 30 min at room temperature. 

Each incubation step was followed by proper washing to remove unbound sample components or 

reagents. Finally, SAPE-analyte-binding magnetic beads were re-suspended in sheath fluid and the 

96-well plate was analyzed with a MAGPIX instrument and xPONENT software (Luminex 

Corporation, Austin, TX, USA). Quantitation of each analyte per sample was determined using the 

Milliplex Analyst software (EMD Millipore). For all Luminex assays, a total of 10 µg of total protein 

was loaded per well in technical duplicates or triplicates. Therefore, to calculate the final analyte 

concentration in each sample, the individual dilution factor (that resulted from each sample being 

diluted to reach 10 μg of total protein per well) was applied, and it is shown as ng/mL for all analytes. 

The volume of undiluted sample used per Luminex assay ranged from 2 to 12 μL depending on its 

total protein concentration which varied from 1.80 to 12.97 μg/μL. 

Comfort & ocular health evaluation 

Comfort, visual acuity, and ocular surface staining were quantified at baseline and follow-up visits. 

Contact lens discomfort is the primary reason for discontinuation of contact lens wear in the US225, 

and was measured as an assessment of SL satisfaction using two surveys: The Contact Lens Dry 

Eye Questionnaire (CLDEQ-8) and a custom Visual Analog Scale (VAS). The VAS asked 

participants to rate their ocular comfort on a 100 mm scale (the left-most limit of the line indicating 
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the SL “extremely uncomfortable”, and the right-most limit indicating “extremely comfortable”). Vision 

was assessed using a high contrast, high luminance logMAR visual acuity chart. Visual acuity was 

measured with habitual spectacle wear at baseline, and with SL at initial application, 8h, and 4d. 

Bulbar conjunctival staining was measured in 4 quadrants (nasal, temporal, inferior, and superior) 

after instillation of Lissamine Green (Green Glo, HUB Pharmaceuticals, Rancho Cucamonga, CA, 

USA). A modified NEI staining scale of 0 to 3 was used for each quadrant, with a potential total score 

ranging from 0 to 12. Corneal staining was graded after instillation of sodium fluorescein (Soft Glo, 

HUB Pharmaceuticals) in a total of 5 corneal areas (central, nasal, temporal, inferior, and superior) 

using a modified Oxford grading system of 0 to 5 in each area for a total possible score of 25. 

Statistics and data analysis 

Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, 

USA). The D’Agostino-Pearson omnibus K2 normality test was used to determine normality, and tear 

analytes were compared using one-way ANOVA and Friedman test for multiple comparisons of non-

parametric data. The non-parametric uncorrected Dunn’s test was used for post-hoc multiple 

comparisons. 

Sample size was determined based on feasibility of the study and to collect pilot data, since no 

preliminary data was available on inflammatory analyte levels in the FR of a SL. Therefore, a sample 

size of 15 was determined with a goal of 12 complete subjects, the recommended sample size when 

little is known about the expected outcome226. However, due to limited volume of several FR 

samples, only 10 subjects that had complete datasets and were analyzed. A minimum of 10 

individuals was considered acceptable as it has been reported by previous similar pilot studies227–

229, and given the novelty of this type of data. Post-hoc sample size analysis was done using the 

outcomes from MMP-10 and show post-hoc power of 77.2% for this data.  
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Results 

A total of 16 subjects were recruited for this study and 15 completed all study visits (one subject 

relocated before completing). However, data is only shown for the 10 subjects with a complete 

collection of tear samples. The mean subject age was 26 years (range 22 to 29 years) and 60% 

(n=6) were female. On average, subjects wore the SL for 8.1  0.2 hours on the first day of wear, 

approximately 8 hours per day on the 2nd and 3rd days, and 8.5  0.4 hours on the 4th and final day 

of SL wear. All subjects reported wearing the SLs for at least 8 hours each day during the 4-day 

study period. The study population demographics are shown in Table 2.1. 

Table 2.1. Subject demographics and SL parameters.

Subject Demographics 

Age (range) 26 (22-29) 

Gender (% female) 60%, n=6 

Hours SL wear: Day 1 8.1  0.2 

Hours SL wear: Day 4 8.5  0.4  

SL Parameters 

Brand Zenlens RC & Toric RC 

Manufacturer Alden Optical, B&L 

Material Boston XO2 

Dk, barrer 141 

Power range, diopter +1.00 to -7.75 

Diameter, mm 14.8 and 15.4 

SAG range, µm 3600 to 4500 

Altered TZR, # lenses (%) 1/20 (5%) 

Altered LZR, # lenses (%) 7/20 (35%) 

Central SL Clearance 

Apical Clearance (at dispense), µm 293  41 

Apical Settling (8h), µm 145  30 

Apical Settling (4d), µm 140  32 

Values shown as mean  SE unless otherwise indicated. SL: scleral lens; SAG: sagittal 

depth; TZR: transition zone radius; LZR: landing zone radius. 

SL fitting characteristics 

Two subjects (4 eyes) were fitted into 14.8 mm SL and the remaining 8 subjects (16 eyes) were fitted 

in 15.4 mm SL. One out of 30 SL (5%) was steepened in the TZR to increase clearance over the 

limbus; no toric TZR were ordered. In the LZR overlying the conjunctiva and sclera, a total of 7 SL 
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(35%) were designed as toric, and the remaining 14 lenses (70%) had a spherical LZR. Mean apical 

clearance over the center of the cornea was 293  41 µm at dispense, settling at 145  30 µm on 

day 1 after 8h, and 140  32 µm after 4d of SL wear (Table 2.1). Average apical clearance after 8h 

of SL wear on day 4 was 157  88 µm. 

Total tear protein analysis  

A complete set of 5 tear samples were required to test whether the concentrations in the Tb were 

different than in the TFR.  Full sample sets were collected in 10 subjects, with those excluded having 

one or more missing either TFR (n=4) or Tb (n=1) samples.  Mean Tb volume collected was 17  2 µL 

prior to SL wear and 18  1 µL after SL wear; mean TFR volume was 30  5 µL. Total protein 

concentration (TPC) was greatest in the TFR samples (7.8  0.5 µg/µL) but it was not significantly 

different from the concentration of the baseline tears collected prior to SL wear (6.2  0.7 µg/µL) or 

the Tb samples taken prior to SL removal (5.8  0.6 µg/µL) (p=0.14) (Table 2.2). 

Table 2.2. Tear collection volumes and total protein concentration (TPC).  

 Baseline 8h 4d 

 Tb Tb TFR Tb TFR 

Volume (µL) 17  2 19  2 24  4 18  1 36  12 

TPC (µg/µL) 6.2  0.7 5.72   7.02  3.13 5.87  3.49 7.81  2.52 

A total of five tear samples were collected from each subject.  Baseline basal tears (Tb) were 
collected prior to SL fitting and dispense.  The basal and tear film reservoir (TFR) tear samples were 

then collected after 8h and 4d of SL wear. Data shown as mean  SE. 
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Cytokine and MMP Luminex assay  

To determine pro-inflammatory cytokines on the ocular surface during SL wear, we measured and 

compared the concentrations in the Tb and TFR samples, at both 8h and 4d. The two cytokines tested 

in all subjects, IL-4 and IL-8, both showed higher concentrations in the TFR than the Tb.  The median 

concentration of IL-4 at 8h was 3.1 ng/mL in the TFR and 2.2 ng/mL in the Tb.  At the 4d visit, TFR 

concentration was 3.5 ng/mL and Tb concentration was 0.9 ng/mL. IL-8 concentrations were lower 

in general at the 8h (0.4 ng/mL in the TFR and 0.1 ng/mL in the Tb) and 4d visits (0.2 ng/mL in the TFR 

and 0.0 ng/mL in the Tb). There were no statistical differences found between these analytes. In 

addition, the number of subjects who showed more than a 2-fold greater concentration in the TFR 

were counted. After both 8h and 4d of SL wear, the concentration of IL-4 was >2-fold more in the 

TFR in 6 out of 10 subjects. When comparing IL-8 in the Tb and TFR, 4 of 10 subjects had >2-fold IL-

8 in the TFR after 8h, and only 3 out of 10 after 4d. While not all subjects showed this magnitude of 

increase in the TFR, the remaining subjects showed similar or scattered levels of analytes in the Tb 

and TFR, and there were no trends toward greater concentrations of IL-4 or IL-8 in the Tb (Figure 2.2). 

Due to the association of MMPs with ocular surface epithelial defects and inflammation, we 

examined the concentration of MMPs -7, -9 and -10 (Table 5, Figure 2.3). There were no significant 

differences in MMP-7 levels at any of the samples. MMP-9 and -10 were both greater in the TFR 

samples, showing a significant difference at 8h (p-value=0.047 and p<0.001, respectively), and for 

MMP-10 only at 4d (P = 0.047) (Figure 2.3). MMP-9 levels were >2x higher in the TFR than the Tb in 

8 out of 10 subjects at the 8h and 4d visits. MMP-10 trends were similar, and after 8h SL wear the 

concentration was greater in the TFR in 10 out of 10 subjects, and after 4d SL wear 9 out of 10 

subjects had >2x concentration of MMP-10 in the TFR (Figure 2.4). 
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Table 2.3. Tear cytokines and MMPs 

Analytea 
Pre-SL 8h SL wear 4d SL wear 

Tb Tb TFR p-value Tb TFR p-value 

IL-4 
3.7 

(0.7; 6.6) 
2.2 

(0.5; 5.6) 
3.1 

(0.8; 10.5) 
0.20 

0.9 
(0; 9.3) 

3.5 
(0.9; 12.3) 

0.09 

IL-8 
0.2 

(0; 2.6) 
0.1 

(0; 0.8) 
0.4 

(0; 3.1) 
0.40 

0.0 
(0; 0.7) 

0.2 
(0; 1.6) 

>0.99 

MMP-7 
50.7 

(30.4; 132.7) 
46.0 

(8.1; 126.0) 
54.4 

(16.5; 183.8) 
>0.99 

34.2 
(8.9; 104.9) 

87.5 
(27.7; 240.7) 

>0.99 

MMP-9 
31.5 

(0; 94.4) 
15.2 

(0; 85.1) 
62.7 

(13.7; 300.7) 
0.047* 

0 
(0; 10.5) 

18.4 
(5.7; 86.1) 

0.24 

MMP-10 
13.0 

(1.3; 18.7) 
2.8 

(0.6; 8.8) 
25.8 

(6.8; 45.2) 
<0.001** 

2.1 
(0.7; 4.3) 

17.2 
(2.8; 55.1) 

0.047* 

a concentration shown as median ng/mL (interquartile range) 
* significant p-value comparing the Tb to the TFR using Dunn’s multiple comparisons test (p<0.05) 
** significant p-value (p<0.01) 
Tb: basal ocular surface tears. TFR: fluid reservoir tears 

Concentrations of IL-4, IL-8, MMP-7. -9 and -10 in each of the 5 tear samples collected from 10 subjects, shown as ng/mL. Significant 
differences were seen between the Tb and TFR in MMP-9 after 8h SL wear, and in MMP-10 after 8h and 4d wear.  No other significant 
differences were observed between sample types. 
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Figure 2.2. Changes in IL-4 and IL-8. IL-4 and IL-8 levels for subjects at each study visit 
(baseline, after 8h and after 4d of SL wear) collected from the basal ocular surface tears (Tb) and 
the SL fluid reservoir (FR). 

 

Figure 2.3. Changes in MMP-7, -9, and -10 with SL wear. Matrix Metalloprotease (MMP) levels for 
subjects at each study visit (baseline, after 8h and after 4d of SL wear) collected from the basal 
ocular surface tears (Tb) and the SL fluid reservoir (TFR). *p ≤ 0.05, **p < 0.01 
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Figure 2.4. Percent subjects with >2-fold concentration in the FR compared to the Tb. The FR 
are represented in dark grey for each analyte at both timepoints. Non-shaded areas represent all 
other subjects that showed more similar concentrations, or greater concentration in the Tb. 

TIMPs were only tested in selected samples when remaining volume after cytokines/MMPs analysis 

was available. Due to a lack of entire sample sets for TIMP data, it is not included in the analysis. 

The range of the MMP-9 and MMP-10 ratios that were calculated with TIMP-1 and TIMP-2 

concentrations did not show any patterns and were relatively consistent across all samples except 

the Day 4 basal tears, in which the ratios were lowest. No conclusions can be made about the TIMP 

data in this study, but this should be tested in future studies to show the inhibition of MMPs during 

SL wear. 

Comfort & ocular health evaluation  

To evaluate basic satisfaction of neophytes following SL wear, comfort and vision data were 

analyzed for the 10 subjects that underwent tear analysis. There were no differences between the 
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average CLDEQ score measured pre-SL (11  2) compared to after 8h (10  2) or 4d (14  2) of SL 

wear (p = 0.19) (Table 2.4). The average VAS score prior to SL was 80.35  6.99 out of the 100-

point scale. After 8h of SL wear the VAS comfort was 65.79  6.42 and after 4d it was 60.72  7.87, 

reduced but not significantly (p = 0.09).  

Table 2.4. Comfort, staining and visual acuity.  

 CLDEQ-8 VAS 
Cornea 
(NaFl) 

Conjunctiva 
(Lissamine) 

Visual Acuity 
(logMAR) 

Pre-SL 11  2 80.35  6.99 1.6  0.9 3.0  0.5  -0.09  0.01 

8h SL 11  2 65.79  6.42* 1.6  0.5 4.1  0.6 -0.07  0.01 

4d SL 14  2 60.72  7.87* 1.4  0.6 3.3  0.7 -0.11  0.02 

p-value 0.19 0.09 0.72 0.24 0.16 

*significant difference compared to pre-SL wear using ANOVA with Dunnett’s post hoc multiple 

comparison test (≤0.05). Data is shown as mean  SE. 

Shown at baseline and after 8h and 4d SL wear. Staining scores are a modified NEI grading scale 
(conjunctiva) – scoring each of 4 quadrants on the 1-3 scale and adding them for a total possible 
score of 12; and a modified Oxford grading scale (cornea) – scored in 5 corneal areas on a 1-5 scale 
for a total possible score of 25.  

Change in comfort score was also calculated, positive values indicating improved comfort after SL 

wear. On average, change in CLDEQ comfort was +2  2 after 8h of wear (range -11 to +8) and -3 

 3 after 4d of SL wear (range -13 to +12). Change in VAS comfort score was -14.56  9.13 after 8h 

of wear (range -63.15 to +38.95) and -19.63  10.68 after 4d of wear (range -71.35 to +37.61). The 

CLDEQ and VAS scores were compared to each other for each subject, to test correlation of the two 

testing methods. The inversely related scoring systems were not strongly correlated at baseline (r = 

-0.573, p = 0.08) but did have significant correlation at 8h (r = -0.752, p = 0.01) and 4d post-SL wear 

(r = -0.744, p = 0.01).   

There was no change in vision with SL wear compared to spectacle acuity measured at the SL 

dispense (p = 0.16). Ocular surface staining was evaluated for all subjects at each time point. 

Conjunctival staining (total potential score of 12) did not change from baseline (3.0  0.5) to 8h (4.1 

 0.6) or 4d (3.3  0.7) of SL wear (p=0.24). Corneal staining (total potential score of 25) was 1.6  
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0.9 pre-SL wear, 1.6  0.5 after 8h, and 1.4  0.6 after 4d of SL wear (p=0.72). No subjects showed 

a single sector staining score of greater than 2 for corneal or conjunctival staining, indicating that 

there was no severe staining associated with SL wear in this study. 

There were no relationships between comfort, visual acuity or staining with the levels of the tear 

analytes tested in this study. For example, of the 6 subjects with the greatest increase of MMP-9 in 

the TFR, 2 of them reported improved comfort, 2 of them reported worse comfort, and 2 of them didn’t 

report a clear change in comfort at all. For MMP-10, the 9 subjects with over 2x greater concentration 

in the TFR at 4d also showed no clear relationship between improved comfort (n = 2), worse comfort 

(n = 4), or no change in comfort (n = 3). Similar trends were seen for vision and corneal/conjunctival 

staining scores when they were compared to the tear analytes. 

Discussion 

Ocular surface inflammation in SL wearers is a growing concern and understanding the relationship 

between SLs and the inflammatory state of the eye is essential.  This is the first study to determine 

the differences between the FR microenvironment and the local basal tears. The results show that 

after 8h and 4d of SL wear there are greater concentrations of MMP-9 and -10 in the FR, and that 

the increase is dampened after 4 days. The SL were fitted on normal eyes to collect pilot and control 

data, following standard guidelines to avoid inflammation due to a poor fit.  

There were no fitting characteristics (e.g., apical clearance, landing zone appearance) that indicated 

a risk of increased inflammation with a specific fit, although this study was not designed to test this. 

The peripheral fit of the SL was designed to reduce excessive conjunctival compression, with 35% 

of SL manufactured with toric peripheral curves to accommodate uneven scleral curvature. Lenses 

had adequate apical clearance to avoid mechanical interaction with the cornea. A study using 

variable SL fits (e.g., 200 vs. 600 µm apical clearance, different lens diameters) would show whether 

certain fitting relationships create more or less inflammation in the FR216. Unfortunately, corneal 
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thickness and topographical analysis were not evaluated during the present study to assess for 

hypoxia, but studies have shown that SL create mild, subclinical hypoxia in normal eyes218,219.  

IL-4 and IL-8 were evaluated due to their role in inflammatory eye conditions. IL-4 is associated with 

angiogenesis and allergies, increased in the presence of contact lens related allergies such as giant 

papillary conjunctivitis230. IL-8, secreted by epithelial cells and inflammatory cells224,231, can be 

elevated during soft contact lens wear125. No significant changes in IL-4 or IL-8 were observed after 

SL wear, and no corneal infiltrates were observed. The variability of IL-4 in the FR is justification for 

future studies to look at this marker in a larger cohort and in diseased eyes.  

Due to the implications of MMP-9 in dry eye, inflammation, and reduced epithelial barrier function, it 

is a commonly used as inflammatory marker in the tears228,232. In the present study, MMP-9 levels 

were elevated in FR samples collected after SL wear for 8h and 4d, although only significantly after 

8h.  Compared to a clinical threshold, 40 ng/mL as used in the InflammaDry® test to indicate clinically 

significant inflammation233, MMP-9 levels are greater only after 8h of SL wear in the FR (median: 

62.7 ng/mL). The wide range of MMP-9 was greatest in the FR, which was as high as 659 ng/mL 

after 8h and >1000 ng/mL after 4d of SL wear. It should be noted that levels do normally increase 

into those ranges overnight, as have been measured immediately upon awakening by Markoulli et 

al.234, who also measured midday concentrations of 9.8  14.2 ng/mL in the same cohort. The 

concentration of MMP-9 and the diurnal variations in the FR should be studied further, specifically in 

diseased eyes which may tend to produce more of this potentially damaging analyte. 

MMP-10 is not as well studied in the tear film or cornea, compared to MMP-9. The protease is 

implicated in wound healing and tissue remodeling and can be elevated after corneal surgery in 

diabetic patients235 and during desiccating corneal stress236. Several studies in other tissues have 

suggested a regulatory role of MMP-10 which may contribute to reducing excessive and potentially 

damaging effects of inflammation237. Here, MMP-10 was markedly elevated in the FR, and its 
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presence may represent a response to SL wear in order to regulate inflammation in the FR. Again, 

these findings merit the need for future studies to explore the specific origin and implication of 

increased MMP-10 in the FR. 

The increased MMP-9 and -10 in the FR may be due to trapped fluid on the ocular surface when the 

SL is applied. Alternatively, there may be increased production of MMP-9 and MMP-10 by the corneal 

epithelial cells during SL wear, which can accumulate in the FR. Both hypotheses imply that there is 

minimal tear exchange within the subjects fitted in this study, which is consistent with other published 

reports of SL wear210,238. The FR concentrations were often more similar to the early morning tears, 

which may harbor an increased inflammatory load due to the closed eye overnight environment239,240, 

although subjects were awake for at least 45-60 minutes prior to morning tear collection. 

Measurement of the protease activity of MMP-9 in FR by the use of gel zymography to determine 

the levels of MMP-9 inactive and active forms might provide further functional information but could 

not be accomplished in the present study due to limited sample amount. 

The concentration of tissue inhibitors of MMP (TIMPs) are important to consider when assessing the 

impact of increased MMP in the tears. As the MMP/TIMP ratio increases, it can be indicative of 

increasing inflammatory state241. In the present study, only limited TIMP data was available and most 

MMP/TIMP ratios could not be calculated. The ratios that were calculated were less than 0.5, which 

is not particularly indicative of an inflammatory state; however, the limited available data does not 

allow for any conclusive interpretation. Larger studies including more subjects and simultaneous 

quantification of MMPs and TIMPs are needed to draw conclusions about TIMP regulation of MMPs 

during SL wear. 

This study shows that comfort was reduced after 4d of SL wear in 53% and 80% of normal subjects, 

according to the CLDEQ and VAS, respectably. While it has not been formally investigated in SL, 

contact lens discomfort is the primary reason for discontinuation of soft contact lens wear in the 
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US225, and symptoms are usually quite similar to that of dry eye disease, which is known to have an 

inflammatory component242. However, conversely to dry eye, the contribution of inflammation to the 

discomfort response experienced by contact lens wearers remains unclear. In this study, no 

correlation was observed between SL discomfort and inflammatory mediator levels in tears. Comfort 

was highly variable with SL, somewhat contradictory to reports of improved comfort with SL in 

diseased eyes196. This is likely explained by relative responses; individuals with diseased eyes 

naturally compare the SL to classically uncomfortable alternatives they’ve become adapted to (e.g., 

corneal GPs), whereas here the subjective comfort rating was coming from individuals accustomed 

to soft contact lenses which are typically more comfortable. Care should be taken to accurately state 

the comfort of the SL in light of the population they are intended for and the alternatives available to 

that population. 

There are some limitations of this study, which was the first to compare several different types of 

tear samples during SL wear. First, the sample size was small, in part due to challenges of collecting 

the samples. Sample size analysis using this data recommends 20 subjects for future studies, or 40 

if there is a normal group compared to a diseased test group. All subjects had normal eyes, and 

would not typically be fitted into a SL. However, data derived from normal individuals allows for 

controlled normative data to be determined. This data will be used for development of a similar study 

in diseased eyes (e.g., keratoconus) who present high variability and a wide range of abnormalities 

in their tear fluid. There was also not a good baseline to compare without SL wear, since the only 

pre-SL measurements were taken in the morning which are subject to diurnal variation. However, 

this study did not compare the tears pre- and post-SL, rather were comparing the tears beneath and 

outside the SL.  Tears were also pooled between eyes, which was necessary due to the risk of not 

always having enough FR volume beneath each lens. Since these were normal eyes, it was assumed 

that there was not a significant difference in response between the eyes, but future studies may wish 
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to keep eyes separate especially if incorporating lens fit into the analysis of the tear response to SL 

wear.  

Conclusion 

The results from this study found MMP-9 and MMP-10 were increased in the FR when compared to 

the basal tears on the ocular surface outside the SL margin. These results suggest inflammatory 

mediators can become trapped in the FR, which could compromise the ocular surface integrity with 

prolonged wear. This scenario could be amplified if placed on a diseased eye where MMPs and 

inflammatory mediators could become chronically trapped in the FR.  Therefore, it is imperative that 

future studies continue to evaluate inflammation in the FR during SL wear, in both normal and 

diseased eyes. 
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Chapter 3.The protein and lipid composition of midday fogging and 
correlations with scleral lens fitting characteristics (manuscript in 

preparation). 
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Introduction 

Scleral lenses (SL) have unique fitting characteristics that are not observed with any other contact lens 

modalities, specifically in the manner of vaulting the cornea and limbus, trapping a thick fluid reservoir 

(FR) and landing peripherally upon the easily deformable conjunctival tissue. In contrast to hybrid or 

soft contact lenses, the rigid SL does not yield to the shape of the anterior eye, so alignment of the 

lens to the ocular surface with minimal compression is of critical importance. The compression and 

sinking of a SL increases over the course of lens wear and has been implicated in sealing the post-

lens FR and contributing to the occurrence of midday fogging (MDF)148,243. 

MDF occurs in one-third of SL wearers and there is an urgency to understand and mitigate it due to 

the visual reduction it causes as well as the unknown physiologic effects56,135,149,244,245. It has been 

defined as the accumulation of particulate debris in the post-lens FR, typically occurring gradually 

with a dense turbidity developing in the FR after a few hours of SL wear (hence the name midday 

fog). The composition of the FR in MDF is unknown, with confusion as to exactly what it is and 

therefore how it should be managed. Some clinicians have hypothesized that MDF occurs at least 

in part due to compression of goblet cells in the conjunctiva, leading to excessive mucin secretion 

into the FR246,247. Alternately, a small pilot study conducted in 2014 suggested that lipids may be 

present in greater abundance in MDF, although no specific classes were identified248. Another more 

recent study detected several types of leukocytes in the FR of SL wearers, although not significantly 

more in the MDF samples compared to those without135.  A robust understanding of the composition 

of the FR in MDF has yet to be accomplished.  

Although there has not been a comprehensive analysis of lipids in the FR during MDF, it is a 

reasonable hypothesis that they may be increased in MDF. First, they are often hydrophobic in 

nature and do not mix well with aqueous solution. When a SL is applied to the eye, sterile saline is 

used to fill the lens bowl and it is this aqueous fluid that mixes with the ocular surface tears to form 

the FR. All tears on the surface of the eye at the time of application, including the lipids (which 
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functionally prevent evaporation of the underlying aqueous tears), are mixing with the saline to form 

the FR. These lipids may become trapped and precipitate out of the aqueous FR over several hours 

of wear. Furthermore, patients with different amounts and/or types of lipids on their ocular surface 

when the SL is applied or being worn may have different susceptibilities to experiencing MDF. This 

study will use mass spectrometry to provide a comprehensive analysis of lipids as well as proteins 

in the FR, comparing the abundances to the severity of MDF.  

In addition to identifying the components of the FR in MDF, it is useful to evaluate for associations 

between MDF and certain SL fitting characteristics.  The amount of conjunctival compression, for 

example, could affect MDF if this compression led to increased cellular expression or secretion, or 

if the compression influenced the amount of tear exchange occurring between the FR and the ocular 

surface tears. The amount of conjunctival compression that occurs during SL wear varies between 

individuals and even between quadrants in a single individual243,249,250. The amount of compression 

can be measured grossly using a biomicroscope but more specifically using optical coherence 

tomography (OCT)38,251 or the more recently developed scleral topography249,252. Reports of 

conjunctival compression with SL range from about 10 µm to greater than 100 µm, depending on the 

location evaluated, the SL designs, and the instrument used to take the measurement. The sMap 

3D is a scleral topographer that was developed to measure the shape of the conjunctival tissue253 and 

can be used to calculate the change in curvature of the conjunctival in the area where the SL lands 

on the tissue. The instrument measures scleral topography across a ~18-20 mm horizontal plane 

and a slightly smaller distance in the vertical dimensions211–213. In addition to the primary purpose of 

the instrument to measure the scleral shape for customizing lens designs, these measurements can 

also be taken repeatedly over time to evaluate changes in the shape. Indeed, a customized software 

within the instrument allows two maps to be compared to determine the change in conjunctival 

curvature caused by SL wear.  
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This study has three goals: (1) to characterize the major lipid and protein components contributing 

to MDF; (2) to measure the amount of compression occurring after SL wear; and (3) to determine 

the correlation between amount of conjunctival compression and level of MDF in the FR, testing the 

hypothesis that greater conjunctival compression will be associated with increased MDF. Collectively 

these findings will expand the understanding of MDF in SL wear and lead to better evidence-based 

management of this complication. 

Methods 

Subject selection and experimental overview 

This study was compliant with the tenets of the Declaration of Helsinki and was approved by the 

University of Houston’s Institutional Review Board. All enrolled subjects signed an informed consent 

prior to participation. A total of thirteen normal subjects were recruited and seen at the University of 

Houston, College of Optometry (UHCO). Sample size determination was made based on expected 

change in conjunctival morphology, since there are no available data on quantifying lipids and 

proteins in MDF. Based on calculations made to detect a change of at least 0.1 mm curvature change 

and considering similar studies which have been well-powered with 8-12 subjects, we set a sample 

size at 13 to power the study at 80%. Inclusion criterion was a normal ocular surface including the 

cornea and conjunctiva. Soft contact lens wear was permitted but subjects discontinued lens wear 

for at least 3 days prior to beginning the experiments, considered an appropriate timeline for the eyes 

to return to baseline health based on recommendations from other studies254–256. All subjects were 

SL neophytes and were excluded if they were unable to wear SL for 8-hours per day, had a known 

sensitivity to Fluress® ophthalmic drops (which contains 0.25% sodium fluorescein (NaFl) and 0.4% 

Benoxinate HCL), or had a history of any ocular disease or surgery including refractive surgery within 

the past 2 years. 
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There were several subject visits prior to and during the experimental phase of this study (Figure 

3.1). At the enrollment visit, sMap scleral topography was completed and diagnostic SL over- 

refraction was done to determine the appropriate SL power and shape parameters to determine the 

appropriate SL power and shape parameters (i.e., curvatures, widths of zones). Custom SLs 

(Europa, Visionary Optics, Front Royal, VA) were ordered based on the scleral topography and 

refraction calculations. All SL were manufactured in the Optimum Extreme material (Dk = 125), and 

were designed with 5 different zones, each with different curvatures and widths (see schematic in 

Chapter 1, Figure 1.2). These curvatures (primarily the central base curve and most proximal 

peripheral curve) were customized for each individual SL in order to ensure a similar SL fit on the 

variable eye shapes of different subjects. The LZRs of the lenses were designed to land on the 

conjunctiva without bearing or impingement of blood vessels, which was accomplished with either 

toric (i.e., 2 different peripheral curvatures 180 degrees apart) or spherical (i.e., single LZR curvature) 

based on the curvature of the sclera/conjunctiva. The lenses were manufactured with lens diameter 

between 15.5 and 16.5 mm, determined based on the size of each subjects’ cornea  (which was 

measured via the sMap), with the aim of designing lenses that fit all subjects in the same way: 

clearance over the cornea and limbus with a smooth symmetrical landing on the conjunctiva, creating 

minimal compression and blanching of the conjunctival blood vessels. The toric or spherical landing 

curvatures were automatically designed by the sMap software and adjusted as needed in the SL 

fitting and training sessions (pre-experimental) to provide the most optimal fitting SL for each subject.  
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Figure 3.1. Flowchart of experimental protocol. The flowchart maps out the 
sequence of testing completed for the subjects, starting with pre-experimental lens 
fitting and ending with post-SL removal sMap testing. 

The day prior to beginning SL wear, subjects reported to UHCO between 4-6 pm (Day 0), wearing 

spectacles, for a baseline scleral topography using sMap scan and final SL assessment using 

biomicroscopy and AS-OCT. Overnight the lenses were disinfected with ClearCare, and on the next 

morning, Experimental Day 1, subjects applied their lenses using buffered sterile saline as the 

application solution (Purilens, LifeStyle Co., Freehold, NJ, USA) 8 hours prior to their scheduled visit. 

Day 0 (day prior to starting SL wear):
• sMap3D (baseline)

• Biomicroscopy
• AS-OCT

Enrollment visits:

• sMap3D and refraction for custom SL order

• SL modifications and handling training

Experimental Day 1: 

(Lenses applied at home 8h prior to study visit)

• AS-OCT 

• Biomicroscopy pre-removal

• Micropipet FR collection* (during SL removal)
• sMap3D (within 5 minutes)

• Biomicroscopy post SL 
• sMap3D repeated q30 minutes for 2 h

*tear samples stored at -80C until analysis

Experimental Day 4
• Repeat Day 1 protocol

Instrumentation used:

sMap 3D scleral topographer was used to quantify baseline scleral curvature and 

curvature after 5, 30-, 60-, 90- and 120-minutes post-SL removal

AS-OCT was used to measure FR thickness and capture images for MDF quantification

Biomicroscopy was used to evaluate the SL fit as well as hyperemia and staining

Micropipettes were used to collect the FR

Protocol and Study Visit Flow:

Day 2-3, lenses worn 8h each day, cleaned with 
ClearCare nightly, filled with Purilens (sterile saline)



 
48 

When arriving for the study visit, AS-OCT images were acquired, the SL were evaluated using white 

light biomicroscopy, and then the SL were removed with the investigator collecting the FR during 

removal. sMap topography was done (within 5 minutes of removal) to determine the conjunctival 

curvature and magnitude of conjunctival compression. Ocular surface health assessment was 

repeated post-removal. The sMap was then repeated every 30 minutes for 2 hours to determine the 

rate of decompression as a secondary outcome. The study visit was then complete, and subjects 

left wearing spectacles. For the next three days, subjects wore the lenses for 8 hours per day, filling 

with Purilens prior to application and disinfecting with ClearCare each night. On the fourth day of SL 

wear, subjects presented for a repeat of Day 1 testing. At the completion of the Day 4 experimental 

visit, SL wear was discontinued. The methodologies used for each of the aforementioned outcomes 

are more thoroughly described in the sections below. 

Anterior segment OCT and midday fogging assessment 

AS-OCT images (Visante OCTTM, Carl Zeiss, Germany) were acquired to measure the FR depth and 

to quantify MDF. Measurements were taken initially at lens dispense visit (Day 0, SL worn for <5 

minutes), and again at the beginning of each experimental study visit (after 8h SL wear). From the 

images, the FR thickness was measured at the dispense and after 8 hours of SL wear, at the location 

of the corneal apex, using built in software calipers. 

MDF scores were calculated using two techniques in this study. In the preliminary (subjective) 

scoring, which was done in order to bin the samples into 2 groups for MS analysis, the OCT images 

were subjectively scored and designated as “MDF” or “non-MDF”. For this initial analysis, OCT images 

were masked and graded by an investigator (MKW) using a preliminary scale created previously 

developed but not validated (Figure 3.2). The investigator estimated severity based on this 5-

category scale of MDF severity: none (1), trace (2), mild (3), moderate (4), or severe (5). Moderate 

and severe grades were deemed in the “MDF” group, and none, trace, or mild were deemed “non-

MDF”. 



 
49 

 
Figure 3.2. Subjective MDF grading scale. The 5-point scale used for subjective 
grading of MDF images in the preliminary subjective grading. Note that this scale has 
not been validated and was used for preliminary grouping of MDF subjects only. 

The MDF scores were later quantitatively scored from the OCT images using a custom ImageJ 

protocol. This was done due to the range of MDF observed in the images, making it difficult to truly 

form two distinct groups. For this analysis, the OCT images were exported to ImageJ and quantified 

using a custom protocol (Figure 3.3). The scores were determined by calculating the net gray value 

in the FR (subtracting the background noise), and are presented as calibrated optical units, or 

simply “units”. The MDF scores were averaged between the two days for the final score for each 

eye, which allowed comparison of the scores to the FR compositional data (protein and lipid), since 
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the FR samples were pooled within each eye for mass spec analysis. In post-hoc analysis, the 

subjective scores were compared to the quantified ImageJ MDF scores to compare the scoring 

methods. 

 

Figure 3.3. Processing of AS-OCT images to determine MDF score. First, the raw image 
was imported into ImageJ (A). Next in the image processing, the images were inverted to 
improve contrast (B). The region of interest (ROI) was selected using the polygon selection tool 
and spline fit (C). The entire FR area was selected (yellow outline), although areas of reflection 
and distortion were avoided (i.e., the central reflection observed centrally). Lastly, the selected 
ROI was inverted again, and the mean gray value was measured in “calibrated optical units”. 
Additionally, due to the noise of the images, a small area in the periphery of the imaging screen 
was randomly selected (D, white star), and mean gray value was measured using the same 
technique as the ROI, which was later subtracted from the FR value to determine the final 
score for each image. Scores were measured two times by two different masked examiners 
and averaged for the final score. C: cornea; FR: fluid reservoir; SL: scleral lens 

Ocular surface health assessment & fluid reservoir collection 

Prior to SL removal, visual acuity was recorded using a high contrast, high luminance Snellen acuity 

chart. White light biomicroscopy was performed to assess global and limbal hyperemia, graded 

based on the CCLRU grading scale257. The scleral LZR was assessed for blood vessel blanching 
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and impingement. After biomicroscopy and prior to sMap, SL were removed, and the FR was 

collected during removal. The collection was done by a single investigator (MKW) using the same 

method from Chapter 2 (see Figure 2.1). The tear samples were stored (DNA LoBind Eppendorf 

Tubes) and frozen at -80oC for up to 6 months prior to analysis. After the SL were removed and the 

initial sMap scan was completed, evaluation of the cornea and conjunctiva was done using 

biomicroscopy. Corneal surface integrity was determined using NaFl vital dye and staining patterned 

was graded using the CCLRU scale. Both global and limbal hyperemia, as well as corneal staining, 

were graded subjectively using 0.1-unit scales. This specificity of grading has been shown to 

increase the repeatability of the subjective measurement258 however, it should be noted that there is 

debate whether it is more precise to use a 0.5-unit scaling259. 

Fluid reservoir analysis with mass spectrometry 

A total of 12 tear samples (7 with MDF, 5 non-MDF) were sent to the Mass Spectrometry Research 

and Education Center (MSREC) at the University of Florida Department of Chemistry, where they 

were analyzed for protein and lipid content. For each analysis type, 5 µL of FR (total 10 µL) was 

shipped on dry ice to the MSREC. Lipid samples were transferred to a glass tube and then extracted 

using an isopropanol extraction method. Total lipid concentration was determined by a sulfo-

phospho-vanillin assay, and the sample loading was normalized for 0.1 µg total lipid content (i.e., 

sample volume was varied based on the estimated lipid concentration so that the same amount of 

lipid was loaded for each sample). After being extracted and normalized, the lipid eluent was analyzed 

on the Bruker QTOF-MS (Impact II quadrupole-quadrupole-time-of-flight (QqTOF) mass 

spectrometer). The resultant lipid data was then searched using lipidomic libraries in Metaboscape 

and SimLipid. Total protein was determined on a QubitTM and the appropriate volume of each sample 

was taken to equal 20 µg total protein for digestion. Nano-liquid chromatography tandem mass 

spectrometry (Nano-LC/MS/MS) was performed on a Thermo Scientific Q Exactive HF Orbitrap 

mass spectrometer equipped with an EASY Spray nanospray source (Thermo Scientific) operated 
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in positive ion mode. The LC system was an UltiMate™ 3000 RSLCnano system from Thermo 

Scientific. All MS/MS samples were analyzed using Sequest (XCorr Only) (Thermo Fisher Scientific, 

San Jose, CA, USA; version IseNode in Proteome Discoverer 2.2.0.388). Scaffold (version 

Scaffold_4.9.0, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide 

and protein identifications. Peptide identifications were accepted if they could be established at 

greater than 95.0% probability by the Peptide Prophet algorithm260 with Scaffold delta-mass 

correction. Protein identifications were accepted if they could be established at greater than 99.0% 

probability and contained at least 1 identified peptide. Protein probabilities were assigned by the 

Protein Prophet algorithm261. 

Ocular surface curvature and compression using sMap topography 

The sMap scans were taken a total of 12 times on each eye of all subjects during the experimental 

time. To acquire each scan, the investigator first applied 200 µL Fluress® to the ocular surface, 

which is a viscous NaFl emulsion with topical anesthetic. This allows a relatively stable layer of NaFl 

to coat the ocular surface and for the patient to keep their eyes open and gaze steady on the target 

during acquisition. A total of three images were acquired for each eye: straight gaze, upgaze, and 

downgaze. These three images were automatically montaged together by the software (Figure 3.4), 

which detects the limbus of each image to determine like locations (to facilitate the montage 

processing). The first acquisition was used for SL design and not in the compression analysis. The 

second scan, taken the day prior to starting SL wear, served as the baseline scan, taken in close 

proximity and at the same time of day as the experimental acquisitions to reduce noise from diurnal 

variations in conjunctival shape262. After removal of the SL of Day 1, a scan was acquired within 5 

minutes, and then subsequently at 30-, 60-, 90-, and 120-minutes post-SL removal. This was 

repeated again on Day 4. At the end of Day 4, subjects were asked to return for a follow-up sMap 

scan every 24 hours for the next 3 days, to determine the time it takes for full rebound to baseline 

conjunctival curvature. 
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Figure 3.4. sMap imaging technique. To acquire the scleral topography imaging with the 
sMap, sodium fluorescein (NaFl) is instilled to illuminate the tear film overlying the conjunctiva. 
Images are acquired in straight gaze (A), downgaze (B), and upgaze (C). After acquisition in 
the three gaze positions, the images are montaged together (based on limbus detection) to 
form a 3D topographical map of the sclera and corneal surface (D). 

Data and statistical analysis 

Normality of all outcomes were evaluated using the Shapiro-Wilk test. Curvature of the conjunctival 

surface was compared between all 4 quadrants before and after SL wear using the non-parametric 

version of ANOVA for paired outcomes, the Friedman test. Post-hoc testing was done using Dunn’s 

multiple comparison test to determine where the differences were significant. Visual acuity was 

measured with a Snellen chart and converted to logMAR for analysis at baseline and experimental 

visits. Significance was set at P ≤ 0.05.  

To analyze the FR composition in MDF, relative abundance of lipids and proteins were compared to 

MDF scores. The tear samples used for MS were initially grouped subjectively into MDF and non-

A B

C D
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MDF groups for initial bulk analysis of the MS data, and subsequently the MDF was quantified in each 

sample to allow correlations to be made with specific lipids and proteins. This quantification was 

done using ImageJ, which measured the mean gray value of the FR as calibrated optical units. The 

quantitative Objective scoring of MDF using ImageJ is novel and has not been previously validated; 

therefore, to determine repeatability and reproducibility of the methodology, two masked examiners 

graded each image twice using an identical protocol. The intra-observer repeatability was measured 

by calculating the within-subject standard deviation of the measurements made on the same 

subject263,264, and inter-observer reliability was calculated by dividing the square of the between 

subject SD by the sum of the squares of the between subject SD264. MDF scores between Day 1 

and Day 4, as well as between the two eyes of each subject, were assessed for correlation using 

the Spearman rank test for nonparametric data. 

Lipids and proteins in the FR were identified using Metaboloscape and Simlipid databases (lipids), and 

Scaffold (proteins). Post-processing sorting and analysis was done in Microsoft excel and GraphPad 

Prism. To evaluate the correlation between MDF and the other outcomes (compression, FR depth 

and settling), right eyes only were selected for the analysis and correlation was measured with the 

Spearman rank test. 

Results 

A total of 26 eyes from 13 subjects were included in the analysis. The SL diameter for 70% of 

subjects (n = 9) was 16.0 mm, and those subjects with significantly smaller or larger than average 

horizontal visible iris diameter (11.8 mm) were made SL with smaller (15.5 mm, n = 1) or larger (16.2 

mm, n = 1; 16.5 mm, n = 2) diameters. All SL were designed to vault the cornea including limbus 

and land without impingement or blanching of blood vessels on the conjunctival surface. All lenses 

were manufactured with a central 8.5 mm wide optic zone and a 2.1 mm wide adjacent peripheral 

curve, both with variable radii of curvature depending on the power and sagittal depth (SAG) of the 

lens (see Figure 1.2 in Chapter 1 for SL schematic). The average lens SAG was 4368 ± 244 µm. A 
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total of 18 lenses were designed with toric (rotationally asymmetric) LZRs, and 8 lenses were 

designed with spherical (rotationally symmetric) LZRs; mean toricity in the LZR was 127 ± 114 µm. 

Table 3.1 shows the SL parameters, fitting characteristics, and ocular health outcomes for subjects 

with and without MDF. 

Table 3.1. Scleral lens parameters and characteristics 

 
Outcome 

At SL 
Dispense 

(All subjects) 

Post-SL wear 
Correlation* 
r (P-value) 

MDF 
(scores 39-92) 

Non-MDF 
(scores 6-24) 

Mean lens SAG (µm) 4368 ± 244 4240 ± 191 4405 ± 256 -0.36 (0.22) 

Mean LZR toricity^ (µm) 127 ± 114 191 ± 109 103 ± 108 +0.32 (0.12) 

Visual acuity -0.03 ± 0.13 -0.03 ± 0.10 -0.01 ± 0.06 +0.31 (0.29) 

Corneal Staining 0.1 ± 0.1 0.2 ± 0.1 0.3 ± 0.3 +0.07 (0.83) 

Limbal Hyperemia 0.5 ± 0.2 1.1 ± 0.5 0.8 ± 0.8 -0.06 (0.83) 

Global Hyperemia 1.0 ± 0.7 1.9 ± 0.7 1.6 ± 0.6 +0.11 (0.71) 

Apical Clearance (µm) 293 ± 84 336 ± 117 265 ± 69 -0.06 (0.85) 

FR settling Day 1 (µm) n/a 81 ± 75 88 ± 42 -0.16 (0.63) 

% mild blanching 8% 12.5% (n=1) 11% (n=2) - 

% severe blanching 0 0 0 - 

% excessive movement 0 0 0 - 

% excessive LC+ 19% 50% 11% - 

*correlation with MDF using Spearman rank correlation testing, using right eyes only 
^mean toricity in the area of the LZR over the conjunctiva 
+excessive limbal clearance (LC) estimated in at least one quadrant SAG: sagittal depth; FR: fluid 
reservoir 

AS-OCT analysis: FR settling and MDF scoring 

AS-OCT images were captured and analyzed for all 26 eyes at the SL dispense visit and at each 

experimental visit. Mean FR thickness at SL dispense (0 hours wear) was 285 ± 90 µm (336 ± 117 

µm in the MDF group and 265 ± 69 µm in the non-MDF group), and after 8 hours of lens wear it was 

254 ± 81 µm and 183 ± 67 µm, settling an average of 81 ± 74 µm and 88 ± 42 µm, respectively in 
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the MDF and non-MDF groups. When compared to the quantified MDF score, the FR thickness and 

settling amounts were not significantly correlated to increasing MDF (Table 3.1). One eye that settled 

240 µm had no clearance after 8 hours lens wear on either experimental day, therefore was not 

analyzed for MDF. 

In subjective grading, a total of 7 eyes met the criteria (a score greater than 2) for MDF, and 19 eyes 

were considered non-MDF. Once MDF was quantified using ImageJ, the subjective scores were 

compared to the objective to determine an appropriate “cutoff score” in distinguishing MDF from non-

MDF (Figure 3.5). 

 
 

In the quantitative analysis using ImageJ, MDF is reported as calibrated units of optical density 

(units). On Day 1 the mean MDF score was 33 ± 29 units (range 7 – 96) and on Day 4 they were 28 

± 24 units (range 6 – 91); Day 1 and 4 scores were strongly correlated between eyes (r = +0.94; P 

< 0.001), and mean right and left MDF scores were also strongly correlated (r = +0.94; P < 0.001) 

(Figure 3.6). The cutoff for MDF was determined to be 35 units, with those scores greater being 

considered MDF and those below considered non-MDF. Repeatability and reproducibility of the 

ImageJ quantification of MDF were evaluated by comparing the intra- and inter-observer 
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measurements. Intra-observer repeatability of the measurements was 0.97 and 0.39, respectively, 

for the two examiners. Inter-observer repeatability was even better, 0.3. 

 
Figure 3.6. AS-OCT images showing MDF scores and correlations between days and eyes.  
Examples of MDF scores from the subjects in the study (A-C) are shown, and the correlations 
between the eyes on day 1 and 4 (D) as well as between eyes on day 1 (E) were very strong. 

Lipid & protein analysis 

A total of 12 FR samples (7 with MDF, 5 with no MDF) were analyzed for lipids and proteins using 

MS. The overall mean lipid and protein concentrations were 32.3 ± 32.0 μg/mL and 36.5 ± 46.3 

μg/mL, respectively, with no differences in concentration observed between the MDF and non-MDF 

group (P = 0.83 for lipids, P = 0.25 for proteins). A total of 1175 distinct lipids and 1491 proteins were 

identified in the samples, and the relative abundances were compared to MDF scores to determine 

which lipids and proteins were positively or negatively correlated to increasing MDF severity. The 

subjective grouping of MDF and non-MDF samples was only used for initial gross observation of the 

MS data, and once the images were quantified, those scores were used for MS data comparison. 

The average quantified score in the MDF group was 60 ± 23 units (range 36 to 92) and in the non-
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MDF control group it was 14 ± 7 units (range 7 to 23); no subjects showed non-zero values for MDF 

score. Observation of the grouped MS chromatograms (Figure 3.7) shows several distinct 

differences in the overlapping peak graphs for the MDF and non-MDF grouped samples in the lipid 

data. No observable differences in chromatograms between the two groups were observable in the 

protein data. 

 

Figure 3.7. Mass spec chromatograms for lipid testing. The top is an overlay of the 
chromatograms for all subjects deemed in the MDF group (mean MDF score: 60 ± 23 units; range 39-
52), and the bottom chromatogram is an overlay of the subjects deemed in the non-MDF group (14 ± 7 
units; range 6-24). Asterisks are shown in the top graph to indicate where the peaks differ most 
between groups.   

Several categories and classes of lipids were represented in the tear samples (Figure 3.7). The 

sterols showed the greatest abundance, with large proportions of glycerophospholipids, 

glycerolipids, fatty acyls, and sphingolipids. Several of the classes of lipids within these categories 

were seen in greater abundance in subjects with greater levels of MDF. Saturated cholesterol esters 

(CE), wax esters (WE), fatty amides, and carnitines (from the sterol and fatty acyls classes) were 

among the most abundant lipids that were correlated to increasing MDF. When evaluating the 

relative abundance of each lipid class in the FR, the only class which showed a difference in the 
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percent of total lipid abundance were the WE, which comprised approximately 10% of lipids in the 

MDF group and only 4% of lipids in the non-MDF group. The findings in each lipid category are 

summarized in the sections below, and a summary of the primary classes and species that were 

increased in MDF are shown in Table 3.2. 

 
Figure 3.8. Major lipids categories and classes found in the scleral lens fluid reservoir. The 
major lipid categories and the primary classes of lipids that were found in the FR samples are shown 
on the left. Percent abundance of each categories are shown on the right for the MDF samples (top) 
and the non-MDF samples (bottom). Steroids were the most abundant, followed by glycerolipids. 
Fatty acyls (mostly WE) were more abundant in the MDF samples. 

Sterols 

Approximately 75 different species of sterols were detected in the FR samples, primarily sterol 

esters (i.e., CE, steroids), secosteroids (i.e., vitamin D derivatives), as well as cholesterols and their 

derivatives. The CE made up approximately 13% of total lipids, 12% unsaturated and 1% saturated, 

the latter of which were positively correlated to MDF (r = +0.68, P = 0.02). The unsaturated CE, 

which were more abundant, were not correlated to MDF (r = +0.31, P = 0.32), although several of 

the unsaturated CE species (i.e., CE 19:1, 20:1, 22:1, 24:1), while not highly abundant, showed a 

positive correlation with MDF (Table 3.2). In addition to evaluating abundance of certain classes and 
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Sterols

Cholesterol esters

Secosteroids

Steroids

Cholesterol & derivatives

Sphingolipids

Ceramides

Glycosphingolipids

Sphingomyelin

Sphingoid bases

Fatty acyls

Wax monoesters

Carnitines

Fatty Amides

Fatty Alcohols & Aldehydes

Eicosanoids

Fatty Acid Conjugates

Glycerolipids
Monoradylglycerolds

Diradylglycerols

Triradylglycerols

Glycerophospholipids
Phosphotidylcholine

Phospholipids

32.47%  Sterols

22.18%  Glycerolipids

18.18%  Fatty Acyls

15.09%  Glycerophospholipids

11.29%  Sphingolipids

0.79%  Other: 

Saccharolipids, Prenols, 

Polyketides

34.08%  Sterols

24.88%  Glycerolipids

11.89%  Fatty Acyls

15.59%  Glycerophospholipids

12.79%  Sphingolipids

0.77%  Other: 

Saccharolipids, Prenols, 

Polyketides

MDF

Non-MDF



 
60 

species of sterol, the ratio of saturated: unsaturated CE was also measured and ranged from <0.01 

to 0.13, with greater values indicating an increasing level of saturated compared to unsaturated CE. 

This increasing ratio was significantly correlated to increasing MDF (r = +0.73, P = 0.02). 

Another class of sterol lipid found in the FR were the steroids, although overall they were not 

correlated to MDF. Certain types of steroids that can be irritants (C18 and C19) were present in small 

quantities and showed no relationship to MDF. However, select C21 steroids, for example 18-

oxocortisol, were seen in greater abundance in the MDF samples (r = +0.60; P = 0.04). The 

secosteroids (i.e., vitamin D derivatives) represented approximately 20% of the lipid abundance but 

were not correlated to MDF, and neither were cholesterol or their derivatives. Overall, no sterols 

were found to have a significant negative correlation to MDF. 

 
Figure 3.9. Sterols vs. MDF. The relative abundances of various classes of lipids from the sterol 
category. These lipid classes of interest in the FR are plotted against the MDF scores. The only 
correlation observed between the MDF and lipid classes were the saturated cholesterol esters (CE), 
which are shown to increase with increasing MDF (P = 0.02). 
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Several hundred species of fatty acyls were found in the FR samples, including fatty esters such 

as wax esters (WE) and carnitines, as well as hydrocarbons, eicosanoids, fatty alcohols & 

0 20 40 60 80 100
8.0×106

1.0×107

1.2×107

1.4×107

Secosteroids

MDF Score

R
e
la

ti
v
e
 a

b
u

n
d

a
n

c
e

0 20 40 60 80 100
5×106

6×106

7×106

8×106

9×106

MDF Score

R
e
la

ti
v
e
 a

b
u

n
d

a
n

c
e

All Cholesterol Esters

r = 0.23
P = 0.47

0 20 40 60 80 100
0

2×105

4×105

6×105

MDF Score

R
e
la

ti
v
e
 a

b
u

n
d

a
n

c
e

Cholesterol and derivatives

0 20 40 60 80 100
0.0

5.0×104

1.0×105

1.5×105

2.0×105

2.5×105

MDF Score

R
e
la

ti
v
e
 a

b
u

n
d

a
n

c
e

Steroids

r = -0.16
P = 0.62

r = 0.38
P = 0.22

r = -0.43
P = 0.16

0 20 40 60 80 100
0

5×105

1×106

MDF Score

R
e
la

ti
v
e
 a

b
u

n
d

a
n

c
e

Saturated CE

r = -0.68
P = 0.02*

Cholesterol Esters (All) Saturated CE* Cholesterol & Derivatives

Steroids Secosteroids



 
61 

aldehydes, and fatty acid conjugates. Several of these classes and species of fatty acyls were 

correlated to increasing MDF. Fatty amides for example, were significantly correlated to MDF, as 

were fatty esters such as WE and carnitines (r = +0.75, P = 0.01 for all three classes). The WE 

class of lipids were the most compelling in the FR of subjects with MDF. Over 75 different species 

of WE were detected, making up ~10% of all total lipids in MDF samples and only ~4% in non-MDF 

grouped samples. Over 50% of these WE, mostly unsaturated, were highly correlated to increasing 

MDF (Table 3.2), and many of the fatty acyl lipids (including WE) that were increased are 

considered “branched chain fatty acids”, which are fatty acids with at least one methyl branch. 

Similar to the observations in CE, the ratio of saturated: unsaturated WE were also measured 

(range +0.004 to +0.17), which showed an increasing ratio with increasing MDF (r = +0.70, P = 

0.01).  

Additional classes of lipids within the fatty acyl category included eicosanoids, fatty alcohols, fatty 

aldehydes, and hydrocarbons. Eicosanoids, which include prostaglandins and leukotrienes, were 

not overall shown to be correlated to MDF, although select species were positively correlated to 

increasing MDF (Table 3.2). Fatty alcohols and aldehydes, as well as hydrocarbons, were not 

detected in high abundancy in the FR samples and there were no species correlated to MDF.  
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Figure 3.10. Fatty acyls vs. MDF. The relative abundances of the fatty acyls of interest in the FR 
are plotted against the MDF scores. In this category of lipids, there are several classes (WE, fatty 
amides, carnitines) that show positive correlations to increasing MDF. 

Glycerolipids, sphingolipids and glycerophospholipids 

Glycerolipids, sphingolipids and glycerophospholipids were all detected in various abundances in 

the FR samples, although none showed strong correlations to the MDF severity in the samples. 

Glycerolipids include monoradylglycerols (MAG), diradylglycerols (DAG), and triacylglycerols 

(TAG), the latter of which typically the most studied type of glycerolipids in the tear fluid. In these 

samples, TAGs were one of the most abundant species of lipid in the FR (21% of detected lipids), 

but there was no correlation to MDF (Figure 3.11). Sphingolipids and glycerophospholipids made 

up approximately 12 and 15% of the lipids detected in the FR samples, respectively. Sphingolipids, 

which include ceramides and sphingomyelin, were abundant in the FR but their levels did not 

correlate to MDF. Ceramides were not significantly correlated to MDF (r = +0.53, P = 0.08). The 

glycerosphospholipid species in the samples were primarily from the phosphotidylcholine (PC) 

class, which comprised approximately 12% of total lipids detected and was not overall correlated 

with increasing MDF. The phospholipid class of lipids, while only comprising ~0.5% of total lipids, 

was interestingly found to be negatively correlated to increasing MDF (r = -0.64; P = 0.03). 
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Figure 3.11. Glycerolipids, sphingolipids and glycerophospholipids vs. MDF. The relative 
abundances of select classes of glycerolipids, sphingolipids and glycerophospholipids are shown 
plotted against the MDF scores. In these categories, no classes were correlated to MDF. FR: fluid 
reservoir; MDF: midday fogging. 
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Table 3.2. Lipid classes/species that are different in MDF. 

Lipid Category 
Class / Species 

Properties & Function % of FR r 
(P-value) 

STEROLS 

Saturated CE 

Nonpolar esters formed from fatty acids with sterols101; hydrophobic in nature  
Prevent tear film evaporation; tend to form separate phase in aqueous solution101 

1 +0.69 (0.02) * 

Unsaturated CE 12 +0.31 (0.32) 

CE 18:1  10 -0.57 (0.06)  

CE 19:1, 20:1, 22:1, 24:1 <1 
+0.75 to +0.76 

(0.01) * 
18-Oxocortisol Steroid with similar functions as aldosterone265,266, regulatory role in salt/water balance <1 +0.60 (0.04) * 
Cholestanone Cholesterol derivative with no known function in tears <1 +0.75 (0.01) * 

FATTY ACYLS 

Saturated WE 
Esters formed from fatty acids with alcohols; Hydrophobic in nature, nonpolar 

1 +0.50 (0.10) 

Unsaturated WE  
34:1, 37:1, 38:1, 39:1, 43:1, 
44:1, 34:2, 37:2, 39:2, 40:2, 
40:3, 44:2, 43:2, 43:3, 47:2, 

48:2, 48:3 

11 
+0.78 (<0.01) * 
+0.61 to +0.82  

(<0.01 to 0.05) * 
Prevent tear evaporation, often found on outer surface of organisms and create sealed 
barrier101,267 

Linoleyl myristate Wax monoester and unsaturated fatty acid <1 +0.61 (0.04) * 
Carnitines role in lipid transport and energy production; found in ECM membranes <1 +0.75 (0.01) * 
Fatty amides Believed to be low in concentration in meibum99,101, unknown function in tears 4 +0.75 (0.01) * 
Sativic acid Hydroxy fatty acid <1 -0.64 (0.03) * 

SPHINGOLIPIDS 

Ceramide 
relatively hydrophobic, do not interact with aqueous in tears268, high melting point; 
Amphiphilic, can be elevated in dry eye102, often bound to lipocalin in tears269 

2 +0.53 (0.08) 

GLYCEROPHOSPHOLIPIDS 

Phospholipid Polar; help to stabilize the interface of lipid and aqueous tear components270 <1 -0.64 (0.03) * 

CE: cholesterol ester, WE: wax ester 
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There were a total of 1491 proteins detected in the FR samples and there was no positive 

correlation observed in comparison to increasing MDF. Two proteins, immunoglobulin fragments, 

showed a significantly negative correlation to MDF, although there were several hundred 

fragmented immunoglobulins detected and overall, there were no other significant correlations 

other than those two fragments. The 14 most abundant proteins detected, as well as other proteins 

of interest due to their relevance in contact lens-associated inflammation, are listed in order of 

abundance in the FR (Table 3.3). In addition to the proteins listed, there were two unidentifiable 

protein products, one which was 9% of the protein abundance and the other which was 3% of the 

abundance. 
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Table 3.3. Major tear protein findings. 

Protein Primary tear function 
Abundance 

in FR (%) 
MDF Correlation 

r P-value 

Lactoferrin Antimicrobial iron binding108,271 13.1 -0.16 0.63 

Serum Albumin Permeability marker 12.1 -0.40 0.23 

Ig light chain, partial Immune function 4.2 -0.72 0.02 * 

Lipocalin-1 Antimicrobial lipid binding269,272 4.0 +0.31 0.36 

Transmembrane secretory component Unknown 4.1 -0.36 0.27 

Lysozyme-C precursor Antimicrobial 3.7 -0.16 0.65 

Complement C3 Inflammatory indicator 2.3 -0.35 0.30 

Transferrin Permeability marker 2.1 -0.21 0.53 

Prolactin induced protein Unknown 2.0 -0.51 0.11 

IgG light chain Immune function 1.7 -0.76 0.01 * 

Cystatin Precursor Protease inhibitors112,273 1.6 -0.07 0.84 

Zinc-a-2-glycoprotein 
Possible role in inhibiting cell 

proliferation274 
1.5 -0.60 0.06 

Serpin peptidase inhibitor Unknown275 1.3 -0.40 0.22 

Mammoglobin-B precursor Unknown 1.0 +0.15 0.67 
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Conjunctival compression 

The conjunctival curvature changed by an average of -0.10 ± 0.03 mm-1 on Day 1 and -0.08 ± 

0.05 mm-1 on Day 4 of SL wear, measured within 5 minutes of lens removal on each day and 

averaged between the 4 quadrants. These changes in curvature were significant in all 4 quadrants 

(Figure 3.12 and Figure 3.13) and represent a downward compression of the tissue (increasing 

the negative curvature values of the tissue shape). The sMap algorithm measures curvature of 

the surface directly, which is inversely related to radius of curvature. The change of 0.1 mm 

curvature change seen represents ~10D change in radius of curvature. The change is negative 

since the tissue is compressed inward, which will effectively steepen the curvature in that region. 

The change was greatest in the nasal meridian (-0.11 ± 0.02 mm-1) but was not significantly 

different from the superior (-0.10 ± 0.03 mm-1 flattening) or temporal quadrants (-0.10 ± 0.02). The 

average inferior quadrant change was the least at -0.07 ± 0.02 mm-1. By the 90-minute post-SL 

removal time on both Day 1 and 4, mean curvature was no longer significantly different from 

baseline, and eyes were 90-95% rebounded at 2hrs post-SL removal. The superior and inferior 

compression rebounded at approximately the same rate (approximately 7 x 10-4 mm-1/sec), which 

was more quickly than the nasal (5 x 10-4 mm-1/sec) and temporal quadrants (6 x 10-4 mm-1/sec). In 

all quadrants, rebound rate was greatest in the first 30 minutes. 
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Figure 3.12. Conjunctival compression and rebound after 8 hours of scleral lens wear. 
Change in conjunctival curvature are shown for all four quadrants after 8 hours of SL wear of Day 
1. The timepoints measured started from 5 minutes post removal up and go up to 120 minutes 
post-removal. Curvature was significantly different from baseline in all quadrants (Dunn’s multiple 
comparisons test) until 90 minutes post-SL removal. Eyes were approximately 90-95% rebounded 
back to baseline curvature after 120 minutes post-SL removal. 
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Figure 3.13. Conjunctival compression display. Color maps and graphical representation 
taken with the sMap, showing the amount of compression for subject 4, taken 5 minutes post-SL 
removal (A), as well as after 24 hours post-removal (B). A cross-section of the map (red line) is 
shown in graph form to compare the measured curvature to the baseline. For each subject, the 
compression ring was at a slightly different location, so the ring was manually aligned for each 
subject.  

Correlations between outcomes 

The MDF scores were compared to other parameters of the SL fit to determine if certain fitting 

characteristics were associated with the occurrence of MDF. Only right eyes (n = 13) were used 

for this analysis. The primary outcome of interest was the mean change in curvature in the landing 

area, as determined by sMap. On Day 1, conjunctival curvature change at 5 minutes post-removal 

was not significantly correlated to the amount of MDF on Day 1 (r = -0.46, P = 0.13). On Day 4, 
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there was a negative association between conjunctival compression and increasing MDF (r = -

0.59; P = 0.049), although with high variability and many subjects that fell outside the 95% CI. In 

other words, subjects with greater amounts of curvature change after SL removal did not show a 

strong correlation to increasing MDF. In post-hoc analysis, each quadrant was evaluated 

individually and the superior quadrant on Day 4 showed the greatest negative correlation (r = -

0.62; P = 0.03), with the nasal quadrant on both days showing the least correlation to MDF (P = 

0.75 and 0.74 on Day 1 and 4, respectively). 

MDF was also compared to several of the lens fitting and ocular health parameters. The amount 

of initial FR depth, measured using OCT, was not found to be significantly correlated to MDF (r = 

-0.06, P = 0.85), and neither was the amount of FR settling that occurred (r = -0.16, P=0.63). 

Limbal clearance, although not measured objectively and just subjectively evaluated as excessive 

or not, did appear to be excessive in 4 out of 7 eyes with MDF (57%) and only 2 out of 18 eyes 

(11%) without MDF. Additionally, there were no correlations between increasing MDF and visual 

acuity (r = +0.30, P = 0.14), global hyperemia (r = +0.11, P = 0.70) or limbal hyperemia (r = -0.06, 

P = 0.84). There were 8% (n = 3) of eyes that experienced blood vessel blanching in any quadrant, 

2 eyes with MDF and 1 eye without. These are not enough subjects with blanching for it to be 

reasonably compared to MDF scores. 

Discussion 

The findings of this study suggest that lipids, primarily nonpolar fatty acyls (i.e., WE), are 

contributory toward MDF in the FR of SL wearers. Additionally, there is some evidence of a 

difference in inflammatory protein activity within the MDF and non-MDF samples, although it is 

not clear what that difference truly is. When compared to SL fitting and ocular health outcomes, 

the only correlation observed was between the amount of compression and MDF and it was a 

negative correlation, which seems to indicate that a looser fitting lens (i.e., one that causes less 

tissue compression) has more of an association with MDF than a tighter SL fit. Overall, these 
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findings suggest that MDF is correlated to an increase of hydrophobic fatty acids in the FR and is 

not strongly related to the amount of conjunctival curvature change during SL wear. This indicates 

that MDF is likely more related to patient-specific characteristics (i.e., composition of lipids in tear 

film) than the SL fit itself. 

Quantifying MDF 

There is currently no universal method for quantifying MDF, and this is the first study to quantify 

MDF and compare it to lipid and protein concentrations in the FR. The subjective and objective 

methods of discriminating MDF severity used here were in strong agreement, although the 

objective method is able to more precisely quantify the severity of MDF that allowed more robust 

statistical comparison to the other outcomes. The subjective method used here had a total of 5 

different categories of discrimination, which may be too many categories given the subjective 

similarities between categories. For example, grade 2 and 3, or grade 3 and 4, may be difficult to 

distinguish repeatedly. In the future, if this subjective method should be used (although the 

objective method is preferrable), we recommend distinguishing between 3 groups rather than 5. 

Other groups have also begun to measure optical clarity of the FR with different techniques. 

Carracedo et al. quantified the optical density of the FR, also using OCT and ImageJ but 

measuring particles per mm2, showing that the FR turbidity in keratoconic corneas increased by 

a factor of ~8x after 6-9 hours of lens wear and that greater turbidity correlated to a reduction in 

low contrast visual acuity54; they did not evaluate the composition or determine MDF in the study. 

Schornack et al. also measured FR turbidity, using Scheimpflug tomography images and using 

the optical density data in the software (measured as % density), finding that the optical density 

approximately doubled from ~5% to ~10% after 2-hours of SL wear276; they did not assess visual 

acuity or FR composition. Both of these studies are consistent with this study, finding a range of 

FR turbidities, but unlike these previous studies, the current study was specifically done to 
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quantify MDF severity to be compared to composition. The ImageJ protocol measured the mean 

gray density of the FR area in calibrated optical units, which is analogous to the optical density 

measurements used in the other studies. The intra- and inter-observer repeatability of the method 

used here was excellent and highly sensitive. In addition to the repeatability of the measurements, 

there was a strong correlation between the level of MDF seen in both eyes. This indicates that 

the two eyes of an individual experience a similar level of MDF severity, which is expected since 

the tear film composition would be expected to be similar in both eyes. When using the objective 

method described here to quantify MDF, it is recommended to use an OCT of high resolution and 

reduce background noise to a minimum when acquiring the image. Removing background noise 

was essential for each individual image because the noise was not consistent across acquisitions. 

Overall, the objective method used in this study can be considered a reliable and informative way 

to quantify MDF. 

Fluid reservoir composition 

Based on the MS data, the primary tear components among those tested that were correlated to 

MDF appear to be nonpolar lipids, specifically those that functionally prevent evaporation of the 

tear film. Due to the type of lipids seen in greater concentration in the FR (WE and CE), it is most 

likely that they are originating from the Meibomian glands (rather than from cell walls). Cell wall 

lipids are typically amphiphilic, whereas those observed here are highly nonpolar and are typically 

secreted by the Meibomian glands86,101,270,277,278. Lipids are hydrophobic fatty acids and their 

derivatives, and one of their primary collective functions is to reduce evaporation of the tear film. 

Two of the most compelling classes of lipids which showed the greatest correlations to MDF were 

the WE and CE, which are part of the fatty acyl sterol and sterol lipid categories, respectively. Both 

of these lipids are highly nonpolar and hydrophobic99,130, and likely precipitating out of the 

aqueous-based FR as the lenses are being worn. Further, they are naturally known to compose 

up to 80% of tear film lipids101,130. All SL wearers appear to experience some amount of lipid 
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precipitation into the aqueous FR over time, as evidenced by the presence of some level of MDF 

(non-zero) scores in all subjects, and the presence of some levels of hydrophobic lipids in all 

samples. We propose that some level of MDF occurs in most if not all SL wearers, and simply 

that those individuals who experience a clinically significant amount of this lipid precipitation are 

considered as experiencing MDF. 

The most abundant lipid species that were correlated with MDF were the WE, which made up 

approximately 10% of all lipids in the samples that showed greater MDF severity (compared to 

only 4% in the non-MDF samples). In the natural tear film, WE are prevalent, estimated to make 

up approximately 25% of normal tear lipids, although the studies vary widely101,130,270,279. This class 

of lipids, which are classically hydrophobic and highly nonpolar, are secreted from the Meibomian 

glands as part of meibum and largely believed to reduce evaporation and increase surface tension 

on the surface of the tears98,99,101,130,270,272,280–284. The entire fatty acyl family is characterized by 

long chains of repeating methylene groups which are fundamental in the hydrophobic nature of 

the molecules. They consist of a diverse group of lipid classes which includes fatty acids, alcohols, 

aldehydes, amines, and esters (WE are part of the fatty ester class)282. In addition to WE, several 

other classes from the fatty acyls were increased in MDF. Notably, the fatty amides and carnitines 

showed strongly positive correlations to MDF, although they collectively only comprised ~0.5% of 

total lipids detected. It is unclear what the significance of these lipids in the natural tears or FR are, 

although they are nonpolar which suggests they have a role at the surface of the tears reducing 

evaporation. 

CE are not highly abundant in most bodily tissues and fluids. They are, however, abundant in 

meibum and sebum, often comprising up to 60% of the total tear lipids101. They are typically the 

most abundant lipid from the sterol category. In this study, although they were correlated to MDF, 

the CE only made up approximately 13% of the total lipids and were not the most abundant sterol. 

The secosteroids (Vitamin D derivatives) were greater in abundance overall. Both CE and WE 
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primarily originate in the Meibomian glands and are secreted as part of the meibum onto the 

ocular surface. The ester components of each class are hydrophilic, yet the fatty acid, fatty alcohol 

and cholesterol residues in the molecules create an extremely hydrophobic molecule101. Another 

interesting finding beyond the increased relative abundances were the ratios of saturated: 

unsaturated CE and WE that were measured. When considering both lipid classes, a greater ratio 

was significantly correlated to increasing MDF. This indicates that there are relatively more 

saturated forms of these lipid classes compared to the unsaturated forms in MDF. Since saturated 

lipids tend to have higher melting points compared to the unsaturated lipids, meaning they are 

more likely to be solid (rather than liquid) at the same temperature, this makes sense that greater 

relative amounts of saturated lipids could lead to more MDF. Ultimately the cause of the altered 

ratio is unclear, although it may be related to dysfunction of the Meibomian glands in some cases 

(see Clinical implications of findings). 

Polar lipids in the tear film are less abundant than the nonpolar and act somewhat as an interface 

between nonpolar lipid and aqueous tear components283,285,286. Examples of polar lipids are the 

sphingolipids (sphingomyelins, ceramides) as well as the phosphatidylcholines found in the 

glycerophospholipid category. Sphingolipids, categorized based on a long-chain nitrogenous 

base as the core structure, made up approximately 12% of the lipids in the FR with ~11% as 

sphingomyelin, which is greater than would typically be expected in the natural tear film. 

Sphingomyelins are polar lipids that are found in cell membranes280,287, but also may play a role 

in increasing surface tension and enhancing the structural stability of the tear fluid268. It could be 

that the sphingolipids are so much greater in abundance in the FR samples compared to that 

found in other studies evaluating natural tears because of epithelial cell membranes being broken 

down into the FR during prolonged SL wear. 

Glycerolipids made up approximately 23% of the lipids detected in the FR, of which 21% were 

TAGs. Most studies that have measured TAG in the tears have measured it directly from meibum, 
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which typically contains less than 10% TAG101,130. The reason for increased abundance in these 

samples may be due to TAG produced outside of meibum, or simply because of trapped TAGs. 

Ultimately, they were found in high concentrations in most samples but were non-contributory 

toward increasing MDF severity. However, similarly to the (at least) low levels of other nonpolar 

lipids in all samples, they could certainly be contributing to the non-zero levels of MDF detected 

universally in these subjects. 

Glycerophospholipids, which are glycerolipids that also have a phosphate group, were 

approximately 15% of all lipids detected, of which about 90% were a single species of 

lysophosphocholine (LPC), which to our knowledge has never been detected in the tears. This 

species of lipid is most commonly formed by enzymatic cleaving of a glycerophospholipid by the 

enzyme phospholipase A2
288(PLA2) although to our knowledge this has not been reported in the 

tears, and the PLA2 proteins were detected minimally in these tear samples (<1 % of abundance, 

although they were present). These lipids were not correlated to MDF in this study, which is not 

surprising since they are largely polar and would not have the same degree of hydrophobic 

properties as the nonpolar lipids in the tears. 

The protein analysis in this study showed relatively similar results between the MDF and non- 

MDF groups, with only sporadic or weak correlations between FR proteins and MDF. When 

significant correlations were observed, for example with select immunoglobulin fragments, they 

were detected in greater abundance in the non-MDF samples. The most abundant proteins in the 

normal tear film, while variable, include lactoferrin, lipocalin-1, lysozyme C, serum albumin, IG 

heavy constant alpha 1, prolactin-inducible protein, polymeric immunoglobulin receptor, 

immunoglobulin kappa constant, and zinc-alpha-2-glycoprotein89,92–95. This is in broad agreement 

with the results here, in which most of these proteins were among the most abundantly detected. 

Many of these large proteins are typically unaltered in contact lens wear109,110,289, and although 

there has been a report of increased Lipocalin-1 in soft contact lens intolerance113, none of these 
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proteins have been previously studied in SL wear. However, the most interesting finding in this 

data was that two of the Ig antibodies, which collectively made up approximately 6% of the 

detected proteins and peptides, were negatively correlated to increasing MDF. This was an 

unexpected finding, and ultimately unclear whether this is clinically meaningful. The presence of 

immunoglobulins in the tear film is well reported, and they can be altered in contact lens wear and 

disease120,121,290,291. One hypothesis for the reduced abundance of these immunoglobulins in MDF 

is that there could be an increase in activity of proteases and/or immune cells in MDF, which could 

degrade the immunoglobulins. Proteases (i.e., MMP-9) were not detected in these samples, but 

often go undetected in MS analysis when also evaluating for larger more abundant proteins (i.e., 

lactoferrin). However, this will be an important finding to follow up on in future studies that can 

confirm the reduced fragments and more specifically evaluate the role of proteases, cells or other 

components in the FR that could influence these proteins. 

Since the protein and peptide abundances measured here are relative, and since the FR is such 

a unique tear environment, it is challenging to directly compare the results to other studies. 

However, another interesting finding that should be considered in the context of other tear studies 

was a high abundance of serum albumin detected in all the FR samples. On average, this was 

the second most abundant protein (after lactoferrin) in these FR samples, which is consistent with 

the abundance of albumin relative to other large proteins in other studies89,275,291 , but unclear if it 

would be less without the use of a SL. The presence of high levels of albumin are often indicative 

of increased vascular permeability292, which could be triggered by the landing of the SL on the 

spongy conjunctiva. In future studies the albumin could be compared to normal tear levels of 

albumin to assess if the vascular permeability is greater in the vessels contained within the FR. 

Again, these high levels of albumin were not specific to MDF, but rather a finding across all FR 

samples. 

Using MS, it can be difficult to observe smaller, less abundant proteins without significant pre- 
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processing and specific protocols to remove the signals from the larger more abundant proteins. 

While these smaller proteins (i.e., cytokines, proteases) were not detected in the samples here, 

their concentrations are important to know in the context of MDF and future studies are necessary 

to take a more focused look at small inflammatory proteins in MDF. 

Conjunctival compression 

This study reports conjunctival curvature as a measure of compression with SL. This is a unique 

approach that was used because we found it to be more accurate and comparable between scans 

when using the sMap instrument. A greater change in curvature indicates greater compression, 

so a greater amount of curvature change after SL removal would indicate a deeper or tighter 

compression of the lens against the ocular surface. The compression observed here resulted in 

an average of -0.1 mm curvature change, slightly greater superior and nasally than temporally 

and inferiorly (which showed the least compression). The amount of compression showed a 

negative correlation to MDF, indicating that SL that caused a more compressive change in 

conjunctival shape were less associated with MDF. This was the opposite of the expected 

outcome but could be related to a more compressive landing area reducing the opportunity for 

tear exchange. Since the main cause of MDF is believed to come from lipids secreted by the 

Meibomian glands, perhaps the relatively more compressive lens fit restricts the influx of 

additional lipids throughout SL wear. 

The compression observed in this study is relatively consistent with other studies which have used 

different technologies, although others have reported compression as µm of SAG (elevation) rather 

than curvature change. Curvature is used in this study Using OCT, Alonso-Caneiro et al. 

measured linear tissue compression following a short period of rotationally spherical SL wear and 

found an average tissue compression of 24 µm, greatest superiorly (50 µm) compared to inferior, 

nasal and temporal regions (13-20 µm)38. Three hours after lens removal the tissue compression 
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recovered by 50%, slower than observed in this study. The faster rebound measured here could 

be due to the use of toric lenses when indicated here, which may cause slightly less compression 

due to better alignment. Additionally, the measurement of anterior conjunctival curvature 

(measured here) could return to baseline prior to complete decompression (measured directly 

with OCT), which would be detectable on OCT and not the sMap. Future comparisons of OCT 

and scleral topography will better enlighten the ways that the data can be compared between 

studies. 

Another study by Consejo et al. reported compression in µm using the only other type of 

commercially available anterior segment profilometer, the Eye Surface Profiler (ESP, 

Netherlands). They used the elevation measurement and determined a mean compression of 122 

µm after 5 hours of SL wear (greatest superiorly) with only 23% recovery 3 hours after lens 

removal252. Macedo-de-Araujo et al. also used the ESP and reported the greatest compression 

nasally (103 µm) compared to temporally (84 µm)243; similarly, Courey et al.293 examined the 

variation along the horizontal meridian using OCT and observed slightly more compression 

nasally than temporally for an 18 mm diameter SL (by ~20 µm). The differences in these studies 

are expected, due to variations in the types of SL used and the instrumentation used, none of 

which have been thoroughly compared. However, these studies all agree that conjunctival 

compression occurs variably and is typically greatest in the nasal and superior quadrants, which 

may be expected given the asymmetry of the surface249.  

Clinical implications of findings 

The tear lipid findings have several implications of clinical significance. The Meibomian glands 

produce most of the lipids in the tears and the quality and quantity of this meibum can significantly 

affect tear film quality and cause dry eye102. For example, tear lipids are often irregular in patients 

with ocular surface disease, including dry eye102,294,295 and specifically in Meibomian gland 
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dysfunction (MGD)103,279,296,297. Anecdotally, clinicians have linked the occurrence of MDF to 

patients with dry eye and MGD, and interestingly several studies have found specific increases 

and alterations in WE and CE lipids in patients with MGD104,279,296. This association would seem to 

suggest that patient with MGD may have a lipid profile that is most susceptible to developing MDF. 

It would be expected that the most common hydrophobic (nonpolar) lipids in the tear fluid would 

all be relatively increased in MDF, and if patients with MGD have a tendency toward having more 

nonpolar components such as WE and CE, they may experience MDF. It should also be noted 

that although the lipids that were observed in greater abundance in MDF were nonpolar, not all 

of the abundant nonpolar lipids were seen with greater abundance in MDF. For example, TAGs, 

which are nonpolar and were highly abundant in all FR samples, did not show an increase in 

MDF. However, TAGs are typically found in relatively low abundance in meibum277 and may be 

originating from ocular surface cells. The lack of differences found in TAGs and the presence of 

differences in CE and WE in MDF provides additional support that this phenomenon is related to 

the composition of the meibum specifically. 

Currently there are no evidence-based guidelines for managing MDF, although practitioners will 

often make several lens modifications to minimize MDF, including reducing corneal clearance, 

changing the shape of the LZR, changing the transition curves overlying the limbus, or modifying 

diameter. Based on this study and the current understanding of MDF, we recommend that the 

LZR of the lens be fit with alignment, and not changed based on MDF findings. Even with the 

significant correlation to a less compressed conjunctiva observed here, we do not recommend 

tightening a SL in MDF because of the other negative effects this may have on the conjunctiva. 

Further, it still isn’t clear exactly how the pattern of conjunctival compression is related to MDF, 

so recommendations of what type of compression pattern to aim for are still not available. 

However, since the SL fit may clearly have some contribution to MDF severity, we do recommend 

that all lenses are fitted with a tight enough fit to avoid excessive movement, which is an obvious 



 

 
80 

indication of a loose-fitting lens. Although this study did not find an association with FR depth and 

MDF, it was not designed to test this and so may not have had great enough differences in FR 

depth to show a difference. Other studies have found increasing FR depth to be risk factor for 

MDF135, and therefore we recommend this as a logical step to reduce symptoms MDF patients, 

as it reduces the overall thickness of the FR and therefore will decrease the total amount of FR 

turbidity. 

Furthermore, the nonpolarity of the lipids detected in the MDF may provide support for the use of 

a filling solution that is more lipophilic to reduce MDF, although no specific solutions were tested 

here. Future studies may consider evaluating the use of preservative free formulations (i.e., 

artificial tears) that have nonpolar components. The inflammatory consequences of the lipid 

increases are unknown but there is no obvious functional characteristic of these lipids that indicate 

that are inflammatory in nature. However, further investigations into the proteins detected in the 

FR may provide a better understanding of the inflammatory environment in the FR and in MDF. 

While the results here do not alone allow conclusions to be drawn about the level of inflammation 

in the FR, the differences in select proteins (immunoglobulins) suggest that there are differences 

in the level of inflammation with increasing severity of MDF. These findings may indicate that 

there is in fact more inflammatory activity in MDF that is causing the degradation of 

immunoglobulins, although this will need to be confirmed with future studies into these proteins. 

Limitations and future directions 

There are some limitations to be noted in this study. First, this study assumes that a greater 

change in curvature is associated with a tighter lens of a deeper compression of the tissue. This 

is a reasonable assumption but should be tested in future studies that also evaluate compression 

using other methods (e.g., OCT). Second, the protein analysis was global but as performed was 

unable to detect smaller proteins such as cytokines and proteases. Future studies may consider 
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customized MS to detect the large as well as smaller proteins or using MS for large proteins and 

customized assays to detect smaller proteins of interest. However, both strategies would require 

larger volumes of sample to allow for broader testing. One of the greatest limitations in these 

studies and all other tear fluid studies is the volume of fluid available for analysis. Here we had 

sufficient volumes to avoid the need to pool inter-subject samples, but still pooled samples within 

eyes to reach necessary volumes to complete the testing. 

This study showed that certain classes of lipids (i.e., WE) showed clear increases in MDF. When 

looking at each species of lipids, there were also select species from other classes and categories 

that were correlated. However, one should be careful about assessing each species and making 

strong conclusions from a single study. Lipids are commonly difficult to study and can be 

contaminated by the storage and process; further, they can break down during the processing 

and may be altered within classes to similar species. Therefore, it is more reliable to discuss large 

classes or groups of lipids to make conclusions about the data. Future studies that repeat these 

findings may better elucidate other lipid species that may be specific to MDF. 
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Introduction 

Scleral lens (SL) use has become increasingly widespread to correct vision and provide ocular 

surface protection for diseased eyes, with the benefits well-established by the visual quality and 

comfort they provide17,48,60–62. While examples of visual success are acclaimed with SL wear, and 

the capacity to rehabilitate the ocular surface is proven67,71–73, alongside these successes are 

accounts of adverse events and an increasing concern for potential side effects31,40,74–77,245. 

Accordingly, there is an increasing interest in the effects of these custom devices on the ocular 

surface and adnexa20,78. With evidence of adverse effects, and considering the diseased eyes for 

which they are indicated14,49,61,79–83, it is imperative to understand both the positive and negative 

ocular health impacts of the SL. 

The SL fit is unique, vaulting over the cornea and landing on the conjunctival tissue adjacent to 

the limbus. The position of the lens on the eye is driven by a sub-atmospheric pressure beneath 

the lens181,182, which forces the SL against the conjunctiva and causes compression as great as 

about 50 µm38. Beneath the conjunctiva lie the episcleral veins, and beneath that the trabecular 

meshwork, canals, ducts and channels of the aqueous humor outflow pathway. A disruption of 

aqueous dynamics could have an effect on intraocular pressure (IOP), a major risk factor for 

glaucoma. The landing of SLs over these important structures has given rise to concern that the 

SL can create resistance to aqueous humor outflow and lead to increased IOP182,183. Furthermore, 

greater amounts of SL settling would in theory lead to greater suction force that could exacerbate 

an increase in IOP182. 

Measuring IOP during SL wear presents a challenge since most clinical methods of measurement 

make direct contact with the cornea, which is covered by the SL. To manage this challenge, 

investigators have measured IOP using several different techniques: (1) by measuring the 

pressure over the cornea immediately after lens removal298–301, (2) by using a corneal-calibrated 

device against the conjunctival tissue298, and (3) by using a transpalpebral tonometer that 
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measures IOP through the eyelids302. The first modern study, conducted by Nau et al., used both 

the first and second technique with a pneumotonometer, calibrated for customary use against the 

cornea298. IOP was measured over the cornea before and after two hours of SL wear, and no 

difference was found before, during or after SL wear with either technique. A small pilot study by 

Vincent et al. found no significant increase in IOP after 3 or 8 hours of lens wear using the Ocular 

Response Analyzer (ORA, Reichert, Buffalo, New York) and a non-contact tonometer (TX-20P, 

Canon, Amstelveen, The Netherlands), respectively300. Another more recent study by Aitsebaomo 

et al. used iCare (iCare Finland Oy, Vantaa, Finland) immediately after lens removal299, and a 

study by Michaud et al. used a transpalpebral tonometer (Diaton, DevelopAll Inc.) just prior to 

lens removal302. Shahnazi et al. measured IOP after lens removal in patients with ocular surface 

disease using a tonopen301. Each of these studies has variation in type of SLs worn, sample size, 

hours of lens wear, and technique used to measure IOP, which creates a challenge when 

comparing results from one study to the next. 

The optic nerve head (ONH) is a relatively weak point in the otherwise rigid corneoscleral shell 

and, as a result, is particularly susceptible to the effects of IOP303. Accordingly, in response to 

acute IOP elevation with ophthalmodynamometry, changes in ONH structure (e.g., prelaminar 

tissue, neuroretinal rim thickness) can be detected304–307. Minimum rim width (MRW), quantified 

using optical coherence tomography, is a robust measure of the neuroretinal rim that has 

demonstrated excellent repeatability185–187,308 and is sensitive for detecting subtle changes in optic 

nerve head structure caused by IOP increase.  Changes in IOP can result in thinning of the MRW 

in as little as 5 minutes after IOP increase in primate models, although it takes approximately 2 

hours to see the maximum change309. Although not typically measured during relatively minimal 

(<10 mmHg) changes in IOP, the dose dependent nature of MRW thinning is suggestive the MRW 

will show changes due to IOP changes of approximately 5 mmHg or greater. In this study, 

changes in the MRW are measured to indirectly assess fluctuations in IOP during SL wear. 
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The goals of the present study were to (1) assess changes in MRW over six hours of SL wear in 

order to indirectly determine whether SL wear influences IOP and (2) compare two techniques 

(Diaton and iCare) for measuring IOP during SL wear and determine their relationship to the MRW 

findings. 

Methods 

This study was done in compliance with the tenets of the Declaration of Helsinki and was 

approved by the Institutional Review Board at the University of Houston College of Optometry. A 

total of 27 healthy SL neophytes were recruited (26 completed), and all subjects signed an 

informed consent prior to enrollment. Sample size was determined for ANOVA, using a moderate 

effect size of f (0.3) with α = 0.05 and power of 0.8. Potential subjects were excluded if they had 

a personal history of ocular hypertension or glaucoma, if their IOP measured greater than 20 

mmHg in either eye on the day of enrollment, or if they had a history of ocular surgery (including 

refractive surgery such as LASIK) that could affect IOP readings.  

The first study visits determined eligibility and selected the lens to be used on the experimental 

day. IOP was measured using iCare (Finland Oy, Vantaa, Finland) rebound tonometry. A SL fitting 

set (Zenlens RC for regular corneas, Alden Optical, Rochester, NY) was used to fit one randomly 

selected eye with a 15.4 mm diagnostic SL. Lenses were selected to vault the cornea by 

approximately 250 µm and provide clearance over the limbus, landing without obvious 

compression of the conjunctival blood vessels. All transition zone radii and landing zone radii had 

spherical curvatures for this study.  

On the day of the experiment, subjects arrived at 7:30 am. Biomicroscopy and visual acuity were 

evaluated to confirm normal ocular health. After initial baseline testing, a SL was applied to the 

test eye at approximately 8:30 am and worn for a total of six hours. Measurements were taken at 

baseline (before and after SL application), after two and six hours of SL wear, and again 
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immediately after lens removal. The two principal data collected were IOP and optical coherence 

tomography derived MRW (primary outcome); additionally, anterior chamber depth and corneal 

thickness were measured (Lenstar LS900, Haag-Streit, Koeniz, Switzerland), as well as SL fluid 

reservoir depth (Spectralis OCT2, Heidelberg Engineering, Heidelberg, Germany). 

Intraocular pressure measurements 

During the experimental visit, IOP was measured with the iCare rebound tonometer and the 

Diaton transpalpebral tonometer. The iCare, which requires contact with the cornea, was used 

only before and after SL wear on the test eyes (control eyes were measured at each timepoint) 

and was measured within five seconds of SL removal when applicable. Measurements were 

repeated three times at each session and averaged for the final values. The Diaton was used on 

both eyes at all timepoints, while subjects laid in a supine position and were instructed to look at 

a target approximately 45 degrees down toward their feet. The instrument probe was placed 1-2 

mm posterior to the eyelash margin on the outer eyelid, just above where the SL edge would land. 

Each instrument output represented a series of measurements analyzed and averaged by the 

instrument, and two measurements were obtained and averaged for each timepoint. The 

agreement of the two instruments was compared using a total of 100 matched measurements 

taken on the same eyes.  

Minimum rim width measurement 

Optical coherence tomography (Spectralis OCT2, Heidelberg Engineering, Heidelberg, Germany) 

was used to measure the change in MRW over six hours of SL wear.  Global MRW was measured 

in both eyes at baseline (pre- and post-lens application for test eyes), at the two-hour and six-

hour time points, and again in the test eye after SL removal. The Spectralis OCT system used for 

this study has a theoretical resolution of 7 µm.  However, this axial resolution is for a single A-

scan, and thickness measures are an average of several A-scans. Hence, with rigorous manual 
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segmentation, it is possible to detect changes smaller than the theoretical axial resolution. MRW 

has demonstrated excellent repeatability with a within-subject standard deviation between 

approximately 1-2 µm310,311.  

To quantify MRW, defined as the minimum distance from Bruch’s Membrane opening (BMO) to 

the internal limiting membrane, a 24-line (15-degree) radial scan centered on the optic nerve head 

was acquired, and BMO and the inner limiting membrane were automatically identified (Glaucoma 

Module Premium Edition, version 6.0, Heidelberg Engineering, Heidelberg, Germany) (Figure 

4.1).  The software will occasionally fail to correctly locate BMO, which can then be manually re-

selected for the software to calculate MRW. Each scan was carefully inspected during this manual 

segmentation process and adjusted as needed by a single investigator (MKW), then verified by a 

second investigator (NP). Manual correction of automated segmentation is an essential step in 

analysis to ensure accurate BMO detection; however, pre- and post- segmentation correction 

values for global MRW still have excellent agreement as shown in other studies187,311. In order to 

minimize magnification effects with SL wear, all scans subsequent to the initial pre-lens baseline 

were obtained using the AutoRescan feature. 

 
Figure 4.1. Acquisition of radial scans at the optic nerve head to measure minimum rim 
width. At each imaging session, test and control eyes underwent a 24-line radial scan of the optic 
nerve head. A fundus image shows the placement of the scan lines (A). Each of the 24 scan lines 
is an optical coherence tomography section at the nerve (B), shown with the MRW detection 
arrows in blue. The detection arrows can be manually adjusted as needed187, and the program 
software automatically measures the length of the arrows for each scan. The global (average of 
all scans) MRW value was used for this study.  

A B
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Statistical analysis 

Normality of the data was tested using the D’Agostino-Pearson normality test. Mean IOP and 

MRW were compared between eyes before, during, and after SL wear, using repeated-measures 

ANOVA, paired t-test, and the non-parametric equivalents when appropriate. Linear regression 

and Pearson’s correlation analyses were done to determine if there were associations between 

change in MRW, change in IOP, and change in the fluid reservoir depth. To compare these 

variables of different scales, values were normalized by calculating them as their percent change 

from baseline.  

To assess the performance of the iCare and Diaton, a total of 100 IOP measurements taken on 

the same eyes with both instruments were compared using Bland-Altman analysis, linear 

regression, and Pearson’s correlation coefficient. Additionally, repeatability was calculated for 

each instrument. All statistical analysis was completed using GraphPad Prism 7 (GraphPad 

Software, Inc, La Jolla, CA).  

Results 

A total of 26 adults (81% female) between the ages of 23 and 33 years with normal ocular health 

and no history of SL wear were included in this study. Mean central fluid reservoir depth was 221 

µm (95% CI: 192 – 251 µm) at initial application and 148 µm (95% CI: 121 – 175 µm) after six 

hours of lens wear, settling an average of 73 µm (95% CI: 56 – 91 µm). Prior to SL application, 

mean central corneal thickness in test eyes was 540 µm (95% CI: 520 – 559 µm) and in the control 

eyes was 535 µm (95% CI: 513 – 557 µm), showing no difference between the eyes (P = 0.18). 

After 6 hours of SL wear, and measured within 5 minutes of lens removal, mean corneal thickness 

in test eyes was 537 µm (95% CI: 517 – 557 µm), and in control eyes was 523 µm (95% CI: 501 

– 544 µm), significantly greater in the test eyes (P = 0.0001) but reduced from baseline in both 

eyes. Anterior chamber depth remained unchanged in test and control eyes throughout the 
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experimental visit: baseline: 3.133 mm (95% CI: 2.900 – 3.366 mm) in test eyes; 3.039 mm (95% 

CI: 2.937 – 3.141 mm) in control eyes (P = 0.50). Post-lens removal: 3.062 mm (95% CI: 2.953 – 

3.172 mm) in test eyes; 3.010 mm (95% CI: 2.905 – 3.115 mm) in control eyes (P = 0.24).  

Intraocular pressure 

Mean IOP (iCare) on the morning of the experimental visit was 14 mmHg (95% CI: 12 – 15 mmHg) 

in both the test and control eyes. At the two-hour, six-hour, and post-lens timepoints, average IOP 

in the control eyes was 13 mmHg (95% CI at six-hours: 12 – 14 mmHg), showing no significant 

change after six hours (P = 0.19). Mean IOP in the test eyes, only measured again after SL 

removal, was 16 mmHg (95% CI: 14 – 18 mmHg), showing a +2 mmHg (95% CI: +1 to +3 mmHg) 

increase in IOP from baseline (P = .002) (Figure 4.2).  
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Figure 4.2. Mean intraocular pressure and changes during six hours of scleral lens wear,  
measured using iCare and Diaton. The mean IOP of the test and control eyes are plotted as the 
mean with 95% CI at each time point for the iCare (A) and Diaton (C), The change in IOP (𝚫 IOP) 

from baseline is shown for the iCare (B) and the Diaton (D) measured after SL removal for test 
and control eyes. Positive values indicate pressure increased from baseline. A dotted line 
indicates minimal time passed between measurements. IOP measured with iCare was 
significantly increased in the test eye after six hours of SL wear (P = 0.02). IOP: intraocular 
pressure. 

IOP measured with the Diaton was 14 mmHg (95% CI: 12 – 16 mmHg) in both the test and the 

control eyes prior to SL application.  After six hours of SL wear (pre-removal), it was 15 mmHg 

(95% CI: 13 – 18 mmHg) in the test eyes and 14 mmHg (95% CI: 12 – 16 mmHg) in the control 

eyes, not significantly different from each other (P = .35) or from their respective baseline 

measurements (P = .11 for test eyes; P = .71 for control eyes). After SL removal, the mean test 

eye measurement returned to 14 mmHg (95% CI: 12 to 16 mmHg).  The mean IOP change with 
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Diaton was +0.3 mmHg (95% CI: -0.9 to +3.2 mmHg) in the test eyes, and +0.4 mmHg (95% CI: 

-0.8 to +1.7 mmHg) in the control eyes, showing no difference between the two eyes (P = .90). 

A comparison of means between the iCare and Diaton for 100 IOP measurements showed no 

significant difference (Diaton: 15 mmHg (95% CI: 13 – 15 mmHg); iCare: 14 mmHg (95% CI: 14 

– 15 mmHg); P = .35). The within-subject standard deviation was calculated (square root of the 

variance), then multiplied by 2.77 to determine repeatability.264 For the Diaton, the repeatability 

was 8 mmHg, versus the iCare which had a repeatability of 2 mmHg. The instruments were also 

compared using Bland-Altman analysis which showed poor agreement and correlation of the 

instruments (regression slope = 0.22; R2 = 0.03; Y-Intercept = 10.00; P = .07) (Figure 4.3).  

 

 
Figure 4.3. Bland-Altman and correlation plots between Diaton and iCare. A total of 100 
measurements were used for the comparison, all taken with the iCare and Diaton on eyes that 
were not wearing SLs, were compared. The Bland-Altman plot (A) indicates a poor agreement 
between the Diaton and iCare. Each measurement was plotted against each other in the linear 
regression plot (B), which has a shallow slope that also shows poor agreement between the 
instruments. The 95% limits of agreement for each plot are shown by the dashed lines.  

Minimum Rim Width 

The mean MRW at baseline, measured between 8 am and 9 am, was 351 µm (95% CI: 330 – 

372 µm) in test eyes and 344 µm (95% CI: 323 – 365 µm) in control eyes. Intrasubject values 

were highly correlated to each other at baseline (R2 = 0.76; P < .001). After six hours and prior to 
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SL removal, MRW was 343 µm (95% CI: 323 – 363 µm) in test eyes and 338 µm (95% CI:  318 

– 358 µm) in control eyes. This was a significant amount of MRW change from baseline in both 

the test (-8 µm; 95% CI: -11 to -6 µm) and the control eyes (-6 µm; 95% CI: -9 to -3 µm) (P < .01) 

(Figure 4.4).  The difference in MRW change between eyes, calculated by subtracting the control 

eye thinning from the test eye thinning for each subject, was on average -2 µm (95% CI: -5 to 0 

µm), indicating a slightly greater amount of thinning in the test eyes; however, this difference was 

not statistically significant (P = .09). After SL removal, MRW was repeated in test eyes and did 

not change significantly from the pre-SL removal measurements taken at six hours (P = .88). 

 
Figure 4.4. Mean minimum rim width changes. The MRW was measured over six hours of SL 
wear, measured with optical coherence tomography. Subjects wore a lens on one randomly 
selected eye for six hours and the fellow eye acted as the control. Mean change in minimum rim 
width from baseline (𝚫 MRW) is plotted as the mean with 95% CI at each time point (A) for the 

test and control eyes (a dotted line for test group plot indicates minimal time passed between 
measurements). The total change from baseline at six hours (before SL removal) is also shown 
(B) as a scatterplot of each test and control eye with whiskers showing the 95% CI for each group. 
Negative values indicate thinning of the MRW. MRW in the test eyes shows a slightly greater 
amount of thinning, although not representative of a significant difference (P = .09).  MRW: 
minimum rim width. 

There was individual variation observed in this data. While on average there was not a significant 

difference in the MRW with SL wear, 8 test eyes (31%) and 7 control eyes (27%) had greater than 

10 µm of MRW thinning over the six-hour period. Most of the subjects with high amounts of 

thinning showed relatively symmetrical thinning between the eyes, although there was a trend of 

approximately 3 to 5 µm greater thinning in test eyes for several subjects (n = 10). Only two eyes, 
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both test eyes, showed greater than 20 µm thinning during the test period, but both fellow control 

eyes also showed higher than average amounts of thinning.  

Linear regression and correlation analyses were done to evaluate associations between changes 

in MRW, IOP, and fluid reservoir depth.  Change in MRW was not correlated with change in IOP 

(regression slope = 0.01; R2 = 0.02; Y-Intercept = -0.02; P = .50) or change in fluid reservoir depth 

(regression slope = 0.002; R2 = 0.0005; Y-Intercept = -0.02; P = .91). Additionally, there was no 

correlation between change in IOP (measured with iCare after lens removal) and change in fluid 

reservoir depth (regression slope = 0.31; R2 = 0.11; Y-Intercept = 0.3; P = .10).  

Discussion 

In this study the effect of SL wear on the optic nerve head MRW and IOP were evaluated.  

Although there was a trend for increased thinning of the MRW in test eyes, the change for the six 

hours of SL wear was not statistically significant for these healthy eyes. However, there was a 

trend of greater thinning in the eyes wearing SLs that suggests certain individuals may be 

experiencing changes to the ONH structure due to an increase in IOP. Individuals in this study 

with the greatest magnitude of MRW thinning of the test or control eye were of greatest interest, 

as in theory they would be more likely to be sensitive to changes in IOP. However, in these 

individuals, the magnitude of MRW thinning was similar between the eyes. 

Minimum rim width 

Almost all eyes showed MRW thinning, regardless of SL wear. The normal eye exhibits diurnal 

changes in MRW throughout the day, on average showing approximately 8 µm of thinning 

between 7am and 7pm in young, healthy individuals without contact lens wear. However, there is 

considerable individual variability over a 12-hour period (range -31 to +1 µm)310. Therefore, this 

study used a control eye from the same individual to help reduce the effect of inter-subject 

variability. Ultimately, a normal eye appears to be quite capable of wearing a fitted SL and 
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maintaining a balance in IOP within limits that does not create significant mechanical stress at the 

ONH. 

It is not surprising that we do not see a significant difference in MRW thinning between eyes, 

because normal individuals are quite capable of managing long-term IOP stress. The natural 

homeostasis of IOP is constantly tested by forces such as fluid intake, medications, body 

orientation, alcohol consumption, respiration, heart rate, exercise, and diurnal rhythms158. In 

response, the trabecular meshwork is capable of sensing a transient increase in outflow 

resistance and will respond by increasing pulsatile flow or reducing upstream resistance to avoid 

prolonged IOP increases that can create stress at the ONH164,172,174,312. However, glaucomatous 

eyes are often unable to self-regulate these stresses on IOP171,174,313, therefore it is essential that 

these experiments be repeated in that population. Furthermore, individuals with collagen diseases 

such as keratoconus, a population with a high incidence of SL wear, may show a different 

response than seen with the normal eye314. 

Intraocular pressure 

IOP was measured using two different methods. The Diaton, able to measure IOP as indicated 

during SL wear, seemed desirable to use but exhibited questionable reliability. This was in 

agreement with other studies that showed poor comparability to the gold standard Goldmann 

applanation tonometry315–318. The iCare, a validated instrument that is reasonably comparable to 

Goldmann applanation tonometry319–321 was in part used here to offer potential validation of the 

Diaton. Our assessment of the instruments showed a large variability of the Diaton, which had a 

repeatability of 8 mmHg. Conversely, the iCare showed a better repeatability of 2 mmHg. There 

was also poor correlation between the iCare and the Diaton, suggesting poor accuracy of the 

Diaton, a conclusion that is in agreement with other studies315–317. We propose that the 

inconsistencies of the Diaton are in part due to variation in eyelid morphology between subjects, 
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such as eyelid thickness, elasticity, and other mechanical tissue properties. The Diaton data in 

this study also did not agree with the study by Michaud et al., which showed an approximately 5 

mmHg increase after several hours of lens wear302 Ultimately, the Diaton cannot be considered 

an accurate and reliable instrument for IOP assessment during SL wear.  

After removal of the SLs, the Icare IOP was significantly greater in test eyes than control eyes. 

This is in relative agreement with the Aitsebaomo study, which also used iCare, although they 

saw an average increase about three times greater299 However, the iCare data here does not 

agree with several studies that have used different methods of measuring IOP. Nau et al. found 

no increase using corneal pneumotonometry after two hours of SL wear298 Vincent et al. saw a 

slight reduction after several hours of lens wear when measuring with an ocular response analyzer 

and a non-contact tonometer300 and Shahnazi et al. also observed a slight decrease when 

measuring with tonopen in ocular surface disease patients301. The discrepancies in the studies 

may be due to the instruments used, the duration of SL wear (which was 2, 3-8, and 1-8 hours, 

respectively for the studies mentioned) or differences in the exact protocol for measuring IOP 

after SL removal (i.e., how long after removal was IOP measured?). If an increase in IOP is true, 

either due to SL wear or from the process of removing the lens itself, McMonnies et al. would 

predict that at removal the IOP would almost instantly return to baseline182,322. This study 

measured IOP within 5 seconds of SL removal, so may have still been able to capture an increase 

during SL wear, although this is ultimately unknown. The remaining questions are whether the 

increased Icare measurements are true, and if so, are they caused by prolonged IOP increase 

during SL wear, or caused by the process of lens removal itself? 

Limitations of study 

This study, while novel in technique, had several limitations that should be considered when 

designing similar studies. This study was short-term and in normal subjects; long-term studies in 
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diseased eyes may show different results, and this type of study should be repeated in individuals 

with glaucoma and keratoconus specifically.  Another limitation is that normal diurnal changes in 

minimum rim with were not evaluated in test eyes in the absence of a SL. However, test eyes 

would be expected to follow a similar diurnal pattern to control eyes for a given individual, 

especially given the high correlation of MRW between eyes at baseline. Additionally, the duration 

of IOP increase measured with iCare after lens removal was not determined, and future studies 

should measure IOP for several minutes or longer after lens removal. Future studies may also 

benefit from careful biomicroscopic assessment of the anterior segment aqueous and episcleral 

veins beneath the SL landing zone, which can sometimes be observed for pulsatile blood flow 

patterns172,312. Lastly, a direct and accurate measure of IOP was still not obtained during SL wear, 

although we are not aware of an instrument that can safely accomplish this task. 

Conclusions 

This is the first study to our knowledge that evaluates the sensitive ONH tissue as an indirect 

measure of IOP during SL wear. This study suggests that SLs have a relatively small effect on 

IOP in the normal eye, and that any impacts of pressure fluctuation on the optic nerve are likely 

not significant for young, healthy eyes. This conclusion is supported by the insignificant difference 

in ONH MRW change in SL wearing eyes. The long-term effects of scleral lenses on IOP and 

ONH structure, especially in susceptible eyes, should be investigated.   
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Chapter 5. Discussion 
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Summary 

The studies completed in this dissertation represent an expansion of our understanding of how a 

SL affects the eye. We have shown that the FR is indeed altered in composition of 

immunomodulatory molecules compared to ocular surface tears, and have developed methods 

to image, quantify, and evaluate the composition of the FR. This work has determined the lipid 

profile in the FR was disrupted in subjects with MDF, whereas many proteins do not appear to be 

significantly altered. In addition to the progress in FR research we have made, we have also 

established a protocol for evaluating the downstream effects of the SL LZR on the sensitive ONH. 

By measuring the ONH during SL wear, we found enough variability and a trend toward ONH 

changes in the normal population to SL, which strongly suggests a need to evaluate this in the 

diseased (i.e., glaucoma, keratoconus) population. 

In Chapter 2 the composition of the FR beneath the SL was evaluated. Measuring selected 

immunomodulatory molecules including interleukins (IL-4 and IL-8) and proteases (MMP-7, -9, 

and -10), we showed the FR composition is distinct from the ocular surface tears after several 

hours of SL wear. Given ocular surface cells readily produce cytokines and MMPs, these 

molecules could be secreted by corneal epithelial cells (and potentially conjunctival epithelial 

cells) and the SL could trap them within the FR. In Chapter 3, we took a deeper exploration into 

the lipid and larger protein components within the FR, comparing them between subjects with and 

without MDF using MS analysis. Additionally, we measured the amount of global conjunctival 

compression with SL and compared that to the composition of the FR to determine if conjunctival 

compression is associated with MDF. We found a moderately negative correlation between 

conjunctival compression and the occurrence of MDF, and identified select hydrophobic lipids 

(i.e., WE) that appear to be primary components of the turbid FR observed in MDF. In Chapter 4, 

the implications of the peripheral fit of a SL were further evaluated to explore downstream effects 

of the pressure exerted by the LZR of the SL. Specifically, we aimed to determine if the SL 
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increases IOP and deforms the pressure-sensitive tissue at the ONH. We showed no significant 

changes in MRW and found post-removal IOP increases of an average 2 mmHg after SL wear, 

indicating a need for further exploration with normal and diseased eyes.  

Overall, these studies established novel protocols for testing important outcomes with SL, defining 

and exploring physiologic and mechanical effects of SL on the eye. This work is a step toward 

improving the understanding of the physiologic effects of the eye and raises additional questions 

about these same effects in a diseased population. Future studies will expand the evaluation of 

the tear and corneal inflammation present in SL wear and disease and will further evaluate 

implications of the SL LZR and its role in SL success. 

Discussion of Chapter 2 

The study completed in Chapter 2 supports the hypothesis that SL wear traps the normally 

refreshed tear film components in the FR leading to elevated levels of inflammatory mediators 

overlying the cornea and perilimbal conjunctiva. In testing this hypothesis, we investigated select 

inflammatory mediators in the FR during SL wear. Two interleukins were measured, IL-4 and IL-

8, which both showed no change after several hours of SL wear. Of the proteases evaluated, 

MMP -9 and -10 showed significantly increased concentrations in the FR after 8 hours of SL wear, 

but MMP-7 did not. 

Fluid reservoir collection and analysis 

This study was the first to have collected the FR and compared it to ocular surface tears in SL 

wear, and this collection method shows great promise for future studies to examine the FR in 

diseased lens wearers. However, it can be technically challenging to collect usable samples of 

the natural and FR tears. In the FR tears, unlike collecting the natural tears, there is a finite volume 

and only one opportunity to collect during SL removal (i.e., it cannot be repeated until enough 

tears are captured). In some subjects, even when they have sufficient fluid under the SL, the FR 
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is not captured due to issues such as difficulty removing a SL, subject movement during collection, 

and simply removal too quick or at an angle that poorly facilitates FR capture. In order for a 

subjects’ data to be included in the primary analysis, all 5 tear sample categories had to yield 

usable data (ocular surface tears at baseline and post SL wear on 2 separate days, as well as 

the FR on 2 separate days). A total of 10 out of the 15 subjects were eligible for cytokines/MMP 

comparison and no subjects qualified for TIMP assessment due to these volume constraints. 

However, this relatively small sample size was still large enough to detect the differences between 

samples that were most pronounced, such as MMP-10 data, which in post-hoc sample size 

calculations were at >80% power. 

Baseline tears were collected in the morning of the first experimental day (prior to SL application) 

as a benchmark for each subject but were not used in the comparison or statistical analysis. We 

had also collected the ocular surface tears at one of the pre-SL visits, intending to use that as a 

no-SL control comparison, but there were not enough usable samples for the analysis. Therefore, 

the only usable pre-SL samples were those taken the morning prior to SL application, which could 

not reasonably be compared to the post-SL samples due to the timing and diurnal variations that 

would affect the comparison. As expected, the levels of pro-inflammatory cytokines in the ocular 

surface tears showed greater variability in the morning and were slightly greater than in the 

afternoon tears96,323, although not significantly.  

Many of the cytokines in the tear film are in the interleukin (IL) family, with master cytokines IL-1⍺ 

and 1β being studied extensively in ocular surface disease120,123,220,324–327. IL-8 and IL-4 were 

measured because of their known associated with inflammation in contact lens wear124,327–329. 

While there was no significant change in either cytokine during SL wear in normal eyes, the 

variability in the data indicates that the study was not powered to detect a difference in these 

analytes, which were detected in low ranges with high variabilities. IL-8, which is involved in 

neutrophil recruitment and activation328,330, was detected in low concentration or not at all in 
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several samples. IL-4, which was also not significantly greater in the FR but showed greater 

concentrations in the FR of select subjects, can be produced by corneal epithelial cells331 and is 

most commonly associated with allergies and is a key regulator if IgE antibodies331,332. Although 

these findings were not significant, the increase in the FR that was observed with some subjects 

may indicate that some susceptible individuals may be producing these mediators and trapping 

them in the FR. The lack of a significant difference is related to the variability in the FR data.  

Given this variability, future studies aimed at monitoring FR cytokine levels would be well advised 

to consider using a larger sample size to increase statistical power. The subjects in this study 

were normal, and not expected to have excess production of IL-4 and IL-8. However, in subjects 

with diseases that may favor the production of these interleukins, this type of analysis should be 

repeated. This data also begs the exploration of additional cytokines in the interleukin family, 

since cytokines, proteases, and other inflammatory mediators in the tear fluid are dynamic and 

constantly interacting with each other, including via inhibitory pathways. However, in this study 

the primary objective was to look at MMPs, with a secondary goal of assessing a few cytokines, 

so the final mediators were selected based on accessibility of testing kits and given the limited 

volume of tears available (particularly with the ocular surface samples).  

Proteases such as MMPs are among the most thoroughly studied in the tears and are variably 

present and often indicative of inflammation271,333,334. Their primary function is to break down 

extracellular matrix components, affecting tissue remodeling, cell migration, adhesion, and 

signaling334,335. MMP-9, the most ubiquitous MMP in the cornea, is elevated in inflammatory states 

such as during desiccating stress in dry eye disease336,337, during recurrent corneal erosions338, 

and in sub-inflammatory conditions such as keratoconus339,340. MMP-10, which showed the 

greatest increase in the FR, has not been extensively evaluated in the tears but is present in other 

tissues (i.e., lungs) during inflammation and tissue repair341. Its function is typically to facilitate 

wound healing and to dampen damaging inflammation; therefore, its increase is potentially a 



 

 
102 

positive one here that could mitigate the increase of other inflammatory components in the FR. In 

this study both MMP-9 and -10 showed significant increases in the FR when compared to the 

ocular surface tears. We propose two hypotheses for this: (1) the MMPs get trapped in the FR 

when the lens is applied and are slightly elevated on application due to it being in the morning; or 

(2) they are being produced by corneal epithelial cells during SL wear and then getting trapped in 

the FR (or both could be occurring). This could result in an upregulation of protease activity in the 

tears overlying the cornea in SL wear, or in the cornea itself, which could have potential negative 

sequelae, such as provocation of other inflammatory mediators, or breakdown of collagen and 

extracellular in the cornea. However, levels were highest after 1 day and reduced some after 4 

days of wear, which may indicate an adaptive response that could be reduced as the eyes adapts 

to the SL over time. In addition, the physiologic significance of the increase in MMP-9 is difficult 

to assess since the TIMPs, which inhibit the activity of MMPs, were not able to be evaluated in 

these samples.  

In order to fully understand the implication of increased MMP-9 and -10 in the FR it is important 

to measure the tissue inhibitors of MMP (TIMPs) activity in the fluid. MMP/TIMP ratios are 

calculated to understand the level of control of MMPs by their primary inhibitory regulators. While 

all TIMPs are capable of inhibiting MMP-9 and MMP-10, TIMP-1 and -2, respectively, are most 

commonly associated with inhibitory affinity. An increase in the MMP/TIMP ratio in the tears could 

be indicative of an increased inflammatory state342. In this study, TIMPs were only tested in 

selected samples when remaining volume after cytokines/MMPs analysis was available and so 

were not included in the initial analysis. In post-hoc analysis, however, the MMP/TIMP ratios were 

calculated for those samples that were available at each timepoint. The MMP-9 and -10 ratios 

with TIMP-1 and TIMP-2 ranged from 0.01 to 0.75 (Table 5.1). Mean Tb baseline ratios for MMP-

9/TIMP-1 were 0.28 ± 0.16 and were 0.75 ± 0.44 and 0.41 ± 0.14 in the Tb and TFR after 8h, 

respectively. After 4d, the ratios were 0.06 ± 0.05 (Tb) and 0.37 ± 0.19 (TFR). MMP-9/TIMP-2 were 
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similar. MMP-10 ratios were lower, ranging from 0.01 to 0.11 and 0.02 to 0.13 with TIMP-1 and 

TIMP-2, respectively. In general, TIMP/MMP usually remained less than 0.5, which is not 

particularly indicative of an inflammatory state; however, in the basal tears post-SL wear on Day 

1 those ratios were higher. While the limited available data does not allow for any conclusive 

interpretation, larger studies including more subjects and simultaneous quantification of MMPs 

and TIMPs are needed to draw conclusions about TIMP regulation of MMPs during SL wear. 

Table 5.1. MMP/TIMP ratios calculated for select subjects 

Ratio 

Baseline 8h post-SL wear 4d post-SL wear 

Tb 
 

n=9 

Tb 
 

n = 12 

TFR 

 
n = 6 

Tb 
 

n = 8 

TFR 

 
n = 10 

MMP-9 / TIMP-1 0.28 ± 0.16 0.75 ± 0.44 0.41 ± 0.14 0.06 ± 0.05 0.37 ± 0.19 

MMP-9 / TIMP-2 0.36 ± 0.20 0.60 ± 0.30 0.50 ± 0.25 0.05 ± 0.04 0.42 ± 0.18 

MMP-10 / TIMP-1 0.05 ± 0.02 0.07 ± 0.04 0.11 ± 0.03 0.01 ± 0.00 0.09 ± 0.03 

MMP-10 / TIMP-2 0.05 ± 0.03 0.13 ± 0.10 0.11 ± 0.04 0.02 ± 0.00 0.12 ± 0.04 

MMP-9 and MMP-10 ratios with TIMPs 1 and 2 are shown. Shown as mean ± SE for each of 
the 5 tear sample categories (Tb and TFR after 8h and 4d). 

Comparison with other studies  

A handful of other studies have evaluated the tears on the ocular surface (Table 5.2), although 

only one other study has evaluated the FR itself. That study, which was completed by Postnikoff 

et al. in 2019, found an increase in leukocytes in the FR, identified as CD66b+ granulocytes135, 

although they did not find a significant increase in the MDF group. In a different study, Carracedo 

et al. evaluated the ocular surface tears of SL wearers with keratoconus, measuring a significant 

increase in MMP-9 after SL wear39. These MMP results are difficult to compare to our study that 

looked at normal eyes which have different baseline levels of MMPs327,339,340,343, but based on our 

findings we may expect that MMP-9 in the FR may have been even higher in that cohort than in 
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the ocular surface tears. Given the role that MMP-9 appears to play in a myriad of corneal 

diseases, future studies are indicated to measure the FR proteases in each population. 



Table 5.2. Tear composition studies with scleral lenses 

Reference Population Outcome(s) 
Tested 

Outcome Clinical relevance 

Composition of the tears 

Walker 344 
2020 

10 normal subjects 
IL-4, -8 

MMP-2, -7, -9, - 
10 

↑ MMP -9, -10 in FR 
No change in IL-4, IL-8 No 

change in MMP-2, -7 

Inflammatory tear proteins may 
accumulate in the FR during SL wear 

Postnikoff135 
2019 

24 SL subjects 
(mixed conditions) 

Leukocytes 
↑ CD45+ leukocytes and 

neutrophils in MDF 
Inflammation may be increased 

during MDF 

Carracedo39 
2016 

26 Kc subjects (w/ 
and w/o ICRS) 

MMP-9 Ap4A 
↑ MMP-9 in non-ICRS 

↓ Ap4A in ICRS 

SL reduce dry eye signs; MMP-9 
may represent tear stagnation 

Winder132 
1977 

5 subjects Calcium 
No difference between SL, SCL, 

or non-CL wearers 
No effect of SL on tear calcium 

Optical Density of the fluid reservoir 

Turhan345 
2019 

13 Kc subjects Optical density Optical density ↑ ~1% 
FR turbidity during SL wear affects 

low contrast VA 

Schornack276 
2018 

25 normal subjects Optical density Optical density ↑ 2x 
Scheimpflug imaging can quantifying 

FR turbidity 

Carracedo54 
2017 

26 Kc subjects (w/ 
and w/o ICRS) 

FR turbidity FR turbidity ↑ 8x 
The turbidity increase may represent 

tear stagnation 

IL: interleukin; MMP: matrix metalloproteinase; SL: scleral lens; FR: fluid reservoir; MDF: midday fogging; ICRS: intracorneal ring 

segments; Ap4A: diadenosine tetraphosphate; SCL: soft contact lens 

A summary of the studies exploring the tear fluid composition and optical density of the tears during SL wear.
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Origin of FR components and effects on the ocular surface 

We predict that the composition of the FR is likely to contain increased levels of proteins that are 

produced by corneal and perilimbal conjunctival epithelial cells, given that there is very limited 

tear exchange between the FR and the outer ocular surface tears. It is unknown what effect(s) 

the chronic increase in MMPs or other tear proteins could have on the cornea, or on the diseases 

that SL are used to treat. It may be detrimental, but it also must be considered that it could be 

beneficial to the corneal health. The production of certain proteins may be induced to maintain 

corneal health in the presence of stagnant FR with potential cornea exposure to irritants related 

to the SL (coatings, deposits, preservatives from cleaning solutions). In this study, SL were 

cleaned with ClearCare, which is a peroxide system that neutralizes to sterile saline during the 

disinfection process, to reduce contaminants on the SL that could affect the response. 

Furthermore, the application solution was saline without a preservative, although the solution 

does contain boric acid to balance the pH.  

Limitations of study 

There were some limitations in this novel study that should be addressed and mitigated in future 

studies. The primary limitation was a relatively small sample size, and due to the challenges in 

obtaining usable samples tear samples, it can be difficult to gain usable datasets for all subjects. 

A small sample size with studies evaluating inflammatory mediators in the tears can be limiting 

due to the inherently high variability of inflammatory mediators in the tear fluid. In this study, this 

factor may have affected the outcomes for the mediators. However, for the mediators that showed 

the greatest changes, such as MMP-10, the relatively small sample size was still enough to detect 

significant changes and post hoc sample testing indicated that the findings for MMP-9 and -10 

were powered at >75%. However, in the case of IL-4 and -8 for example, there may truly be a 

difference between the FR and ocular surface, yet the small sample size could have failed to 
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detect a change in this cohort. The TIMP data cannot be assessed using the current data available 

from this study, and should be evaluated in future evaluations of MMPs in the FR.  

Discussion of Chapter 3 

Chapter 3 showed the results of a study that evaluated lipid and protein content in the FR, 

comparing the findings to the amount of conjunctival compression to determine in part if a “tight 

fit” was associated with MDF. The purpose of this study was to (1) determine the composition of 

the FR in MDF, and (2) determine if greater changes in conjunctival curvature (a measure of 

compression) are associated with MDF, as has been suggested. It was determined that among 

lipids and proteins in the FR during MDF, hydrophobic lipids show the strongest correlation to 

increasing MDF. When compared to changes in conjunctival curvature during SL wear, findings 

were inconclusive but suggest that MDF may be negatively associated greater changes in 

conjunctival curvature.  

Quantifying MDF 

There are essentially two ways to classify MDF in research. First, the data could be approached 

as a nominal category of discrete data, and MDF graded subjectively into categories like in 

Chapter 3. This categorical approach can be clinically useful but is limited due to the variability 

within each group. In this approach, masked images were categorized (subjectively) by the 

examiner into groups of none, trace, mild, moderate, and severe MDF. All patients with scores 

less than or equal to 2 were considered “no MDF” and those greater than 2 were “MDF”. Based 

on the challenge in subjectively discriminating between different MDF levels, this method is not 

recommended for future studies, and instead the quantitative (ImageJ) method of MDF scoring 

was superior. Despite the limitations of the subjective method, when the quantitative scores of 

the subjects who were deemed “MDF” and ‘”no MDF” were averaged, the mean MDF score in the 
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MDF group was 60 ± 23 and in the non-MDF group it was 16 ± 7, indicating that the objective and 

subjective grading methods were somewhat comparable.  

As a new technique for quantifying MDF, which has not been done in any peer-reviewed studies, 

it is important to establish the repeatability and reproducibility of the method, as well as compare 

it to any other available methods. In this study the measurements were taken twice by two different 

masked investigators, compared within and between investigators. The quantification technique 

proved to be extremely repeatable within examiners and reproducible between examiners. It 

should be noted that the variability between Day 1 and 4 was greatest for subjects that 

experienced MDF. The average SD of measurements between Day 1 and 4 in the MDF group 

was 13.0 and it was only 3.1 in the non-MDF group. This makes some sense, because MDF 

severity can be variable from day to day, although it was not necessarily expected to be more 

variable in the subjects with MDF. This is notable because it suggests that samples should not be 

pooled if possible, even if collected from the same eye. Despite this, the variability even in the 

MDF samples was considered within an acceptable range, since no subjects would have been in 

different grouping based on the variability. Based on the data, an approximate “cut off” for MDF 

may be around 35 units, with those less than 35 units being considered “non-MDF” and those 

greater considered to be experiencing true “MDF”. Future studies on broader populations of SL 

wearers are needed to establish the normative values of MDF in SL wear.  

Fluid reservoir proteins and lipids 

Mass spectrometry (MS) is a common technique used to measure proteins and lipids in the tears. 

This technology ionizes the molecules in a sample and then sends them into a vacuum where the 

mass and charge are detected. The analyzer is then able to distinguish ions by the mass-to-

charge ratio (m/z) which is graphed as a spectrum of relative abundance vs m/z. The spectrum is 

compared to known standards to determine the analytes of interest represented.  



109 

The human tear film, which is only ~10 μm thick, contains thousands of proteins, peptides, lipids, 

electrolytes, gases, and metabolites. MS has been instrumental in determining what the 

composition of the natural tear fluid is. However, the FR is approximately 250 μm thick and 

presumably is mostly saline when the lens is applied. The difference between the FR and the 

tears was shown to be apparent in Chapter 2, and in Chapter 3 we explored the FR more 

extensively, using MS to identify the lipids and proteins it contains (with and without MDF). We 

found significant increases in wax esters (WE), fatty amides, saturated cholesterol esters (CE), 

and many other species of fatty acyls that were considered branch chain fatty acids. The 

commonality in most of these lipids is that they are highly nonpolar and hydrophobic.  

Two aspects of the lipid results were somewhat surprising. First there were no detected O-acyl-

w-hydroxy fatty acids (OAHFA) which are typically detected in human meibum samples, although 

they may be represented in some of fatty acyls that were detected. These lipids are similar in 

structure and conformation to WE and free fatty acids101, which they may have been mistaken for 

in the MS findings. However, these lipids are polar so would not be expected to contribute to MDF 

and are typically only detected in small abundance in the tear fluid102,270,277. A second unexpected 

finding was that there was not an increase in TAGs in the MDF, which are hydrophobic nonpolar 

lipids that were abundant in the FR samples (~20%), yet not greater in the MDF samples. This 

doesn’t necessary mean that the TAGs do not contribute to MDF, and in fact the TAGs could be 

contributing to the low grade level of turbidity that is observed in virtually all FR samples, but it 

does not appear that they are the primary contributor to MDF.  

The findings here do not rule out the presence of other contributors to MDF such as smaller 

proteins, cells, or other forms of debris. Clinically MDF can look somewhat variable between 

patients, some appearing white and milky in appearance, or other times having a darker, browner 

hue346, indicating the presence of possibly different contributors. Cellular contribution, for 

example, is unclear, and while some immune cells have been detected135, there hasn’t been an 
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evaluation of epithelial cells in the FR, which could be sloughed from the corneal epithelium or 

the perilimbal conjunctiva. In addition, the impact of edema or inflammation on MDF is still not 

defined, but there is no evidence of edema is related to MDF in this cohort. It is unknown exactly 

how the lipids and other components of MDF arise in the FR. They may be trapped there when 

SL are applied (and precipitate out over time) or could also be exchanging with the outer surface 

environment during SL wear. Tear exchange studies show that exchange with SL is, while 

variable, extremely low and in some cases undetectable56–58,347, which seems to suggest that the 

primary contributors to MDF are in the FR when the SL is applied, representing the ocular surface 

tears at the time of application.  

Conjunctival compression 

Using the sMap to measure conjunctival compression is a novel technique that has not been 

published in the literature. However, the output is seemingly accurate and appears to change in 

the same expected direction in all individuals (steepening of the curvature), in a ring that 

corresponds to the landing of the lens. Although no specific repeatability measurements were 

taken in this study, the measurements at baseline (prior to SL wear) were compared to those 24 

hours post-SL wear and were within approximately 0.05 mm of each other, indicating some level 

of repeatability of the instrument and consistency of the conjunctival shape (without SL wear). 

While the instrument appears relatively consistent in measuring, this should be studies further 

and the accuracy of the measurements compared to other techniques (i.e., OCT, Pentacam®, 

Eaglet) could be established in future studies. In comparing the sMap to other techniques, it is 

important to note that with the compression software the sMap is unable to measure the SAG at 

the compression ring, which is what is used in the other studies. This study measures the 

curvature, which steepens away from the observer and flattens back post-SL removal. The SAG 

differs in that is measures the depth of sinking in the SL compression ring. Both techniques are 

representative of the change in tissue morphology, but they have not been compared.  



111 

It is understandable to predict that there would be a relationship between the amount of 

conjunctival compression with SL wear and the composition of the FR. The conjunctival tissue 

that is adjacent to the corneal limbus, which contains secretory cells (i.e., goblet cells) and 

capillaries that contribute to the tear fluid348,349. In other tissues, transient compression or 

mechanical disruption of a blood vessel can change its permeability to inflammatory mediators350, 

leading to the hypothesis that limbal blood vessels could be provoked into releasing inflammatory 

mediators if compressed by a SL. Further, as a patient blinks while the SL is on the eye, and the 

SL is continuously pressed against the conjunctiva and superficial blood vessels, it could alter 

vessel permeability and facilitate inflammatory mediator secretion into the FR. This is further 

evidenced by the increase in bulbar and limbal hyperemia observed after SL removal351, indicating 

compression or interaction between the SL and blood vessels during lens wear. In Chapter 3, the 

amount of compression was evaluated by measuring the change in curvature (shape) of the tissue 

after the SL was removed from the eye.  

The compression ring beneath the LZR of a SL is easy to appreciate following SL removal. 

Following lens removal, macroscopic changes such as a compression ring, or local regions of 

conjunctival indentation may be observed, which may or may not stain with NaFl. Based on other 

studies, we know these changes are predominantly superficial at the level of the conjunctiva and 

are presumably related to the gradual settling of the lens; a reduction in central clearance of ~100-

200 μm over the course of the day is typically observed during SL wear139,140,352–355. Despite these 

tissue alterations during and following lens wear, patients may often be asymptomatic due to the 

limited innervation and therefore low sensitivity of the conjunctiva50. However, there has been 

hypotheses that suggest that a lens which is tighter on the eye (i.e., causes greater compression 

of the tissue) will be associated with MDF. The root of this hypothesis is seeded in the common 

belief among SL practitioners that MDF is caused by mucin; the belief is that a SL compresses 

the conjunctiva, inducing goblet cells to secrete mucin into the FR that creates the turbidity 
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observed in MDF. This is a logical path of thought, but the results seen in Chapter 3 directly 

contradict this theory. We found that the opposite relationship was true in this cohort, and subjects 

with greater changes in conjunctival curvature during SL were associated with lower levels of 

MDF. More studies are needed to confirm or conflict with this finding.  

Future directions of fluid reservoir research 

Current research on the FR is in a beginning stage and there is much to learn and explore. The 

volume of tear/saline within the FR is much greater (>100 μL) than that which exists normally on 

the ocular surface (7-10 μL51,356), with minimal tear exchange in a well-fitted SL55,56,58. Now that 

the protocols are established and some normative data has been established, we can begin to 

implement these to study disease states. Beyond analyzing the components of the FR, this 

research will also lead to studying ways to manipulate the FR composition and explore the 

potential therapeutic uses of the SL. In addition, this work can aid in the development of novel 

application solutions for the SL, which are being designed to provide maximal nutritional support 

to the cornea.  

In expanding the evaluation of the inflammatory components within the FR, several additional 

cytokines that are relevant to ocular surface disease and contact lens inflammation should be 

quantified. These include but are not limited to: Interferon (IFN)-ɣ, a pro-inflammatory mediator 

that is increased in keratoconus220; CCL5 (RANTES), an immune cell chemoattractant; tumor 

necrosis factor (TNF)-⍺ and β, which are considered master cytokines are often increased in 

disease220,339,340,357, as well as the myriad of cytokines from the IL family (i.e., IL-1⍺, -1β, -2, -6, -

12, etc.). These and other mediators have a long history of being studies in other types of contact 

lens wear but have yet to be studies in SL wear. Further, given the presence of some hyperemia 

indicating blood vessel dilation, more efforts should be taken to understand the cellular and 

protein components in the blood vessels that could be leaking out and affecting the FR 
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composition. When the SL applies pressure to the conjunctiva, the perilimbal blood vessels in the 

conjunctiva could be stimulated to release inflammatory cells and mediators. For examples, mast 

cells could degranulate as a response to SL wear, which could be related to the increase in IL-4 

that was observed with some subjects in Chapter 2. In addition, cells in the conjunctival stroma 

could migrate through the epithelium and into the FR. These pathways should be explored, and 

therapeutics (i.e., mast cell stabilizers) that could affect this response could be evaluated. As this 

research expands, it should be measured on normal and also on disease groups, specifically 

keratoconus (the most common indication for SL61,358) and other diseases causing irregular 

astigmatism, as well as ocular surface diseases like Sjögren’s syndrome, which is also notorious 

for harboring abnormal quantities of inflammatory mediators in the tear fluid224,326,359.  

Another interesting area of research for the FR is in evaluating mucins. Tear mucins are 

hydrophilic glycoproteins84,85,360, and at least 7 mucins are present in the tears and ocular surface 

epithelia, distinguished as either secreted (MUC2, MUC5AC, MUC5B, MUC7) or membrane 

associated (MUC1, MUC4, MUC16). MUC5AC is the most abundant secretory mucin in the tears, 

secreted from conjunctival goblet cells361. Mucins in SL wear are not particularly well studied, 

although there is one recent study that evaluated goblet cells and mucin clouds using conjunctival 

impression cytology in SL wear362. They found no difference in goblet cells density or mucin cloud 

amplitude after SL wear. Mucins have also been popularly hypothesized to be increased in 

individuals who experience MDF, stemming from the hypothesis that compressed goblet cells in 

the conjunctiva secreted mucin into the FR363. However, the study presented in Chapter 3 seems 

to indicate that this is unlikely, although the mucins were not specifically targeted in the testing 

(no mucins were detected in the MS protein analysis, but they are not always detectable in 

standard MS technique). There was also pilot study with 5 patients done by the author in 2014 

that looked at mucins using MS and did not detect them248, lending evidence toward them not 
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being causative of MDF. Regardless, more studies evaluating the mucins in the FR are needed, 

as well as further assessments of goblet cell viability and activity during SL wear.  

Metabolites and minerals are additional targets that could be explored in future FR research. 

Approximately 100 minerals and metabolites have been identified in the tear film including amino 

acids, electrolytes, and arachidonic acid derivatives89,114. Two studies have previously evaluated 

metabolites in SL wear. Back in 1977, a study that measured tear calcium levels observed no 

differences between patients wearing soft, corneal, or SL, when compared to non-lens wearers132. 

More recently, Carracedo et al. found a reduced concentration of diadenosine tetraphosphate 

(Ap4A), a nucleotide associated with dry eye disease133, after 8 hours of SL wear in keratoconus 

patients. It is unclear what this decrease meant clinically, although it could be related to the lack 

of shear forces generated by the eyelids during blinking39. SL wear is not clear and would be 

interesting to assess.  

Due to the current belief of minimal tear exchange with most lens designs, some researchers and 

clinicians have begun to investigate the possibility of using the FR as a “depot” for medications or 

solutions that may provide antimicrobial protection or nutritional support for the eye. Laballe et al. 

investigated concentrations of a fluoroquinolone antibiotic drop that could be achieved in ocular 

tissue using a SL reservoir62. Ciralsky et al developed a protocol for continuous wear of a SL to 

treat persistent epithelial defects364. SL have also been used to deliver topical bevacizumab to 

the ocular surface to treat corneal neovascularization in the management of five patients with 

severe corneal neovascularization64,141. Future studies building on these early studies may 

stimulate additional interest in using SL in the delivery of ocular medications.  

Discussion of Chapter 4 

Moving into Chapter 4, we began to explore the downstream effects of the landing area of the SL, 

which applies pressure on the conjunctiva and sclera overlying the areas of aqueous humor (AH) 
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outflow from the anterior segment. The hypothesis is that the LZR of a SL, in overlying the AH 

outflow pathway, impedes AH outflow and increases IOP, causing subtle changes at the ONH. 

The approach was inspired by studies done with primate models showing that increasing IOP 

causes thinning of the tissue at the rim of the ONH (termed the minimum rim width, or “MRW”). 

We applied a diagnostic SL to one eye of a subject and evaluated IOP and MRW in both eyes 

over a 6-hour period of time, with the non-lens wearing eye acting as a control. The IOP was 

monitored every 2 hours with a rebound tonometer (iCare), which could only be used when the 

SL was not on the eye (i.e., only taken on control eyes during SL wear), therefore not allowing 

any measurements of the test eye during SL wear. We also measured IOP with a newer 

instrument, the Diaton transpalpebral tonometer, which measures IOP over the eyelid on the 

superior portion of the conjunctiva/sclera. This would appear to address the dilemma of measuring 

IOP during SL wear, since this instrument can be used as indicated while the SL is on eye; 

however, the results of this instrument were not repeatable or comparable to the iCare (which is 

a commonly used instrument in research and has been shown to have comparable to results to 

other techniques). Ultimately, this study showed no significantly greater thinning of the MRW in 

test eyes, and a significant increase in IOP (2 mmHg, on average) after SL removal post-6 hours 

of wear.  

The hypothesis that SL wear can influence IOP is not novel, nor is the attempt to test it. In 1951, 

Huggert reported that IOP increased by up to 30 mmHg in patients wearing glass SL for 25 

minutes180. Miller, Carroll and Holmberg hypothesized that the suction force holding a SL on the 

eye (which they referred to as “scleral cling”) could lead to compression of episcleral vasculature 

and could therefore impede the evacuation of aqueous from the eye through those vascular 

structures181. However, it is difficult to predict exactly where the anatomy of the different 

anatomical structures of the AH outflow pathway will be compared to the SL landing zone.  



116 

Sixty years after the initial work of Ascher and Huggert using glass SL, several recent studies 

have investigated the effect of modern highly oxygen permeable SL on IOP (Table 5.3). The 

greatest obstacle in studying the effect of a SL on IOP is the challenge in making direct contact 

with the cornea during lens wear, and there is no safe established way to directly measure IOP 

during SL wear in a human eye. As such, there is no standard methodology for measuring IOP 

during SL wear. Indeed, several different types of instruments have been used to measure IOP 

including the Schiotz tonometer365, pneumotonometer298,366, iCare rebound tonometer299,367,368, 

Tonopen301, Diaton transpalpebral tonometer366,367,369, as well as Goldmann applanation 

tonometry370. Measurements have been taken before, during, and after SL wear using lenses of 

different diameters, peripheral curves, and even lenses with fenestrations have been used (Table 

5.3), all in an attempt understand the impact of a SL on IOP. There are certain advantages and 

justifications for each method that has been used, such as a strong history of use on the 

conjunctiva (i.e., pneumotonometry), or being able to measure the most quickly (i.e., iCare), or 

simply being the gold standard for measuring IOP when there is no lens on the eye (i.e., 

Goldmann371). However, there are also disadvantages with each method, with the strongest being 

that none of these instruments are calibrated and reliable to measure IOP during SL wear. This 

creates an inherent yet unknown variability between studies. In addition to the variability in 

instruments used, the timing of the measurements, as well as the location of the eye where the 

measurements were made, also vary between studies.  

The study completed in Chapter 4 attempted to test several of the methods used in other studies, 

as well as to use a novel method of indirect IOP assessment by directly observing changes to the 

ONH. This study was the first of two in the peer-reviewed literature that have evaluated the ONH 

directly during SL wear to indirectly assess changes in IOP. This new technique shows great 

promise in how we can assess the pressure in the eye during SL wear and evaluate the structural 

impact of a SL on the eye. 
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Table 5.3. Modern studies on IOP in SL wear 

Author 
Year 

Study 
Population 

Lens 
Method 

Study Design & Results 

Nau298 
2016 

29 participants 
Ages: 29 ± 6 

Normal neophytes 

15.0 mm 
PT 

IOP measured pre, post-1h, -2h, and post-SL removal; one test eye, other control 
No difference between peripheral IOP in study vs. control eye at any point during the study; 

No difference between baseline and any other time points in the study eye 

Vincent300 
2017 

12 subjects 
(2 groups) 

Normal neophytes 

16.5 mm 
ORA; NCT 

IOP measured pre- and post-SL wear (post 3, 8 hours), control day (no SL) and test day 
Group 1 (ORA) and Group 2 (NCT) showed no difference between days 

Aitsebaomo299 
2019 

9 subjects 
Age range: 25-30 
Normal neophytes 

15.8 mm 
iCare 

IOP measured pre- and post-SL wear; one eye test, control eye wearing soft lens 
IOP change in test eye: +5.81 ± 1.62 mmHg; control eye: -0.62 ± 0.88 mmHg 

Michaud302 
2019 

21 subjects 
Ages: 24 ± 4 

Normal neophytes 

15.8-,18-mm 
DTT 

IOP measured pre, post-4-5h, and post SL removal; IOP measured without lens as control 
Small: IOP increased 10.1 ± 1.9 to 14.4 ± 5.1 mmHg; Large: 9.24 ±2.1 to 14.4 ±4.8 mmHg 

Porcar372 
2019 

74 subjects 
Normal and Kc 

Habitual wearers 

12.6-13.5 
mm* 
ORA 

IOP measured pre-dispense and immediately after removal (post-8h wear) after 1 year of 
daily wear. No differences in IOP after 1 year of SL wear in any groups 

Shahnazi301 
2019 

25 subjects 
Habitual wearers 

17.0-18.0 
mm* 

Tonopen 

Retrospective review of patients with IOP measured pre- and post-SL wear (variable wear) 
No differences in IOP (decreased an average of -0.89 mmHg, P > 0.05) 

Kramer370 
2020 

32 subjects 
Habitual wearers 

Custom SL* 
GAT 

IOP measured pre-dispense and after SL removal after 1 and 6 months of daily wear 
No differences in IOP observed at either time point 

Cheung368 
2020 

50 subjects 
Ages: 23 ± 4 

Normal neophytes 

16.5 mm (central 
fenestration) 

iCare 

IOP measured pre, immediately post-application, and post 1-2 minutes of wear, OD only 
IOP increased 3.6 ± 2.2 mmHg during SL wear. No change from baseline post-SL removal 

Obinwanne365 
2020 

20 subjects 
Ages: 28 ± 4 Normal 

neophytes 

16.0 mm 
STI 

IOP measured pre-, 10 minutes post-application, post- 2, -4h SL wear, 10 minutes post- 
removal. No significant differences noted over study period 
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Fogt366 
2020 

20 subjects 
Ages: 29 ± 9 Normal 

neophytes 

15.2-,18-mm 
PT; DTT 

IOP measured pre, immediately post-application, post-1h, and post-removal; each lens worn 
(randomly) in succession for 1 hour (OD only). 

PT: No change; DTT: Significant increase in IOP with both lenses 

Walker367 
2020 

26 subjects 
Age range: 23-33 
Normal neophytes 

15.4 mm 
iCare; DTT 

MRW 

IOP and MRW measured, pre, post-2, -4, -6h wear, and immediately post-removal 
No significant change in MRW; +2 mmHg increase in IOP post-SL removal (iCare) 

Samaha369 
2021 

20 subjects Ages: 
Normal neophytes 

16.0 mm 
NCT; MRW 

IOP and MRW measured at baseline, 2h, 6h on test day and compared to no-lens data on 
same eye. Significantly greater MRW thinning (by -3.35 ± 2.2 µm) in the test condition 

ORA: ocular response analyzer; NCT: non-contact tonometer; DTT: Diaton transpalpebral tonometer; GAT: Goldmann applanation tonometry; 
STI: Schiotz- tonometer Improved; PT: pneumotonometer; Kc: keratoconus 
*indicates that study was done using the subjects’ habitual, customized SL (a range of brands, diameters, and other SL parameters)



Methods to measure IOP during SL wear 

As mentioned, evaluating IOP during SL wear is challenged by the placement of the lens overlying 

the cornea during lens wear. In Chapter 4 we measured IOP using two methods: the Diaton 

transpalpebral tonometer and the iCare rebound tonometer, the first of which was measured 

throughout lens wear and the latter was measured via the cornea pre-application and post-

removal of the SL. No significant changes in IOP were noted in the Diaton readings, and an 

average increase of +2 mmHg was found using the iCare. The usability of using each of these 

two techniques is evaluated here.  

Transpalpebral tonometry measures the elastic resistance of the eye through the upper lid and 

sclera using the ballistic principle of a free-falling object of known weight onto the tissue. This 

method requires that the instrument be held in vertical orientation, with the head tilted back and 

eyes depressed approximately 45 degrees. Comparisons between Goldmann applanation 

tonometry and transpalpebral tonometry have yielded mixed results. Current consensus suggests 

that transpalpebral tonometry may be most appropriately used as a screening tool373, but should 

not be considered as equivalent to Goldmann applanation tonometry316,374–376. Nonetheless, the 

instrument used to perform transpalpebral tonometry (Diaton, BiCom, Inc, Long Beach, NY) is 

readily available, relatively inexpensive, and is easy to use. The Diaton has been used in patients 

who do not have viable corneas for testing IOP, for example patients who have a keratoprosthesis 

implanted and no longer have a true cornea, and so it is natural that researchers have turned to 

this instrument for the purpose of evaluating IOP in SL wear. In SL wear it appears to show some 

potential use, as some studies have shown moderate reliability in its use but determining the 

repeatable use of it is essential before it can be used reliably in clinical trials. The Bland-Altman 

comparisons in Chapter 4 showed it has virtually no correlation to iCare taken under normal 

measurement conditions (no SL in place). However, this does not mean that the instrument may 

119 
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not work in certain populations when used by a trained investigator. It simply means that the data 

from the Diaton in this study is not considered reliable nor precise enough to sensibly interpret.  

The iCare, which has a long history of use in research, been shown to be comparable to the 

Tonopen and Goldmann tonometry320,377,378 and was therefore considered the gold standard here. 

This instrument consists of two coaxial coils within a probe shaft that bounces a magnetized probe 

off the cornea and detects the probe deceleration that is caused as it hits the eye. This instrument 

is also the only readily available device that is portable and can be used without topical anesthetic, 

allowing measurements to truly be taken immediately post-SL removal. However, the iCare 

cannot be reliably used when the SL is on the eye, so it is still limiting in that regard. In post-hoc 

testing, we took a deeper look at the iCare results to better understand if there was a relationship 

between post-removal IOP and MRW, and also to evaluate the influence of central corneal 

thickness (CCT) on IOP measurements. To do so, we focused on the subjects that had equal or 

greater than +4 mmHg increase in IOP post-SL removal. There were 7 subjects (27%) who had 

a +4 mmHg or greater increase in iCare reading immediately post SL removal. The control eyes, 

in contrast, showed no average increase in IOP readings after the test period (mean change was 

0) with a range of -4 to +2 mmHg IOP change. This shows a clear increase in IOP readings post

removal in the SL eye, which was statistically and clinically significant; however, it is unclear what 

this change truly means. One cause for the increase could have been corneal swelling during SL 

wear, which is known to occur at low levels during SL wear28,30,32,35,353,379 and which could induce 

artificially greater IOP measurements380. To assess this, we evaluated the change in central 

corneal thickness (CCT) and compared it to the increased IOP (Table 5.4). However, five out of 

the seven high IOP eyes had less than 10 μm increase in CCT, and two of them actually showed 

a decrease in CCT after SL wear.  

Comparing the IOP to MRW, we expected that the subjects with increased IOP post-SL removal 

would also show more thinning of the MRW, if both measures were representing an IOP increase 
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during SL wear. However, there was no correlation between change in IOP and MRW thinning (r 

= -0.13; P = 0.52), and in fact the subjects with the greatest amount of post-removal IOP increase 

showed lesser than average MRW differences between the test and control eyes. However, this 

study was not powered nor designed to test this measure, so this should be more carefully 

explored in follow up studies to make conclusions.  

The corneas of the subjects in this study were on the relatively thin side of normal (535 μm) 

compared to some literature showing the normal mean closer to 550 μm51. However, this could 

be due to the instrument used to measure CCT, which was the Lenstar, which in a recent study 

showed slightly lesser values when compared to 3 other CCT measuring instruments381. The 

slightly lower values observed in this study may have been an instrument bias. Overall, the 

corneas in this study were considered normal and did not show clinically significant swelling or 

signs of pathology.  

Table 5.4. iCare, MRW and corneal thickness compared 

Subject ID / EYE iCare (mmHg) MRW* (µm) CCT (µm) 

3 / OD +4 +1 +6

11 / OD +4 -22 -6

18 / OD +5 +4 +32

13 / OS +6 -2 +7

27 / OS +6 -2 +29

24 / OD +7 -1 -10

16 / OS +9 +2 +9

*MRW shown as difference in thinning between test and control eye; negative values indicate greater thinning in the
test eye; MRW: minimum rim width; CCT: central corneal thickness

The 7 subjects who showed a +4 or greater increase in iCare tonometry immediately post-SL 
removal are compared to the MRW and CCT thicknesses. 

In this study the IOP post-SL removal increased by an average of +2 mmHg, which is clinically 

significant for many individuals. For example, patients with glaucoma, or those who may be 

predisposed to glaucomatous risks based on their anatomy and physiology. Due to the unique fit 

of the SL and the proposed mechanism for increasing IOP, at-risk individuals may not always be 
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identifiable with current glaucoma risk factor assessments. But still the question remains, is the 

increase measured due to a true prolonged increase in SL wear, or perhaps due to the force of 

removing the lens that causes a brief, acute increase? We still don’t know the answer based on 

this or other studies, but we can begin to predict possible scenarios that can be tested, such as 

the following:  

1) The IOP increase is true but acute and caused by the mechanical forces of removing the SL.

2) The IOP increase is true, and IOP is increased during SL wear, but the increase is not a great

enough increase to cause downstream ONH deformation in these young, healthy eyes. 

3) The IOP increase is true, and the measurements are a combination of slowly prolonged

increases due to SL but also an added increase due to the forces of removal. 

In summary, the direct measurements of IOP in this study confirmed that the Diaton cannot be 

considered reliable in the current research to evaluate increased IOP with SL wear, and the iCare 

is a reliable measure of post-removal IOP. However, the true meaning of the increase in iCare 

tonometry seen in this study, and the clinical implications of such, remain somewhat unclear. One 

future goal for studies should be to measure the iCare readings again after 5 minutes post 

removal, or measure with Goldmann tonometry as well, which will help to determine the true 

cause for the increase post-SL wear. Additionally, a SL animal model would be quite appropriate 

to study these changes.  

MRW measurements 

This study was the first to use MRW as a surrogate for evaluating IOP during SL wear. MRW has 

been shown to have excellent repeatability and sensitivity to detect subtle changes due to 

fluctuations in IOP184–187. In animal models, changes can be noted within minutes of IOP change 

and are shown to be dose-dependent184, likely affected by IOP fluctuations as little as 5 mmHg. 

In normal eyes, MRW decreases over the course of the day without any exogenous influences or 
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an increase in IOP, but it is believed that if IOP is increasing that the magnitude of thinning will be 

greater. The motivation to use this technique during SL wear is that it can be done while the SL 

is on the eye, and furthermore is a direct measure of the implied consequence of increased IOP, 

which is pressure-induced stress at the ONH. To date, two research groups, including ours, have 

used this technique to assess the effect of SL wear on the sensitive ONH. In 2020, Samaha & 

Michaud also published changes in MRW using the Spectralis OCT, in 20 young, healthy 

participants over the course of 6 hours of 16.0-mm SL wear in the right eye only369. In both MRW 

studies, thinning over the course of the day was expected and observed in most eyes, and there 

was greater MRW thinning in the test condition (SL wear). Samaha & Michaud found a statistically 

greater decrease (-3.35 ± 6.32 μm) in the test condition, which was similar to our finding of 

approximately 2 μm greater thinning in the test eyes, although it did not reach statistical 

significance in our cohort. The results of these studies, while differing in magnitude, agree that 

there is evidence of an increased IOP that can affect the ONH during SL wear. The differences in 

the magnitude may be attributable to the primary difference between the two studies, which was 

the determination of a control. We used the non-SL wearing eye as a control, measured on the 

same day as the test eye, and they measured the test eye on a previous day as the control. One 

of the justifications for using the same eye on a different day as a control is that there could be a 

consensual response of one eye to the other eye in response to an increase in IOP or MRW. 

Although it is unknown if this consensual response would be stimulated with SL wear or at the 

level of the MRW, ocular consensual responses to stimuli are known to occur (i.e., during post-

surgical inflammation)382. Additionally, a different subject group wearing different types of SL could 

have affected the results, and ultimately both studies provide justification that this should be 

looked at over a wider population of potential SL wearers. Certainly, a good control when using 

this methodology is essential, since MRW has quite large natural diurnal fluctuations that must be 

considered.  
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An important consideration in understanding the MRW data is to consider whether this can be 

used to calculate the magnitude of IOP change that corresponds to a change in MRW. This is 

challenging to interpret, because the size and depth of an individual ONH, as well as properties 

and forces of surrounding tissues, could potentially be involved. However, in the Samaha study, 

the authors did attempt to correlate change in IOP with change in MRW by referencing a study of 

primates in which IOP was raised from 10-60 mmHg (in 10 mmHg increments) while assessing 

changes in MRW184. Based upon their calculations, they suggested that a 0.61-micron change in 

MRW represented a 1 mmHg increase in IOP. Application of this formula to data collected resulted 

in wide variability of predicted change in IOP during lens wear, from an increase of 14.75 mmHg 

to a decrease of 21.31 mmHg. In some cases, predicted IOP based upon the change in MRW 

observed resulted in an estimation of a negative IOP. This variability further suggests that there 

are additional forces involved, and a direct relationship between MRW and IOP in humans has 

yet to be established.  

In regard to variability of the MRW data, there was an appreciable amount of variation in the data. 

While on average there was not a significant difference in the MRW with SL wear, 8 test eyes 

(31%) and 7 control eyes (27%) had greater than 10 μm of MRW thinning over the six-hour period. 

Most of the subjects with high amounts of MRW thinning showed relatively symmetrical thinning 

between the eyes, although there was approximately 3 to 5 μm greater thinning in  test eyes for 

38% of subjects (n = 10). Only two eyes, both test eyes, showed greater than 20 μm thinning 

during the test period (-21 and -23 μm), although both fellow control eyes did show greater than 

average amounts of thinning (-13 and -14 μm thinning, respectively). In summary, the IOP 

increases associated with the changes in MRW are unclear and are likely to have individual 

variations (just as other ONH parameters do), as are the physiologic risks for developing 

glaucoma in those that experience those greater amounts of MRW thinning.  

The individual variation in the impact of SL on MRW and IOP is also likely to be a function of the 
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ocular biomechanics, specifically in the scleral tissue. The biomechanical properties of the sclera 

(e.g., its stiffness or distensibility which refers to tissue resistance or susceptibility to deformation 

forces) vary with age, ethnicity, glaucoma, and refractive error. Therefore, scleral lens settling 

dynamics, tissue compression, and any change in intraocular pressure during SL wear may vary 

significantly with respect to these factors. Although these properties were not evaluated here, 

future studies should seek to explore these variations in scleral biomechanics that could impact 

the deformation of tissue and ultimately the ONH deformation during SL wear.  

Clinical implications of findings 

Maintaining a steady IOP is a vital homeostatic process and dysregulation can result in ocular 

hypertension and potentially glaucoma. The potential to disrupt this natural homeostasis with a 

SL is a major clinical concern. As it stands currently, a consensus has yet to be reached on 

whether SL wear does, in fact, result in an increase in IOP in the short or long term. However, the 

research has allowed us to improve the tools and diagnostic techniques as well as our 

interpretation of them, and while there is progress yet to be made, clinical guidelines can begin to 

be formed with the currently available data.  

The current evidence is supportive of a clinical recommendation to measure baseline IOP prior to 

initiating SL in all patients. We do not recommend use of the Diaton, which has been used in 

several studies but each pointing out the questionable reliability. Peripheral pneumotonometry 

may be the best current option for measuring IOP during SL wear, and although the normative 

range of this has not been established, it can be used for pre- and post-SL comparison as a 

reasonable screening tool. To measure IOP immediately post-removal we recommend iCare due 

to the ease and speed of acquisition. Any increase in IOP, either chronically during SL wear or 

due to the removal process, will be expected to return to a baseline state essentially immediately 
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after the inducing force is removed322. Therefore, the proximity of measurement to the removal is 

likely an important factor in getting any real data about the SL and IOP.  

It should be noted that the purpose of measuring IOP is to screen for one of the major risk factors 

for glaucoma. However, IOP alone cannot be used to diagnose glaucoma. It is just one of the 

parameters assessed; corneal thickness, optic nerve structure, and visual function are also 

assessed in individuals considered to be at risk for disease. It is also worth noting that standard 

IOP assessment through the cornea may yield inaccurate results when performed in eyes with 

abnormal corneas (such as keratoconus, S/P keratoplasty, corneal dystrophy). Given that most 

patients who wear SL have some form of corneal pathology, SL prescribers may be well advised 

to consider not just IOP, but also additional risk factors for glaucoma when evaluating relative 

risks and benefits of SL wear for their patients, particularly if patients have other risk factors for 

the disease. 

The MRW at the ONH may be the most useful tool for monitoring the effects of (potentially) chronic 

elevated IOP during SL wear. Based on the MRW data, we recommend a baseline and follow-up 

high-resolution optic nerve scans in SL patients when available. The MRW parameter is relatively 

novel and may not be available on many commercially available instruments, so we recommend 

practitioners follow the standard of care OCT testing for glaucoma which is a retinal nerve fiber 

layer (RNFL) scan. However, the dynamic changes in MRW may be more sensitive than the RNFL 

measure in early detection of glaucomatous ONH change, so this should be the test selected 

when available383. Similar to IOP monitoring, this should be repeated as needed depending on 

the glaucomatous risk factors for an individual. 

Even with an increase in the resistance overlying the AH outflow pathways, and a potential 

stimulus to increase IOP, the normal human eye is not without homeostatic mechanisms that 

could potentially regulate IOP during SL wear. In a normal environment, without any type of 
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contact lens wear, several intrinsic and extrinsic factors exist that could potentially affect IOP 

homeostasis. For example, fluctuations in IOP occur due to influences such as fluid intake, 

medications, body orientation, alcohol consumption, respiration, heart rate, exercise, and diurnal 

rhythms313. While these factors affecting IOP are numerous, the AH outflow pathway, specifically 

the TM, is capable of modulating pulsatile flow to maintain a steady IOP in healthy eyes. In a 

properly functioning system, the mechanotransduction cells in the TM sense the resistance of AH 

increasing during these situations and adjusts in response to increased outflow pressure to 

regulate IOP174. Therefore, healthy eyes could in theory be able to maintain IOP in response to 

external forces, which is likely the case given that we do not see drastic increases in glaucoma in 

SL wearers. However, the individual response to mechanical force to the anterior segment is 

variable, with equal pressure to the anterior segment creating different IOP responses322, and 

furthermore the effects of chronic IOP increases can take years or decades to manifest, which 

may not yet be apparent in the relatively new modernized SL designs. Other factors such as 

age384 and disease state, specifically glaucoma, can affect the functionality of the IOP homeostatic 

system. Glaucomatous eyes may have defective autoregulatory mechanisms172,174,313,385 and 

therefore be more susceptible to a potential increase in IOP during SL wear. Examination of the 

influence of SL wear on IOP in eyes with glaucoma would provide insight into the potential risks 

of SL wear in this population.  

Future directions of intraocular pressure research 

The physiological impact of SL wear on AH dynamics is a topic of considerable interest in the SL 

community. While it is possible that SL application, wear, or removal may introduce a challenge 

to these homeostatic mechanisms, the neuroregulatory system may be sufficiently robust to 

adjust to any alteration in IOP due to SL wear, at least in the short term in healthy individuals. 

However, in patients with glaucoma or other vulnerable compensatory mechanisms, the 

autoregulation system may not be able to adequately control IOP in the presence of a significant 
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exogenous challenge such as a SL. Additionally, while short-term variations in IOP associated 

with SL wear provide some insight the physiological impact of these lenses on homeostatic 

processes that control aqueous flow, long-term assessment of factors associated with IOP 

regulation in SL wearers may provide more clinically relevant information. With this in mind, future 

studies should evaluate IOP during SL wear in individuals who are at risk for glaucoma. Long- 

term clinical studies could also provide additional insight into potential increased risk for glaucoma 

associated with SL wear. 

The landing of the SL onto the ocular surface is certainly an aspect to consider when evaluating 

the change in IOP and ONH morphology with SL wear. In Chapter 4, the LZR was evaluated using 

slit lamp biomicroscopy, which showed no real differences in grossly evaluated (blood vessel) 

compression. All lenses were explicitly fitted with spherical or toric LZRs to ensure proper 

alignment of the lens on the ocular surface, so it is not surprising that there were no compression 

patterns observed using the relatively low-resolution qualitative assessment done with the 

biomicroscope. However, other techniques such as OCT imaging could allow more reliable 

quantification of changes in tissue thickness or elevation associated with SL wear. The OCT 

images taken in the study in Chapter 4 were not assessed due to limitations in the consistency of 

the measurement location. The images were taken using a single line raster, and there was no 

active effort to measure the exact same location at the follow-up scans. Therefore, these images 

cannot reliably be assessed in this study, although ongoing analysis of these images using Matlab 

software may allow us to better calculate the volumetric area beneath the lens to better measure 

compression of the conjunctiva, episcleral, and scleral tissue, including assessment of 

compression at the level of episcleral veins, Schlemm’s canal, and the trabecular meshes. 

Another factor that bears attention is the individual variations in scleral and conjunctival anatomy. 

The scleral stroma is composed primarily of dense bundles of collagen of varying fibril diameter 

in a random arrangement with a similar percentage and type of collagen observed anteriorly and 
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posteriorly386. Near the limbus scleral collagen bundles are arranged in concentric circles, which 

is thought to allow some flexibility in response to changes in IOP or biomechanical stress 

transmitted from the extraocular muscles153. The biomechanical properties of the sclera (e.g., its 

stiffness or distensibility which refers to tissue resistance or susceptibility to deformation forces) 

vary with age, ethnicity, glaucoma, and refractive error155,387. Consequently, SL settling dynamics, 

tissue compression and any change in IOP during lens wear may vary significantly with respect 

to these factors, due to associated differences in scleral composition and biomechanical 

properties. However, the majority of tissue changes observed during SL wear appear to be 

superficial to the scleral stroma38. Future studies should explore the biomechanics of the scleral 

and evaluate the impact of biomechanics on the transferring of pressure and impact of the SL 

landing zone. Since most work examining scleral biomechanics typically considers the scleral 

tissue surrounding the optic nerve in relation to glaucoma development (in experimental animal 

models or using in-vitro techniques)153, the data presented in this study may not directly translate 

to the anterior sclera at the location of the LZR. Future studies will explore this more 

comprehensively.  

Conclusions 

The studies completed in this dissertation represent novel approaches to studying the impact of 

a SL on the eye, showing that the FR is distinct from the ocular surface basal tears and may 

harbor a unique inflammatory environment, perhaps most uniquely in the presence of altered lipid 

profiles of the FR in MDF. This is an exciting and expanding time and there is much work to do to 

enhance the understanding of this environment of tears beneath the SL, as well as a great 

potential for expanding the therapeutic capabilities of this contact lens modality. In addition to FR 

analysis, a method to evaluate downstream effects such as IOP and ONH morphology has been 

established here and suggests that, while the SL appears to have minimal effect on ocular 

pressure homeostasis in normal eyes, it should be investigated further in SL wearers.  
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