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Abstract

Effects of Oxygen and Salt Transport Across Contact Lenses
on Lens-Wear Safety and Comfort

by
Young Hyun Kim
Doctor of Philosophy in Vision Science
University of California, Berkeley

Professor Meng C. Lin, Co-Chair
Professor Clayton J. Radke, Co-Chair

There are numerous types of contact-lens materials and designs available for lens wearers
today. Regardless of whether the lens is mass produced or customized to an individual patient,
oxygen and ion transport across the contact lens is critical to ensure that contact-lens wear is safe
and comfortable for the lens wearers. High oxygen-permeable contact lenses allow enough oxygen
supply from the environment to the cornea to avoid corneal hypoxia-induced edema. Meanwhile,
high ion-permeable contact lenses allow the tear-film between the contact lens and the ocular
surface (i.e., post-lens tear film) to be thick enough to avoid lens adherence to the ocular surface.
However, high ion-permeable contact lenses could potentially result in post-lens tear-film
hyperosmolarity to activate corneal nociceptors and cause discomfort. Effect of contact-lens ion
transmissibility (strictly salt transmissibility) on post-lens tear-film hyperosmolarity has not been
investigated. Aims of this dissertation is to quantify the effects of contact-lens salt transport
properties on post-lens tear-film hyperosmolarity and to quantify central-to-peripheral corneal
edema during wear of various types of contact lenses that have yet to be investigated for hypoxic
safety.

To quantify central-to-peripheral corneal edema for wear of various contact lenses, one-
dimensional metabolic-edema model is initially developed to determine central corneal edema for
scleral-lens wear. The model utilizes metabolic kinetics and diffusion to determine accurate
concentrations of aerobic and anerobic metabolic species. Change in concentrations of metabolic
species due to corneal hypoxia affects the hydraulic pressure and, therefore, the corneal thickness.
The severity of corneal hypoxia is dependent on the adjustable lens oxygen transmissibility and
the post-lens tear-film thickness. Model results show excellent agreement with the clinical corneal
edema measurements made from subjects wearing scleral lenses with various lens oxygen
transmissibilities and post-lens tear-film thicknesses. Central corneal edema due to wear of scleral
lenses made of silicone-acrylate based materials is clinically insignificant while being awake.
However, scleral-lens wear during sleep will cause clinically significant swelling and should be
avoided.

The one-dimensional metabolic-edema model is expanded to two dimensions by
incorporating central-to-peripheral cornea and contact lens. Alongside, metabolic support from the
limbus is incorporated at the peripheral cornea to accurately model non-central corneal edema.



Central-to-peripheral corneal edema is determined for wear of soft contact, scleral, and component
embedded contact lenses and is rigorously compared with available clinical data to ensure the
accuracy of the metabolic-edema model. Results show that supply of bicarbonate ions and oxygen
and removal of lactate ions by the limbal blood supply reduces corneal edema at the midperiphery
and the periphery. Due to the limbal metabolic support, central corneal edema measured clinically
is a good standard for assessing hypoxic safety for wear of scleral and soft contact lenses despite
the variance in lens oxygen transmissibility throughout the lens and higher oxygen demand at the
non-central cornea than the central cornea. For component embedded contact lenses, central-to-
peripheral corneal edema must be accounted to ensure the hypoxic safety of lens wear. To
minimize corneal edema, low oxygen permeable embedments are advised to be embedded in the
lens periphery.

Post-lens tear-film osmolarity during contact-lens wear has not been measured clinically
because the tear film is microns thick and because the tear film is covered by the contact lens that
prevents direct probe interaction. To understand the osmolarity of the post-lens tear film,
theoretical osmolarity models are developed to predict spatially-averaged and localized post-lens
tear-film osmolarities during wear of soft contact lenses with varying salt diffusivity, lens
thickness, and salt partition coefficients. Lenses made of acrylate materials are not studied because
those hard lenses are practically ion impermeable compared to those of soft contact lenses.
Spatially-averaged osmolarity of post-lens tear film is determined by quantifying the transport of
salt and water across the contact lens between the pre-lens and the post-lens tear films. The model
also incorporates tear production and evaporation rates, tear mixing, and tear produced from the
cornea and the bulbar conjunctiva to accurately model the lens-wear osmotic behavior. Meanwhile,
localized post-lens tear-film osmolarity due to tear break-up areas on the pre-lens tear film is
determined by developing a 2-dimensional model that allows localized hyperosmotic regions to
be formed on the pre-lens tear film. Results show that soft-contact-lens wear can protect the cornea
from both localized and spatially-averaged hyperosmolarity when the lens-salt diffusivity is low.
Realistic ranges of salt partition coefficient and lens thickness for existing soft contact lenses do
not have meaningful impact on the post-lens tear-film osmolarity. Conversion of localized post-
lens tear-film hyperosmolarity spike values to pain scores based on a previously conducted clinical
study suggests that soft-contact-lens wear can mitigate osmolarity-induced discomfort.

Understanding salt and oxygen transports across contact lenses allow development of safe
and comfortable novel contact lenses. Theoretical models in this dissertation allow optimization
of future lens designs to minimize hyperosmolarity and hypoxia for safe and comfortable lens wear.
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central cornea at the anterior epithelial surface. Vertical axis is the percentage of corneal swelling.
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Chapter 1
Introduction

1.1 Environmental Dependency of Cornea: Oxygen and Osmolarity

The cornea is a unique body tissue in that it is exposed to the environment and relies heavily
on that interaction to function. Due to the avascular nature of the cornea, which allows corneal
transparency for sight, the cornea receives the majority of its oxygen supply for aerobic
metabolism from the environment.! When there is a lack of oxygen supply from the environment
the cornea must rely only on oxygen from limbal blood vessels.>* Chronic hypoxia of the cornea
results in neovascularization to compensate for the loss in oxygen supply, which unfortunately can
cause tissue scarring, inflammation, and loss in visual quality.>* Even with the unwanted
neovascularization, limbal support to the central cornea is unfortunately limited® and the body
requires increased anaerobic metabolism to meet the energy demand of the corneal cells.> However,
anerobic metabolism results in increased lactate concentration and decreased pH and bicarbonate
concentration within the cornea.”>”’ Disruption of aerobic homeostasis affects the transport of water
between aqueous humor and stroma through the corneal endothelium to result in increased stromal
water retention, causing corneal edema.®

Maurice discovered experimentally that the corneal endothelium allows water to flow
passively into and to be pumped actively out of the stroma, which is coined as the “pump-leak”
mechanism.® Maurice’s experiments further showed that swelling of the cornea is predominantly
regulated by the corneal endothelium and not the corneal epithelium.® Since the discovery of the
pump-leak swelling mechanism, studies found that metabolites affect the amount of corneal
edema.”!! Eventually the works of Chhabra et al.!? and Leung et al.’ linked the effects of hypoxia
to anerobic and anaerobic metabolism kinetics and, consequently, to corneal edema.

Similar to oxygen dependence, the osmotic state of the corneal surface also depends on the
environment. Tear produced predominately from the lacrimal gland keeps the corneal epithelium
hydrated. However, as tear evaporates into the environment during the interblink, the concentration
of dissolved ions and other molecules increases in the remaining tear to become hyperosmotic.
Hyperosmotic tear then triggers corneal nociceptors causing ocular pain and discomfort.!*!* In
fact, tear-meniscus hyperosmolarity has been shown to correlate with dry eyes.">* Since
evaporation rate is negatively correlated with relative humidity and positively correlated with
temperature and airflow, individuals are more likely to experience dry eyes in an environment with
low relative humidity, high temperature, and high airflow.?®

It is rather unsurprising that dry-eye patients have higher tear evaporation rates than those
without dry eyes considering that tear osmolarity is largely influenced by the tear evaporation
rate.?*>?6 The difference in tear evaporation rates between normal and dry eyes is attributed to the
variance in lipid-layer thickness and composition.?’ > The 50 — 100 nm lipid layer,** secreted from
the meibomian glands, is the outermost layer of the tear film that coats the muco-aqueous tear-film
layer to retard tear evaporation.>' Lipid-layer instability due to suboptimal composition and
thickness causes localized break-up areas to form, and the time it takes for the break-up areas to
form during an interblink varies significantly for normal and dry eyes.>? Theoretical studies
showed that local osmolarity in these break-up areas can reach 600 — 900 milliosmolar (mOsM) in



a 10 s interblink whereas areas without break up have osmolarities less than 400 mOsM.**-** Figure
1.1 illustrates the evaporative phenomenon occurring on the ocular surface.

Evaporative Flux

Tear-Film Break-Up Area Osmolarity Profile
Ta
Pre-Corneal Tear Film

Cornea

Figure 1.1. Schematic of localized break-up area on the pre-corneal tear film. Localized break-up area has
greater evaporation flux and, therefore, higher osmolarity. Multiple break-up areas can occur on the ocular
surface during an interblink period and the break-up size typically grows as the interblink period gets longer.
Figure is not to scale.

Cerretani and Radke®> mathematically showed that the spatial osmolarity average including
both break-up and non-break-up areas was also significantly different between normal and dry
eyes. Equally important, their study revealed that pre-corneal tear-film osmolarity is significantly
different from the osmolarity of the tear meniscus, where osmolarity is typically measured in
clinical studies.> However, possible reason as to why the meniscus osmolarity and the dry-eye
discomfort correlates in some studies'>2* is because the tear menisci and the pre-corneal tear film
mix during every blink.** It is important to recognize that some studies**’ found lack of
association between the meniscus osmolarity and the dry-eye discomfort, presumably due to the
known limitations of the clinical osmometer.>® Therefore, association between tear-meniscus
osmolarity and dry-eye discomfort remains controversial.

Environmental dependence of the cornea for oxygen and osmolarity regulation is critical
for ocular health and comfort. Unfortunately, homeostasis between the cornea and the environment
is disrupted with wear of contact lenses. This dissertation reveals how contact-lens types, contact-
lens designs, and contact-lens-material properties affect oxygen and ion transport to guide lens
development to maximize hypoxic safety and minimize osmolarity-induced discomfort during
contact-lens wear.

1.2 Transport of Oxygen and Ion Across Contact Lenses During Lens Wear

Oxygen and ion transport across contact-lens materials is of significant interest to lens
designers due to the concern for corneal edema and lens adherence to the ocular surface, which is
correlated to ion transport.>**° Section 1.2.1 provides information regarding how contact lenses
evolved over time due to lens-wear induced hypoxia and why there is renewed interest in
investigating corneal hypoxia with contact-lens wear, which is investigated in this dissertation.
Section 1.2.2 discusses the relationship between lens adherence to the ocular surface and ion
transport across the contact lens. Section 1.2.2 also discusses the motivation for this dissertation,
namely to investigate the effects of ion transport across soft contact lenses on tear-film osmolarity
during lens wear.



1.2.1 Oxygen Transport

The first widely-used contact lenses were shown to cause corneal edema and edema-
induced corneal haze due to hypoxia caused by the oxygen impermeable lens material polymethyl
methacrylate (PMMA).>#%47 To allow oxygen to reach the cornea, PMMA lenses were designed
and fitted on wearers to maximize on-eye lateral movement thus allowing oxygen to reach the
cornea.*® Due to the heavy dependency on lens movement for oxygen, PMMA lens diameters were
about 9 — 11 mm,* typically smaller than modern soft contact lenses (SCLs). The stiff PMMA
material and the small lens size also made wearing these lenses uncomfortable.

To minimize corneal edema and to improve comfort, first-generation soft hydrogel contact
lenses were made with hydroxyethyl methacrylate (HEMA) material in the early 1970s.>° HEMA
contact lenses contain water within the lens matrix allowing water-soluble oxygen to diffuse across
the lens to reach the cornea. Therefore, oxygen permeabilities (Dk) of HEMA lenses depend on
the water content. Here, D is the oxygen diffusivity of the contact lens and & is the partition
coefficient of oxygen. Dk of HEMA lenses are capped by the Dk of water, which is around 90
Barrer.’! Further, increasing the water content of HEMA lenses increased lens thickness (L),
meaning that oxygen transmissibility (i.e., Dk/L) is reduced.’! Studies of Holden and Mertz* and
re-evaluation of the study by Harvitt and Bonanno*!' showed that the HEMA lenses do not
eliminate hypoxia altogether. Regardless, HEMA hydrogel lenses were widely used worldwide
until the advent of soft silicone hydrogel (SiHy) materials.>?

In conjunction to hydrogel contact lenses, the 1970s also introduced corneal rigid gas
permeable (RGP) acrylate contact lenses.’® These small hard lenses are made of silicone-based
material and allow oxygen to transport across contact lenses unlike the PMMA material. Initially
available corneal RGP lenses had lower Dk than hydrogel contact lenses but could rely on lens
movement for increased oxygen supply to the cornea.’® Continual improvement of silicone-based
acrylate material now allows corneal RGP lenses to be made with Dk greater than 100 Barrer and
is considered safe from hypoxia.’® Despite hypoxic safety of RGP lenses, SCLs became the
preferred choice for lens wear worldwide due to affordability and, most importantly, easier comfort
adaptation.

Similar to corneal RGP lenses, introduction of siloxane into the hydrogel material resulted
in soft SiHy contact lenses to attain oxygen permeabilities greater than 100 Barrer.>! Rather than
relying on water to transport oxygen, oxygen transport occurred within the phase-separated
silicone domains of these lenses. Therefore, lower-water-content SiHy lenses have higher Dk than
higher-water-content SiHy lenses.’! Commercially available SiHy contact lenses still have water
content of ~30 to 50 % to allow for comfort, elasticity, and shape of SCLs.>* Various studies
showed that for typical contact-lens thicknesses, SiHy contact lenses eliminate the concern for
corneal hypoxia and edema.>>*

Although modern soft SiHy and corneal RGP lenses are free of hypoxic concerns during
lens wear, advent of modern non-hydrated scleral lenses (SL) and introduction of embedment
technologies have revived concern for corneal hypoxia during contact-lens wear. SLs are
particularly useful for patients with irregular corneas (e.g., keratoconus) or for patients that suffer
intolerable dryness with other types of contact lenses. Superiority of SLs for these patients is due
to the thick post-lens tear film (PoLTF) (i.e., the tear film between the contact lens and the ocular
surface) keeping the cornea separated from the contact lens, hydrated, and protected from
hyperosmolarity induced by tear evaporation. Scleral lenses are large RGP lenses with 15 —24 mm
diameter; lens thicknesses are about 3 to 4 times that of corneal RGP and SiHy contact lenses.
Therefore, even with high Dk silicone-acrylate materials, DA/L is significantly less than those of



corneal RGP and SiHy contact lenses. Although beneficial for keeping the eye protected and not
touching the contact lens, the POLTF during SL wear is a magnitude thicker than that of POLTFs
during corneal RGP or SiHy lens. This adds additional resistance to oxygen transport with SL wear.
Thus, there is a need to understand if modern SLs are hypoxically safe to wear.

Improvements in sensor and drug-releasing technologies are allowing active investigation
into multicomponent contact lenses.’>* Some of the functions these contact lenses are trying to
achieve are controlled drug release, detect biomarkers, display provision, correction for presbyopia,
and light regulation. These lenses utilize existing contact-lens base designs but are unique because
they have various components embedded within the contact lens. This raises hypoxic concerns
because components such as semiconductors have low or zero Dk.”® Multicomponent lenses,
therefore, require understanding of lateral oxygen diffusion, localized corneal hypoxia, and
quantitative understanding of limbal metabolic support on corneal edema. All of which are not
well understood prior to the work in this dissertation.

Continuous development of contact lenses and their applications demand further
understanding of oxygen transport across contact lenses and how that transport impacts the corneal
health. By utilizing mass-transport principles and metabolic kinetics, this dissertation answers
hypoxic safety of novel contact lenses and provides guidelines to ensure that future designs are
safe for human wear.

1.2.2 Ion Transport

Ion transport (strictly salt transport) was historically investigated by the contact-lens
community because low ion-permeable hydrogel contact lenses adhered strongly to the ocular
surface.>**° Therefore, the focus of ion-permeability (Dsk;) studies of SCLs (e.g., SiHy and HEMA
contact lenses) was to understand the relationship between lens adhesion and Dyk; rather than effect
of Dsks on POLTF osmolarity. Here, D; is the salt diffusivity in the contact lens and £; is the partition
coefficient of that salt for a contact lens. Because RGP and SLs are not hydrated, salt permeability
i1s not an issue. Nevertheless, corneal-RGP contact lenses and SLs are known to adhere to the
ocular surface if the lenses do not move for prolonged time periods.”!’?

During SCL wear, the tear film over-riding the contact lens and exposed to the environment,
commonly known as pre-lens tear film (PrLTF), evaporates similar to that of pre-corneal tear film
during no lens wear. Because SCLs are ion permeable, increased osmolarity of the PrLTF initiates
salt diffusion across the contact lens and into the PoLTF to increase POLTF osmolarity.

Nicolson et al.*’ recommended Dk of at least 2 x 1077 ¢cm?/s to avoid lens adherence of
SCLs. Although the recommended guideline seemingly avoids lens adherence to the eye, physical
understanding as to why is not concrete. Nicolson et al.*’ argued that Dk, indirectly gauges the
hydraulic permeability of SCLs, and that water being squeezed in and out of the SCL during
blinking allows thick enough PoLTF to avoid lens adherence. However, Monticelli et al.”* showed
that hydraulic permeabilities of SCLs are minuscule and water transport across the lens cannot
maintain PoLTF thickness to avoid lens adherence. Cerretani et al.*® mathematically demonstrated
that increased POLTF osmolarity due to ion transport across SCL can osmotically withdraw water
from the cornea to maintain adequate PoLTF to prevent lens adherence. However, further
investigation is necessary to ascertain whether the osmotic-withdrawal mechanism actually
controls SCL adherence.

Although efforts have been made to understand how SCL Dk affects lens adhesion,
PoLTF osmolarity due to increased SCL Dyks remained uninvestigated until this dissertation.
Understanding POLTF osmolarity during SCL wear is important because hyperosmolarity of tear



menisci correlates with dry-eye discomfort during no-lens wear.!>>* However, the PoLTF does
not mix well with the tear menisci unlike mixing of the pre-corneal tear film and the tear menisci
during no-lens wear. Therefore, it is not surprising that clinical studies measuring tear meniscus
osmolarity during SCL wear find no correlation between meniscus osmolarity and lens-wear
dryness discomfort.”*78 Instead, osmolarity of the POLTF and lens-wear dryness discomfort
should be investigated.

Considerable improvement in lens-wear comfort is essential to allow continuous extended
wear of SCLs. Analysis of salt transport across SCLs to determine POLTF osmolarity discussed in
this dissertation is crucial in understanding the effect of osmolarity on lens-wear dryness
discomfort.

1.3 Dissertation Scope

This dissertation theoretically investigates the effects of oxygen and salt transport across
contact lenses and their effects on ocular health and POLTF osmolarity. Clinical experiments are
conducted alongside theory to validate the mathematical predictions and to understand better
human physiology of eye behavior. Chapters 2 — 4 establish and validate a metabolic model to
predict hypoxia-induced corneal edema during wear of various types of contact lenses. Chapter 5
experimentally quantifies human lacrimal tear production rates to allow accurate modeling of salt
transport across SCL during lens wear. Chapters 6 and 7 theoretically investigate whether SCL
wear can protect the ocular surface from hyperosmolarity, which has been shown to correlate with
dry-eye discomfort without lens wear. Chapters 2 — 4 build up chronologically to develop more
sophisticated eye models and to assess more complicated lens systems for corneal edema. Chapters
6 and 7 together quantify both localized and spatial-average hyperosmolarity of the PoLTF to
provide comprehensive understanding of lens-wear tear-film hyperosmolarity. Summaries of each
chapter are provided below.

Chapter 2 assesses central-corneal edema with SL wear with the developed metabolic-
edema model. The metabolic-edema model expands the theoretical work of Leung et al.” to include
oxygen transport resistance of the POLTF. The model numerically calculates oxygen transport and
metabolic kinetics to determine the metabolic concentrations at the corneal endothelium. Changes
in metabolic concentrations due to lens-wear-induced hypoxia are used to calculate corneal edema.
PoLTF thickness and DA/L of the SL are varied to assess how these controllable variables affect
corneal edema during lens wear. Results indicate that commercially available SL wear results in
clinically insignificant amounts of corneal swelling (e.g., 0.5~2% swelling depending on lens D&/L
and PoLTF thickness) when worn while awake. However, commercially available SLs result in
unhealthy corneal swelling of 6~8% when worn during sleep. Therefore, SLs should not be worn
during sleep. Chapter 2 also reports results from our clinical study validating the model results for
SL wear while being awake. Due to SLs being deemed unsafe to wear while being asleep, a clinical
study measuring corneal edema due to lens-wear sleep was not conducted. The developed
metabolic-edema model in Chapter 2 serves as the fundamental basis for Chapters 3 and 4.

To assess noncentral corneal edema during contact-lens wear, the metabolic-edema model
of Chapter 2 is expanded in Chapter 3 to include central-to-peripheral geometries of contact lenses
and the cornea. Alongside, metabolic support from the blood supply at the limbus is also
incorporated into the numerical model to predict accurately noncentral corneal edema during
contact-lens wear. Central-to-peripheral corneal edema with both SCL and SL is assessed in
Chapter 3. Results show that limbal metabolic support practically eliminates corneal edema at the
peripheral cornea. The effect of limbal metabolic support on corneal edema gradually diminishes
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when approaching the cornea center and disappears completely ~1 mm away from the corneal
center. Results also show that supply of bicarbonate and removal of lactate by the limbus has the
predominating effect on reducing corneal edema. Although impactful, oxygen support from the
limbus has less effect on reducing corneal edema than does supply of bicarbonate and removal of
lactate by the limbus. Chapter 3 reveals that the location of maximum corneal swelling depends
on limbal metabolic support and the thickness profiles of the cornea, the PoLTF, and the contact
lens. Determined central-to-peripheral corneal edema is verified against published clinical studies
as detailed in Chapter 3. The two-dimensional metabolic-edema model developed in Chapter 3 is
used in Chapter 4 to assess localized corneal edema induced by multicomponent embedded contact
lenses.

Chapter 4 expands the work of Chapter 3 to understand central-to-peripheral corneal edema
induced by wear of multicomponent embedded contact lenses. Because embedded components
may have low Dk, localized regions of the cornea may undergo extreme hypoxia during wear of
these novel lenses. Therefore, assessment of localized corneal edema is critical. Various
multicomponent embedded contact lenses are designed using both SL and SCL as the encasement.
Each lens is designed to have central and peripheral embedments. The placement, the dimensions,
and the Dk of the embedded components and the encasement are varied to assess their effect on
central-to-peripheral corneal edema. Model results show that placement of low-Dk materials at the
lens periphery minimizes corneal edema due to limbal metabolic support. With oxygen
impermeable or low-Dk embedments, lateral transport of oxygen is important in lowering localized
edema spikes. Expectedly, thinner and higher Dk embedments lower corneal edema everywhere.
Localized corneal edema results are validated by comparing the model results with the study of
Holden et al.,”” who studied localized corneal edema induced by a donut-shaped contact lens.
Results of Chapter 4 allow lens developers to optimize their multicomponent embedded contact-
lens designs to minimize corneal edema for safe human wear.

To determine accurately POLTF osmolarity during SCL wear, salt flux across a SCL
between the PrLTF and PoLTF must be accurately quantified. However, PrLTF osmolarity is
directly influenced by tear production and evaporation rates. Although there are numerous studies
that measured tear evaporation rates, there are no known studies that measured tear production
rates directly. Rather, tear production rates are typically calculated from measured tear evaporation
and turnover rates. This method is limited because tear evaporation and turnover rates cannot be
measured simultaneously. Chapter 5 provides tear-production rates measured directly for the first
time using a modified Schirmer Tear Test. A conducted clinical study assures that the tear
production rates used to calculate POLTF osmolarity in Chapters 6 and 7 are accurate.

Chapter 6 builds on the tear dynamics model of Cerretani and Radke? to include SCL as
well as salt and water transport across a soft contact lens. The proposed model accounts for tear
evaporation, tear production, tear drainage, SCL Dy, SCL k,, SCL thickness, and tear mixing that
occurs during SCL wear to determine accurately PrLTF, PoLTF, and menisci osmolarities.® Since
tear osmolarity is predominantly controlled by tear salt concentration, this dissertation focuses on
salt-transport properties to determine various tear-compartment osmolarities. Tear evaporation and
production rates are varied to mimic both normal and dry eyes during lens wear. Results reveal
that by lowering Dy of the SCL, the cornea can be protected from hyperosmotic PoLTF for both
normal and dry eyes. Although a similar effect can be achieved by lowering 4, or by increasing
lens thickness, practical limitations of SCL designs make Dy the optimal candidate to regulate
PoLTF osmolarity. Results in Chapter 6 indicate that lenses can be designed to minimize PoLTF
osmolarity while maintaining enough ion transport to avoid lens adherence to the ocular surface.



Determined osmolarities in Chapter 6 are those of spatially averaged tear osmolarity.
Chapter 7 investigates the effect of localized PrLTF hyperosmotic spikes on POLTF osmolarity.
Similar to the pre-corneal tear film during no-lens wear, utilizing mire rings confirm that the PrLTF
also undergoes localized break-up during an interblink.®! Therefore, Chapter 7 makes a reasonable
assumption that PrLTF ruptures exhibit similar osmolarity spikes as does the pre-corneal tear film.
Chapter 7 focuses on the effect of SCL D; on PoLTF osmolarity since Chapter 6 reveals that design
and material limitations prohibit lens thickness and 4, to have meaningful impact on the POLTF
osmolarity. Although osmolarity of localized PrLTF break-up areas can rise above 500 mOsM
during a 10 s interblink,* SCL wear can effectively mitigate any rise in the PoLTF osmolarity.
This is true for both normal and dry eyes. Surprisingly, even lenses with high Ds can meaningfully
reduce the PoLTF osmolarity. Using the clinical results of Liu et al.,'* PoLTF osmolarity is also
converted into ocular discomfort scores to show that SCL wear can protect against osmolarity-
induced lens-wear discomfort.



Chapter 2

Central Corneal Edema with Scleral-Lens Wear

Published as: Kim YH, Tan B, Lin MC, Radke CJ. Central corneal edema with scleral-
lens wear. Curr Eye Res. 2018;43(11):1305-1315.

2.1 Abstract

Purpose: To evaluate the safety of scleral-lens designs, we model and clinically assess central
corneal edema induced by scleral-lens wear for healthy subjects.

Materials and Methods: Central corneal swelling during scleral-lens wear is measured using
optical coherence tomography (OCT). Transport resistances are modeled for oxygen diffusion
through the scleral lens and post-lens tear-film (PoLTF), and into the cornea. Oxygen deficiency
in the cornea activates anaerobic metabolic reactions that induce corneal edema. Oxygen
permeability, carbon-dioxide permeability, settled-lens PoLTF thickness, and scleral-lens
thickness are varied in the calculations to mimic different lens fits.

Results: Transport modeling predicts that for open eyes, increasing POLTF thickness from 50 to
400 um increases central corneal swelling by approximately 1-1.5% when oxygen transmissibility
(DK/L) is greater than 10 hBarrer/cm (i.e., hectoBarrer/cm). Although swelling is larger for oxygen
DFk/L < 10 hBarrer/cm, PoLTF thickness has minimal impact in this range. For open eye, oxygen
transmissibility of the lens plays a significant role in corneal edema, but is negligible when oxygen
DI/L is > 40 hBarrer/cm. For closed eye, central corneal swelling is greater than 5% for an oxygen
Dk/L range of 0-100 hBarrer/cm with typical lens-fitting parameters. For carbon-dioxide
transmissibilities increasing from 50 to 250 hBarrer/cm and with a fixed oxygen DK/L of 25
hBarrer/cm, calculated swelling diminishes by an additional 0.5%. Comparison of model
calculations to clinical-swelling data is within the error range of the clinical measurements.
Conclusions: Oxygen/metabolite transport calculations for open-eye scleral-lens wear show that
typical PoLTF thicknesses fitted by clinicians (i.e., POLTF thicknesses < 400 pm) with modern
scleral lenses (i.e., oxygen Dk/L > 25 hBarrer/cm) produce corneal swelling of less than 2% in
agreement with experiment. Therefore, scleral lenses prescribed today evoke less than
physiological hypoxic swelling (i.e., less than 4%) for healthy corneas during open-eye. Closed-
eye wear, however, appears clinically unsafe.

2.2 Introduction

Human corneal health relies on avascular oxygen supply through direct exposure to the
environment for open eyes or to the palpebral conjunctiva for closed eyes.>!%* Compared to soft-
contact lenses, the considerably larger lens and post-lens tear-film (PoLTF) thicknesses of rigid-
gas-permeable scleral lenses (SLs) raise concern over sufficient oxygen transport from the
atmosphere/palpebral conjunctiva to the cornea.*® Previous studies with soft-contact lenses
establish that oxygen deprivation of the cornea can result in adverse corneal events, such as
keratitis, microcysts, acidosis, and corneal edema.’*-%

Two main approaches are available to assess corneal hypoxia with SL wear. First, corneal
edema is measured clinically with imaging instruments, such as Scheimpflug camera, ultrasound
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pachymeter, or optical coherence tomography (OCT).*8% The amount of corneal edema is
reported as a gauge of corneal hypoxia. Although Scheimpflug camera, ultrasound pachymetry,
and OCT used in previous studies*%7 have similar accuracy limitations of about 3 um,% 5
um,” and 3 pm,”! respectively, OCT is known to have better repeatability in measuring central
corneal thickness than the former methods.”>*> A major limitation of existing clinical studies****-
88 is lack of SL thickness measurements. Despite having known oxygen permeabilities, lens
oxygen transmissibilities (Dk/L) may differ significantly. We find that oxygen transmissibility of
SLs varies as much as + 10 hBarrer/cm (i.e., hectoBarrer/cm) due to lens-thickness variance.

In a second approach following considerable effort on soft-contact lenses,
mathematical models calculate oxygen-tension profiles through the lens and cornea, and especially
at the anterior surface of the cornea.®®**% However, these models only predict oxygen profiles
and cannot directly predict corneal swelling associated with hypoxia. Unlike studies done with
soft-contact lenses,>244245 oxygen-tension models and clinical-study results on SL wear yield
conflicting conclusions on safe-fitting parameters.*85-889495 Baged on oxygen-tension
calculations, Compaii et al.** suggested that the PoLTF thickness should be smaller than 150 um
to avoid hypoxia. Conversely, Giasson et al.** performed an in-vivo goggle study to estimate
oxygen tension at the surface of the cornea and suggested avoidance of settled-PoLTF clearances
greater than 200 um and lens thicknesses greater than 250 pum. Arlt®® found with OCT, however,
that 350 um thick SLs fit to 200600 um PoLTF thickness exhibited less than 4% swelling. Arlt
concluded that SLs are safe during open-eye wear.

To overcome these inconsistencies, we extend the edema calculations of Leung et al.’ to
SLs, and we validate our modeling effort with clinical measurements. By considering how oxygen
tension controls corneal metabolism, we directly calculate the amounts of corneal edema expected
under hypoxic conditions and compare those to measured edema with SL wear. This approach
validates prediction of conditions of safe-wear parameters unavailable with only oxygen-tension
estimates of previous studies.

5,12,42

2.3 Methods

2.3.1 Model

Ample description of the metabolic-edema model is available.>'> We provide only a brief
nonmathematical summary here. Pioneering studies of corneal edema suggest that corneal swelling
is due to aqueous imbibition from the anterior chamber (AC) caused by the proclivity of stroma
(St) to uptake water.®!1%96-%8 Maurice suggested that swelling is regulated by an active ion pump
that lowers the osmolality at the basolateral endothelium (En), relative to that of the aqueous humor,
and osmotically drives fluid from the St into the AC.® Hodson and Miller later determined that the
ion pump actively transports bicarbonate.*

Leung et al.> built upon these prior works and those of Klyce and Russel,!” and Li and
Tighe!! by utilizing the Kedem-Katchalsky membrane-transport formalism!% for the ion pump.
Despite extensive studies into the pump-leak mechanism and correlation between corneal swelling
and anaerobic glycolysis,'?"!%? direct mathematical connection to hypoxia-induced corneal
swelling was not made until Leung et al.> The key was inclusion of aerobic and anaerobic glucose
metabolic-consumption reactions.'?

When local oxygen tension diminishes, glucose metabolism shifts towards the anaerobic
pathway producing lactate ions and lowering pH. Buffering reactions then decrease bicarbonate-
ion concentrations. Changes in lactate and bicarbonate-ion concentrations at the En alter corneal
water uptake through membrane osmotic transport and the active ion pump. Leung et
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al.> successfully related hypoxia to corneal edema and demonstrated that lactate and bicarbonate-
ion concentrations at the En play key roles in corneal swelling.

We extend the 1D hypoxia-edema transport model of Leung et al.’ to include a SL and a
thick PoLTF, as drawn in Figure 2.1. The lens/cornea comprises the AC, En, St, epithelium (Ep),
PoLTF, SL, and pre-lens tear film (PrLTF). A SL is significantly thicker (250—-500 pum) at the
center than a standard soft-contact lens (80 pm).*? Diffusion resistances in the PoOLTF can no longer
be ignored, due to the increased thickness (100—400 pm thickness vs. approximately 3-um
thickness under a soft-contact lens).” We calculate the steady concentration profiles of oxygen,
carbon dioxide, glucose, lactate ion, hydrogen ion, bicarbonate ion, sodium ion, and chloride ion
to determine corneal swelling for different SL transmissibilities and fitting parameters, specifically
the PoLTF thickness. Electroneutrality and zero current throughout the cornea are imposed, fluxes
of the various species obey the Nernst—Planck relation,'*® and oxygen consumption rate of aerobic
and anaerobic reactions follow nonlinear Monod-based kinetics.>!? All transport equations and
metabolic reactions are given in Appendix A of Leung et al.’ Parameters necessary for the present
calculations are listed in Tables 2A.1-2A.4 of Appendix 2A. 15691210410 £ not specified, central-
lens thickness is 400 um. Since carbon-dioxide permeability in SLs is not currently
available, Dk for carbon dioxide was set at 600 Barrer based on Fatt et al.’s!* analysis of carbon-
dioxide permeability in rigid-gas-permeable contact lenses.

Pre-Lens Tear Film
Endothelium (En) Epithelium (Ep) (PrLTF)

| ! !

Air
(Open Eye Condition)
Post-
Anterior LEnS
Stroma (St Tear Scleral Lens
Chamber (AC) (SY) feat i
(PoLTF)

Palpebral Conjunctiva
(Closed Eye Condition)

—

0 X

Figure 2.1. Schematic of the cornea-scleral lens geometry including cornea, thick post-lens tear film, thick
scleral lens, and pre-lens tear film.

Two variations are made to the analysis of Leung et al.’ First, water-hydration profiles
across the cornea determined by Leung et al.’> exhibit very small changes. Total water content
varies with oxygenation, but is essentially a constant across the cornea. It follows that steady water
flow across the cornea is minimal.>!! Thus, following Li and Tighe,!! we invoke zero water flux.
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Under this approximation, metabolite fluxes and hydraulic pressure differences across the En and
Ep are given by the following Kedem-Katchalsky expressions, respectively.

]i = —(J)l(RTACl +z; < Ci > FAI/)) +]ai (21)
AP = Zi O'i(RTACl' + z; < Cl' > FAI/)) (22)

Here, J; is the molar flux of solute species i, w; is the membrane permeability of solute i, J,; is the
active flux of solute species i, g; is the reflection coefficient of solute i, R is the ideal gas constant,
T is the absolute temperature, AC; is the i solute fluid concentration difference across the
membrane, z; is the valence of solute i, < C; > is the mean of the solute fluid concentration
difference across the membrane, F is the Faraday constant, and Ay is the electrostatic-potential
difference across the membrane. Once Equation 2.2 is satisfied, swelling of the cornea follows
from the swelling-pressure measurements of Hedbys and Mishima®®

AP =P — [OP = —ye~Hw 2.3)

where IOP is the intraocular pressure, P is the pressure in the St, y is an empirical fitting constant,
and H,, is water hydration. Corneal thickness, and hence, swelling follows from mass balance. The
first term in the summation on the right of Equation 2.2 and Equation 2.3 are pivotal to predict the
role of oxygen in corneal swelling. Because of the metabolic reactions, lactate and bicarbonate-
ion concentrations at the endothelium/stroma interface change significantly with local oxygen
tension. These changes induce swelling-pressure variations at the endothelium, which, in turn,
swell or deswell the cornea.

The second model alteration from that of Leung et al.’ arises from the larger PoLTF
thickness under SLs. Because a temperature difference exists across the relatively thick PoLTF,
natural convection is possible there, similar to that occurring in the AC.'!"! Appendix 2B presents
a quantitative argument establishing that even in a 400-um thick PoLTF, natural convection is
minimal. Hence, we adopt diffusion as the dominant transport mode in the POLTF.

In addition, aqueous species that transport across the Ep but are not soluble in a rigid SL
must accumulate in or deplete from the near-stagnant POLTF % For these particular species, steady
transport is not possible. To overcome this limitation, we investigated the swelling effects of
hydrogen, hydroxide, sodium, and chloride ions in the POLTF. Varying the POLTF concentrations
of these species over a large range resulted in imperceptible swelling changes. Therefore, the
PoLTF concentrations of these four species were set to those in standard ophthalmic saline
solutions (0.9 wt% NaCl, pH = 7.6). Glucose and lactate concentrations in the PoOLTF were taken
as zero because of the high resistance to transport of these two species across the epithelial layer
and because of their trace amounts found in human tear.>!? Finally, using the transport model, we
estimated the flux of bicarbonate into the PoLTF caused by transport of carbon dioxide across the
corneal Ep.® Resulting bicarbonate concentration in the PoLTF rose from 0 to 4 mM over 8 h.
Corneal-swelling change induced by a 4-mM PoLTF bicarbonate concentration was negligible.
Therefore, bicarbonate concentration in the POLTF was also set to zero and buffering equilibrium
of bicarbonate in the post-lens tear was not considered.

The resulting set of highly nonlinear, algebraic, coupled ordinary differential equations was
solved numerically by centered finite differences and Newton iteration to obtain concentration
profiles of the chemical species and the hydraulic pressure difference at the AC-En boundary.
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Details are available in Appendix A of Leung et al.> Calculations were performed in MATLAB
R2016b (Mathworks, Natick, MA). To ensure that the model produces accurate estimates, we
compared model predictions to the commonly accepted physiological swelling of 4% for no-lens
closed eye®* and to previous swelling calculations of Leung et al.’ for soft-contact lenses.
Parameter values in Table 2A.2 reflect this comparison.

Figure 2.2 confirms the importance of lactate and bicarbonate ions in hypoxic edema.>®
Figure 2.2A graphs the predicted fall in oxygen tension at the endothelium with declining SL
oxygen Dk/L for open eye and a POLTF thickness of 200 um. Figure 2.2B displays the effect of
the oxygen-tension decline on endothelial lactate-ion (solid line) and bicarbonate-ion (dashed line)
concentrations. The reason for these changes is that as oxygen tension diminishes, metabolism
shifts toward the anaerobic consumption of glucose producing lactate or

CoHy,0s » 2CsHs05~ + 2HY (2.4)

The concomitant increase in acidity is buffered by a decline in bicarbonate concentration via the
reaction

HCO,™ + HY & CO, + H,0 (2.5)

Changing lactate and bicarbonate-ion concentrations alter the hydration of the cornea
through membrane transport described in Equations 2.1 and 2.2, and through swelling pressure
in Equation 2.3. Figure 2.2B highlights that lactate-ion concentration is more sensitive to changes
in oxygen partial pressure than is bicarbonate ion.
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Figure 2.2. Model-calculated endothelial/stromal boundary concentrations as a function of oxygen
transmissibility. (A) Oxygen partial pressure; (B) bicarbonate and lactate-ion concentrations.

2.3.2 Clinical Edema

To validate the proposed cornea-edema model, we analyze the recent swelling data of Tan
et al.®® plus new swelling measurements for eight subjects wearing three different commercial
lenses of somewhat larger oxygen DK/L values. Five females and three males (Mean + SD

1.86
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age = 22.0 &+ 2.1 years) with no prior contact-lens wear for at least one year prior to enrollment and
were free of ocular disease were recruited from the University of California, Berkeley campus and
from the surrounding community. Subject demographics consisted of 50% Asian, 25% Caucasian,
12.5% Indian, and 12.5% Hispanic. Informed consent was obtained from all participants after full
description of the goals, potential risks, benefits, and study procedures. This study adhered to the
tenants of the Declaration of Helsinki and was approved by the Committee for Protection of
Human Subjects, University of California, Berkeley.

Similar to the protocol of Tan et al.,3 each of the eight subjects participated in four visits
with at least 24-h washout between visits. The first visit consisted of ocular-health assessment and
lens fitting. Three different commercial SLs with refractive correction were ordered for each
subject: Optimum Extra (Dk = 100 Barrer; Contamac, Ltd. Saffron Walden, UK), Boston X002
(Dk = 141 Barrer; Bausch & Lomb, Rochester, NY), and Menicon Z (Dk = 163 Barrer; Menicon
Co., Ltd., Nagoya, Japan). All ordered lenses were 15.6 mm in diameter and had standard spherical
curves. The settled-central PoLTF thickness after 5h of lens wear was measured by OCT
(ENVISU 2300, Bioptigen Inc, Durham, NC). Subjects wore the lens on either the right or the left
eye; choice of the specific eye, as well as the order of lens type for visits 2—4 were determined
randomly.

For visits 2—4, subjects awoke at least 2 h before each visit to ensure that the cornea had
deswollen from overnight edema.*’ Subjects discontinued prior usage of topical creams, allergy
medications, and eye drops for at least one full day. Immediately after lens insertion, baseline
central corneal thickness was measured using OCT. Central lens and PoLTF thicknesses were
measured 10 times with OCT throughout the 5-h lens-wear duration. Repeated measurements of
the POLTF thickness throughout the 5-h wear period ensured that the lens had mostly settled within
2 h. Repeated central-lens thicknesses measurements were averaged to determine the central
oxygen transmissibility of each lens used in the study. Immediately prior to lens removal, central
corneal thickness was measured with OCT. Central corneal swelling for each subject and visit was
determined from corneal thickness (after 5 h of wear) minus that at baseline and expressed as a
percentage of the baseline value. Lens oxygen transmissibility followed from the manufacture-
reported permeability divided by the OCT-measured lens central thickness. Lens thickness varied
from about 300-500 pm, resulting in a range of lens oxygen transmissibility from about 20 to 45
hBarrer/cm.

2.4 Results

2.4.1 Model Results

Figure 2.3 reports open-eye swelling of the cornea during SL wear as a function of
oxygen Dk/L for five settled POLTF thicknesses. For the typical settled-PoLTF-thickness range of
100-250 um, oxygen transmissibility of 25 hBarrer/cm or greater results in corneal edema of less
than 1.5%. However, for a settled-PoLTF thickness of 400 um, oxygen transmissibility must be
about 40 hBarrer/cm or greater to maintain corneal edema below 1.5%. Transport modeling
predicts that for open eyes, increasing POLTF thickness from 50 to 400 um increases central
corneal swelling by approximately 1-1.5% when oxygen Dk/L is greater than 10 hBarrer/cm. For
settled-PoLTF thickness less than 400 pum, oxygen Dk/L of about 10 hBarrer/cm or less results in
swelling greater than that of normal overnight no-lens swelling.
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Figure 2.3. Predicted central corneal swelling as a function of lens oxygen transmissibility for open eye. A
dashed horizontal line represents the typical amount of swelling for no-lens overnight closed eye. Five
curves correspond to settled-PoLTF thicknesses of 50 pm, 150 um, 200 pm, 250 um, and 400 pm.

Figure 2.4, however, reveals that closed-eye SL wear results in corneal edema above
physiologic. Even at large values of oxygen transmissibility, corneal swelling lies considerably
above the overnight 4% value. Also with closed-eye wear, the POLTF thickness has more
significant impact on edema than for open-eye wear. There is up to a 2.5% increase in swelling for
PoLTF thickness between 50 um and 400 um, whereas open-eye lens wear induces only up to 1.7%
corneal swelling.
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Figure 2.4. Predicted central corneal swelling as a function of lens oxygen transmissibility for closed eye.
A dashed horizontal line represents the typical amount of swelling for no-lens overnight closed eye. Five
curves correspond to settled-PoLTF thicknesses of 50 um, 150 um, 200 um, 250 um, and 400 um.

Figure 2.5 illustrates the role of lens carbon-dioxide transmissibility on corneal swelling
during open-eye lens wear for a 400-um PoLTF thickness and an oxygen Dk/L of 25 hBarrer/cm.
Percentage swelling in Figure 2.5 includes edema originating from oxygen. Similarly, Figures 2.3
and 2.4 include the effects of carbon dioxide on edema. Rigorous separation of the two effects is
not possible due to linked dependence of carbon dioxide and oxygen in corneal metabolism. A
closed diamond in Figure 2.5 marks the carbon-dioxide transmissibility utilized in Figures 2.3 and
2.4. Over a large range of carbon-dioxide transmissibilities, there is a 1% change in swelling.
Precise estimates of carbon-dioxide Di/L for SLs are not available. However, for the carbon-
dioxide permeability range predicted by Fatt et al.!® for rigid-gas-permeable lenses (i.e., 50-250
hBarrer/cm), there is up to a 0.5% change in corneal swelling.
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Figure 2.5. Predicted central corneal swelling as a function of carbon-dioxide transmissibility for open eye.
Post-lens tear-film and lens thicknesses are both 400 um; oxygen Dk is 100 Barrer. A closed diamond marks
the carbon-dioxide transmissibility utilized in Figures 2.3 and 2.4.

2.4.2 Clinical Results

Figure 2.6 shows central swelling for 82 separate OCT measurements as a function of lens
oxygen transmissibility. Not all points can be highlighted because they overlap on the scale of the
figure. Open circles correspond to the results from Tan et al.®¢ while open triangles report current
measurements. OCT-thickness precision is about + 0.5% (i.e., ~3 um).”! Settled-PoLTF thickness
cannot be controlled clinically. For each lens fit on each subject, final settled-PoLTF thickness
varied, sometimes substantially. Thus, it is not possible to investigate preset settled-PoLTF
thicknesses. For this reason, data in Figure 2.6 scatter revealing no discernable relationship to
PoLTF thickness.
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Figure 2.6. OCT-measured central corneal swelling in percent for 82 measurements as a function of
scleral-lens oxygen transmissibility in hBarrer/cm. Open circles are from Tan et al.’%; open triangles are
from this study. Four measurements showed deswelling after lens wear. OCT-swelling precision is
approximately = 0.5%.°! Data scatter is amplified due to differing settled-PoLTF thicknesses.

To overcome this deficiency, we parceled the measured swelling data into eight discrete
increments of settled-PoLTF thickness, each with a 50-um width. Over this increment thickness
range, the data of Tan et al.*® and theory establish that a 50-um PoLTF thickness range has an
insignificant influence on corneal swelling.

Figure 2.7 replots the raw swelling results as function of oxygen Dk/L but parceled into
PoLTF thickness intervals of 75-125 um, 175-225 um, and 375-425 pum, respectively. These
ranges were chosen to represent shallow, medium, and steep fits for POLTF thickness. Results for
the remaining PoLTF thickness intervals can be found in Appendix 2C. Solid lines in Figure 2.7
and those in Figure 2C.1 give theory prediction using no adjustable parameters. For each plot,
PoLTF thickness in the corneal-edema model was set as the median over that specific range. For
those plots with sufficient data, i.e., for Figures 2.7A—C, and Figure 2C.1B, C, and E, theory
compares well with experiment. For the PoLTF thickness increments of 25-75 pm and 275—
325 um, data are insufficient in numbers to allow comparison. Nevertheless, even for these cases,
agreement with theory is acceptable.
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Figure 2.7. Comparison of theory (solid line) to OCT-measured central corneal swelling as a function of
scleral-lens oxygen transmissibility for parceled settled-PoLTF thicknesses. (A) 75 =125 pum, (B) 175—
225 pm, and (C) 375-425 um, respectively. Open circles are from Tan et al.’; open triangles are from
this study. OCT-swelling precision is approximately + 0.5%. Theory is for median PoLTF thickness of
each parcel using no adjustable parameters.

2.5 Discussion

Predicted corneal swelling for open-eye wear of SLs shows that typical settled-PoLTF
thicknesses in the range 100-250 pum, and commercially available oxygen transmissibilities
provoke less than 2% swelling. Emphasis for preventing hypoxia should focus on
oxygen Dk/L rather than on the thickness of the POLTF. This recommendation is especially true
for oxygen DK/L less than 10 hBarrer/cm, as Figure 2.3 shows minimal impact of POLTF thickness
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on corneal swelling within that region. When oxygen Dk/L is greater than 25 hBarrer/cm, corneal
edema is minimal (i.e., less than 2% swelling) during open eye for settled-PoLTF thicknesses up
to 400 um. Figure 2.3 also shows that swelling plateaus above oxygen transmissibilities of about
40 hBarrer/cm. Oxygen transmissibility greater than 40 hBarrer/cm provides little additional
benefit in reducing edema for daily-lens wear. In this range of Dk/L values, the influence of POLTF
thickness on central corneal edema also is minimal for values below about 250 um. However, the
safety of chronic swelling of the cornea during SL wear (i.e., less than 2% swelling during day
lens wear followed by physiological corneal swelling during no-lens-wear overnight sleep)
requires further investigation.

Corneal-swelling predictions for closed eye demonstrate that a settled-PoLTF thickness
range of 50-400 um and an oxygen Dk/L less than 100 hBarrer/cm cause significant corneal edema.
Thus, SL wear during sleep is not recommended, even for healthy corneas. When the cornea is
hypoxic, oxygen Dk/L and PoLTF thickness both contribute more to corneal edema than when the
cornea is not deprived of oxygen.

Because of high water permeability and thin POLTF and lens thicknesses, the influence of
carbon dioxide on corneal edema is minimal for soft-contact-lens wear. However, with SL wear
and larger POLTF and lens thicknesses, the effect of carbon dioxide on corneal edema needs to be
revisited. Upon comparing carbon-dioxide transmissibilities of 0 and 500 hBarrer/cm in Figure 2.5,
we note a decline of 1% in corneal swelling. The reason for this decrease is that with higher lens
carbon-dioxide transmissibility, more carbon dioxide exits the cornea. This exit shifts the chemical
equilibrium in Equation 2.5 toward carbon-dioxide production and reduces the concentration of
bicarbonate ion in the cornea. Lower bicarbonate-ion concentration at the endothelial layer
decreases the swelling pressure in Equation 2.3 and, hence, reduces swelling. In this study, the
contributions of lactate and bicarbonate ions to the endothelial pump and, subsequently, to edema
are consistent with the in-vivo findings of Nguyen and Bonanno.!!?

Within the current precision of OCT-measured corneal swelling, our cornea-edema model
for SLs agrees with available swelling data. However, clinical data with controlled settled-PoLTF
thickness and lens transmissibility are limited. Further well-controlled studies are warranted. The
proposed theory uses no adjustable physical constants. It, therefore, provides a useful tool for
evaluating possible hypoxia with SL wear. We find that open-eye wear of SLs by healthy subjects
induces clinically acceptable central corneal edema, whereas closed-eye wear for healthy corneas
does not. Long term effects of S wear are not addressed in this study.

2.6 Appendix 2A. Parameters

Tables 2A.1-2A.4 report parameter values used in the calculations.
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Table 2A.1. Physical Parameters at the Anterior Chamber and the Tear Films

Anterior PoLTF PrLTF
Chamber (open/closed)
P, (mmHg) 247 (Solved for) 1557/61.57
P; (mmHg) 38t (Solved for) 0.5%/38%
Cya (MM) 146.55! 150%* 150!
Ccr (mM) 102.85! 150* 137.91
Cg (mM) 36l 0* 12.17
pH 7.6" 7.6% 7.6°
C, (mM) 7.7° 0- (U
C; (mM) 6.9 0’ 0’
P (Pa) 2670/ 0 0

* Determined by using the model. Explained in Methods.
+ Obtained from Brennan.'%

I Obtained from Bonanno et al.®

§ Obtained from Fatt et al.!

| Obtained from Leung et al.
9 Obtained from Rismondo et a
# Obtained from Giasson et al.!"’
0 Obtained from Fischer et al.!%
0 Obtained from Imre.!%

L Obtained from Klyce.’

1 Obtained from Klyce et al.!°

1 106

20



Table 2A.2. Membrane Coefficients for the Endothelium and Epithelium Boundary Layers

Coefficient Endothelium Epithelium
ONa 0.45+3 0.79+3
ocl 0.4558 0.79%3
op 0.48* 0.79%%
oy 0.45%8 0.79%%
oL 0.54* 1
o 0.45%8 1
oo 0.45%8 0.79%%
oc 0.45%8 0.79+3
wynoRT X 10° (cm/s) g3 0.019%8
wc RT % 105 (cm/s) g3 0.019%3
wgRT % 105 (cr/s) g+s 0.019%%
wyRT x 10° (cm/s) g3 0.019%3
w, RT X 105 (cm/s) 33 0+3
weRT % 10° (cm/s) g+s 0*S
wokoRT (mol Oz c/ 15.8 x 1071 Dokoy
(s mm Hg cm?)) Ax
wckcRT (mol Oz cm/ 316 x 10'% ¥T
X

(s mm Hg cm?))

Jai X 101 (mol/cm? s)

-9.4* (bicarbonate)

0.16* (chloride)

* Adjusted from Leung et al.’, and Klyce and Russel'’.
+ Calculated following Leung et al.”> wkRT is set as Dk divided by the mesh size.

1 Obtained from Leung et al.’
§ Obtained from Klyce and Russel.'’
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Table 2A.3: Diffusion and Reaction Parameters of the Corneal-Lens System™

Endothelium Dry Stroma Epithelium  PoLTF SL PrLTF
Corneal Thickness 1.5 78 50 Variable Variable 3
(1m)
Dyg X 108 (cm?/s) - 9 9 - - -
D¢y X 106 (cm?/s) - 9 9 - - -
Dy %X 10° (cm?/s) - 1.5 0.22 - - -
Dy x 10° (cm?/s) - 1.18 0.19 - - -
D, X 106 (cm?/s) - 4.4 4.4 - - -
D¢ X 108 (cm?/s) - 3 3 - - -
Dok, (Barrer) 53 29.5 18.8 90 Variable 90
D¢k (Barrer) 106 590 376 900 Variablet 900
QF** x 10° - 6.28 11.6 - - -
(mol/(cm?® s))
QMin x 10° - 24.7 4.83 - - -

(mol/(cm® s))

* Obtained from Leung et al.’
+ When not varying carbon dioxide Dk, 600 Barrer is used.'%*

Table 2A.4. Physical Constants

Parameter Value
IOP (Pa) 2670*
y (Pa) 2.41 = 1057
pq (g/cm?) 1.49*
pw (g/cm?) 1.00%
K§ (mm Hg) 2.28
K} (mm Hg) 2.28
K2 (mM) 0.4
Kk (mM) 0.4
Kpu 0.1%
pKg 6.04%
S¢ (mM/mm Hg) 0.0258%
T (K) 310.5
R (J/(mol K) 8.314
F (C/mol) 9.648 x 10*

* Obtained from Leung et al.’

+ Obtained from Fatt et al.!!”

1 Obtained from Li et al.!!

§ Obtained from Chhabra et al.'?
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2.7 Appendix 2B. Diffusion versus Natural Convection in the PoLTF Behind a Scleral Lens

To establish whether species diffusion versus natural convection dominates transport
through the PoLTF behind a scleral lens, we estimate Péclet number.!!3

5
Pe = > (2B.1)
where 9 is the characteristic thickness of the POLTF, u is the characteristic velocity due to natural
convection, and D is the diffusivity of the aqueous species. Pe < 1 indicates that diffusion
dominates solute transport and vice versa.!'!?

Diffusivities of metabolic species in water are near 2 x 10> cm?/s.!!* The PoLTF thickness
(central) was ranged from 100 to 400 um. To establish the characteristic velocity in the PoLTF,
we adopted the simple analysis in Bird et al.'!® of natural convection between two vertical parallel
plates with a set temperature difference between them. Thus, we assumed that the cornea and the
lens are locally flat with a fixed thickness corresponding to that of the central POLTF. Bird et
al.!'® give the following result for the characteristic (i.e., average) velocity for natural convection
between two parallel vertical plates as

y = £Aesar (2B.2)
192u

where p is mass density of the tear, f is the coefficient of volume expansion of tear (0.000301/°C),
g is gravitational acceleration, u is the viscosity, and AT is the temperature difference between the
epithelial-PoLTF interface and the scleral lens-PrLTF interface. To estimate AT in Equation 2B.2,
we adopt Dursch et al.’s!''* early-time corneal temperature-profile calculations with incorporation
of PoLTF and scleral-lens thermal resistances. Specific heat and thermal conductivity of POLTF
were set as 3997 J/(kg K) and 0.58 W/(m K), respectively. Lens thickness and density were set as
400 pum and 1185 kg/m’, respectively.>!!> Reasonable ranges of the thermal properties of
fluorosilicone-acrylate scleral lenses were tested: 1000-3000 J/(kg K) for specific heat and 0.1-0.4
W/(m K) for thermal conductivity, respectively, as they are not readily available in the literature.
We calculate AT to be less than 1 °C for PoLTF thicknesses of up to 400 um. Accordingly, we
adopt a 1 °C temperature difference for our estimates of Pe. Results for several POLTF thicknesses
are given in Table 2B.1.

Table 2B.1. Calculated Natural-Convection Péclet Numbers

PoLTF Velocity Péclet
Thickness (um) (mm/h) Number
100 0.70 0.010
150 1.57 0.033
200 2.79 0.077
250 4.35 0.151
300 6.27 0.261
400 11.14 0.619

Within the typical PoOLTF settled-thickness range seen in the clinic, i.e., 100400 um, the
Péclet number is less than about 0.5. Equation 2B.2 overestimates the characteristic velocity in the
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PoLTF because of gap narrowing near the lens periphery. Likewise, our temperature-difference
estimate is likely high. Consequently, the assumption appears valid that the POLTF behind a scleral
lens is stagnant.

2.8 Appendix 2C. Comparison Plots for Parceled-PoLTF Clinical Data to the Model

Comparison of theory (solid lines) to OCT-measured central corneal swelling as a function

of scleral-lens oxygen transmissibility for parceled settled-PoLTF thicknesses is shown in Figure
2C.1.
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Figure 2C.1. Comparison of theory (solid line) to OCT-measured central corneal swelling as a function of
scleral-lens oxygen transmissibility for parceled settled-PoLTF thicknesses. (A) 25-75 um, (B) 125-175
um, (C) 225-275 pm, (D) 275-325 um, and (E) 325-375 um, respectively. Open circles are from Tan et
al.’%; open triangles are from this study. OCT-swelling precision is approximately + 0.5%. Theory is for
median PoLTF thickness of each parcel using no adjustable parameters.
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Chapter 3

Limbal Metabolic Support Reduces Peripheral Corneal Edema with
Contact-Lens Wear

Published as: Kim YH, Lin MC, Radke CJ. Limbal metabolic support reduces peripheral
corneal edema with contact-lens wear. Transl Vis Sci Technol. 2020;9(7):44.

3.1 Abstract

Purpose: To assess the influence of limbal metabolic support on corneal edema during scleral-
lens (SL) and soft-contact-lens (SCL) wear for healthy lens wearers.

Methods: A two-dimensional (2D) model of the cornea and sclera was designed on Comsol
Multiphysics 5.4 along with SL and SCL architectures to mimic lens-wear induced hypoxia. The
cornea is suffused with oxygen and metabolites from the limbus and aqueous humor. Air oxygen
is supplied from and carbon dioxide is expelled to the atmosphere. Lens-oxygen permeability (Dk)
was adjusted to investigate lens-wear safety against edema in different wear conditions. The 2D
concentrations of oxygen, carbon dioxide, bicarbonate, lactate, sodium, chloride, glucose, and pH
are quantified. Central-to-peripheral swelling of the cornea is determined by the change in stromal
hydration caused by changing metabolite concentrations at the endothelium during hypoxia.
Results: The metabolic model assesses central-to-peripheral corneal swelling with different types
of lenses, and oxygen Dks. Limbal metabolic support reduces edema from the periphery to
approximately 1 mm away from the central cornea. Despite thicker lens designs, the peripheral
cornea exhibits practically zero swelling due to limbal metabolic support.

Conclusions: The metabolic model accurately predicts central-to-peripheral corneal edema with
various contact-lens designs, post-lens tear-film thicknesses, and lens oxygen Dk values. Despite
the thicker periphery of most contact-lens designs, lactate and bicarbonate support from the limbus
significantly reduces peripheral and mid-peripheral corneal edema, whereas oxygen has a lesser
effect.

Translational Relevance: By utilizing metabolic kinetics, we provide a 2D computational tool to
predict oxygenation safety across the entire cornea with various types and designs of contact lenses.

3.2 Introduction

Contact lenses can impede oxygenation of the cornea. Two prominent methods of assessing
corneal hypoxia with contact-lens wear are (1) to measure corneal edema caused by
hypoxia,*>!'® or (2) to quantify oxygen-tension profiles mathematically by utilizing oxygen-
utilization kinetics and diffusion properties of the cornea, tear film, and contact lens.!24!-117-
120 Although mathematical determination of oxygen-tension profiles continues, oxygen-
concentration profiles in-and-of themselves do not address contact-lens wear safety. That is, wear
safety gauged only by oxygen is inexact because oxygen tension profiles alone do not establish
corneal swelling.

Conversely, corneal edema provides a direct gauge of hypoxia.!'® For soft contact lenses
(SCLs), Holden and Mertz* determined the minimum oxygen transmissibility (Dk/L), that is, lens
oxygen permeability (Dk) divided by lens thickness (L), required to avoid central corneal swelling.
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Their study was re-evaluated by Harvitt and Bonanno*' to suggest safe wear for a lens
oxygen Dk/L of 35 hBarrer/cm (i.e., hectoBarrer/cm) for the open eye and of 125 hBarrer/cm for
the closed eye. These recommendations, however, apply only to SCL wear and are not applicable
to scleral-lens (SL) wear, which includes additional resistances to oxygen transport due to
increased lens and post-lens tear-film (PoLTF) thicknesses.

To connect mathematical oxygen-tension profiles and clinical-edema measurements,
Leung et al.> devised a metabolic model that directly predicts corneal swelling through reactive-
diffusive transport of metabolic products and the hydration pump-leak mechanism of Maurice.?
Leung et al.> focused on SCLs. Kim et al.'?! later extended that work to SL. Both analyses are one-
dimensional (1D) and quantify only central corneal edema. They do, however, successfully predict
measured central corneal edema.>!?!

Despite the extensive studies on contact-lens wear and hypoxia, essentially all focus on
central corneal edema despite the approximately 35% thicker peripheral cornea that requires higher
oxygen demand.*>!22-124 Moreover, oxygen support from limbal vasculature further differentiates
oxygen demands of the peripheral and central cornea.? Clinically, instrumental limitations result
in less reliable measurement of edema at the periphery than at the center.!?>"13% Despite the
limitations in measuring noncentral corneal edema, several authors conclude that the peripheral
cornea exhibits less edema than does the central cornea with similar lens oxygen Dk/L.47131-133
Mathematically, Alvord et al.'?? and Takatori and Radke*? calculated the oxygen-tension profiles
from central-to-peripheral cornea. However, Alvord et al.'?? did not quantify metabolite transport
to determine corneal edema, and Takatori and Radke* did not assess the effect of metabolite
support from the vascularized limbus.

To understand the effects of metabolic support from the limbus and the higher metabolic
demand of the mid-peripheral and peripheral cornea during SCL and SL wear on corneal edema,
we extend the 1D works of Leung et al.’ and Kim et al.'?! to incorporate metabolic support from
the limbus. Specifically, we account for metabolic transport from central to/from the peripheral
cornea, as well as air oxygen and carbon dioxide to/from the aqueous humor. In so doing, we
provide a new tool to predict the oxygenation safety of contact lenses across the entire cornea.

3.3 Methods

3.3.1 Lens and Corneo-Scleral Architecture

Figure 3.1 discloses the geometric parameters of the cornea and sclera along with the
designed two-dimensional (2D) corneo-scleral architecture.!??13*135 Geometric designs, and later
metabolic species transport and swelling calculations, are computed using the Comsol
Multiphysics 5.4 platform (Comsol, Inc., Burlington, MA). Triangular meshes are utilized in the
finite-element analysis. Element size for the mesh is based on the default settings of Comsol.
Thicknesses are determined radially.*>*” Although the human cornea is not precisely symmetric,
the small variance in the corneal-thickness profile does not result in significant swelling
differences between inferior, superior, nasal, and temporal corneal regions. Therefore, a symmetric
2D model provides precise central-to-peripheral swelling profiles.
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Parameter Measurement
Anterior Corneal Curvature (ACC) 7.800 mm
Lateral Posterior Corneal Radius (LPCR) 5.617 mm
Epithelium Thickness (EpT) 50 um
Central Stromal Thickness (CST) 475 pm
Midperipheral Stromal Thickness (MST) 512 pm
Peripheral Stromal Thickness (PST) 677 pm
Endothelium Thickness (EnT) 5 um
Posterior Sclera Curvature (PSC) 11.500 mm
Peripheral Sclera Thickness (PScT) 602 pm

Figure 3.1. Designed 2D corneo-scleral model. Curvature and thickness parameters of the cornea and the
sclera are based on those of Alvord et al.,'”? Grytz et al.,'** and Sridhar.!** The peripheral cornea is
approximately 35% thicker than that of the central cornea, and the sclera is thinner farther away from the
cornea. All corneal thicknesses are reported radially.

Two different types of lenses, SCL and SL, are modeled to assess central-to-peripheral
edema with lens wear. Thickness profiles of lens and PoLTF used are shown in Figure 3.2 for the
SCL and the SL over the corneal region. With SCLs, central and peripheral lens thicknesses are
set as 100 and 180 um, respectively.'*S As illustrated in Figure 3.2, lens thickness increases from
the center to the periphery. The SCL lateral radius is 7.1 mm, and the PoLTF thickness is 3
pm. 2137138 pre_lens tear-film (PrLTF) thickness for both lenses is also set at 3 um.!>12L137:138 With
SLs, the thickness profile mimics that of a Jupiter Scleral Lens (15.6-mm diameter; 97 Barrer; 1.44
refractive index; —6.00 diopter) measured with a Phasefocus high-precision Lens Profiler
(Phasefocus Ltd., Sheffield, UK). Lens thickness was asymmetric, but the difference was minimal.
For the chosen SL architecture, central-settled POLTF thickness is taken as 410 um. PoLTF
thicknesses elsewhere were determined from the geometry of the lens and the cornea. Central-
settled POLTF thickness for the SL was chosen as a steep fit to assess the safety of the worst-case
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scenario for SL wear.®® Because oxygen Dk/L of SCL and SL vary with the changing thickness of
the lens, the oxygen Dk of the lens was varied in our calculations as it is a material property
commonly reported by lens manufacturers.
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Figure 3.2. Thickness profiles of SL and SCL with respective PoLTF thicknesses. The horizontal axis is
the lateral distance from the central cornea (0 mm) to the peripheral cornea (6.15 mm) with the reference
point (horizontal axis = 0) being the central cornea at the anterior epithelial surface. The vertical axis
represents thickness values determined radially. Thickness profiles were obtained from literature,
determined, or measured.!%!21:136-138

3.3.2 Mathematical Metabolic Model

The metabolic-edema model is explained in detail elsewhere®!?!; only specifics regarding
the 2D model and a brief nonmathematical summary are provided here. Conceptually, hypoxia-
induced edema occurs when diminished oxygen concentration shifts glucose metabolism from
aerobic to anaerobic. Increased production of lactate and hydrogen ions follows according to the
anaerobic reaction

CoHy,0s = 2CsHs05~ + 2HY 3.1)

Bicarbonate ions buffer the resulting increase in acidity according to the equilibrium reaction
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HCO;™ + H* & CO, + H,0 (3.2)

The net result is an increase in lactate ions and a decrease in bicarbonate ions because of
diminished oxygen supply. Equations 3.1 and 3.2 occur throughout the cornea. The decrease in
bicarbonate and increase in lactate ions near the endothelium alter the local osmotic pressure
imbibing water through the pump-leak process.”!** Accordingly, hypoxia results in higher water
retention in the stroma and corneal edema.!?!

The existing 1D metabolic-swelling models of Leung et al.’> and Kim et a
edema at the center of the cornea only. They do not consider lateral transport of metabolites,
nor is there metabolic supply/withdrawal from the limbus. In our 2D analysis, lens and PoLTF
thicknesses vary from the center to the periphery. Metabolite diffusion occurs in both lateral (x axis
in Fig. 3.1) and sagittal (y axis in Fig. 3.1) directions. Previous Nernst-Planck equations are
extended to 2D as follows

1.12! calculate

5,121

Ji = —D; VC; — z;D;C;F /(RT) VY (3.3)

Here, J; is the vector flux of species i, V is the 2D gradient operator in rectangular
coordinates (see Appendix 3A), D; is the diffusion constant for species i, C; is the concentration of
species i, z; is the valence of species i, F'is the Faraday's constant, R is the ideal gas constant, 7' is
the temperature, and P is the electric potential relative to the tear film. Equation 3.3 neglects the
small water flux across the cornea.'"!?! Subscripts i represent the six metabolites directly related
to aerobic and anaerobic metabolism, as well as sodium chloride.® Metabolites of interest are
oxygen, carbon dioxide, bicarbonate, lactate, glucose, and hydrogen ion. Sodium and chloride ions
maintain electroneutrality. Temperature is that of the human body: 310.15 K. Diffusion constants
are available elsewhere.>!?! Conservation equations for all aqueous species are expressed in 2D
by replacing 1D differentials with the gradient operator. All modified equations are summarized
in Appendix 3A.

Information on metabolic supply/withdrawal from the limbus is required in 2D with the
introduction of the corneal periphery. Because the limbus is vascularized, metabolic concentrations
of the limbus are based on that of blood, as given in Table 3.1.6105107.140.141 The electric potential
of the sclera is determined numerically from electroneutrality and the zero-current condition
described in Leung et al.’ In our 2D analysis, reflection coefficients of bicarbonate and lactate ions
are 0.53 and 0.65, respectively, compared with those of Leung et al.> Remaining parameters,
equations, and boundary conditions are unchanged from previous works and can be found in Kim
et al.!?!
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Table 3.1. Boundary Conditions at the Limbus.

Limbus
Cyna(mM) 130*
Cci(mM) 102.8%
Cg(mM) 26?
C,(mM) 1.2
Ce(mM) 6.4%
Ppo(mmHg) 61.5°
P-(mmHg) 384
pH 7.6

@ Obtained from FDA Investigations Operations Manual.'#!
b Obtained from Goodwin et al.'*

¢ Obtained from Brennan.'®

4 Obtained from Bonanno and Polse.°

¢ Obtained from Giasson and Bonanno.'"’

3.3.3 Comparison to Measured Corneal Edema

The metabolic model compares well to measured central corneal edema in percentage
swelling versus oxygen Dk/L curves for SCLs>* and for SLs.!2!"!*> Available periphery or mid-
periphery swelling curves are sparse. Instrument imprecision results in less reliable measurement
of edema at the periphery than at the center because of the limitations of eye fixation and
determination of a repeatable noncentral location before and after lens wear.!?>13° By using ocular
coherence tomography, Hitzenberger et al.'#? determined that the error of noncentral corneal
thickness is twice that of the central cornea. These limitations also apply to the Schiempflug
camera and to ultrasound pachymetry that are also used to measure corneal thickness in vivo.
Measurement uncertainty for the earlier mentioned instruments at the noncentral cornea is
approximately 6 to 10 um or 1% to 1.5% of the peripheral corneal thickness.®*! Consequently,
available instrumentation cannot reliably detect 0% to 2% swelling of open-eye lens wear at the
noncentral cornea.

Nevertheless, Wang et al.”’ provide reliable measurement of central-to-peripheral corneal
edema. These authors impose extreme hypoxic conditions by employing SCLs with low central
oxygen DK/L (i.e., 2.2 hBarrer/cm) worn on patched eyes. These conditions produce more than 4%
swelling everywhere on the cornea and, therefore, allow accurate swelling comparison between
the central and peripheral cornea. Comparisons of the data of Wang et al.*” to our metabolic model
are given in Figure 3.3 for three lens-thickness profiles: thicker near the periphery (solid line) as
illustrated in Figure 3.2, constant thickness (dashed line), and thinner near the periphery (dotted
line). Error bars in Figure 3.3 are based on the standard deviations provided by Wang et al.*’ of
3.1% and 2.6% at the center and periphery, respectively. Wang et al.*’ provide only the central
oxygen Dk/L and no lens thickness profile to assess the noncentral oxygen DA/L. An SCL that thins
toward the periphery agrees better with the experimental data, although lenses that either are of
constant thickness or that thicken somewhat toward the periphery provide acceptable agreement.
Additionally, under extreme hypoxic conditions, swelling is very sensitive to small changes in
oxygen tension.'?! Thus, our proposed 2D metabolic model agrees well with clinical central-
corneal-edema measurements,>*>12:142 and with the swelling-profile data of Wang et al.*’ using
consistent parameters.

1.47
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Figure 3.3. Metabolic-model comparison to the experimental corneal-swelling profile of Wang et al.*” for
hydroxyethyl methacrylate SCLs with central oxygen transmissibility of 2.2 hBarrer/cm. Results for three
thickness profiles are shown: thickening near the periphery (solid line), constant thickness (dashed line),
and thinning near the periphery (dotted line). Filled circles and the associated error bars correspond to
measurements by Wang et al.*’ Horizontal axis is the lateral distance from the central cornea to the
peripheral cornea, with the reference point (horizontal axis = 0) being the central cornea at the anterior
epithelial surface. Vertical axis is local percentage corneal swelling due to lens wear.

3.4 Results

Figure 3.4 provides oxygen-tension contours for SL and SCL wear for the parameters
described in Methods and with an oxygen Dk of 100 Barrer. We define the central-corneal region
as up to 1 mm laterally away from the center of the anterior epithelium surface, the mid-peripheral
region as 1 to 5 mm laterally away, and the peripheral region as greater than 5 mm laterally away
to the limbus. SL wear exhibits more oxygen deprivation in Figure 3.4 because the resistance to
oxygen transport from the environment is higher than that for SCL wear. Oxygen supply from the
limbus to the cornea is qualitatively apparent with both types of lens wear. Figure 3.5 provides
concentration contours of the remaining metabolites directly related to aerobic and anaerobic
metabolic reactions for SL and SCL wear with 100 Barrer oxygen Dk. Visually, SCL wear exhibits
higher levels of bicarbonate, glucose, and pH and lower levels of carbon dioxide and lactate than
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does SL wear throughout the cornea. These findings are anticipated because of the larger oxygen
transport resistances of SLs versus SCLs.
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Figure 3.4. 2D oxygen-tension contours for contact lens and corneal system: (A) is SCL wear, (B) is SL
wear, and (C) is no lens wear. Contour for the sclera is not displayed as the oxygen tension is set to be that
of the blood. Oxygen permeabilities for both lenses are 100 Barrer. Lens and PoLTF thickness profiles are
provided in Figure 3.2. Colors are interpreted from the vertical bar on the right. Red color indicates high
oxygen tension and navy color indicates low oxygen tension. The unit of oxygen tension is mm Hg.
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Figure 3.5. Corneal contour graphs for bicarbonate, lactate, glucose, pH, and carbon dioxide for the cornea
during SL wear (A, C, E, G, I) and SCL wear (B, D, F, H, J). Oxygen permeability for both lenses is 100
Barrer; thickness profiles are provided in Figure 3.2. Only profiles in the cornea are provided, as the
transport of most metabolites across the lens is minimal; the concentrations at the sclera are set to those of
blood. The color legend for each row is directly below that respective row. Red color indicates high
concentration, tension, or pH; and navy color indicates low concentration, tension, or pH. The unit of

carbon-dioxide tension is mm Hg. Units of glucose, bicarbonate, and lactate are millimolar (mM).
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Figure 3.6 displays concentration profiles of lactate and bicarbonate ions from central-to-
peripheral cornea at the endothelium for SL and SCL wear. Because SL wear incurs larger hypoxia
than does SCL wear, these concentration profiles demonstrate that, in obedience to Equations 3.1
and 3.2, increased hypoxia increases lactate concentration at the endothelium, whereas bicarbonate
concentration decreases. In both profiles, the effect of hypoxia decreases in the peripheral region
due to limbal support. The limbus provides bicarbonate to the cornea and removes lactate.
Similarly, glucose is supplied from the limbus, whereas hydrogen ions are removed from the
cornea to the limbus. Meanwhile, oxygen and carbon dioxide concentrations at the endothelium
correspond to those of the aqueous humor due to minimal resistance to the transport of these two
metabolites between the aqueous humor and the endothelium. The peripheral-region endothelium
undergoes very little change in metabolic concentrations during hypoxia, whereas significant
change occurs in the central region. The significant metabolic concentrations change across the
central corneal region but not in the peripheral region during hypoxia is the reason for reduced
peripheral swelling despite the greater peripheral resistance to oxygen transport from the
atmosphere with some lenses (e.g. SCL in Fig. 3.2) and the thicker cornea in the periphery.
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Figure 3.6. Central-to-peripheral concentration profiles at the endothelium for (A) bicarbonate and (B)
lactate ions during SCL and SL wear. Vertical axis is the concentration in millimolar (mM). Horizontal
axis is the lateral distance from the central cornea with the reference point (horizontal axis = 0) being the
central cornea at the endothelial-anterior chamber interface.

Figure 3.7 provides swelling profiles calculated for the SL and SCL of two
oxygen Dk values with and without limbal metabolic support. Interestingly, limbal metabolic
support has a significant effect on mid-peripheral- and peripheral-region swellings, whereas no
effect is evident in the central corneal region. Without limbal support, peripheral swelling with SL
wear evidences a value greater than physiological overnight swelling of 4%. For both SL and SCL
wear, maximum swelling occurs in the mid-peripheral region (i.e., 3—4 mm laterally away from
the central cornea at the anterior epithelium surface). The location of the maximum swelling with
lens wear depends on lens and PoLTF thicknesses because the localized swelling is determined by
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a combination of limbal metabolic support, of difference in localized oxygen demand of the cornea,
and of different localized oxygen supply throughout the lens due to different lens oxygen Dk/L and
PoLTF thickness profile. Maximum swelling, however, is shallow with minimal difference to that
of the central cornea.
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Figure 3.7. Corneal-swelling profiles from the center (horizontal axis = 0) to the peripheral cornea
(horizontal axis = 6.15 mm) for SCL and SL wear. Solid lines represent predicted swelling with limbal
metabolic support, whereas dashed lines represent predicted swelling without limbal metabolic support.
Horizontal axis is the lateral distance from the central cornea to the peripheral cornea, with the reference
point (horizontal axis = 0) being the central cornea at the anterior epithelial surface. Vertical axis is
percentage of corneal swelling due to lens wear. Oxygen permeabilities of 100 and 160 Barrer for SLs
are red and blue lines, respectively. Oxygen permeabilities of 60 and 140 Barrer for SCLs are yellow and
black lines, respectively.

To assess whether limbal oxygen supply is the primary contributor to minimizing mid-
peripheral- and peripheral-region swellings of the cornea during lens wear, comparative
calculations were performed between no metabolic support, oxygen only support, and total
metabolic support from the limbus. Results for a 100-Barrer oxygen Dk for SL wear are shown in
Figure 3.8. There is no difference in swelling across the central corneal region because the effect
of the limbus reaches only to the mid-peripheral region. Oxygen support from the limbus reduces
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peripheral swelling by approximately 1%, whereas the remaining 5% of the peripheral swelling is
reduced by remaining metabolites, specifically lactate and bicarbonate ions. In fact, most of the 5%
support from nonoxygen metabolites comes from supply of bicarbonate and removal of lactate
ions from the limbus. Although the percentage of swelling reduced by limbal support varies with
the lens oxygen Dk/L and type, the significant effect of limbal bicarbonate and lactate support is
consistent for all types of lens designs.
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Figure 3.8. Predicted central-to-peripheral corneal-swelling profiles for 100-Barrer oxygen permeability
SL wear indicating the contributions from limbal support. Horizontal axis is the lateral distance from the
central cornea to the peripheral cornea, with the reference point (horizontal axis = 0) being the central
cornea at the anterior epithelial surface. Vertical axis is percentage of corneal swelling. Red dashed line is
for no metabolic support from the limbus; blue dashed lineis for only oxygen support from the
limbus; black line is for total metabolic support from the limbus.

3.5 Discussion

Figures 3.4 and 3.5 show expected metabolic behavior to different hypoxic conditions.
Despite the same oxygen Dk of both lens types, the thicker lens and PoLTF of SLs result in
increased resistance for oxygen delivery to the cornea. Thus SL wear shifts metabolism to more
anaerobic reaction per Equation 3.1 than does SCL wear. This is apparent in Figures 3.5 and 3.6
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in which there is a higher concentration of lactate and a lower concentration of bicarbonate with
SL wear than with SCL wear. The changes in lactate and bicarbonate concentrations during
hypoxia regulate the pump-leak mechanism and control swelling of the cornea.’ Therefore, oxygen
supply from the atmosphere has an indirect effect on reducing swelling of the cornea. Lactate and
bicarbonate concentrations primarily regulate edema.

Because the cornea thickens from the center to the periphery, the demand for oxygen rises
in the peripheral region relative to that in the central region.*” Without limbal metabolic support,
corneal swelling is the least at the center and grows steeply toward the periphery, as shown by the
dashed lines in Figure 3.7. Reduction of this rapid rise is accomplished by metabolic support from
the limbus. Supply of oxygen from the limbus indirectly reduces edema in the mid-peripheral and
peripheral cornea similar to oxygen supply from the atmosphere. Figure 3.8, however, reveals that
the effect of increased oxygenation from the limbus on edema is minor compared with the direct
supply of bicarbonate and removal of lactate ions from the limbus. Surprisingly, the influence of
limbal support in reducing edema is observed from the periphery to approximately 1 mm laterally
away from the central cornea. Predicted corneal swelling profiles in Figure 3.7 show that limbal
metabolic support has a significant effect in regulating stromal swelling for all types of contact-
lens wear.

Papas? reported that limbal blood flow increases during hypoxia. His observation is
consistent with our findings. Because concentration differences between the limbal vasculature
and the peripheral cornea is greater during corneal hypoxia, blood cells in the limbus deplete
nutrients and carry away excess lactate at a faster rate than during normoxia. The body increases
limbal blood circulation to expose more metabolite-fresh blood cells. Faster blood flow during
contact-lens wear, quantified by Chen et al., further supports this explanation.!** Limbal metabolic
support rather far into the cornea is not inconsistent with neovascularization during prolonged
hypoxia. Even though the peripheral cornea is adequately suffused by the limbus, the limbal effect
on edema is minimal at approximately 1 mm laterally away from the central cornea. Therefore, if
the mid-peripheral region and/or the central corneal region is chronically hypoxic where the limbus
cannot provide adequate support, new blood vessels will form in the peripheral region to provide
sufficient nutrients to the central hypoxic regions.

Figure 3.7 reveals that the maximum swelling of the cornea occurs in the mid-peripheral
region of the cornea. However, for current commercial contact lenses, oxygen Dk/Ls of the lens
center and the mid-peripheral region are not different enough to cause a meaningful difference in
swelling compared with that at the center during open-eye wear. That is, the maximum in swelling
is shallow. Previous clinical*3687-12 and mathematical-modeling efforts>'?! of central corneal
edema, therefore, provide satisfactory gauges of maximum edema during contact-lens wear for
open eye. However, as the effect of oxygen tension on edema is significantly greater during
extreme hypoxic states (e.g., closed-eye with lens oxygen DA/L <20 hBarrer/cm for SL and <15
hBarrer/cm for SCL wear),*>!2! a small difference in lens oxygen Dk/L from the center to mid-
periphery may result in a large difference in edema between those regions if the cornea is
undergoing significant hypoxia. For example, the model predicts a difference of approximately 1%
swelling between dashed and dotted lines at approximately 1 mm away from the central cornea
in Figure 3.3 despite a small difference of oxygen DA/L (e.g., <0.5 hBarrer/cm) in that region.
Because lens oxygen DK/L can vary by more than 2 hBarrer/cm between the center and the mid-
peripheral regions based on our SL thickness profile (Fig. 3.2), his could result in a significant
difference in localized swelling. Therefore, detailed analyses of central-to-peripheral corneal
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edema may be warranted for closed-eye lens wear, as well as for lenses with significant regional
variations in lens oxygen Dk/L.

We examined here only two different lens types with two different oxygen Dk/L. However,
our model is capable of testing any lens type, design, shape, and oxygen Dk, as well as any POLTF
thickness profile. Also possible is the calculation of overnight lens-wear swelling. Metabolic
support from the limbus with overnight lens wear behaves similarly to open-eye wear: 0%
peripheral swelling with the central and mid-peripheral regions exhibiting greater than 4%
swelling due to increased hypoxia. Our current model applies to healthy lens wearers with a healthy
endothelium and limbus. However, with more information on diseased eye's metabolic transport
through the endothelium and limbus, the metabolic model can be extended to determine lens-wear
swelling for nonhealthy eyes.

Currently, the metabolic model does not incorporate tear exchange occurring with SCL
wear'® and potential tear circulation!?146 with SL wear. Both mechanisms potentially provide
additional support for oxygen delivery to the cornea. As wear of polymethyl methacrylate lenses,
which have significantly more tear exchange than SCLs,!'* results in more frequent cases of
corneal hazing than during SCL wear,'*’ fresh tear exchange at the periphery with SCL wear
cannot be a significant source of oxygen. For SL wear, one-third of the subjects from Tse et al.!*6
showed no fresh tear entering the PoOLTF at the periphery (i.e., no tear exchange). There was no
significant swelling differences between those subjects with and without tear exchange. However,
tear circulation within the PoLTF for SL wear (Appendix B in Kim et al.'?!) redistributes oxygen
from higher lens-oxygen Dk/L regions to lower lens-oxygen Dk/L regions. Further understanding
is needed on the amount of oxygen delivered through tear exchange with SCL wear and on tear
circulation within the POLTF for SL wear. Because both mechanisms aid transport of oxygen to
the cornea, our metabolic model provides a conservative estimate of corneal swelling.

To our knowledge, the proposed metabolic-edema model provides the first quantitative
assessment of limbal metabolic support in reducing mid-peripheral and peripheral corneal edema.
Corneal edema with contact-lens wear results in different localized swelling. Differences in
localized swelling arise from the combined effects of oxygen DA/L of the lens, POLTF thickness
profile, difference in localized oxygen demand of the cornea, and metabolic support from the
limbus and anterior chamber. Because of the possibility of considerable lateral variations in
swelling due to significant localized differences in lens oxygen Dk/L (e.g., with multi-
Dk component contact lenses) and because of the possibility of small changes in
oxygen Dk/L causing drastic changes in corneal swelling during sleep,'! it is prudent to consider
localized corneal edema when assessing lens-wear safety for contact lenses with embedded
components or during closed-eye wear.

3.6 Appendix 3A. 2D Metabolic Conservation Equations

This appendix extends the 1D metabolic model of Leung et al.” to 2D. Only those variables
that have changed are introduced. We neglect water flow through the cornea so that use of the dry
coordinate, &, is not necessary.>!'?! Metabolic conservation of oxygen in the cornea is given in
Equation 3.Al; the conservation equation for oxygen in the PoLTF, contact lens, and the PrLTF
is given in Equation 3.A2. The difference in conservation equations between the different regions
owes to the lack of metabolism in the PoLTF, the contact lens, and the PrLTF. A more detailed
explanation can be found in the previously published work.’
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~V-Jo — QI*[1+ 0.8(7.6 — pH)/(Kpy + 7.6 — pH) | *
—V-Jo =0  Elsewhere (3.A2)

Here, Jo is the 2D vector molar flux of the oxygen and V (= %éx + ;—xéy) is the 2D vector

gradient operator with é; and é, the unit normal vectors in the lateral and sagittal rectangular
directions, respectively. The dot following each gradient operator represents the scalar or inner
product of two vectors. To ensure both sagittal and lateral transport of oxygen, the differential
equations account for both directions, rather than just for the sagittal axis. Maximum baseline

oxygen reaction rates for different corneal regions, Qu'**, are given in Chhabra et al.!? while
remaining variables in Equation 3.A1 are defined in Leung et al.’
Conservation equations for sodium and chloride ions in the cornea read
ViJna =V Ja=0 (3.A3)

where J y, and J¢; are vector molar fluxes for sodium and chloride ions, respectively. Because salt
transport is minimal across the lens for SCLs and nonexistent for SLs, we do not need conservation
statements for the lens, POLTF, and PrLTF regions.

Conservation of lactate ion in the cornea is given by

—V -], = Q"1+ K§/(K§ + Po)l[Ca/ (K + Ce)l = 0 (3.A4)
where J; is the vector molar flux for lactate ion. Minimum baseline lactate reaction rates, QI™™,
for different corneal regions are given in Chhabra et al.'> Remaining variables in Equation 3.A4
are defined in Leung et al.’ There are no corresponding equations for the lens, POLTF, and PrLTF

as metabolism is absent.
Conservation of glucose in the cornea is expressed by

—V-Je — QM /2)[1+ K5 /(K5 + Po)1[Ce /(K¢ + C6)] —
(Q7**/6)[1 + 0.8(7.6 — pH)/(Kpn + 7.6 — pH)|[Cs/(KE + Co)1[Po/ (K + Po)] = 0 (3.A5)

where J is the vector molar flux of glucose. Glucose concentration is negligible in the remaining
regions.

Coupled conservation expression for hydrogen and bicarbonate ions provided in Equation
3.A6 follows the same derivation as those in previous works.>!?!

V- Ju+V-Jpg+ Q"1+ K5/(KE + Po)[Ce/(Ké +Ca)] =0 (3.A6)

where Jy and Jp are the vector molar fluxes for hydrogen and bicarbonate ions, respectively.
Buffering equilibrium reactions in the cornea remain the same as in Leung et al.> We neglect
bicarbonate buffering in the remaining regions. The small change in bicarbonate ion within the
PoLTF has a small effect on the swelling.!?!

Conservation of carbon dioxide obeys the expressions
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—VJe—V-Jp+QF%[1+0.8(7.6 — pH) /(Kpy + 7.6 — pH)]| *

and
V-Jc=0 Elsewhere (3.A8)

where J ¢ is the vector molar flux for carbon dioxide. Similar to bicarbonate transport, we neglect
carbon-dioxide buffering outside the cornea.
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Chapter 4

Central-to-Peripheral Corneal Edema During Wear of Embedded-
Component Contact Lenses

Published as: Kim YH, Lin MC, Radke CJ. Central-to-peripheral corneal edema during
wear of embedded-component contact lenses. Cont Lens Anterior Eye.
2022;45(1):101443.

4.1 Abstract

Purpose: With active investigation underway for embedded-circuit contact lenses, safe oxygen
supply of these novel lenses remains a question. Central-to-peripheral corneal edema for healthy
eyes during wear of soft contact (SCL) and scleral lenses (SL) with embedding components is
assessed.

Methods: Various 2-dimensional (2D) designs of SL and SCL with embedded components are
constructed on Comsol Multiphysics 5.5. Local corneal swelling associated with the designed
lenses is determined by a recently developed 2D metabolic-swelling model. Settled central post-
lens tear-film thicknesses (PoLTFs) are set at 400 um and 3 um for SL and SCL designs,
respectively. Each lens design has an axisymmetric central and an axisymmetric peripheral
embedment. Oxygen permeability (Dk) of the lens and the embedments ranges from 0 to 200
Barrer. Dimensions and location of the embedments are varied to assess optimal-design
configurations to minimize central-to-peripheral corneal edema.

Results: By adjusting oxygen Dk of the central embedment, the peripheral embedment, or the lens
matrix polymer, corneal swelling is reduced by up to 2.5 %, 1.5 %, or 1.4 % of the baseline corneal
thickness, respectively, while keeping all other parameters constant. A decrease in PoLTF
thickness from 400 um to 3 um decreases corneal edema by up to 1.8 % of the baseline corneal
thickness. Shifting the peripheral embedment farther out towards the periphery and towards the
anterior lens surface reduces peak edema by up to 1.3 % and 0.6 % of the baseline corneal thickness,
respectively.

Conclusions: To minimize central-to-peripheral corneal edema, embedments should be placed
anteriorly and far into the periphery to allow maximal limbal metabolic support and oxygen
transport in the polar direction (i.e., the 6-direction in spherical coordinates). High-oxygen
transmissibility for all components and thinner POLTF thickness are recommended to minimize
corneal edema. Depending on design specifications, less than 1 % swelling over the entire cornea
is achievable even with oxygen-impermeable embedments.

4.2 Introduction

With the advance of micro-technology, the feasibility of fabricating embedded-circuit
contact lenses is under active study to improve visual acuity, display augmented reality, or monitor
health.’¢%° However, introduction of various embedments within a contact lens introduces
potential risk to ocular health as semiconductor-based embedments typically have low
permeability to oxygen.’? Because the cornea is oxygenated predominately by the environment,
localized oxygen impediment from the embedments may lead to significant localized corneal
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hypoxia. Corneal hypoxia, in turn, induces swelling of the stroma due to increased anaerobic
metabolism and to changes in metabolic concentrations at the endothelium that regulate water flux
into/out of the cornea.’

Contact lenses made with oxygen-impermeable materials, such as polymethyl methacrylate
(PMMA), cause significant corneal edema that adversely affects cornea health.!*® Corneal striae
appear when swelling approaches 6-8 %.!% Cornea clouding is subjectively visible when the
cornea swells by more than 5 % due to increased light scattering within the stroma.!*® Moreover,
chronic corneal hypoxia induced by 20 years of continuous PMMA contact-lens wear leads to
endothelial polymegathism and potentially results in a decline of the cornea’s ability to deswell.!*!
These clinical risks motivated the development of oxygen-permeable lens materials such as
silicone hydrogels and acrylates to minimize corneal hypoxia during contact-lens
wear 41:444587,121,142

Two prominent methods are available to assess corneal hypoxia. The first is to measure
central corneal edema clinically with, for example, ocular coherence tomography (OCT) or
ultrasound pachymetry.**> Unfortunately, due to the uncertainty of noncentral corneal
measurements,'* most clinical measurement of edema is performed centrally. This restriction
limits measurement of local differences in corneal edema during the wear of contact lenses with
circuit embedments. The second assessment method is to model mathematically the oxygen flux
through the lens to interrogate oxygen tension across the cornea with various types of lens
wear.*>#122 However, knowledge of oxygen tension alone does not allow determination of corneal
swelling.

To provide direct comparison between mathematical and clinical analyses, Leung et al.’
utilized metabolic kinetics'? and the hydration pump-leak mechanism of Maurice® to determine
central corneal swelling associated with different hypoxic conditions caused by various types of
soft-contact-lens (SCL) wear. Recently Kim et al.> expanded this work to 2 dimensions (2D) to
determine central-to-peripheral corneal swelling for SCL and scleral-lens (SL) wear. The
metabolic-mathematical model revealed that limbal metabolic support significantly reduces mid-
peripheral and peripheral corneal swelling. Further, the metabolic model disclosed that corneal
efflux of lactate into the limbus and influx of limbus bicarbonate ions into the cornea are the
primary contributors to reducing corneal edema at the mid-peripheral and peripheral regions of the
cornea.’ Surprisingly, supply of oxygen from the limbus had a marginal effect on reducing corneal
edema everywhere.?

The previously developed metabolic model of Kim et al.? is expanded here to assess the
hypoxic safety of embedded-component contact lenses for various designs and parameters by
quantifying central-to-peripheral corneal edema associated with lens wear. Embedded-component
contact lenses can utilize various lens-encasement platforms. Here, iterations of one SCL and one
SL design are evaluated that are common for commercial contact lenses of today.

4.3 Methods

4.3.1 Lens Design

Details of the corneo-scleral anatomy are provided in Kim et al.> SL and SCL with
embedments are referred to as ESL and ESCL, respectively. Also, contact-lens matrix that
encapsulates the embedments is defined as a lens encasement or simply an “encasement”.
Geometric design, metabolic species transport, and swelling calculations are computed using the
COMSOL Multiphysics 5.5 platform (Comsol Inc, Burlington, MA, USA). Because commercially
available SCLs are too thin to allow embedments,’® ESCL-encasement thickness (radial) is set at
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400 um. For direct comparison, the ESL-encasement thickness (radial) is also 400 um. Therefore,
the only hypoxia-relevant difference between the ESCL and ESL designs is the post-lens tear-film
(PoLTF) thickness profile illustrated in Figure 4.1. Lens landing zones, which have no effect on
corneal edema,’ touch 8 mm laterally away from the central cornea. Because the curvature radii of
the cornea (anterior curvature of 7.8 mm)? and the lenses are constant (see Table 4.1), prescription
of the central PoLTF thickness results in a nonuniform central-to-peripheral PoLTF thickness
profile. Accordingly, the noncentral POLTF thickness is larger with the ESCL design in Figure 4.1
than what is typically seen clinically with commercially available SCLs. Overestimation of the
PoLTF thickness profile results in overestimation of corneal edema. However, the region with the
thickest POLTF (i.e., at the corneal periphery) experiences significant limbal metabolic support
and, consequently, exhibits minimal corneal swelling.® Therefore, the PoLTF thickness profile in
Figure 4.1 provides accurate swelling predictions for ESCL wear. With ESL wear, the POLTF
thickness is smaller at the periphery than at the center and provides a POLTF thickness profile
representative of commercially available SLs.!4%152
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Figure 4.1. Radial post-lens tear-film thickness profiles for the soft-contact-lens (ESCL) and scleral -lens
(ESL) designs with embedments. Horizontal axis is the lateral distance from the central cornea to the
peripheral cornea with the reference point (horizontal axis =0) being the central cornea at the anterior
epithelial surface. Vertical axis is the post-lens tear-film thickness.
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Table 4.1. Lens Design Parameters

Lens-Encasement Anterior Curvature 8.4 um
Lens-Encasement Posterior Curvature 8.0 um
Start of the Encasement Landing Zone 6.2 mm
Central-Embedment Anterior Curvature 8.25 mm
Central-Embedment Posterior Curvature 8.15 mm
Central-Embedment Lateral Length from the Central Cornea® 3.5 mm
Peripheral-Embedment Anterior Curvature 8.25 mm
Peripheral-Embedment Posterior Curvature 8.15 mm
Peripheral-Embedment Lateral Starting Point from the Central Cornea® 4.5 mm
Peripheral-Embedment Lateral Ending Point from the Central Cornea® 5.5 mm

 Central cornea is located at horizontal axis = 0 in Figure 4.4

Figure 4.2 depicts the corneo-scleral anatomy, two lens designs, and the coordinate axes.
One axisymmetric central and one axisymmetric peripheral embedment are inserted in the
encasement. Dimensions of the lenses are provided in Table 4.1. Because the designed systems
are axisymmetric, swelling profiles are graphed from the center of the cornea to one end of the
periphery. The parameters listed in Table 4.1 and Figure 4.1 are utilized for all analyses unless
noted otherwise. Oxygen Dks of the encasement, peripheral embedment, and central embedment
are varied as is the placement of the embedments. Because radial thicknesses for these three
different components are uniform in the corneal region, component oxygen transmissibility (Dk/L)
is constant for the specified Dk value. To gauge the importance of embedment placement on
corneal edema, embedment location is adjusted along the curvature radii (8-polar coordinate in
Fig. 4.2) and sagittal (y coordinate in Fig. 4.2) directions.
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Figure 4.2. Axisymmetric corneo-scleral and contact-lens designs with two embedments: (a) ESL and (b)
ESCL. Each major component is labeled. Vertical axis (y axis) is the sagittal direction and horizontal axis
(x axis) is the lateral distance. Radial and polar coordinates of the spherical coordinate system are given as
r and 0, respectively. A polar coordinate of 0° is equivalent to the sagittal axis (y axis).

Mathematical details of the metabolic-edema model are available in previously published
manuscripts.>!'?! A brief non-mathematical summary is provided here. Metabolites of interest are
those directly involved in aerobic and anaerobic metabolic reactions: oxygen, carbon dioxide,
bicarbonate, lactate, glucose, and hydrogen ion. Sodium and chloride ions maintain local
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electroneutrality. Introduction of a contact lens on the ocular surface restricts oxygen delivery from
the atmosphere to the cornea and leads to increased anaerobic metabolism to maintain corneal cell
function. Increased anaerobic glucose consumption produces excess lactate and hydrogen ions
according to the chemical reaction

CoHy,04 — 2CsHs05 + 2HY 4.1

Hypoxic corneal acidosis from Equation 4.1 is mitigated by the buffering equilibrium
reaction

HCO; + H* & CO, + H,0 (4.2)

The net increase in lactate and decrease in bicarbonate ions at the endothelium alters the
local osmotic pressure and, consequently, changes the water influx/efflux balance of the pump-
leak process at the corneal endothelium.®!?!1% A decreased osmotic outflow results in higher
water retention in the cornea and initiates corneal edema.

Alongside oxygen supply from the atmosphere, the cornea is directly supplied with
metabolites from the anterior chamber and from the limbus. In addition, the peripheral cornea is
approximately 35 % thicker than is the central cornea and has a higher metabolic demand.** Due
to the various sources of metabolites and the different metabolic demands within the cornea,
transport of metabolites occurs in both polar (center to/from periphery) and radial (corneal
epithelium to/from corneal endothelium) directions in spherical coordinates (see Fig. 4.2). Corneal
Nernst-Planck equations, epithelium/endothelium Kedem-Katchalsky membrane equations,
boundary conditions, stroma-hydration isotherm, and accompanying parameters are available
elsewhere.>>!%12! The two-dimensional (2D) steady-state conservation equations used for the
various metabolic species are written in rectangular coordinates and solved numerically in Comsol
Multiphysics 5.5 using nonlinear finite element analysis.> Boundary conditions for the
embedments include local species phase equilibria and continuity of species flux. Triangular mesh
size and convergence tolerance (relative tolerance=0.001) were set to ensure accurately
converged solutions in reasonable computational times (~10—15 min).

4.3.2 Comparison to Clinical Data

Previously, the metabolic-edema model provided good comparison with clinically
measured central and central-to-peripheral corneal edema during contact-lens wear.>>!?!
Introduction of contact-lens embedments can result in localized regions with both extremely
hypoxic and well oxygenated corneal regions. Therefore, the metabolic model is further compared
here to the clinical data of Holden et al.” These authors studied central-to-peripheral corneal
edema during wear of a low-water-content hydroxyethyl methacrylate (HEMA) lens having a
central-aperture region of high oxygen delivery to the cornea with the peripheral-lens region
having low oxygen delivery from the environment. The lens was a 38 %-water-content HEMA
hydrogel that typically has an oxygen Dk of 8.9 Barrer.!>* However, the customized lens studied
was ~300 um thick at the non-aperture region and, therefore, had an oxygen transmissibility of ~
3 hBarrer/cm (i.e., hectoBarrer/cm). Metabolic theory (line) and comparison data (closed circles)
are portrayed in Figure 4.3. Swelling at both the lens-center aperture and at the low-oxygen-
Dk periphery are clearly identified. The decrease in swelling near the lens edge is due to limbal
support of metabolites.> Model predictions correlate well with the measured data using no
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adjustable parameters. Figure 4.3 constitutes a second clinical validation of the 2D metabolic
model.? Additional clinical validation of the metabolic model comes from studies of overnight
central corneal edema with SL wear.!>*!3° The metabolic model successfully predicts the observed
central corneal swelling of approximately 8 % with overnight wear.!3%1%
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Figure 4.3. Comparison between the clinical data of Holden et al. 37 and the metabolic model with literature
parameters.”’ Horizontal axis is the lateral distance from the central cornea to the peripheral cornea with
the reference point (horizontal axis = 0) being the central cornea at the anterior epithelial surface. Vertical
axis is the percentage of corneal swelling. No data error estimates are available from Holden et al.”

4.4 Results

Figure 4.4 illustrates oxygen-tension contours during wear of the SL and the SCL with and
without embedments. Peripheral-embedment, central-embedment, and encasement oxygen Dks
are 0, 30, and 100 Barrer, respectively. Qualitatively, polar (i.e., 6-direction) oxygen transport
provides meaningful oxygen support up to ~0.5 mm laterally away from each side of the central
embedment. With a central-embedment oxygen Dk of zero Barrer (not shown), which has
maximum possible polar oxygen flux, the effect of polar-direction oxygen transport diminishes
~1 mm laterally into each side of the central embedment. For contact lenses with embedments, the
cornea underneath the peripheral embedment, which has a Dk of zero Barrer, experiences the
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greatest deprivation of oxygen, whereas the regions without embedments have the highest oxygen
tensions. Polar transport of oxygen is seen from high oxygen-tension regions to low oxygen-
tension regions in the lens, the POLTF, and the cornea. Therefore, corneal regions directly below
the peripheral embedment remain oxygenated to some level. Interestingly, although oxygen
tension is higher with the ESCL than with the ESL at most corneal surface regions, oxygen tension
at the ocular surface immediately below the peripheral embedment for the ESL design is higher
than that at the same location of the ESCL. This is due to the thicker POLTF of the ESL design
allowing more room for oxygen transport in the polar direction.
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Figure 4.4. Oxygen-tension contours throughout the lens and the cornea for (a)scleral lens with
embedments (ESL) and (b) soft contact lens with embedments (ESCL). Oxygen permeability (Dk) of the
peripheral embedment, central embedment, and lens encasement is 0, 30, and 100 Barrer, respectively.
Oxygen-tension contours for (c) scleral lens (SL) and (d) soft contact lens (SCL) without embedments. The
only difference between ESL and ESCL designs is the thickness profile of the PoOLTF. Oxygen tension
within the sclera is that of oxygenated blood (61.5 mmHg) and is not shown. Red, navy, and black colors
indicate high, low, and zero oxygen tension, respectively. The unit of oxygen tension is in mmHg.
Horizontal axis is the lateral distance with 0 being the central cornea and the vertical axis is the sagittal
distance.

Dashed lines in Figures 4.5a and b represent swelling profiles corresponding to Figures
4.4a and b, respectively. Despite the higher oxygen tension beneath the peripheral embedment at
the ocular surface for the ESL design than that for the ESCL design, corneal swelling in the
corresponding region is larger with the ESL design. The reason behind this seemingly
contradictory result is the greater polar fluxes of oxygen and other metabolites within the anterior
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cornea for ESCL wear compared to ESL wear at the region below the peripheral embedment.
Polar-direction oxygen flux in this region is greater with ESCL wear due to the higher oxygen
tension at the regions uncovered by the peripheral embedment than with ESL wear (see Figs. 4.4a
and b). This results in a greater oxygen-tension gradient between the regions uncovered by the
peripheral embedment and the region covered by the peripheral embedment. Similarly, there is
less anaerobic metabolism (i.e., less production of lactate and less consumption of bicarbonate) in
those regions uncovered by the peripheral embedment during ESCL wear. This results in a greater
0-directed flux of bicarbonate and lactate ions below the region covered by the peripheral
embedment. Therefore, at the endothelium, where the pump-leak mechanism resides,>>!%!?! the
ESCL design has lower lactate and higher oxygen and bicarbonate concentrations resulting in less
swelling than that in the ESL design.
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Figure 4.5. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying central-
embedment oxygen permeabilities (Dk). Peripheral-embedment and lens-encasement oxygen Dks are fixed
at 0 and 100 Barrer, respectively. Central-embedment oxygen permeabilities are 15, 30, 60, 80, and 100
Barrer for both lens designs. Horizontal axis is the lateral distance from the central cornea to the peripheral
cornea with the reference point (horizontal axis = 0) being the central cornea at the anterior epithelial surface.
Vertical axis is the percentage of corneal swelling.

Central-to-peripheral corneal swelling is always lower with thinner PoLTFs, as shown by
comparison of Figures 4.5a and b. However, for a POLTF thickness to cause more than 1 % of the
baseline corneal thickness change, the PoLTF thickness needs to change by more than 200 um
(during open-eye lens wear). The reason why peak swelling occurs ~3.5 — 4.0 mm laterally away
from the center, despite the starting point of the peripheral embedment being 4.5 mm away from
the center, is because environmental oxygen transport occurs radially. Also, metabolic demand of
the cornea is non-uniform with limbal-metabolic support diminishing towards the central cornea.
The small difference in the location of peak swelling between ESCL and ESL designs is the
additional polar oxygen transport in the POLTF of the ESL design and the thickness differences in
the PoLTF profiles between the two lens designs.
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A large number of lens-design configurations is possible. Examples are given for changing
the oxygen Dks of the embedments and the encasement, the sizes of the embedments, and the
placement of the embedments. Swellings between about 4 %, corresponding to no-lens-wear
sleep,® and 5 %, where Maurice noticed corneal hazing,'>* are adopted as qualitative guidelines
for safe lens wear.

Figures 4.5a and b also illustrate central-to-peripheral edema for various central
embedment oxygen Dks with the ESL and ESCL designs, respectively. Encasement and
peripheral-embedment oxygen Dks are maintained at 100 and 0 Barrer, respectively. A central-
embedment oxygen Dk of 100 Barrer (dot-dashed lines) is equivalent to having no central
embedment as the oxygen Dk of the central embedment is the same as that of the lens encasement.
With a central-embedment oxygen Dk of 30 Barrer or greater, there is a noticeable peak swelling
at ~3.8 mm and ~4.0 mm laterally away from the center for ESL and ESCL designs, respectively.
For a central-embedment oxygen Dk of 15 Barrer, the cornea is significantly deprived of oxygen
everywhere but in the peripheral region. Therefore, for this oxygen-Dk value, swellings of ~4.5 %
and ~2.8 % are predicted throughout the central-to-mid-peripheral region for ESL and ESCL
designs, respectively. Swelling in the central-to-mid-peripheral region increases whenever the
encasement and/or the central-embedment oxygen Dk decreases. Even with a high-oxygen-
Dk encasement (e.g., Dkof 160 Barrer), central-to-mid-peripheral swelling can reach
physiologically unsafe levels (i.e., greater than 4-5 %)*!4%150 with a central-embedment
oxygen Dk of less than 13 Barrer for the ESL design and less than 8 Barrer for the ESCL design.
For all central-embedment oxygen Dks, swelling declines in the peripheral regions for both lens
designs due to metabolic support from the limbus.>

Figures 4.6a and b highlight the effect of changing the peripheral-embedment
oxygen Dk on central-to-peripheral swelling for the ESL and ESCL designs, respectively. Dotted
lines in Figures 4.6a and b correspond to the double-solid lines in Figures 4.5a and b, respectively.
A peripheral-embedment oxygen Dk of 100 Barrer (dot-dashed lines) corresponds to no peripheral
embedment as the encasement-oxygen Dk is 100 Barrer. For both lens designs, changing the
peripheral-embedment oxygen Dk has a negligible effect on central corneal edema. Meanwhile,
increasing the oxygen Dk of the peripheral embedment lowers the peak swelling of the cornea. A
peripheral embedment can raise local swelling of the cornea by up to ~1.3 % of the baseline
corneal thickness for both ESCL and ESL designs.
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Figure 4.6. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying peripheral-
embedment oxygen permeabilities (Dk). Central-embedment and lens-encasement oxygen permeabilities
are fixed at 80 and 100 Barrer, respectively. Peripheral-embedment oxygen permeabilities are 0, 30, 80,
and 100 Barrer for both lens designs. Dotted lines in Figures 4.6a and b correspond to the double-solid lines
in Figures 4.5a and b, respectively. Horizontal axis is the lateral distance from the central cornea to the
peripheral cornea with the reference point (horizontal axis =0) being the central cornea at the anterior
epithelial surface. Vertical axis is the percentage of corneal swelling.

Location of the peripheral embedment is varied to understand the importance of
embedment placement on corneal edema. Figures 4.7a and b accentuate predicted swelling profiles
associated with various peripheral-embedment placements along their curvature radii. The starting
edge of the peripheral embedment is set to 4.0, 4.5, 5.0, and 5.5 mm laterally away from the center,
and the lateral length of the peripheral embedment is kept at 1.0 mm. Sagittal shifts corresponding
to the various lateral shifts can be determined by the posterior and anterior curvature radii provided
in Table 4.1. Shifts described here follow the curvature radii and are equivalent to polar angle
changes (in spherical coordinates). Solid lines in Figures 4.7a and b are identical to the double-
solid lines in Figures 4.5a and b, respectively. For both lens types, moving the peripheral
embedment closer to the central cornea also shifts the location of peak swelling towards the center.
Moreover, with a peripheral embedment placed closer to the central cornea, peak swelling
increases. Comparison of the swelling of the starting peripheral edge at 4.0 mm and at 5.5 mm in
Figure 4.7 reveals that peak swellings differ by ~0.8 % and ~1.3 % relative to the unswollen
cornea for ESL and ESCL lens types, respectively. Although not shown here, reduction of the
lateral length of the peripheral embedment from 1.0 mm to 0.5 mm reduces peak swelling by ~0.8 %
and ~1.1 % of the baseline corneal thickness for ESL and ESCL wear, respectively.
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Figure 4.7. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying peripheral-
embedment locations along curvature radii. Peripheral-embedment, central-embedment, and lens-
encasement oxygen permeabilities (Dks) are 0, 80, and 100 Barrer, respectively. Starting edge locations of
the peripheral embedment are 4.0, 4.5, 5.0, and 5.5 mm laterally away from the center. Peripheral-
embedment lateral length is 1.0 mm. Figures 4.7a and b solid lines are equivalent to Figures 4.5a and b
double-solid lines, respectively. Horizontal axis is the lateral distance from the central cornea to the
peripheral cornea with the reference point (horizontal axis =0) being the central cornea at the anterior
epithelial surface. Vertical axis is the percentage of corneal swelling.

Figures 4.8a and b accentuate the effect of translating the peripheral embedment in the
sagittal direction for ESL and ESCL wear, respectively. Solid lines in Figures 4.8a and b are
equivalent to the double-solid lines in Figures 4.5a and b, respectively. Sagittal shifts of the central
embedment for ESL and ESCL wear have a negligible effect on central-to-peripheral corneal
swelling. Lack of swelling influence by the sagittal shift for the central embedment is also true for
extremely low and high central-embedment oxygen Dks. Depending on the sagittal location of the
peripheral embedment, peak swelling changes by ~0.3 % and ~0.6 % of the baseline corneal
thickness for ESL and ESCL designs, respectively.
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Figure 4.8. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying peripheral-
embedment sagittal locations. Peripheral-embedment, central-embedment, and lens-encasement oxygen
permeabilities (Dks) are 0, 80, and 100 Barrer, respectively. Baseline curves in Figures 4.8a and b are
equivalent to the double-solid lines in Figures 4.5a and b, respectively. The peripheral embedment is shifted
up and down 50 um from the baseline to assess the effect of sagittal location on corneal edema. Horizontal
axis is the lateral distance from the central cornea to the peripheral cornea with the reference point

(horizontal axis = 0) being the central cornea at the anterior epithelial surface. Vertical axis is the percentage
of corneal swelling.

Figures 4.9a and b illustrate swelling profiles for various encasement oxygen Dks during
ESL and ESCL wear, respectively. Dotted lines in Figures 4.9a and b are equivalent to the double-
solid lines in Figures 4.5a and b, respectively. Increases in the encasement oxygen Dk reduce
central-to-peripheral corneal edema for both ESL and ESCL designs. Similar analyses to Figures
4.4 — 4.8 but for encasement oxygen Dk of 160 Barrer are provided in Appendix 4A.
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Figure 4.9. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying lens-
encasement oxygen permeabilities (Dk). Peripheral-embedment and central-embedment oxygen Dks are 0
and 80 Barrer, respectively. Lens-encasement oxygen permeabilities are 100, 160, and 200 Barrer for both
lens designs. Dotted lines in Figures 4.9a and b are equivalent to the solid-open lines in Figures 4.5a and b,
respectively. Horizontal axis is the lateral distance from the central cornea to the peripheral cornea with the
reference point (horizontal axis = 0) being the central cornea at the anterior epithelial surface. Vertical axis
is the percentage of corneal swelling.

4.5 Discussion

Lens embedments should be constructed with high oxygen-Dk materials to minimize
central-to-peripheral edema. Unfortunately, applicable elastomer and semiconductor embedment
devices typically exhibit lower oxygen Dks®? than those of silicone-containing materials in use
today for commercially available contact lenses.!>® Therefore, incorporation of embedments into
a contact lens changes oxygen-transport behavior compared to that of contact lenses without
embedments. In addition to the POLTF thickness and oxygen DA/L of the lens-encasement, corneal
edema induced by embedded-component contact-lens wear is sensitive to the location of
embedments, to the embedment lengths, and to the embedment-oxygen Dk/Ls. In the analysis of
embedment-oxygen Dk/Ls, the oxygen Dks are varied rather than the thickness of the embedments.
However, the thickness of the embedments can also be altered to change the embedment-
oxygen Dk/Ls.

Limbal metabolic support, notably that from lactate, bicarbonate, and oxygen species, adds
to the list of variables influencing corneal edema. The SENSIMED Triggerfish IOP-sensor lens
provides a relevant example.’” This lens has a high Dk silicone central region surrounded by a
peripheral annular sensor circuit of low but unspecified Dk. However, because the sensor is
peripheral, limbal metabolic supply protects the cornea from hypoxia. This model prediction is in
agreement with the limited 5-subject central-swelling measurements of Pajic et al.'>’

Comparison of swelling profiles of ESL and ESCL designs in Figures 4.5 — 4.9 and Figures
4A.2 — 4A.5 reveal that decreasing POLTF thickness reduces corneal edema. Increasing a settled,
central POLTF thickness from 3 um to 400 um increases localized swelling by up to an additional
1.8 % of the baseline corneal thickness. The effect of POLTF thickness on swelling increases with
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lower central-embedment, peripheral-embedment, and encasement oxygen Dks until the series-
resistance combined encasement and embedment oxygen DA/L is less than ~5 hBarrer/cm. At such

a low oxygen transmissibilities, oxygen-diffusion resistance of the lens (i.e., D;ﬂ =
lens

) dominates PoLTF oxygen-diffusion resistance. This finding is

Lencasement Lembedment

DKencasement DKembedment

consistent with central-corneal-edema analyses with wear of contact lenses without
embedments.>!?! A thicker POLTF means more polar oxygen diffusion but less radial oxygen
diffusion. Even with a 400-um PoLTF thickness and a zero Dk central embedment, however,
polar-directional diffusion supply is marginal ~1.0 mm laterally away from each side of the
embedments for encasement oxygen Dks of 100 and 160 Barrer. These observations emphasize
the importance of oxygen diffusion through embedment material rather than relying on polar-
directed oxygen transport posterior to the embedment.

The significant peak swelling in a high oxygen-Dk central embedment with a zero-oxygen-
Dk peripheral embedment (Fig. 4.5, Fig. 4A.2) also emphasizes that polar oxygen diffusion is not
adequate to reduce corneal hypoxia everywhere. Nevertheless, as shown in Figure 4.8 and Figure
4A.5, relocating the peripheral embedment in the sagittal-anterior direction to allow more 6-
directed oxygen transport can meaningfully reduce localized corneal edema. This is because the
peripheral-embedment lateral length is 1 mm and polar transport of oxygen increases oxygen
tension posterior to the peripheral embedment. The effect of polar-directed diffusive-oxygen
supply rapidly diminishes ~1 mm laterally from each side of the embedments. Thus, shifting the
central embedment in the anterior sagittal direction has minimal effect on corneal edema for both
lens types because of the long length (i.e., 7mm) of the central embedment (not shown). The
importance of embedment-lateral length also explains why reducing the length of the peripheral
embedment diminishes peak corneal edema significantly (not shown). Therefore, the central-
embedment lateral length should not exceed ~ 2 mm when the chosen material is impermeable to
oxygen.

Interestingly, sagittal-placement shifts with thicker PoOLTFs in Figure 4.8a result in less
reduction of edema than those for thinner POLTFs in Figure 4.8b. There is a diminishing return on
corneal edema of 0-directed oxygen supply via thicker PoOLTFs and/or via more anterior-located
embedments. Another way to increase the polar oxygen flux is to create greater oxygen
concentration differences between the high and low oxygen tension regions by increasing the
encasement oxygen Dk.

In Figure 4.7 and Figure 4A.4, relocation of the peripheral embedment toward the central
cornea increases peak corneal edema. This finding is not due to the non-uniform PoLTF as the
ESCL design in Figure 4.7b has a thicker POLTF at the periphery. Rather, the reason for the
dependence of corneal swelling on the peripheral-embedment polar location is because limbal-
metabolic support diminishes towards the central cornea.!>? Figure 4.7 and Figure 4A.4 also show
that 0-direction shifting of the peripheral embedment from 4.5 mm to 5.0 mm decreases peak
swelling more than does shifting of the embedment from 4.0 mm to 4.5 mm. Moving the peripheral
embedment as far into the periphery as possible, while still remaining within the corneal zone,
reduces peak swelling substantially.

Encasement oxygen Dk for Figures 4.5 — 4.8 1s 100 Barrer as commercial silicone-based
lenses are available with this oxygen permeability. Encasement oxygen Dk of 160 Barrer, which
is also commercially available, is discussed in Appendix 4A. For lower encasement-
oxygen Dk, the effects of PoLTF thickness, embedment placements, embedment lengths, and
embedment oxygen Dk/L all increase swelling more than what are presented in Figures 4.5 — 4.8
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because the cornea is in a more hypoxic state.>>*>!12! Unlike commercially worn contact lenses
today, which have oxygen DK/L greater than 20 hBarrer/cm, lenses with embedments can have a
combined series-resistance encasement and embedment oxygen Dk/L of around ~10 hBarrer/cm.
Therefore, the effect of POLTF on swelling is greater with embedded-component contact lenses
than that for conventional SL wear, where a change of 200 pum in settled-PoLTF thickness produces
clinically insignificant swelling.!?!

The metabolic-model analysis does not incorporate oxygen supplied from fresh tear at the
lens edge. However, SCL and SL exhibit smaller lens movements than those of PMMA lenses that
deliver inadequate oxygen to the cornea through tear mixing.'4~147158 Therefore, the amount of
oxygen supplied from fresh tear is minor compared to that supplied by diffusion through the lens.
With ESL assessment, settled PoOLTF thicknesses greater than 400 pum were not investigated
because Kim et al.'?! calculated that thicknesses greater than 400 pm permit buoyancy-driven fluid
convection that dominates oxygen mixing compared to molecular diffusion. Therefore, model
prediction is accurate up to thicknesses of about 400 um'?! beyond which a diminishing effect of
PoLTF thickness on central corneal edema is expected and in agreement with Fisher et al.!®
Because heat generated by battery-powered embedments may affect buoyancy-driven fluid
convection, investigation of PoLTF-temperature profiles is warranted with ESL wear.

The presented metabolic model assesses corneal swelling in the steady state. Time to reach
steady state is affected by whether the eyes are open or closed, by the oxygen transmissibility of
the tear film and the embedded lens components, by how fast the lens settles on the ocular surface,
and by how quickly the stroma swells/deswells upon changes in metabolic species concentrations,
among others. Of these effects, swelling/deswelling appears to be rate determining. Li and Tighe!!
mathematically showed that it takes approximately 3—4 h for the cornea to reach steady state after
being subjected to a 1-h hyperosmotic shock of 15 mOsM. More recently, Tan et al.!*? showed
clinically that the time it takes to reach maximum swelling with SL wear occurs after about 1.5 h
of lens wear during open eye. Then, the swelling decreased by 0.2 % of the baseline corneal
thickness in a subsequent 3.5 h most likely because of the slow lens settling. Niimi et al.!** also
showed that deswelling after no-lens-wear overnight swelling occurred mostly within 2 h of awake
time. The change in concentration of metabolites due to open-eye lens-wear hypoxia is smaller
than the hyperosmotic shock considered by Li and Tighe.!! Therefore, the time to reach steady
state with open-eye ESL and ESCL is likely to be closer to the 1.5-2 h observed by Tan et al.!#?

Possible transport resistances of metabolites from scleral-blood vessels into the limbus is
not accounted for in the present metabolic model.® Therefore, the current model provides an
optimistic estimate of limbal-metabolic support. However, comparison of the model to the central-
to-peripheral clinical data of Wang et al.*’ provided in Kim et al.? and to those of Holden et al.”® in
Figure 4.3 is good using no adjustable parameters. Moreover, the model accurately predicts various
contact-lens wear induced central corneal edema for open and overnight closed eyes. 34121154155
Therefore, transport resistances of metabolites between the limbus and the cornea are likely to be
small.

As previously mentioned, the provided design of ESCL results in mid-peripheral and
peripheral PoLTF thicknesses that are thicker than what is typically seen with commercially
available SCL wear. However, a change in the PoLTF thickness by 80 um results in corneal-
thickness change of less than 0.35 % of the baseline corneal thickness. Further, the region with the
thickest POLTF, which is the peripheral cornea, has minimal corneal edema due to limbal-
metabolic support. Therefore, the 2D metabolic model provides accurate assessment of corneal
edema with ESCL wear despite the possibility that the designed ESCL may slightly overestimate
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mid-peripheral and peripheral corneal edema compared to that of an actual ESCL. When ESCL
and ESL PoLTF thickness profiles are available, those data can readily be incorporated into the
present metabolic-edema model to assess corneal edema caused by specific designs of ESCLs and
ESLs.

Although this manuscript focuses on circuit-embedded contact lenses, guidance on
minimizing corneal edema is also applicable to contact lenses that have other multiple components,
such as drug-eluting lenses.>® For ESCLs, embedments may inhibit ion transport across the lens,
potentially adhering the lens to the ocular surface.>**° Assessment of ion transport through ESCLs
requires further investigation.

Countless lens configurations and corresponding central-to-peripheral corneal-edema
profiles can arise. This is especially true since most contact lenses have non-uniform thickness
profiles.!3%16! For these multifaceted embedded-lens designs, the metabolic-model calculations
provide guidance on how best to minimize corneal edema. Figures 4.5, 4.6, and 4.9 show the
importance of having a high oxygen Dk for embedments and, most importantly, for the lens
encasement regardless of embedment location and PoLTF thickness. Recommended designs to
minimize central-to-peripheral edema are those with the highest oxygen Dk/L for the lens
encasement and embedments as well as the thinnest POLTF. Embedments do not hinder oxygen
delivery to the cornea when they are implanted far into the conjunctival region. When an
embedment is placed within the corneal periphery near the limbus, limbal-metabolic support in the
peripheral region negates most of the swelling. Therefore, mid-peripheral peak swelling with a
zero-oxygen-Dk peripheral embedment located near the limbus (i.e., Fig. 4.7 dot-dashed lines) is
greater than that with no peripheral embedment (i.e., equivalent to Fig. 4.6 dot-dashed lines) by
only ~0.4 % of the baseline corneal thickness. Consequently, embedments should be placed as far
into the periphery as possible. Finally, embedment lengths should be minimized; they should be
placed as anteriorly as possible to maximize polar-directed oxygen transport. Accordingly,
swellings of less than 1 % everywhere should be achievable even with low-oxygen-
Dk embedments.

4.6 Appendix 4A. Corneal Swelling Profiles with Encasement Oxygen Dk of 160 Barrer

Figure 4A.1 illustrates oxygen-tension contours during wear of the ESL, ESCL, SL, and
SCL that compare with Figure 4.4 except that encasement oxygen Dkis now 160 Barrer.
Peripheral-embedment and central-embedment oxygen Dks for ESL and ESCL are 0 and 30 Barrer,
respectively. Dashed lines in Figures 4A.2a and b reflect swelling profiles corresponding to the
oxygen-tension contours in Figures 4A.1a and b, respectively.
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Figure 4A.1. Oxygen-tension contours throughout the lens and the cornea for (a) scleral lens with
embedments (ESL) and (b) soft contact lens with embedments (ESCL). Oxygen permeabilities (Dks) of the
peripheral embedment, central embedment, and lens encasement are 0, 30, and 160 Barrer, respectively.
Oxygen-tension contours for (c) scleral lens (SL) and (d) soft contact lens (SCL) without embedments. The
only difference between ESL and ESCL designs is the thickness profile of the PoOLTF. Oxygen tension
within the sclera is that of oxygenated blood (61.5 mmHg) and is not shown. Red, navy, and black colors
indicate high, low, and zero oxygen tensions, respectively. The unit of oxygen tension is in mmHg.
Horizontal axis is the lateral distance with 0 being the central cornea and the vertical axis is the sagittal
distance.
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Figure 4A.2. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying central
embedment oxygen permeabilities (Dks). Peripheral-embedment and lens-encasement oxygen Dks are
fixed at 0 and 160 Barrer, respectively. Central-embedment oxygen permeabilities are 15, 30, 80, 120, and
160 Barrer for both lens designs. Horizontal axis is the lateral distance from the central cornea to the
peripheral cornea with the reference point (horizontal axis =0) being the central cornea at the anterior
epithelial surface. Vertical axis is the percentage of corneal swelling.

Figures 4A.2a and b illustrate the effect of changing central-embedment Dk on central-to-
peripheral edema for an encasement oxygen Dk of 160 Barrer for ESL and ESCL wear,
respectively. Results are similar to those of Figures 5a and b, except that swelling is decreased
with the higher encasement oxygen Dk.

The effect of changing-peripheral embedment Dk on central-to-peripheral corneal edema
for encasement oxygen Dk of 160 Barrer for ESL and ESCL is shown in Figures 4A.3a and b,
respectively. The trends seen in Figures 4A.3a and b are comparable to that in Figures 4.6a and b,

respectively. Dotted lines in Figures 4A.3a and b correspond to the solid lines in Figures 4A.2a
and b, respectively.
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Figure 4A.3. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying peripheral-
embedment oxygen permeabilities (Dks). Central-embedment and lens-encasement oxygen Dks are fixed
at 80 and 160 Barrer, respectively. Peripheral-embedment oxygen permeabilities are 0, 30, 80, and 160
Barrer for both lens designs. Dotted lines in Figures 4A.3a and b correspond to the solid lines in Figures
4A.2a and b, respectively. Horizontal axis is the lateral distance from the central cornea to the peripheral

cornea with the reference point (horizontal axis = 0) being the central cornea at the anterior epithelial surface.
Vertical axis is the percentage of corneal swelling.

Polar-directed shifts of the peripheral embedment are assessed with an encasement
oxygen Dk of 160 Barrer as illustrated in Figures 4A.4a and b for ESL and ESCL, respectively.
Again, the trends seen in Figures 4A.4a and b are comparable to those in Figures 4.7a and b,
respectively. Solid lines in Figures 4A.4a and b are identical to the solid lines in Figures 4A.2a
and b, respectively. With an encasement oxygen Dk of 160 Barrer, reduction of the lateral length
of the peripheral embedment from 1.0 mm to 0.5 mm reduces peak swelling by ~0.6 % and ~0.7 %
of the baseline corneal thickness for ESL wear and for ESCL wear, respectively.
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Figure 4A.4. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying peripheral-
embedment locations along curvature radii. Peripheral-embedment, central-embedment, and lens-
encasement oxygen permeabilities (Dks) are 0, 80, and 160 Barrer, respectively. Starting edge locations of
the peripheral embedment are 4.0, 4.5, 5.0, and 5.5 mm laterally away from the center. Peripheral-
embedment lateral length is 1.0 mm. Figures 4A.4a and b solid lines are equivalent to Figures 4A.2a and b
solid lines, respectively. Horizontal axis is the lateral distance from the central cornea to the peripheral
cornea with the reference point (horizontal axis = 0) being the central cornea at the anterior epithelial surface.

Vertical axis is the percentage of corneal swelling.

The effect of a sagittal shift of the peripheral embedment with an encasement oxygen Dk of

160 Barrer are illustrated in Figures 4A.5a and b for ESL and ESCL, respectively. As above, solid
lines in Figures 4A.5a and b are equivalent to the solid lines in Figures 4A.2a and b, respectively.
Similar to Figures 4.8a and b, shifting the peripheral embedment anteriorly reduces peak edema.
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Figure 4A.5. Central-to-peripheral corneal edema with (a) ESL and (b) ESCL wear for varying peripheral-
embedment sagittal locations. Peripheral-embedment, central-embedment, and lens-encasement oxygen
permeabilities (Dks) are 0, 80, and 160 Barrer, respectively. Baseline curves in Figures 4A.5a and b are
equivalent to the solid lines in Figures 4A.2a and b, respectively. The peripheral embedment is shifted up
and down 50 pum from the baseline to assess the effect of sagittal location on corneal edema. Horizontal
axis is the lateral distance from the central cornea to the peripheral cornea with the reference point
(horizontal axis = 0) being the central cornea at the anterior epithelial surface. Vertical axis is the percentage

of corneal swelling.
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Chapter 5

Human Lacrimal Production Rate and Wetted Length of Modified
Schirmer's Tear Test Strips

Published as: Kim YH, Graham AD, Li W, Radke CJ, Lin MC. Human lacrimal
production rate and wetted length of modified Schirmer’s tear test strips. Transl Vis Sci
Technol. 2019;8(3):40.

5.1 Abstract

Purpose: To assess and compare the wetting kinetics of sheathed and unsheathed Schirmer's tear
test (STT) strips, and to determine the repeatability of 5-minute wetted length (WL) and basal tear
production rate (BTPR).

Methods: Seventeen subjects underwent two sheathed and unsheathed STTs each for both eyes
on four visits on separate days. After administration of topical anesthetic, WLs were measured
every 30 seconds for 5 minutes, and BTPRs were calculated for sheathed strips. Limits of
agreement (LoA), difference-versus-mean plots (DVM), and the coefficient of repeatability (CR)
assessed WL and BTPR repeatabilities. Variance estimates were used to calculate sample sizes for
future study.

Results: For the unsheathed STT, the mean (SD) difference in WLs between visits was 0.74 (5.05)
mm, LoA were [—9.17, 10.64], and CR was 9.17 mm; for the sheathed STT, the mean (SD)
intervisit difference was 0.16 (5.94) mm, LoA were [—11.49, 11.8], and CR was 10.53 mm. Eight
of 48 sheathed STTs and 20 of 44 unsheathed STTs showed constant WL for the final 90 seconds
of the test. The mean (SD) difference between repeated visits for BTPR was approximately 0.0
puL/min, LoA were [—1.82, 1.82], and CR was 1.91 pL/min.

Conclusions: Repeatability of sheathed and unsheathed 5-minute WL and BTPR is inadequate for
measuring within-subject changes, but is sufficient for group studies with moderate sample sizes.
Constant WL for the final 90 seconds with the eight sheathed STT measurements suggests varying
BTPR, whereas constant WL with the unsheathed STT can be explained by balancing evaporation
and BTPR.

Translational Relevance: Repeatability of the modified STT is evaluated clinically to establish
quantitative BTPRs rather than inference from a strip WL.

5.2 Introduction

Schirmer's tear test (STT) is one of the most commonly employed clinical tests in dry-eye
disease evaluation, treatment, and management. It is thought that inserting a strip of filter paper
into the inferior fornix and measuring the length of the wetted portion after 5 minutes provides a
direct assessment of tear production rate.'®? In clinical practice, use of the STT is hampered by
poor repeatability, which has been attributed mainly to a presumed natural variability in tear
production rate.!®® This assumption, however, may reflect incomplete understanding of what the
test actually assesses. Recent studies highlight two issues that contribute to STT performance. 6416

The first issue addresses whether the traditional STT measures only the basal tear
production or whether it also measures some degree of residual reflex tearing and/or uptake from
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the tear meniscus. There are two reported phases during an STT: rapid wetting upon initial
insertion, followed by a slower, typically linear, increase with time.!®> In the traditional STT
without anesthetic, this observation is attributed to rapid initial wetting by reflex tearing upon strip
insertion, followed by slower wetting due to basal tear production and diminished reflex
tearing.'%¢1% Li et al.,!s> however, observed significant variability in the initial wetting phase even
though the eyes had been anesthetized with two drops of proparacaine, an anesthetic that should
nullify most or all reflex tearing.!’® Based on this observation, the authors argued that in addition
to reflex tear production, the initial wetting phase is influenced by the preexisting tear reservoir
behind the lower lid.'®® Li et al.!é> established that the 5-minute wetted length of a Schirmer strip
does not always correlate with the basal tear production rate (BTPR). Due to significant inter- and
intrapatient variation in the volume of tears held in the tear reservoir, which is likely influenced
by ethnicity,'”! medication use,'”* tasks performed immediately prior to testing (e.g., computer
use),'”® and diurnal variation,'’*!”> the BTPR can be assessed only in the second phase, during
which a slower linear increase in wetting is observed.

The second issue is that environmental conditions impact wetted length. For example,
conducting an STT in low room humidity can lead to excessive evaporation from the wetted
Schirmer strip that can contribute to an artificially short wetted length. This is in contrast to the
wetted length measured in a high-humidity environment.!”® This issue has largely been ignored in
clinical practice. In contrast, the mechanistic model of Telles et al.'®* estimates BTPR by
accounting for the physical forces acting on the strip during wetting imbibition and quantifies the
specific impact that evaporation has on wetted length. Based on the calculations of Telles et al.!®*
and the in vitro studies of Li et al.,'® evaporation can significantly slow wetting dynamics. Li et
al.'®® recommend that, in addition to application of anesthetic, Schirmer strips be sheathed with
transparent plastic tape to inhibit evaporation. We refer to this procedure as the modified
STT.164’165

In the current study, after applying anesthetic, we assess whether preventing evaporation
from STT strips by sheathing them with plastic tape offers improved repeatability compared with
traditional unsheathed strips. We also use the sheathed-strip transient wetted lengths to determine
the BTPR, following the work of Li et al.,'® and assess its repeatability. An STT with improved
accuracy, combined with calculation of BTPR, can provide an important tool in the diagnosis and
monitoring of dry-eye disease.

5.3 Methods

5.3.1 Study Protocol

Subjects were recruited from the University of California, Berkeley and the surrounding
community. Both contact lens wearers and non—contact lens wearers were eligible to participate.
Subjects with active ocular infection or inflammation were excluded, as were those who elected
not to discontinue contact lens wear, use of makeup, artificial tears, and facial lotion for a minimum
of 24 hours prior to all study visits. Written informed consent, with a complete description of the
goals, risks, benefits, and procedures of the study, was obtained from all participants. This study
observed the tenets of the Declaration of Helsinki and was approved by the University of California,
Berkeley Committee for Protection of Human Subjects.

The study consisted of four visits: two visits using standard, unsheathed Schirmer strips
bilaterally and two visits using sheathed Schirmer strips bilaterally, alternating visits between the
two strip types. The type of strip used at the first visit and the eye to have the first strip inserted at
each visit were randomized. Visits were separated by a minimum of 24 hours and were scheduled
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at approximately the same time of day (£2 hours) for each subject to minimize the potential for
bias due to possible diurnal variation.!” Subjects were asked to awaken at approximately the same
time of day (1 hour) and to be awake for at least 4 hours prior to every visit.

At the beginning of each visit, room temperature and humidity were measured using a
combination digital thermometer and hygrometer (General Tools & Instruments, Secaucus, NJ).
For all tests, examination room temperature and relative humidity were held constant at
approximately 22°C and 50%, respectively. Anterior ocular health was assessed with slit-lamp
biomicroscopy (SL120; Carl Zeiss Meditec, Inc., Jena, Germany) under white light to ensure that
there was no active or preexisting ocular pathology (e.g., corneal scars, infiltrates, superficial
punctate keratitis). Subjects were acclimated to the ambient room environment for a minimum of
10 minutes prior to insertion of Schirmer strips bilaterally.

To minimize reflex tearing, two drops of 0.5% (wt/vol) proparacaine hydrochloride
ophthalmic solution (Akorn Pharmaceuticals, Lake Forest, IL) were administered to each eye
sequentially, with a I-minute interval separating the bilateral applications. The eye previously
randomized to have the Schirmer strip inserted also received the first anesthetic drop. If sheathed
strips were randomly assigned for that visit, Schirmer strips (Merck Animal Health, Summit, NJ)
were sheathed on both sides with water-impermeable transparent tape (One-Arm Bandit Tape Gun;
Conros Corporation, North York, Canada) during the period of anesthetic administration. Further
details on the sheathing technique can be found in Li et al.!®> After drop instillation, the area around
the eye was blotted with tissue paper to ensure that no residual fluid on the skin could come into
contact with the Schirmer strip and artificially inflate wetted length. After waiting an additional
minute for the second anesthetic drop to take effect, subjects were instructed to fixate on a point
on the ceiling while a strip was inserted in each eye, and then to close their eyes. A single
investigator was responsible for all strip insertions to eliminate interinvestigator variability in
insertion technique. With the eyes still closed, subjects were led to the chinrest of the slit lamp and
instructed to direct their eyes along the primary gaze axis. Wetted lengths of the millimeter-ruled
Schirmer strip were recorded through the slit lamp to within 0.5 mm every 30 seconds for 5 minutes.
Finally, after removal of the Schirmer strips, corneal staining type, depth, and extent were graded
on the Brian Holden Vision Institute (formerly CCLRU) grading scales!”” using sodium
fluorescein under cobalt blue illumination and viewed through a 530-nm yellow barrier filter.

In addition to monitoring the wetted lengths of the sheathed STT strips, elimination of
evaporative tear loss from the strip permitted calculation of the BTPR in microliters per minute.
For standard Schirmer strips, Li et al.!®® establish that

BTPR =0.7S (5.1)

where S is the straight-line slope of the measured wetted lengths between 3 and 5 minutes in
millimeters per minute. Because of evaporative loss, BTPR is not readily quantified using
unsheathed Schirmer strips.

5.3.2 Statistical Analysis

The repeatability of wetted-length measurement with sheathed and unsheathed Schirmer
strips was first assessed by limits of agreement (LoA) with a variance estimate corrected for
repeated measures, difference-versus-mean (DVM) plots,!”® and the coefficient of repeatability
(CR).!” The sheathed and unsheathed Schirmer-strip methods were then compared using the
methods above and additionally by using multivariable linear mixed-effects models to account for
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the internal correlations engendered by the repeated-measures study design while statistically
adjusting for external factors, including temperature and humidity, both outdoors and inside the
examination room; outdoor wind speed (indoor ventilation “wind speed” was assumed to be
constant); and time awake before measurement. Variance-component analysis partitioned the total
variance of 5-minute wetted lengths into contributions from between-subject variability as well as
differences between strips, visits, and eyes, and residual error. To obtain preliminary estimates of
the sample variance and to estimate sample sizes necessary for statistical validity, 20 subjects were
recruited for this investigation of sheathed Schirmer strips in modified STTs. Sample-size
estimates for future larger group comparisons were made for differing wetted lengths and BPTRs,
under the assumptions of 95% confidence and 80% power, using a range of between-subject
variances from the current study as well as from the literature.'8%-18!

Strip-wetting lengths were discerned only for subjects that exhibited wetted lengths greater
than 5 mm after 5 minutes of strip insertion due to length-visibility limitations caused by eyelid
concealment.!% For visits that resulted in unobservable wetted lengths at 5 minutes, wetted lengths
were imputed to the median of the unobservable region (2.5 mm).

To avoid the initial nonlinear phase contribution from the tear meniscus, BTPR was
calculated from the linear slope of the 3-, 4-, and 5-minute wetting lengths from Equation 1.1
Repeatability of the BTPR and the relationships of the BTPR to external factors were assessed
using an approach similar to that described above for 5-minute wetted lengths. Wetted-strip lengths
<5 mm were unobservable, so BTPR calculation was not possible whenever a subject did not
exhibit at least three wetting lengths >5 mm recorded from 3 to 5 minutes.!%> Readings of
completely saturated strips (i.e., wetted lengths of 35 mm) 3 minutes after strip insertion were also
excluded from the BTPR determination because no wetting-length dynamics could be assessed.

5.4 Results

Of the 20 subjects initially recruited, 17 subjects (5 males and 12 females, mean [SD] age
= 34.4 [9.2] years) completed the study. Three subjects completed only the first visit and
discontinued participation due to scheduling conflicts. Subject demographics consisted of 12 East
Asians, 3 Caucasians, 1 African American, and 1 South Asian. Out of 17 subjects, eight were
contact lens wearers and nine were non—contact lens wearers. Of the 136 total readings taken, nine
subjects contributed 41 readings that were less than 5 mm in wetted length after 5 minutes of strip
insertion. For those subjects, wetting lengths could not be evaluated. Twenty-one of the 41
readings were from unsheathed strips, and 20 were from sheathed strips. Descriptive statistics for
all visits are shown in Table 5.1 for the sheathed and unsheathed Schirmer-strip 5-minute wetted
lengths, along with examination room temperature and relative humidity.
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Table 5.1. Descriptive Statistics for 5-Minute Wetted Lengths (mm) of Unsheathed and
Sheathed Schirmer Strips

Unsheathed Strips Min Max Median Mean SD

Wetted Length (mm), Visit 1 2.5% 26 7.5 8.88 6.81

Exam Room Temperature (°C), Visit 1~ 22.2 23.4 22.8 22.8 0.34

Exam Room Relative Humidity (%), Visit 1 44 53 49.5 48.9 2.86

Wetted Length (mm), Visit2 ~ 2.5% 18 7.0 8.15 5.36

Exam Room Temperature (°C), Visit2  21.3 233 22.6 22.6 0.46

Exam Room Relative Humidity (%), Visit 2 35 57 49 48.6 5.58
Sheathed Strips

Wetted Length (mm), Visit 1 2.5% 35 12.0 12.04 8.81

Exam Room Temperature (°C), Visit1  21.9 23.4 22.7 22.7 0.38

Exam Room Relative Humidity (%), Visit 1 44 54 50 49.5 2.83

Wetted Length (mm), Visit 2 2.5% 35 10.5 11.88 8.18

Exam Room Temperature (°C), Visit2  21.4 234 22.8 22.7 0.51

Exam Room Relative Humidity (%), Visit 2 39 55 50 49.1 4.57

# Minimum wetted length was interpolated to the median of unobservable region of the Schirmer
strip (2.5 mm).

The mean difference between repeat visits in 5-minute wetted length was less than 1 mm
for both sheathed and unsheathed Schirmer strips; the two strip types showed comparable
repeatabilities. For unsheathed Schirmer strips, the mean (SD) difference was 0.74 (5.05) mm, and
for sheathed strips the mean (SD) difference was 0.16 (5.94) mm (Table 5.2). LoA for unsheathed
Schirmer strips were [—9.17, 10.64 mm], and for sheathed strips the LoA were [-11.49, 11.8
mm)]. Figure 5.1 accentuates no dependence of the intervisit difference on the magnitude of the 5-
minute wetted length. The CR between visits for unsheathed strips was 9.17 mm, meaning that the
difference between two repeated tests lies within 9.17 mm with 95% probability. The CR for
sheathed strips was 10.53 mm.

Table 5.2. LoA Between Visits in 5-Minute Wetted Lengths (mm) of Unsheathed and Sheathed
Schirmer Strips

Mean SD LoA
Unsheathed Strips Diff Diff  Lower Upper Width
Wetted Length A (VI-V2)  0.74 5.05 -9.17 10.64 19.81

Sheathed Strips
Wetted Length A (V1-V2)  0.16 5.94 -11.49 11.81 23.30
V indicates visit
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Figure 5.1. Subject visit difference-versus-mean wetting lengths at 5 minutes for (A) sheathed and (B)

unsheathed Schirmer strips. A solid line designates the mean intervisit difference. Dashed lines mark the
LoA.

Comparison in Table 5.3 reveals a mean (SD) difference (sheathed — unsheathed) in wetted
length of 3.16 (6.04) mm for the first set of visits (i.e., first sheathed visit compared to first
unsheathed visit) and 3.74 (6.54) mm for the second set of visits. LoA between the two types of
strips were [—8.67, 14.99 mm] for the first visit and [—9.08, 16.55 mm] for the second visit. DVM
plots revealed no dependence of the difference between methods (sheathed versus unsheathed) on
the magnitude of the 5S-minute wetted length. As seen in Figure 5.2, sheathing the strips to inhibit
evaporation generally increased wetted lengths compared to the unsheathed strips. Large
differences between sheathed and unsheathed wetting lengths are evident for the longest S-minute
lengths because longer unsheathed wetted lengths expose more surface area for evaporation.
Mixed-effects models of wetted length revealed sheathed strips to average 3.45-mm longer lengths
than unsheathed strips (P < 0.001) after accounting for the repeated-measures structure. There was
no significant difference between visits (P = 0.539) and no significant effects of indoor or outdoor
temperature or indoor or outdoor humidity, outdoor wind speed, or time awake before
measurement.
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Table 5.3. LoA Between Sheathed and Unsheathed Strip 5-Minute Wetted Lengths (mm)

Mean SD LoA
Unsheathed Strips Diff Diff  Lower Upper Width
Wetted Length A (S-U)  3.16 6.04 -8.67 14.99 23.66

Sheathed Strips

Wetted Length A (S-U)  3.74 6.54 -9.08 16.55 25.62
S indicates sheathed, U, unsheathed
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Figure 5.2. Five-minute wetting lengths for each subject with sheathed and unsheathed strips on (A) visit
1 and (B) visit 2. Sheathing inhibits evaporation during testing and allows for greater 5-minute wetted
lengths on average.

Sample-size estimates for a hypothetical two-group comparison of Schirmer-strip 5-minute
wetted lengths are shown in Table 5.4. As with all such estimates, the larger the variance or the
smaller the difference one wishes to detect, the larger is the sample size required. For example,
with a sample size of 100 subjects (most efficiently, assuming homoscedasticity, with 50 subjects
in each of the groups to be compared!®>!3%), group mean differences as small as 2 mm can be
detected with at least 95% confidence and 80% power if the smaller of the variance estimates
prevails in the population. If the larger variance estimates prove more accurate, 100 subjects suffice
if group mean differences of at least 5 mm are of interest.
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Table 5.4. Sample-Size Estimates for Comparing 5-Minute Wetted Lengths Between Two

Group
Minimum Difference of Interest (mm)
SOURCE Va(r:;)“ce 1 2 3 5 10
Smallest 6? from Literature (Lee, 1988)  19.536 308 78 36 14
Smallest 62, Current Study (2018) 22.279 350 88 40 14
Largest 6° Current Study (2018) 94.743 1488 372 166 60 16
Largest 6* from Literature (Lira, 2011) 112.36 1764 442 196 72 18

Figure 5.3 graphs transient wetting lengths as a function of time for one subject with
sheathed (closed symbols) and unsheathed (open symbols) strips. Here again, sheathed data
evidence longer wetting lengths because evaporation is precluded. Sheathed Schirmer-strip wetted
lengths continued to increase linearly for both eyes, allowing calculation of BTPRs; that is, slopes
of the solid straight lines drawn for the last 2 minutes of the sheathed STTs give BTPRs from
Equation 5.1.1% Conversely, the unsheathed wetted lengths flattened in time and did not sensibly
increase for the last 90 seconds for either eye. BTPRs cannot be directly assessed when Schirmer
strips are exposed to the environment. Wetted lengths also could not be assessed below the dashed
horizontal line due to visibility limitations.
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Figure 5.3. Wetting-length dynamics for right and left eyes of subject 15. Closed symbols reflect
sheathing. Open symbols correspond to unsheathed strips. Slopes of the straight lines drawn after 3 minutes
give the BTPR. Wetted lengths cannot be assessed below the dashed horizontal line due to visibility
limitation. BTPRs are not available for unsheathed strips because of evaporation. Error bars represent the
precision of the Schirmer-strip markings.

Due to evaporation loss, flattening of the wetted lengths occurred in 45% of unsheathed
strips. Upon excluding data for completely wetted Schirmer strips (one subject, three readings), 20
out of 44 (45%) of unsheathed Schirmer strip readings had no change in wetted length for the final
90 seconds. Interestingly, 8 out of 48 (17%) of sheathed Schirmer-strip readings also showed
similar behavior. This result cannot be explained by evaporation as for unsheathed STTs.
Moreover, all eight of these sheathed readings had wetted lengths of <10 mm at 5 minutes, while
only 11 out of 20 unsheathed Schirmer strip readings with no change in wetted length had wetted
lengths of <10 mm at 5 minutes.

For 22 sheathed readings, wetting lengths did not exceed 5 mm for at least three of the last
observed times. Accordingly, BTPRs could not be quantified for these readings, giving a total of
46 quantifiable BTPRs. Of the 32 eyes with measureable BTPRs, 14 eyes had BTPRs available
for repeatability analyses. These are graphed in Figure 5.4. Sheathed BTPRs ranged from 0 to 2.16
puL/min, with a grand mean (SD) of 1.19 (0.61) uL/min. Results stratified on visits were nearly
identical (Table 5.5). The CR for BTPR was 1.91 pL/min, meaning that repeated BTPR
measurements on the same subject, under the same conditions, and by the same observer, fall
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within 1.91 pL/min with 95% probability. Employing the variance estimate corrected for repeated
measures,'”® the LoA for BTPR were [—1.82, 1.82] uL/min, with a mean difference of <0.001 = 0
puL/min. There was no dependence of the intervisit difference on the magnitude of the tear
production rate (Fig.5.4). Furthermore, there were no significant relationships between BTPR and
external factors, including indoor or outdoor temperature or outdoor humidity, outdoor wind speed,
or time awake before measurement. Indoor humidity was around 50% and did not influence BTPR.
BTPRs are not available for unsheathed strips because of evaporation loss.
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Figure 5.4. Subject visit DVM BTPRs for sheathed Schirmer strips. A solid line indicates the mean
intervisit difference in BTPR. Dashed lines mark the LoA.

Table 5.5. Descriptive Statistics for BTPR (uL/min) From Dynamic Wetted Lengths of Sheathed
Schirmer Strips

Min Max Median Mean SD
BTPR, Visit 1 0.00 2.16 1.23 1.19 0.57
BTPR, Visit 2 0.00 2.00 1.16 1.19 0.67

Sample-size estimates for a hypothetical two-group comparison of BTPR are shown in
Table 5.6. As with all such estimates, the larger the variance or the smaller the difference one
wishes to detect, the larger is the sample size required. In this case, because there is currently no
understanding as to what a clinically meaningful difference in BTPR might be, we estimated
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sample sizes required to detect differences of 5%, 10%, 15%, 20%, and 25% of the maximum
BTPR observed (2.156 pL/min, which to our knowledge, is very close to the only published
estimate of the maximum BTPR of 2.2 pL/min!'#*18%)_ Confidence and power were set at 95% and
80%, respectively, and variance estimates from current study data were used. In a hypothetical
two-group comparison of BTPR, 100 total subjects sufficed to detect a difference in mean BTPR
as small as 10% (i.e., 0.2156 puL/min, see Table 5.6). Should the variance in the hypothetical two-
group study prove to be closer to our largest, unpartitioned total-variance estimate, 100 subjects
are sufficient to detect a difference in mean BTPR as small as 15% (i.e., 0.3234 pulL/min, see Table
5.6). The actual BTPR in microliters per minute, or percent change in BTPR, for clinical concern
remains to be determined.

Table 5.6. Sample-Size Estimates for Comparing BTPR Between Two Groups

Minimum Difference of Interest (uL/min)

SOURCE Va(r:;)“ce 0.1078 0.2156 03234 04312  0.5390
Smaller (V2) Between-Subject 6> 0.0928 126 32 14 8 6
Larger (V1) Between-Subject 6° 0.1250 170 44 20 12 8
Total Unpartitioned c° 0.3722 504 126 56 32 22

5.5 Discussion

For anesthetized eyes, sheathed and unsheathed Schirmer-strip wetted-length
methodologies yield similar repeatabilities based on DVM plots, LoA, and the CR. Subject awake
time prior to measurement, room temperature, outdoor temperature, outdoor relative humidity, and
outdoor wind speed had no significant effect on wetted-length dynamics of the strips. Similar
repeatability performance of sheathed and unsheathed strip wetted length suggests little reason to
sheath Schirmer strips. However, wetted-length dynamics (Fig. 5.3) and the method-comparison
analysis clearly demonstrate reduction of wetting lengths with unsheathed Schirmer strips due to
evaporation. Out of 11 eyes (eight subjects) that had average unsheathed wetted lengths between
5 and 10 mm at 5 minutes, seven eyes (five subjects) had sheathed wetted lengths greater than 10
mm at 5 minutes. In traditional STT, a wetted length between 5 and 10 mm at 5 minutes post
insertion is considered equivocal for aqueous-deficient dry eye.!®® Therefore, evaporation is a
significant factor in traditional STTs for patients with <10-mm wetted length at 5 minutes. Most
importantly, sheathing the Schirmer strip allows quantification of tear production rates; BTPR is
not necessarily correlated with 5S-minute wetted lengths.

The most likely reason for the comparable repeatability of the sheathed-versus-unsheathed
methodologies is that the single testing site had nearly constant room temperature and humidity
for all subjects and all visits. Unsheathed STT strips, therefore, did not have sufficient variability
in evaporative flux to display wider LoA. Buckmaster and Pearce!’ found that a relative humidity
difference of 60% resulted in a significant difference in 5-minute wetted length but that a
difference of 30% did not. Within a constant environment such as a single, climate-controlled
examination room, sheathing STT strips, although representative of BTPR, does not improve
repeatability. However, for unbiased comparison between different testing sites or between
different regions of the world, environmental differences can play an important role. We
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recommend sheathing Schirmer strips foremost to maintain consistent repeatability by minimizing
or eliminating the effects of external factors and to obtain quantitative BTPRs, for example, in
microliters per minute.

Eight of 48 sheathed Schirmer-strip readings showed no change in wetted length for the
final 90 seconds, indicating a change in the BTPR to 0 pl./min. This observation has not been
reported previously and was not observed in the majority of the current study data that shows
constant BTPR for each STT.!%16° 1 j et al.'® showed in vitro that sheathing effectively eliminates
the impact of environmental factors, making the abovementioned anomaly difficult to explain
unless BTPR diminishes in time during STT for some subjects. It is interesting that seven subjects
involved in these eight readings exhibited Schirmer-strip wetted lengths between 5 and 10 mm at
5 minutes post insertion, which is within the range of debate for aqueous-deficient dry eye.!%¢ In
the case of unsheathed STTs, approximately half of the measurements showing no change in
wetted length for the final 90 seconds produced wetted lengths >10 mm, resulting in a larger wetted
surface area and enhanced evaporative loss. For unsheathed STT strips, wetting length that slows
to a constant value is attributed to a balance between evaporation and BTPR. Therefore, wetted
lengths >10 mm using unsheathed strips do not necessarily indicate normal BTPRs. This provides
an explanation for why traditional STT results correlate poorly with other clinical signs and
symptoms.'®” Further studies are necessary to examine the relationships between aqueous-
deficient dry eye and BTPR and with changes in that rate over time, especially for subjects whose
STT strips wet within the range of 5 to 10 mm.

There are limitations to our study. Due to the visibility limitation for wetted lengths <5 mm,
subjects who had less than 5 mm of wetting at 5 minutes post strip insertion were assigned the
median wetted length of the nonobservable region, or 2.5 mm. This approximation led to nearly
identical 5-minute wetted lengths, as did assigning 5 or 0 mm for nonobserved wetted lengths (i.e.,
the largest or smallest they could be, respectively, without being observed). This approximation,
however, had no bearing on production rate analysis since BTPR could not be determined for these
test outcomes. Additionally, without at least three measurable wetted lengths at 3-, 4-, and 5-
minute time points for each trial, the BTPR was not assessable. Although the BTPR is not
calculable in these situations, patients exhibiting the abovementioned wetting behavior would be
classified as aqueous-deficient dry eye by existing STTs.!*¢ Due to the limitations outlined above,
only 14 repeated intrasubject BTPRs were obtained. Additional data are warranted for better
population estimates of BTPR and for a fuller assessment of repeatability, taking into account a
wider range of testing conditions.

Even after sheathing to minimize or eliminate external environmental effects, sheathed
Schirmer-strip 5-minute wetted lengths and BTPRs exhibited relatively poor repeatability.
Because the same operator performed the tests in an identical environment, and because theory
and in vitro studies validate Schirmer-strip wetting kinetics,'®#1%° this observation strongly
supports the hypothesis that individuals exhibit substantial day-to-day variability in tear
production.!® Although the unsheathed STTs from our single testing site under controlled
conditions exhibited repeatability similar to the modified STTs, sheathing the strips carries the
distinct advantage that BTPR can be directly estimated (from Equation 1 following the procedure
of Li et al.!® to eliminate the effects of evaporation and variability in the preexisting lower-lid tear
reservoir volume). It is important that modified STT results can be compared without bias across
different testing environments.
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Chapter 6

Protection Against Corneal Hyperosmolarity with Soft-Contact-Lens
Wear

Published as: Kim YH, Nguyen T, Lin MC, Peng C-C, Radke CJ. Protection against
corneal hyperosmolarity with soft-contact-lens wear. Prog Retin Eye Res.
2022;87:101012.

6.1 Abstract

Hyperosmotic tear stimulates human corneal nerve endings, activates ocular immune
response, and elicits dry-eye symptoms. A soft contact lens (SCL) covers the cornea preventing it
from experiencing direct tear evaporation and the resulting blink-periodic salinity increases. For
the cornea to experience hyperosmolarity due to tear evaporation, salt must transport across the
SCL to the post-lens tear film (PoLTF) bathing the cornea. Consequently, limited salt transport
across a SCL potentially protects the ocular surface from hyperosmotic tear. In addition, despite
lens-wear discomfort sharing common sensations to dry eye, no correlation is available between
measured tear hyperosmolarity and SCL-wear discomfort. Lack of documentation is likely because
clinical measurements of tear osmolarity during lens wear do not interrogate the tear osmolarity of
the PoLTF that actually overlays the cornea. Rather, tear osmolarity is clinically measured in the
tear meniscus. For the first time, we mathematically quantify tear osmolarity in the POLTF and
show that it differs significantly from the clinically measured tear-meniscus osmolarity. We show
further that aqueous-deficient dry eye and evaporative dry eye both exacerbate the hyperosmolarity
of the PoLTF. Nevertheless, depending on lens salt-transport properties (i.e., diffusivity, partition
coefficient, and thickness), a SCL can indeed protect against corneal hyperosmolarity by reducing
PoLTF salinity to below that of the ocular surface during no-lens wear. Importantly, PoLTF
osmolarity for dry-eye patients can be reduced to that of normal eyes with no-lens wear provided
that the lens exhibits a low lens-salt diffusivity. Infrequent blinking increases POLTF osmolarity
consistent with lens-wear discomfort. Judicious design of SCL material salt-transport properties
can ameliorate corneal hyperosmolarity. Our results confirm the importance of POLTF osmolarity
during SCL wear and indicate a possible relation between PoLTF osmolarity and contact-lens
discomfort.

6.2 Introduction

Numerous clinical studies of tear-meniscus osmolarity demonstrate that dry-eye patients
exhibit higher tear osmolarity than those with normal healthy eyes!>~1%2!2224 Tomlinson et al.®
compiled tear-meniscus osmolarities from studies conducted between 1978 and 2004 and
determined that the mean values for normal and dry eyes are 302.2 and 326.9 milliosmolar
(mOsM), respectively. Since then, a prospective, multicenter study by Lemp et al.?° showed that
tear-meniscus osmolarity has the highest sensitivity and specificity to detect dry eye compared to
tear-film break-up time (TBUT), corneal staining, conjunctival staining, Schirmer tear test, and
meibomian-gland grading. In contrast, some studies found no significant correlation between
osmolarity and dry-eye symptoms.3¢3
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Tear osmolarity is determined by the dissolved solute concentrations which, in turn, depend
on tear production, evaporation, and drainage.?!®® Clinically measured tear osmolarity!>-1%2!-
24,3637 ysually corresponds to that in the lower tear meniscus, which is significantly lower than that
of the pre-corneal tear film (PrCTF).>>!8%1% The no-lens modeling analysis of Cerretani and
Radke? in Figure 6.1 contrasts the periodic excursions of osmolarity in the PrCTF relative to the
menisci for both normal and dry eyes. This figure demonstrates that dry-eye menisci and PrCTF
osmolarities can differ by more than 10 mOsM. Higher osmolarity of the PrCTF than that in the
menisci is due to the larger surface area for evaporation and the smaller tear volume of the PrCTF,
both of which lead to larger increases of solute concentration in the PrCTF than those in the
menisci during an interblink. Osmolarities for dry eyes are higher than those of normal eyes due
to higher tear evaporation and lower tear production rates.>*¥!°0 Menisci hyperosmolarity
correlates with dry eye!>* because the salinity of the PrCTF in contact with the cornea influences
that in the tear menisci through tear mixing upon blinking.> Conversely, lack of significant
correlation between osmolarity and dry eye seen by some studies*®” might be confounded by
incomplete blinking, instrument limitation,*® and/or lack of severe dry-eye patients recruited for
the study.*¢
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Figure 6.1. Osmolarity of various tear compartments including pre-corneal tear film (PrCTF), menisci, and
conjunctival sacs for normal and dry eyes with no-lens wear. Reprinted with permission from Cerretani and
Radke.*® Copyright (2014) Taylor & Francis.
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Gilbard et al.'! first documented the deleterious effects of hyperosmolarity on corneal
epithelia using rabbit-eye cells both in vivo and in vitro. When cultured under hyperosmotic
conditions, epithelial cells showed adverse responses including decreased intercellular connections,
cell-membrane disruptions, and cellular swelling with decreased cytoplasmic density.'”! In-vivo
measurements displayed increased cell desquamation.!”! Later, Gilbard et al.'*>!** showed that
tear hyperosmolarity also reduces corneal epithelial glycogen and increases conjunctival goblet-
cell apoptosis. Studies on the ocular surface of mice!** and on human limbal epithelial cells'®>
demonstrate that hyperosmolar stress activates mitogen-activated protein kinase pathways to
produce proinflammatory cytokines, interleukin (IL) - 1B, tumor necrosis factor (TNF) a, and C-
X-C chemokine IL-8. The effect of tear hyperosmolarity on ocular-surface immunology was
accentuated by Guzman et al.!?® who established that tear hyperosmolarity initiates nuclear factor-
kB signaling in conjunctival epithelial cells and increases dendritic cell recruitment and maturation.
These authors also found that tear hyperosmolarity reduces the density of corneal intraepithelial
nerves and terminals.!”® Similarly, Hirata and co-authors'>!?"!® revealed adverse effects of tear
hyperosmolarity on corneal nerves of rats. Throughout their studies, Hirata et al.'"””"!® found that
hyperosmolarity leads to corneal sub-basal nerve damage and disappearance of corneal-nerve
responses that stimulate tear production. Moreover, those authors documented heightened
sensitivity of nociceptive neurons to temperature after a hyperosmolar stress of only 15 min.'* Liu
et al.!* further showed that exposure of 700-mOsM aqueous salt to bovine corneal epithelial cells
for 10-30 s activates mitogen-activated protein kinase (MAPK) pathways, demonstrating that the
cornea reacts to a short-term hyperosmolar stress by exacerbating epithelial nerve firing. This
observation provides strong evidence for corneal hyperosmolarity initiating dry-eye discomfort.

With soft-contact-lens (SCL) wear, the cornea is over laid by the post-lens tear film (PoLTF)
and no longer is exposed to the environment where aqueous evaporation of the pre-lens tear film
(PrLTF) increases interblink salinity. Because soft contact lenses experience minor displacements
during blinking,'#>!%-2% Jittle mixing is expected between pre- and post-lens tear films.?!~2% Thus,
at first glance, the POLTF is isolated from the tear system and should protect corneal nerve endings
from hyperosmolar stress. However, increased salt concentration in the PrLTF due to environment
evaporation creates a concentration difference that drives salt across the lens and into the PoLTF.
Thurs, protection against POLTF hyperosmolarity may not be complete.

Measurement of on-eye salinity in the approximately 2-um thick POLTF has not been
achieved, although a number of groups have measured osmolarity associated with SCL wear.”*
78.204205 Unfortunately, reported lens-wear tear osmolarities are those of the tear meniscus,’+ 8
combined tear of all tear compartments,?% or total tear after lens removal.?** In view of these major
limitations, it is not surprising that no association has been established between measured tear
osmolarity and ocular comfort during SCL wear.’*7>78204205 T¢ date, the osmolarity of the POLTF
during SCL wear remains unknown despite the commonality of discomfort symptoms, including
dryness, irritation, stinging, and burning, typically attributed to hyperosmolarity.2%

To determine whether a SCL can act as a barrier against osmolarity increases in the POLTF,
we quantify PoLTF tear osmolarity for differing physiological and lens properties with a tear-
dynamics continuum mathematical model. Our proposed model extends the anterior tear-dynamics
treatment of Cerretani and Radke? to include a SCL and concomitant additional tear films. We
incorporate deposition, interblink, and eye-closure phases of blinking as well as tear drainage,
evaporation, and production that occur during these phases. The SCL tear-dynamics model also
embodies tear exchange occurring between the POLTF and pre-conjunctival tear films (PrCjTF)
observed clinically with fluorophotometry.2%
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6.3 Tear Dynamics

Figure 6.2 illustrates the anterior ocular surface with SCL wear. The drawing is not to scale.
The tear film interfacing the environment, either with lens wear (i.e., the PrLTF and PrCjTF) or
without lens wear (i.e., the PrCTF and PrCjTF), evaporates during the interblink period. The
thickness and cohesive quality of the meibomian-gland exuded tear lipid layer determine the
volumetric tear evaporation rate (qe).>! Due to black-line formation,?’”-2% the tear film is “perched”
during the interblink period (ti) and is effectively isolated from the two surrounding tear
menisci.’®® Consequently, evaporation of the tear film into the environment increases salt
concentration and, subsequently, tear osmolarity.?’ Meanwhile, menisci osmolarity changes
minimally due to the relatively large tear volume and smaller exposed surface area relative to the
tear film. During contact-lens wear, the PrLTF evaporates but the lens prevents evaporation of the
PoLTF. With zero PoLTF evaporation, the lens theoretically protects the ocular surface from
increased salt concentration and, consequently, hyperosmolarity. However, increased salt
concentration of the PrLTF due to evaporation creates a concentration gradient of salt, which leads
to salt diffusion across the lens into POLTF. The amount of salt that diffuses under this gradient
depends on the lens-salt diffusivity (Ds), the lens-salt partition coefficient (ks), and the lens
thickness (hiens)*' among other variables, such as blink frequency, tear production rate, and
evaporation rate. Conversely, diffusive supply of salt from the PrLTF into the PoLTF is opposed
by an osmotic-pressure gradient that drives water across the lens from low to high salt
concentration.
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Figure 6.2. Schematic of the ocular surface, tear-film compartments, and soft contact lens. Pre-conjunctival
tear film is not visible in this cross-sectional view. The cornea is enveloped by the soft contact lens. The
tear film interfacing the cornea is the post-lens tear film (PoLTF). Figure is not to scale.

To quantify PoLTF tear osmolarity, anterior tear dynamics of the PrLTF, PrCjTF, PoLTF,
tear menisci, and conjunctival-sac tear compartments all have to be accurately described.
Alongside the tear compartments shown in Figure 6.2, the tear-dynamics model must account for
the three phases of the blink cycle: eyelid closure, interblink period, and deposition phase. These
three major phases of the blink cycle are illustrated in Figure 6.3. Behavior of each compartment
during the blink cycle is summarized in the following subsections. Mathematical details are
provided in Section 6.5, appendices, and augmented in Cerretani and Radke.*
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Figure 6.3. Calculation flow diagram of anterior tear system behavior with soft contact lens (SCL) wear.
Eyelid closure, interblink, and deposition phases are evident. Upper diagram illustrates open-eye period (5—
30 s) while bottom diagram illustrates closed eye (~0.2 s). Salt flux from the bulbar conjunctiva to the
PrCjTF is negligible and, therefore, is not included in the calculations. Figure is not to scale.

6.3.1 Eyelid Closure and Opening

During eyelid closure, PrLTF, PrCjTF, tear menisci, and tear in conjunctival sacs mix. Due
to the force of the eyelid, the PrLTF, PrCjTF, and tear menisci mix completely to reach a uniform
tear osmolarity. However, the extent of fluid mixing in the conjunctival sacs with the PrLTF,
PrCjTF, and tear menisci is unclear. With no-lens wear, a scintigraphic study showed that tracer
inserted into the menisci rarely travels to the conjunctival sacs.2!! Conversely, several fluorescence
studies show that fluorescent dye in the upper and lower conjunctival sacs dilute to the rest of the
tear after forceful blinking.26:184212213 Cerretani and Radke® argued that the differences in mixing
behaviors from the abovementioned studies are likely due to differences in blink strength and eye
movement. Even if the tear compartments are not well mixed within a single blink, they will
effectively mix with multiple blinks.?> Therefore, following the detailed discussion of Cerretani
and Radke,*> we argue that PrLTF, PrCjTF, tear menisci, and tear in conjunctival sacs are at a
uniform salt concentration upon eyelid closure until the beginning of the subsequent blink during
periodic steady state.

Although PrLTF, PrCjTF, tear menisci, and tear in the conjunctival sacs mix during an eye
blink, the POLTF does not mix well with the other tear compartments due to the SCL barrier. Two
mechanisms that allow small amounts of tear exchange between PoLTF and the remaining tear
compartments are triggered by the force applied from the upper eyelid during a blink.!#> The first
type of tear exchange is induced by the lateral (up-down) motion of the lens due to the drag force
during eyelid opening and closure. Through mathematical modeling, Chauhan and Radke'®’
predicted that lateral movement of the SCL during the blink phase varies depending on the lens
elastic modulus and that the lens can move up to 3 mm vertically during a blink cycle.

The second type of tear exchange is caused by transverse (in-out) motion of the lens due
to the normal force applied by the upper eyelid during a blink.!* This results in a lens pumping
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motion that squeezes out POLTF fluid during eyelid closure and suctions in fresh fluid during
eyelid opening, respectively. By using aqueous fluorescein isothiocyanate—dextran, McNamara et
al.2% established that the net tear exchange between the PoLTF and rest of the tear compartments
is 1-2% of the POLTF volume per blink cycle. More exchange occurred with small diameter SCLs
(i.e., 12.0 mm) than with larger diameter SCLs (i.e., 13.5 mm). McNamara et al.?? also determined
that their tear-exchange values translated to 14.8—19.5 min to deplete 95% of the fluorescein from
the POLTF (Tos). For our tear-osmolarity analysis, 1% and 2% PoLTF volume tear exchanges per
blink were addressed. Tear osmolarity differences using the two exchange percentage volumes
proved negligible for all tear compartments. We set the PoLTF thickness upon eye opening at 2
um following tear mixing where 1% of the eye-opening POLTF volume is tear introduced from
tear exchange. We chose the 1% PoLTF volume for tear exchange because currently available
SCLs have somewhat larger diameters (e.g., 13.8—-14.5 mm) than the largest diameter SCL (i.e.,
13.5 mm) examined by McNamara et al.2%

6.3.2 Tear Deposition

During eye opening, the rising upper-lid meniscus deposits a thin tear film on the surface
of the contact lens and surrounding basal conjunctiva to form the PrLTF and PrCjTF,
respectively.?!* Similar to the PrCTF, the PrCjTF consists of a mucin-rich region, an aqueous
interlayer, and a thing lipid layer.?!> Because of the interposed contact lens, the PrLTF is no longer
exposed to corneal glycocalyx and corneal mucin-producing goblet cells.?!® The lipid layer
covering both the PrLTF and PrCjTF is secreted by the lid meibomian glands®!” while the majority
of the aqueous layer is produced from the lacrimal glands.?'® Tear production is discussed more in
depth in Section 6.3.3.

The thicknesses of the tear films deposited on the conjunctiva and the lens surface depend
on the upper tear-meniscus radius (Rum) and the relative upper-eye-lid velocity.?>2!*
Mathematically, the relationship of PrCjTF or PrLTF thicknesses to upper-tear meniscus radius
and relative velocity is obtained from Bretherton?!® and extended from that of Cerretani and
Radke® to include the effect of a SCL.

htf,j = L.34Rym[uy (Wiia — us,j)/)/]z/3 (6.1)

where hytj is the thickness of PrCjTF or PrLTF at the beginning of the interblink period, subscript
j indicates whether the film is PrCjTF (j =PrCj) or PrLTF (j = PrL), uw is tear viscosity, uid is the
velocity of the upper lid, us; is the velocity of the bulbar conjunctiva (j = PrCj) or the contact lens
(j = PrL) during eye opening, and vy is tear surface tension. Since the bulbar conjunctiva does not
move during a blink, uspcj is zero when determining the thickness of PrCjTF. Conversely, the
upward velocity of the contact lens in nonzero due to the drag force exerted by the eyelid on the
lens as determined from the lens-displacement analysis of Chauhan and Radke.!”® Parameter
values used to determine the tear-film thicknesses at the start of the interblink period are provided
in Table 6.1. Tear surface tension has been measured by multiple groups with significantly
different results.??>?22 Variability is understandable because of the complex procedure to collect
human tear and lipid for ex-vivo study and because of the dynamic nature of lipid spreading. We
employ the higher tension value of Tiffany and co-authors?2%??! in Table 6.1 since surface tension
is expected to be higher near the upper meniscus during lid opening.
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Table 6.1. Tear, Lid, and Palpebral Aperture Parameters

Parameter Symbol Value (unit)
Tear viscosity Uw 1.5*(mPa - s)

Tear surface tension y 45° (mN /m)

Upper Eyelid Velocity Wig 0.05° (m/s)
Contact Lens/Conjunctiva Velocity U j 0.02°/0 (m/s)

? Obtained from Ehlers223 and Tiffany.224
b Obtained from Nagyova and Tiffany22° and Tiffany et al.22!
¢ Derived from Chauhan and Radke.199

Because of the upward motion of the lens during a blink, the PrLTF is thinner than the PrCjTF
or the PrCTF. This result is supported by the measurements of Wang et al.,’3” who found PrLTF
thicknesses after lens fitting to be 3.6 + 2.1 um and PrCTF thicknesses to be 4.7 + 2.3 um, and King-
Smith and his co-authors, who found PrLTF thicknesses of 2.3 + 0.8 um38 and PrCTF thicknesses of
2.7 + 0.4 um.225 A thinner PrLTF compared to the PrCTF suggests earlier tear-film breakup over a SCL
compared to breakup over the cornea.226-227

6.3.3 Tear Production

Volumetric aqueous production rate (qiac), tear drainage rate (qq), and tear evaporation rate
(qe) strongly regulate tear osmolarity. The lacrimal glands produce the vast majority of the aqueous
fluid of the tear.2!® In comparison, the cornea and conjunctiva provide relatively small amounts of
aqueous fluid.?'®* Without lens wear, lack of sufficient aqueous production from lacrimal glands
results in aqueous-deficient dry eye.??»??° A decreased aqueous-tear-layer volume leads to a more
rapid increase in osmolarity upon tear evaporation. Glasson et al.>** determined that wetted lengths
of phenol-red threads were not statistically different with and without lens wear. In the same study,
Glasson et al.>** showed that intolerant SCL wearers produced shorter wetted lengths than those
for tolerant SCL wearers. Unfortunately, measured wetted lengths are not an accurate
representation of quc because the tear volume within the tear lake and the aqueous evaporation
from the thread are not accounted for in the phenol-red thread test.!> We assume the same tear
production rate with lens and no-lens wear because to date there are no substantiated differences
in aqueous production rates.

Until recently, direct clinical measurement of qiac was not available. Accordingly, Cerretani
and Radke® used available literature data??*!232 for qe, tear turnover rate, tear volume, and lower
meniscus osmolarity (cim) to back calculate qiac. Since then, significant effort was directed towards
modifying the Schirmer tear test to quantify quac directly.!6%1923% In a limited clinical study, Kim
et al.?33 established a mean quc of 1.19 pL/min for 17 subjects. The inter- and intra-subject
variability of qiac was significant and quac did not exceed 2.2 pl/min. This observation is consistent
with the calculated values of Mishima et al.'®* from tear-turnover rates. However, Kim et al.?3
could not determine qiac from dry-eye subjects that did not wet the Schirmer strip past 5 mm within
the 5-min testing time. Therefore, the determined mean glac excludes the data of those dry-eye
subjects and is likely closer to that of normal eyes. Since the measured mean quac of Kim et al.?*3
is very similar to that calculated for normal eye by Cerretani and Radke,* we simply used the qiac
values of normal and dry eyes determined by those authors as listed in Table 6.2. Details of how
qiac was determined are provided in Appendix D of Cerretani and Radke.’> We also incorporate
the small rates of corneal and conjunctival tear production following the work of Cerretani and
Radke.*®
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Table 6.2. Tear Production and Evaporation Rates

Case Lacrimal Production Rate Tear Evaporation Rate
(qlac) (ge)
Normal (pL/min) 1.10 0.15
Dry Eye (uL/min) 0.55 0.30
Normal Lens-Wear® (uL/min) 1.10 0.23

# Determined based on measurements of Guillon and Maissa®** with 30-40% relative humidity.

6.3.4 Tear Drainage

By using high-speed photography, Doane?? visualized and explained tear drainage during
blink cycles. Upon eyelid closure, the upper eyelid sweeps downward to consolidate tear film into
the lower meniscus, while the lower eyelid moves laterally in the nasal direction to deliver tear in
the lower meniscus into the medial canthus for eventual tear drainage.?*> During the first ~1/3 of
lid closure, upper and lower puncta are occluded by the lid margins. The remaining 2/3 of eyelid
closure squeezes tear in the canaliculi and lacrimal sac into the nasal cavity through the
nasolacrimal canal. When the eyelid retracts, relaxation of canaliculi and lacrimal sac lowers the
liquid pressure below that of the environment. Consequently, once the eye opens and the puncta
are no longer occluded, tear in the medial canthus is sucked into the puncta by capillary action
filling the canaliculi and lacrimal sac and restoring liquid pressure. Thus, tear drainage from the
ocular surface occurs during the interblink and depends on the tear-meniscus radii and blink
strength.

Tomlinson and Khanal?® estimated tear-drainage rate by clinically measuring the tear-
turnover rate upon instilling aqueous fluorescein dye into the eye and following the reduction in
fluorescein intensity. With known initial fluorescein concentration, volume of the fluorescein drop,
and transient decline in fluorescein intensity, tear-drainage rate can be calculated. This method,
however, is indirect, assumes that the tear volume remains constant, and requires a correction
factor for the fluorophotometer.?6 Tear-turnover rates from various authors tabulated by Tomlinson
and Khanal®® ranged from 0.12 to 1.47 pL/min.

Based on Doane’s observations,®> Zhu and Chauhan®*® developed a sophisticated
mathematical tear-drainage model recognizing that the drainage rate through the puncta arises
primarily from capillary suction. They established that the range of drainage rates for normal eyes
is rather large from 0.10 to 4.00 pL/min depending on the canaliculus thickness and Young’s
modulus. Subsequently, Cerretani and Radke®® simplified the Zhu and Chauhan®*® analysis by
relating the capillary-pressure-driven drainage rate to the upper and lower menisci radii. We utilize
the formulation of Cerretani and Radke? here for our qq estimates. Although qq ranged from 0.10
to 4.00 uL/min for the model of Zhu and Chauhan,?*® the semi-empirical model of Cerretani and
Radke® ranged qa from 0 to 2.00 pL/min since tabulated tear-turnover rates of Tomlinson and
Khanal®® suggest that tear-drainage rates do not exceed 2.00 uL/min. Further information can be
found in Section 6.5.2.1.

6.3.5 Tear Evaporation

Upon completion of eye opening, PrCjTF, PrLTF, and tear menisci are exposed to the
environment and undergo evaporation, thereby increasing compartment tear osmolarities. Similar
to no-lens wear, lens-wear q. is affected by the quantity and quality of the tear-lipid layer?!” in
addition to environmental factors, such as surrounding temperature, airflow, and humidity.??’
McCulley and Shine?*® suggested a lamellar-stack structure for the lipid layer that is approximately
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10 nm in thickness. Observed colors in the spreading lipid layer?*® and the in-situ interferometry
measurements of King-Smith et al.,** however, indicate a much thicker layer, greater than about
50 nm. Rosenfeld et al.>° found that fully organized lamellar structure is not consistent with the
discrete melting behavior found in their rheologic, x-ray scattering, and differential scanning
calorimetry studies. Instead, a duplex-film waxy-suspension structure of 50—100 nm in lipid-layer
thickness was proposed. Although retardation of q. by the lipid layer has been well
documented,*'?!'” the molecular architecture of the lipid layer and how much it reduces tear
evaporation are not settled.

As reviewed by Tomlinson et a most studies of in-situ tear evaporation use closed-
chamber evaporimeters that are misinterpreted as well mixed in both temperature and relative
humidity. Interferometry measurement of tear film thinning under open air and under a goggle by
Kimball et al.>*! further suggest that closed-chamber evaporimeters do not provide accurate
measurement of tear-film evaporation. To overcome the well-mixed deficiency and to quantify the
role of room air circulation, Peng et al.?*? developed an in-vivo flow evaporimeter that quantifies
the effects of airflow velocity and relative humidity while measuring environmental temperature.
Figure 6.4 illustrates the device. Inlet air of known relative humidity, Ry, temperature, and
volumetric air flow, Q, gently impinges on the eye where tear evaporation humidifies the outlet
flow stream. The rate of tear evaporation is calculated from the measured humidity increase of the
return air. In a limited three-subject analysis, they showed that increasing the inlet relative
humidity from 20 to 40% resulted in up to a 40% decline in qe and varying the airflow velocity
from 5 to 16 cm/s resulted in up to 50% increase in ge. The preliminary clinical results of Peng et
al.?*? at the lowest flow velocities fall within the rather wide range of qe values tabulated by
Tomlinson et al.?62!2 This finding accentuates the need for qe measurements with well-defined
airflow and relative humidity. For our tear-system calculations, qe values without lens wear for
both normal and dry eyes were averaged from the groups tabulated by Tomlinson et al.?62!2 along
with the data from Peng et al.>*? at a relative humidity of 40% following the procedure of Cerretani
and Radke.?® Table 6.2 gives the resulting values.

L ’26,212

R,, T detectors

2.54
64
]
>
Lk

A
¥

Setinlet

Q,T,Ry
Figure 6.4. Schematic of flow evaporimeter. At a set air flow volumetric rate, Q, inlet and exit relative
humidities, Ry, and temperatures are measured permitting calculation of evaporation rate. Dimensions are
in cm. Drawing is not to scale. Reprinted with permission from Peng et al.>** Copyright (2014) American
Chemical Society.

85



6.3.6 Soft Contact Lens

Simultaneous water and salt transport occur between the PrLTF and the PoLTF because
SCL materials are both water?** and salt permeable.?!? Salt concentration differences, which occur
across the SCL due to PrLTF evaporation, and lens properties (i.e., Ds, ks, and hiens) determine the
rate of salt transport across the lens. Salt transport occurs from high to low concentration whereas
simultaneous water transports in the opposite direction due to the osmotic-pressure difference.

The rate of water transport through the lens depends on hiens, on water viscosity, and on the
hydraulic permeability of water (K).”® Because of the difference in deposited tear-film thickness
between the PrLTF and the PrCjTF during lens wear, there also exists a lateral salt-concentration
difference between these two regions to cause water and salt transport at the lens landing zone
where the PrLTF interfaces with the PrCjTF. Potential impacts of salt and water transport between
different tear compartments and across the SCL are further discussed in Section 6.6.

For salt transport, Ds describes how fast salt travels within a SCL material, whereas ks
describes the ability for salt to partition into the lens material at the SCL/tear-film interfaces when
in equilibrium with a given aqueous salinity. In steady state, Ds and ks appear as the product of the
two as the salt permeability, Dsks. Because our tear system is dynamic, values for both Ds and ks
are required separately in this study.?** Yasuda et al.>* established that an increase in water content
of a cross-linked hydrogel increases both Ds and ks. Therefore, in Section 6.4 to follow, we
determine individual lens properties (Ds, ks, and K) necessary to quantify lens salt and water
transport rates.

6.3.7 Perched Tear Film

From both a clinical in-vivo study using aqueous fluorescein and an in-vitro study,
McDonald and Brubaker?®’ showed that the tear film near the tear menisci thins due to a Young-
Laplace?*¢ pressure difference between the concave menisci and the less curved tear film during
an interblink period. Thus, a lower liquid pressure exists in the curved menisci compared to that
in the less curved convex tear film because of surface tension and the curvature difference of the
air/liquid interface.?°%%*7 The resulting capillary pressure difference drives flow from the tear film
into the menisci. The flow resistance in the thin tear film is strong enough for the capillary-pressure
suction to create a thin dimple in the tear film directly adjacent to menisci immediately upon
stoppage of the upper eyelid opening.?® When viewed under fluorescein instillation, the thin
dimples appear as “black lines?"*% due to quenching of the fluorescein.?*® Black lines effectively
isolate the tear film from mixing with the menisci leading to so-called “perched” tear films.2%82%
Thus, evaporative salinity increases in the tear film are not diluted by mixing with the connecting
menisci.

However, based on clinical observations of one of our co-authors (MCL), not all subjects
display visible black lines after fluorescein insertion. This may be caused by conjunctival folds
preventing formation of meniscus concavity and a smaller pressure difference between the menisci
and the adjacent convex tear films. In such cases, there is a possibility that the tear film is not
strongly isolated during the interblink period. We deal with this situation in Appendix 6E and
establish that salt exchange between the PrLTF and the menisci has negligible effect on the
determined compartment osmolarities.

With SCL wear, black lines are not observable due to dye solubility in the lens obscuring
black-line visualization.?>® Numerous studies have reported and quantified concave tear menisci
with SCL wear.?72%* This observation plus the very low hydraulic permeability of SCLs indicate
that the PrLTF can also be considered as perched during an interblink.
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Proceeding Sections 6.4 and 6.5 provide detail on the lens transport-property measurements
and on the tear-system modeling mathematics. Readers interested in results may proceed to Section
6.6.

6.4 Lens Transport Properties

With the advent of silicone-hydrogel SCLs to minimize corneal hypoxia during lens wear,
considerable effort has been made to determine water and salt transport coefficients across
SCLs.40:73:210243.244.255 \We now outline the experimental measurements that set the transport
parameters of the SCL pertinent to assess POLTF salinity during contact-lens wear. Salt and water
transport are discussed separately.

6.4.1 Salt Transport

Lens-salt permeability, Dsks, is directly measured in a modified Stokes cell: a two-chamber
system separated by the SCL.40:210.244256 A schematic of the apparatus developed by Guan et al.2!°
is highlighted in Figure 6.5. The bottom chamber of the apparatus is initially filled with a salt-
water solution of known concentration while the top chamber is initially filed with deionized water.
Both chambers are well stirred to eliminate mass transfer resistances at each side of the lens. By
detecting the electrical conductivity in the top cell over time and by invoking pseudo-steady salt
diffusion across the lens, the value of Dsks is obtained directly.?!%?** To garner individual values
of Ds and ks, both Guan et al.?!% and Peng and Chauhan®** measure the equilibrium partition
coefficient in a separate back-extraction experiment. A lens of known dry mass is first soaked in
an aqueous solution of known high salt concentration until equilibrium is reached. The salt-
equilibrated lens is then placed in well-mixed deionized water where salt leaches out until a new
equilibrium is attained. ks is calculated from the difference in initial and final equilibrium leached-
salt concentrations by mass conservation. Once ks is known, lens-salt diffusivity follows from the
Stokes-cell measured salt permeability.
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Figure 6.5. Schematic of the Stokes cell developed by Guan et al.?!° to measure the salt permeability (Dsks)
of SCLs. Bottom chamber has a known initial salt concentration while the top chamber is initially filled
with deionized water. Electrical conductivity determines the rise in salt concentration of the top chamber.
Reprinted with permission from Guan et al.?!° Copyright (2011) John Wiley and Sons.

Alternatively, Peng and Chauhan?** extend the back-extraction procedure by monitoring
the leached salt concentration in time until equilibrium emerges. The time course of the leached
salt concentration is fit to Fick’s second law to establish Ds. The salt partition coefficient, ks, is
ascertained by the back-extracted equilibrium concentration as above; salt permeability is then
given by the product of Ds and ks. These authors found that the pseudo-steady Stokes-cell and the
transient back-extraction methods give comparable results.

Figure 6.6 shows measured equilibrium salt partition coefficients of 1 M NaCl in silicone-
hydrogel (open symbols) and HEMA-based (filled symbols) SCLs as a function of lens fractional
water content reproduced with permission from Guan et al.?!” The solid line corresponds to a
partition coefficient equaling the water content of the lens. Except at high water contents, salt
partitioning into SCLs falls below this simple relationship.
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Figure 6.6. Partition coefficient, ks, versus fractional water weight content at 35 C. Open symbols
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(2011) John Wiley and Sons.
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Guan et a and later Dursch et a note that ideal salt partitioning into hydrogels
corresponds to ks = @w where @y is the water volume fraction in the lens. Deviations from ideal

partitioning are accounted for by introducing a salt-enhancement factor: Es(= ks /(w). Dursch et

al.?7 suggest that the enhancement factor is the product of at least three contributions Es =

ESXESIE2? where ES* designates hard-sphere exclusion from the gel, EE reflects nonspecific
electrostatic repulsion or Donnan exclusion, and E2¢ corresponds to specific adsorption of salt to
the polymer chains of the gel. The small deviations from ideality in Figure 6.6 and the high ionic
strength of the aqueous salt solution dictate that the electrostatic-repulsion factor is close to unity.
We do not expect strong specific adsorption of salt to the lens polymeric strands so the adsorption
enhancement factor is also unity. Thus, partial rejection of salt from the SCLs in Figure 6.6
suggests hard sphere repulsion exclusion so that ES* is slightly less than unity. Calculations in
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Guan et al.>!? and Dursch et al.>*’ reveal that this suggestion is reasonable and that ks = ¢ at large
water contents consistent with Figure 6.6.

Figure 6.7 reports measured aqueous salt diffusion coefficients in SCLs as a function of
inverse water content from the work of Guan et al.?!° As in Figure 6.6, open symbols correspond
to silicone-hydrogel lenses and filled symbols correspond to HEMA-based lenses. As water
content decreases, salt diffusivity in the lenses decreases by orders of magnitude from its value in
water. Solute diffusivities in hydrogels relative to that in bulk water can be expressed as the product
of a hydrodynamic resistance factor, F, and an obstruction factor, S: Dy/D., = FS.2572%8 Here, D.,
represents bulk molecular diffusion coefficient of aqueous sodium chloride. The myriad of small
cross-linked polymer strands in swollen hydrogels causes both hydrodynamic and obstruction
factors to be considerably smaller than unity. Several theories for diffusion in hydrogels suggest
that Dy/Dw = exp[—a(1— ¢w)°®] where a and b are adjustable constants.?*® For b =1, Yasuda et al.2%’
demonstrate that for large water contents this expression can be rewritten as In(Dy/Dw) = —a[@w!
—1]. If we approximate water volume fractions in the lenses by lens water content, the eye-fit
straight line in Figure 6.7 confirms this relationship. Another way of understanding the strong
reductions in salt diffusion coefficients by SCLs is from the expression Ds = D/1s> where T is the
lens-salt tortuosity or the ratio of path length taken by the salt ions as they traverse through the gel
to the gel thickness.?!® According to Table III of Guan et al.,?!° 15 in SCLs varies from 2 to close
to 10 or reductions in aqueous salt diffusivities by up to 100, consistent with Figure 6.7. Ds values
adopted in this manuscript were chosen based on the values of Guan et al.2!? and of Mann et al.2
for more modern SCLs.
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Figure 6.7. Semilogarithmic graph of salt diffusivity, Ds , versus the inverse frac tional water weight
content at 35 C. Horizontal axis of unity corresponds to the diffusivity of salt in pure water at 35 C. Open
symbols correspond to silicone-based material lenses (SiHy) and filled symbols represent hydroxyethyl-
methacrylate-based material lenses (HEMA). Squares represent commercial lenses while other symbols
represent hydrogel membranes studied from various authors. The solid line guides the eye. Reprinted with
permission from Guan et al.2!° Copyright (2011) John Wiley and Sons.

6.4.2 Water Transport

Hydrodynamic permeability, K, of a SCL for pressure-driven aqueous flow is necessary to
predict osmotic-pressure back flow through a lens exposed to a salt concentration difference. We
rely on the values measured by Monticelli et al.”® Figure 6.8a is a schematic of the apparatus. Water
is forced through the membrane by an air-pressure-driven constant-head tank. Volumetric flow
rate is measured by the water-height change rate in the small-diameter vertical capillary tube. Flow
rates through the SCL membrane sheets are very small requiring data collection over many hours.
With such small flows, care must be taken to prevent leakage around the membrane. Figure 6.8b
displays the membrane-holder design and the requisite O-ring seals. With the pressure drop and
volumetric flow rates measured for varying applied pressure drops, and with the known water
viscosity, thickness of the membrane, and membrane cross-sectional area, K follows from Darcy
1law?%?: vy, = (K /uw)[—AP /L] where vy is superficial velocity, iy is tear viscosity, L is membrane

91



thickness, and AP is pressure drop. Defined in this manner, the units of hydraulic permeability are
length squared: K equal to 1 Darcy, characteristic of beach sand, corresponds to 1 pm?.
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Figure 6.8. Schematic of the flow apparatus to measure Darcy hydraulic permeability, K, of a SCL
membrane. (a) Overall design and (b) detailed design of the lens-membrane holder are provided. Water is
forced through the lens membrane that is placed in the lens-membrane holder by a known pressure
difference. Water rise in vertical capillary tube allows determination of the volumetric flow rate to measure
K. Reprinted with permission from Monticelli et al.”* Copyright (2005) Taylor & Francis.
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Figure 6.9 from Liu et al.?®! reports K values as a function of (1—¢)*/@? from Monticelli et
al.”® and Refojo?%? at typical water contents of SCLs and Quinn and Grodzinsky?®* for hydrogels
of much higher water contents where ¢ is the polymer volume fraction in the lens. Liu et al.2%!
write the functionality of K with polymer content as

(1-9)?
K= 8(,;2(1;, a? (6.2)

where ar is the polymer-strand characteristic radius and tu is the hydrodynamic tortuosity.
Equation 6.2 motivates the (1—¢)*/¢? choice for the abscissa in Figure 6.9. On log-log axes,
Equation 6.2 demands a straight line and allows calculation of ar /tn. Liu et al.?®! identify a strand
radius of around 2 nm and a hydrodynamic tortuosity of about 5, in general agreement with those
above for salt-diffusion tortuosities determined by Guan et al.!° An important finding from Figure
6.9 is the extremely small SCL hydrodynamic permeabilities in the pico-Darcy range. The reason
for these small valves is the very small molecular polymer fiber size.
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Figure 6.9. Hydrodynamic permeability, K, as a function of polymer content expressed as (1—@)*/¢?* for
hydrogels similar to 70-wt% hydroxyethyl methacrylate (HEMA)/30-wt% methacrylic acid (MAA):
Refojo?®? (o); Quinn and Grodzinsky?®* (A); Monticelli” (o). With ar = 2 nm, the best-fit unity-slope
straight line on log-log scales gives a hydrodynamic tortuosity of Ty = 4.7. Reprinted with permission from
Liu et al.?®! Copyright (2013) American Chemical Society.

6.5 Mathematical Formulation

In this section, we outline the isothermal tear-dynamics model with SCL wear for time-
periodic blinking. To predict tear osmolarity in the PoOLTF, PrLTF, PrCjTF, and tear menisci with
SCL wear, water and salt mass must be conserved in all tear compartments during blink and
interblink periods. We assume that the properties of salt are those of aqueous sodium chloride,
which is the dominant solute in tear. The proposed model accounts for PrLTF evaporation, tear
exchange at the lens periphery, tear-film deposition, lacrimal-gland tear production, tear drainage,
water and salt fluxes through the SCL, and tear production from the cornea and conjunctiva. All
calculations are performed in Matlab R2019b (Mathworks, Natick, MA). Computation of the three
phases of the blink cycles (i.e. deposition period, interblink period, and eyelid closure) are repeated
until periodic-steady state is attained. We assess the importance of lens parameters (i.e., Ds, ks, K,
and hiens), duration of interblink period (i.e., tib), and tear evaporation and production (i.e., qc and
Qiac) on tear-film compartment osmolarities. Fundamental equations are summarized in the
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following subsections while detailed equations are available in the appendices or in the work of
Cerretani and Radke

6.5.1 Deposition Phase

The tear-deposition period involves formation of upper and lower menisci, PrLTF, and
PrCjTF during upper-lid rise. Due to the short time ~0.2 s interval of the deposition phase, we
assume that evaporation is negligible. At the beginning of deposition, the initial tear volume and
salt concentration of the menisci are determined iteratively so that the mass of salt and water are
conserved in all tear compartments. This calculation is unchanged from that of Cerretani and
Radke® (see Appendices B and D of that reference).

Due to upward lens motion during eye opening,'® deposited film thicknesses are different
in the PrLTF (lens region) and PrCjTF (no-lens region) as determined from Equation 6.1.
Consequently, upon completion of PrLTF and PrCjTF deposition, upper meniscus volume and
curvature radius differ between the PrLTF and PrCjTF regions. As the meniscus-volume difference
between the two regions is small and has minimal effect on the meniscus osmolarity during the
interblink period, the two upper-meniscus volumes are averaged to determine an average upper-
meniscus radius.

6.5.2 Interblink Period

During the interblink period, the transient partial differential equation for transport across
the lens is solved numerically with forward finite difference.!®> Meanwhile, the time-dependent
ordinary differential equations for the compartment mass balances are solved with a Runge-Kutta
marching algorithm (ode45 command in Matlab) following the work of Cerretani and Radke.®
Ordinary differential equations are converged every time step of 0.01 s until periodic steady state
is reached. Except for the SCL, we assume that each tear compartment is well mixed during the
interblink period. Mathematical representation of salt and water transport for each compartment is
provided below. Required physical constants are provided in Table 6.3. Values for physical
constants not specifically listed and details regarding the numerical methodology are available
elsewhere *>1%3
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Table 6.3. Physical Constants

Parameter Symbol (Unit) Value
Lid margin perimeter Siia (mm) 307
Maximum drainage rate qm (UL/min) 1.0°
Minimum drainage radius Ry (um) 120°
Bulbar conjunctival area uncovered by eyelid Agj (cm?) 1.05°
Lens area uncovered by eyelid Ajens (cm?) 1.54¢
Corneal area uncovered by eyelid Aqp (cm?) 1.05%
Lens water concentration Cw lens (mol/cm?) 0.02¢
Lens hydraulic water permeability K (um?) 9.7 x 107%
Lens thickness Riens (um) 60 ~ 200
Interblink period tip (5) 5~30
Lens salt diffusivity D, (cm?/s) 0~6x107°
Salt partition coefficient kg 0~1
Secreted tear salt concentration Cplink (MOsmol /L) 150%
Salt diffusivity in water Do, (cm?/s) 2.25 x 1075¢
Gas constant R (J/(mol * K)) 8.3145
Temperature T (K) 310
Reflection coefficient of salt Ocn 0.79°
Corneal epithelium membrane salt permeability wWep (cMm/s) 7.37 x 10711t
Water volume fraction bw 0.38¢
Length from lens center to meniscus A (mm/s) 5.5

2 Obtained from Cerretani and Radke.?
b Obtained from Zhu and Chauhan.?3

¢ See Main Text

4 Obtained from Monticelli et al.”

° Pratt and Wakeham.?%*

"Leung et al.’

g Determined from Hoch et al.?>®> and Guan et al.?!°

6.5.2.1 Tear Menisci

In the interblink period, tear flows into the upper and lower menisci from the upper and
lower conjunctival sacs, respectively. Following Cerretani and Radke,**> 80% of quac flows into the
upper conjunctival sac from the lacrimal gland while the remaining 20% of qiac flows into the lower
conjunctival sac. Meanwhile, tear also drains from the menisci via capillary suction through the
puncta.’>233236 Water conservation for each tear meniscus is written as

aVim

dt = Qiaci — 9di — 9e,im i=u,l (6.3)

where i = u or 1 to denote upper or lower meniscus, respectively, t is time, Vim = 2(1-1/4)Rim>Sid
is the meniscus volume, Siq is the lid perimeter, Rin is the tear-meniscus radius, quaci is the
volumetric lacrimal flow rate entering the meniscus from the conjunctival sac where qiacu = 0.8qac
and qiact = 0.2q1ac, qdi = qm(1-Ro/Rm) is the volumetric tear drainage rate based on Cerretani and
Radke®® of upper (i = u) or lower (i = 1) puncta, qm is the maximum drainage rate, and Ry is the
meniscus radius when drainage ceases. qai changes transiently due to dependence on the shrinking
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menisci radii and ranges between 0 and 1.00 pL/min based on qm and Ro determined by Cerretani
and Radke® to match the results of Zhu and Chauhan.?*® As previously stated, the maximum tear-
drainage rate (i.e., qd = qdu + qar) 1s 2.00 pL/min. Calculated qq values fall within the range of tear-
turnover rates tabulated (i.e., 0.12-1.47 pL/min) by Tomlinson and Khanal.?® qeim is the set
volumetric evaporation rate of upper or lower menisci and is determined by multiplying the
volumetric evaporation flux, Jw., with the cross-sectional area of upper or lower meniscus (Aim =
nRimS1i¢/2). Additional detail regarding this mass balance is provided in Appendix B of Cerretani
and Radke.*
Salt conservation for each tear meniscus reads

a(CimVim) .
— a = CsiQiaci — CimYai i=u,l (6.4)

where csi 1s the salt concentration of the conjunctival sac and cim is the salt concentration of the
meniscus. cim depends on the tear-film salt concentration from the well-mixed blink period and the
lacrimal gland salt concentrations. Although the upper and lower menisci osmolarities are
calculated separately, the two menisci osmolarities are approximately the same due to their large
tear volumes.

6.5.2.2 Pre-Conjunctival Tear-Film Balances

Aqueous conservation in the palpebral aperture not covered by the contact lens (i.e., the
PrCjTF) is similar to that of the pre-corneal tear film.**% However, water is gained only from
osmotic-driven flow through the bulbar conjunctiva instead of from both the bulbar conjunctiva
and the cornea. Water conservation for this region is written as

dVPer _

at —de,prcj + aqcj (6-5)

where Vpicj is the volume of water in the PrCjTF, qe prc = AcjJw.e is the volumetric evaporation rate
of tear for the PrCjTF, qcj = AcjJw. is the volumetric flow rate of water from the bulbar conjunctiva
into the PrCjTF, Aj is the cross-sectional area of the bulbar conjunctiva that is uncovered by the
eyelids, Jw.j is the volumetric water flux from the bulbar conjunctiva, and a is the fraction of bulbar
conjunctiva not covered by the contact lens and the eyelids. Detailed information to determine o
is provided in Appendix 6A. Calculation of Jw is outlined in Appendix B of Cerretani and
Radke.®

The bulbar conjunctiva secretes ions into the PrCjTF?®¢ but the rate is not expected to be
large.*>*%” Thus, salt conservation for the PrCjTF is written as

deprcjVerej) _ 0 (6.6)
dt

where cpcj is the transient salt concentration in the PrCjTF.

6.5.2.3 Pre-Lens Tear-Film Balances
New PrLTF and PoLTF compartments unique to SCL wear are added to the previous
Cerretani-Radke model® to determine the osmolarities of the two tear films. Because SCLs are
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permeable to both salt and water, PrLTF osmolarity depends on both tear evaporation and transport
of salt and water across the contact lens. Water conservation for the PrLTF is described by

dVpr, _

dr —{e,prL + Qiens (6-7)

where Vpu is the volume of water in the PrLTF, qe.pr. = Alens)w.e is the volumetric evaporation rate
of tear for the PrLTF, qens = Alensjw.lens iS the volumetric water transport rate across the lens, Ajens
is the cross-sectional area of the lens exposed to the environment, and J tens is the volumetric water
flux across the lens. Details regarding Jw.ens are provided in Section 6.5.2.4.

Salt conservation in the PrLTF is mathematically represented as

d(cprLVprL) _

dt - Alens]s,lens (6-8)

where Js jens 1S the molar salt flux at the anterior surface of the lens directed from the PoLTF to the
PrLTF. Because the difference in salt concentration between the PrLTF and PoLTF can be either
positive or negative, Jsiens similarly may be positive or negative. Details regarding Jsjens are
provided in Section 6.5.2.4.

6.5.2.4 Soft-Contact-Lens Balances
Volumetric water flux across the lens follows a modified Darcy law and is given by

jw,lens =Wy = ZI;RT (CPE_CPOL) (6.9)
w lens

where R is the ideal gas constant, T is the temperature of the lens, cp is the PrLTF salt
concentration, and cpoL is the PoLTF salt concentration. Detailed derivation is provided in
Appendix 6B. Jy.lens is determined from the osmotic salt-concentration difference between PoLTF
and PrLTF and can be positive or negative depending on that difference.

Water-flow-driven salt convection and salt diffusion determine the salt flux at the PrLTF
and PoLTF lens interfaces. The transient salt concentration profile across the lens is determined
from the following partial differential equation

2
0“Clens

OClens 7 OClens __
at +]W,l€7’l$ 9z _Ds 9z2 (6-10)

where Ciens 1S the salt concentration within the lens per unit lens volume and z is the spatial location
within the lens from the posterior (z = 0) to the anterior (z = hiens). Equation 6.10 is solved
numerically with finite differences and boundary conditions: Ciens(0) = kscpor. and Ciens(hiens) = Kscpri..
Transient solution to Equation 6.10 is nested within each time step of the numerical solution of the
ordinary differential equation tear-compartment balances. Therefore, the iteration time step used
for the lens salt balance is 0.001 s and is an order of magnitude smaller than the time step used to
solve the compartment mass balances. Convergence for the nested numerical evaluation of
Equation 6.10 is achieved for each of the time steps used for the compartment mass balances.
Once the lens-salt transient concentration profile is established at each compartmental time
step, molar salt fluxes at the PrLTF and PoLTF lens interfaces are calculated by the expression
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_ 7 OClens _
]s,lens - ]w,lensclens - Ds 9z z = 0' hlens (6-11)

Lens salt flux is evaluated at the lens anterior surface, z = hiens, and at the lens posterior surface, z
= 0, and is used in the PrLTF and PoLTF compartment balances of Equations 6.8 and 6.13 (to
follow), respectively. Further details regarding lens-salt transport are outlined in Appendix 6C.

6.5.2.5 Post-Lens Tear-Film Balances
In addition to water flow from/to the lens, water also flows from the cornea and the bulbar
conjunctiva into the POLTF. Therefore, water conservation in the POLTF is given by the relation

AVpo
dPt - = (1 - OC)C[C]' + dcn — Qiens (6.12)

where VpoL is the volume of water in POLTF, qen = AcnJw.en is the volumetric flow rate of water
from the cornea into the POLTF, Ac, is the cross-sectional area of the cornea not covered by the
eyelids, and Jw.cn is the volumetric water-flux supply from the cornea. Details regarding Jw.cn are
presented in Appendix B of Cerretani and Radke.*> Again, qens is the volumetric water-transport
rate across the lens obtained from Equation 6.9.

Similar to lens water flow, there is a salt flux into/out of the POLTF across the lens during
the interblink period. In addition, salt transports from the cornea into the PoLTF.> Salt transport
across the bulbar conjunctiva is ignored, as previously discussed. Salt conservation in the PoLTF
is, therefore, represented as

d(cpoLV Po =
% = _Alens]s,lens + [(l'acn) ]w,cn < Cen > _wcnRTACcn]Acn (6-13)

where the bracketed terms represent the Kedem-Katchalsky membrane equation for salt transport
across the cornea!® and Js jens is the molar salt flux through the SCL from Equation 6.11. 6.q is the
corneal-epithelium reflection coefficient of salt, < ccn > is the arithmetic average salt concentration
in the corneal epithelial layer, wcn 1s the corneal epithelium membrane permeability to salt, and
Acen is the salt-concentration difference between the POLTF and the corneal epithelium. Details
and constants of the Kedem-Katchalsky equation can be found in Leung et al.’ 6¢n and wen are
those of sodium or chloride; the corneal epithelial salt concentration is set as 150 mOsM.

6.5.3 Eyelid Closure

At the end of the interblink period, the eyelid takes approximately 0.2 s to close.!*> During
this phase, salt and water in the menisci, conjunctival sacs, PrLTF, PrCjTF, and a fraction of the
PoLTF all mix together. The mixed concentration, cpuik, is the same for all compartments, except
the PoLTF, for the next interblink period. Salt and water balances during the mixing process are
given by

CbulkVtotal = CPrLVPrL + CPerVPer + CumVum + ClmVlm + CsuVsu + Cslel (6-14)
+ChiinkVoiink + BCpoLVpoL

and
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Viotat = Vprr + VPer + Vim + Vim + Veu + Vi + Vitink + BVpoL (6.15)

respectively. Viiink and cplink are tear volume and salt concentration produced by the lacrimal glands
during the blink phase, respectively. Lacrimal-production details are provided in Appendix 6D.
Viotal 18 the total volume of the mixed-tear compartments during the blink phase, cpui is the
concentration of the mixed-tear compartments during the blink phase, Vum is the upper-meniscus
tear volume, cum is the upper-meniscus salt concentration, Vim is the lower-meniscus tear volume,
Viu 1s the upper conjunctival-sac tear volume, csu is the upper conjunctival-sac salt concentration,
Vg is the lower conjunctival-sac tear volume, and cg is the lower conjunctival-sac salt
concentration. Since the upper and lower conjunctival-sac salt concentrations correspond to
profiles from the end of the fornix to the upper and lower menisci, respectively, the concentration
profile in each fornix is averaged for evaluating Equation 6.14. Mixing of the conjunctival sacs
and other tear compartments is due to the motion of the lids and the eye. Cerretani and Radke®”
found only small differences in compartment osmolarities for no mixing and well mixing of the
conjunctival sacs. Due to the very short blink time, bulbar and conjunctival tear production during
the blink phase are negligible and, thus, are ignored. 3 is the fraction of POLTF that mixes with the
total tear film during each blink cycle. VpoL at the beginning of deposition phase is set so that the
PoLTF thickness is 2 pm at the start of the deposition phase. Accordingly, B is determined so that
tear entering the PoOLTF from mixing is 1% of the set POLTF deposition volume.?*

6.6 Results and Discussion

For the small values of hydraulic permeabilities, K, for commercial SCLs in Figure 6.9,
water flow through the lens has minimal effect on all tear-compartment osmolarities. As discussed
in Appendix 6E, comparison between perched and non-perched tear films also reveals no
difference in tear osmolarity for all tear compartments. Further, salt diffusion between PrLTF and
PrCjTF is also negligible since the salt-concentration difference between the PrLTF and PrCjTF
is smaller than that between the PrLTF and the tear menisci. Therefore, we assume that the PrLTF
and the PrCjTF are perched and isolated from the menisci, and that there is no transport between
the PrLTF and the PrCjTF. The following subsections present results of tear-compartment
osmolarities for various lens salt-transport properties and tear-production and tear-evaporation
rates. In Sections 6.6.1 and 6.6.2, we analyze the impact of SCL wear on PoLTF salinity in normal
and dry eyes, respectively. In Section 6.6.3, we assess the individual effect of tear evaporation rate
and tear production rate on POLTF osmolarity. Effect of lens properties on POLTF osmolarity is
explored in Section 6.6.4 and the effect of interblink duration on POLTF osmolarity is investigated
in Section 6.6.5. In all subsections, we focus on what circumstances SCLs might protect the cornea
against hyperosmolarity.

6.6.1 Effects of Lens-Salt Diffusivity for Normal Eyes

Figure 6.10 portrays the effect of the lens-salt diffusion coefficient, Ds, on tear-
compartment osmolarities as a function of time for normal eyes while keeping other variables
constant. Evaporation and lacrimal production rates used for this analysis are provided in the first
row of Table 6.2. The selected Ds values in Figure 6.10 fall within the range of commercially
available SCLs today (see also Fig. 6.7).219%3¢ Repeated “shark-fin” patterns represent separate
blink cycles in periodic-steady state (i.e., osmolarity patterns repeat every blink). All
compartments experience periodic increases in osmolarity but menisci and PoLTF cycle changes
are small and thus not apparent on the ordinate scale chosen of Figure 6.10. As expected, the largest

100



fluctuations in osmolarity are seen in the PrLTF and PrCjTF because of tear evaporation (Fig. 6.10,
red and black lines, respectively).

330 . . 330 : .
k =028 e PrLTF ks =0.28 — i;’;}i
= FRE 2 PoOLTF =1.1E- 2 e,
395 | D, =2.8E-08 cm®/s ProiTF 325 D, =1.1E-06 cm®/s PrCjTF
_ Biens = 60 pm Menisci _ Piens = 60 pm Menisci
= t, =5s = t =5s
L b w 320 ib
& 320 2
E E
2315+ 2315+
B e
© i f % f % f % f % f z
° [}
E 310 E 310 1
o o
305 305
300 - . - 300
0 5 10 15 20 25 0 5 10 15 20 25
Time (s) Time (s)
a b
330 . :
ks =0.28 w—— PYLTF
D_ = 6.0E-06 cm?/ ML
326 (< Hg ™ SUENO.CIE = PrCjTF
_ hlms =60 ym Menisci
% 320}t =38
o
E
2 315
; ) i i) i
Tl
E 310
o
305
300 . : : . .
0 5 10 15 20 25
Time (s)
c

Figure 6.10. Periodic-steady tear osmolarity of PrLTF, PoLTF, PrCjTF, and tear menisci for normal eyes.
(a) low Dy (= 2.8 x 10 cm?/s), (b) medium D (= 1.1 x 10 ¢cm?/s), and (c¢) high Ds ( = 6.0 x 10 cm?/s).
Interblink period is 5 s. Tear evaporation rate is that of normal no-lens wear from Table 6.2. All parameters
are constant except salt diffusivity, Ds.

The most important finding in Figure 6.10 is that by decreasing Ds, the PoLTF is
immunized against hyperosmolarity as shown by the blue line in Figure 6.10a. In fact, with low
enough Ds, POLTF osmolarity is even lower than that in the tear meniscus. Conversely, large Ds
values result in POLTF osmolarities similar to those of the PrLTF and PrCjTF as shown in Figure
6.10c. Moreover, the lower is the D value, the more drastic is the increase in PrLTF salt
concentration because less salt transfers across the lens. PrLTF osmolarity is higher than that of
PrCjTF during the interblink period because of the thinner deposited tear film over the SCL (see
Section 6.3.2) than over the bulbar conjunctiva, which makes PrLTF more susceptible to
evaporation-driven salt concentration increase compared to the PrCjTF. Due to the relative large
volume and small exposed surface area to environmental evaporation, both upper and lower
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meniscus osmolarity change is insignificant during the interblink period. During every blink period,
all tear-compartment osmolarities converge to the same well-mixed value except for the POLTF,
as illustrated in Figure 6.3. This is reflected at the beginning of each interblink cycle of Figure
6.10. Different osmolarity of the PoLTF than the tear compartments at the beginning of each
interblink cycle also indicates that the relatively small (1-2%) of POLTF tear exchange upon every
blink is not a significant mechanism to prevent hyperosmolarity in the POLTF during SCL wear.
At the beginning of each interblink period for SCLs with higher Ds (i.e., 6.10b—c), the
PrLTF osmolarity is lower than that of the POLTF. In these cases, salt travels from the PoLTF to
the PrLTF until, at some later time point in the blink cycle, the increased PrLTF osmolarity, due
mainly to evaporation, becomes higher than that of the PoLTF. During this initial phase of the
interblink period, water transport, albeit small, occurs from the PrLTF to the POLTF. Thus, PoLTF
osmolarity also decreases during this initial time interval. This finding is qualitatively visible in
Figure 6.10c but is not as apparent in Figure 6.10b because the POLTF and PrLTF osmolarity
difference at the beginning of the interblink period is smaller than that in Figure 6.10c. Once the
PrLTF osmolarity becomes higher than that of the POLTF, salt transports from the PrLTF to PoLTF
and water flows from the POLTF to PrLTF. For Figure 6.10a, where the POLTF osmolarity is
always lower than the PrLTF, salt always travels from the PrLTF to PoLTF while the water
transports in the opposite direction from the POLTF to the PrLTF within every blink cycle.

6.6.2 Effects of Lens-Salt Diffusivity for Dry Eyes

To represent dry-eye conditions, an increased evaporation rate, e, and a reduced
production rate, qiac, compared to those in normal eyes are selected for analysis (see second row,
Table 6.2). Figure 6.11 displays the influence of Ds on tear-compartment osmolarities for dry-eye
conditions. All remaining variables are constant and identical to those in the normal-eye analysis
of Figure 6.10. Due to the higher evaporation and lower lacrimal production rates, osmolarities are
elevated in Figure 6.11 for all compartments compared to those of normal eyes. Although similar
patterns are observed compared to those for normal eyes (i.e., PrCjTF osmolarity is lower than that
of the PrLTF, and menisci osmolarity is lower than those for both PrCjTF and PrLTF) osmolarity
fluctuations are more sensitive to Ds with dry eye than they are with normal eyes. With the low-
diffusivity SCL in Figure 6.11a, the osmolarity in the PoLTF is lower than that of the menisci of
a dry eye without lens wear reported by Tomlinson et al.*> and displayed in Figure 6.1. POLTF
osmolarity in Figure 6.11a is approximately the same as that of the menisci of normal eye with
lens wear (Fig. 6.10, yellow line). This observation reinforces the potential for a SCL to protect
the corneal surface from hyperosmolarity, especially for dry eyes. However, such protection
gradually deteriorates with higher Ds, as shown in Figure 6.11b and c.
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Figure 6.11. Periodic-steady tear osmolarity of PrLTF, PoLTF, PrCjTF, and tear menisci for dry eye. (a)
low Ds (=2.8 x 10® cm?/s), (b) medium Ds (= 1.1 x 10" cm?/s), and (c) high Ds (= 6.0 x 10" cm?/s). Tear
evaporation and production rates are those of dry eye from Table 6.2. Other than tear evaporation and
production rates, all parameters in Figure 6.11 are identical to those in Figure 6.10. Interblink period is 5 s.

Although decreasing Ds decreases the POLTF osmolarity, the dry-eye analysis discloses
that decreasing Ds increases the menisci, PrLTF, and PrCjTF osmolarities, which is similar to the
observation from the normal-eye analysis in Section 6.6.1. Again, the inverse effect of Ds on
menisci, PrLTF, and PrCjTF osmolarities due to less salt transported to the POLTF during the
interblink period is more sensitive with smaller Ds in dry eye compared to that in normal eye.

6.6.3 Effects of Tear-Evaporation and Lacrimal-Production Rates

Guillon and Maissa?** documented a 40-50% increase in ocular-surface evaporation rate
during SCL wear. Since their study did not separate normal and dry-eye subjects, Figure 6.12
assesses how an increase in evaporation rate by 50% on a normal eye affects the osmolarities of
the tear compartments during SCL wear. Tear-evaporation and lacrimal-production rates used are

documented in the third row of Table 6.2. Remaining parameters are the same as those for Figure
6.10b.
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Figure 6.12. Periodic-steady tear osmolarity of Pr[LTF, PoLTF, PrCjTF, and tear menisci for normal eye
with lens wear with higher evaporation rate. Tear evaporation rate is that of normal lens-wear based on
measurements of Guillon and Maissa?** listed in Table 6.2. Interblink period is 5 s.

In Figure 6.12, the increase in evaporation rate by 50% of the normal eye for SCL wear
while keeping lacrimal-production rate constant increases osmolarity in all tear compartments by
~5 mOsM. Thus, ineffective evaporation retardation by the tear lipid layer of the PrLTF during
SCL wear?!” is important to tear-compartment osmolarities. Since the effect of SCL wear on tear-
production rate is unknown, we also investigated the effect of increased lacrimal-production rate
while maintaining a constant evaporation rate. Evaporation rate of a normal eye (first row, second
column of Table 6.2) and lacrimal-production rate of a dry eye (second row, first column of Table
6.2) with medium lens Ds result in a POLTF osmolarity that is ~3 mOsM greater than that of a
normal eye with medium lens Ds wear previously shown in Figure 6.10b. These results accentuate
the importance of tear production and evaporation on tear osmolarity during SCL wear.

6.6.4 Effect of Lens Properties on PoLTF Salinity

To clarify further the effect of lens properties (i.e., Ds, ks, and hiens) on PoLTF salinity, a
series of calculations varying individual properties was conducted and findings are summarized in
Figures 6.13-6.15. Figure 6.13 highlights the relationship between the time-averaged PoLTF
osmolarity and Ds for normal eyes with a blink interval of ti, = 5 s. As before, the Ds range chosen
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in Figure 6.13 lies within the range of what is available with commercially available SCLs
today.?!%236 At low Ds, POLTF osmolarity declines sharply because lens resistance to salt transport
increases drastically. The shaded region in Figure 6.13 accentuates the corresponding osmolarities
in the tear menisci where in-vivo salt concentrations are measured. When the lens-salt diffusivity,
D, falls below about 5 x 10”7 cm?/s for normal (Fig. 6.13) and dry-eye (not shown) SCL wear, the
PoLTF osmolarity falls below that in the tear menisci. Lenses with Ds below this value can provide
protection against corneal hyperosmolarity.
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Figure 6.13. Time-averaged PoLTF tear osmolarity as a function of lens-salt diffusivity for normal eyes.
Shaded region corresponds to menisci salt concentration for normal eyes.
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Figure 6.15. Time-averaged PoLTF tear osmolarity as a function of lens thickness for normal and dry eyes.

Figure 6.14 portrays the effect of salt partition coefficient, ks, on time- average PoLTF
osmolarity keeping all other parameters constant and ti, = 5 s. Again, the shaded region
encompasses osmolarities in the tear menisci. Both Ds and ks have significant effects on lowering
PoLTF osmolarity when their values are low. When their values are high, sensitivity to their values
diminishes. Although low ks values reduce POLTF osmolarity, the range of ks currently available
for SCLs is 0.15-0.70.2!° Within this range, ks affects POLTF osmolarity by ~2 mOsM. Since Ds
and ks act independently in transient lens-salt diffusion rather than as the product of the two (i.e.,
Dsks or salt permeability) focus should be more on reducing Ds to lower POLTF osmolarity for
SCL wear.

Figure 6.15 graphs the effect of lens thickness, hiens, on time-averaged PoLTF osmolarity
for normal and dry eyes. Thicker lenses result in lower POLTF osmolarity as expected since the
lens thickness affects the salt transport resistance. Similar to the effect of Ds, POLTF osmolarity is
more sensitive to hiens in dry eye than it is in normal eye. Overall, however, the influence of hiens
on PoLTF osmolarity is not strong within the limited range of SCL thickness for comfortable wear,
partly because during each periodic interblink, salt diffusion through the lens does not reach
pseudo steady state. Accordingly, salinity fluctuations in the PrLTF do not significantly penetrate
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through the lens. To minimize PoLTF hyper osmolarity, ideal lens designs should primarily
minimize Ds.

6.6.5 Effect of Interblink Period of PoLTF Salinity

All above analyses were conducted assuming a normal blink pattern of a 5-s interblink.
Because a longer interblink period, tiv, allows more time for tear to evaporate, POLTF osmolarity
clearly depends on how frequent SCL wearers blink their eyes. Figure 6.16 shows the effect of ti
on the time-averaged POLTF osmolarity. As expected, POLTF osmolarity increases with longer tip.
This result may help explain why lens wearers feel discomfort when they blink infrequently and
feel the urge to blink when they do not blink frequently enough. Similar to lens properties, POLTF
osmolarity is more sensitive to tiy for dry eye than for normal eye.
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Figure 6.16. Time-averaged PoLTF tear osmolarity as a function of interblink period for normal and dry
eyes.

6.6.6 Comparison Between SCL Wear and No-Lens Wear

To evaluate how lens-wear osmolarities for various tear compartments compare to those
for no-lens wear, results from normal-eye lens-wear (Fig. 6.10a) and normal-eye no-lens-wear (Fig.
6.1) are plotted together in Figure 6.17 for ease of comparison. All tear-evaporation and tear-
production parameters are kept the same. Menisci osmolarities of no-lens wear are slightly lower
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than those of the menisci osmolarities during SCL wear (by ~ 2 mOsM). This observation is
consistent with clinical studies that measured meniscus osmolarity with and without lens wear’>"
78.204205 and is explainable by the fact that the menisci volumes with lens wear are slightly larger
than those for no-lens wear because of the thinner tear film deposited with lens wear than without
lens wear. However, normal-eye lens-wear menisci osmolarities do not reach the elevated menisci
osmolarities of those with dry-eye no-lens wear. This observation potentially explains why
elevated meniscus osmolarity during lens wear does not correlate with lens-wear discomfort.?%
Figure 6.17 also demonstrates that the PrLTF osmolarity rises significantly higher than that of the
PrCTF during no-lens wear. This too is due to the thinner deposited PrLTF than that of the PrCTF.
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Figure 6.17. Periodic-steady tear osmolarity during lens wear compared to no-lens wear. Tear evaporation
and production rates are those of normal no-lens wear from Table 6.2. All lens properties are identical to
those of Figure 6.10a. No-lens wear data are those of normal eyes from Figure 6.1. Interblink period is 5 s.

Comparison between PrCTF osmolarity for normal and dry eyes with no-lens wear (Fig.
6.1) to that of POLTF osmolarity for lens-wear normal (Fig. 6.10) and dry eyes (Fig. 6.11) shows
that lens wear can increase or decrease significantly the osmolarity of the tear interfacing the
cornea. Although a direct correlation of POLTF osmolarity to ocular safety and comfort is not
available to date due to the limited understanding of PoLTF osmolarity, positive correlation
between no-lens-wear dry-eye symptoms and osmolarity!>1%212* suggests that PoLTF
hyperosmolarity could positively correlate with lens-wear discomfort. Although osmolarity for
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PrCTF during an interblink period is significantly higher than that of POLTF in Figure 6.17, higher
D;s can result in peak osmolarities in the PrCTF higher than those for the POLTF while the time-
averaged osmolarities in the POLTF are higher than those of PrCTF (not shown). The significance
of higher time-averaged osmolarity versus the peak osmolarity observed at the end of each
interblink on lens-wear discomfort remains unknown. In either case, tear-meniscus osmolarity is
not a good representation of PrCTF and PoLTF osmolarities, which are those in direct contact with
the corneal epithelium during no-lens wear and lens wear, respectively.

6.7 Conclusions and Future Directions

For the first time, our proposed physiological-based mathematical model interrogates the
PoLTF osmolarity during SCL wear and demonstrates the importance of lens-material properties,
PrLTF thickness, and lipid-layer quality on PoLTF osmolarity. Our time-periodic tear-
compartment continuum model predicts that SCL wear can protect the cornea from
hyperosmolarity even when the PrLTF is hyperosmolar. To produce a low PoLTF osmolarity with
SCL wear, both Ds and ks should be reduced while increasing hiens. However, practical material
limitations constrain hiens and ks. Further, maximizing oxygen delivery to the ocular surface to
avoid corneal hypoxia relies on minimizing the hiens.>>** Thus, SCLs designed to avoid corneal
hyperosmolarity should focus on lowering lens Ds. Too low a salt diffusivity, however, can adhere
the lens to the ocular surface.>>* To prevent lens adherence, Nicolson et al.*’ suggest a minimum
Dks threshold of 2 x10”7 cm?/s. The actual minimum threshold value may be lower based on more
recent Dsks measurements of commercial SCLs.?!%2% Nevertheless, the threshold of Nicolson et
al.* is a helpful guideline.

The significant difference between the PoLTF osmolarity and the tear menisci during lens
wear emphasizes the need to investigate the correlation between lens-wear discomfort and PoLTF
osmolarity. As osmolarity has been shown to correlate with dry-eye symptoms (e.g., irritation,
stinging, burning, prickling, and cooling) during no-lens wear,'* it is likely that the PoLTF
osmolarity correlates with lens-wear discomfort that has the same etiology as dry eyes but not
other forms of discomfort induced by lid-wiper epitheliopathy, blurry vision, lens edge, SCL
surface dehydration, or other forms of lens awareness. To answer this important clinical question,
a method to measure PoLTF osmolarity in vivo is requisite. Recent developments in sensor
technology with contact lenses hold promise.2*®?% Chiou?’® developed a prototype contact lens
with electronics to measure tear osmolarity continuously. However, no peer-reviewed manuscript
is available to date for detailed information. Also, multiple groups are actively investigating
contact lenses with fluorescent dyes embedded to measure ion concentrations.**"! For ion-specific
fluorophores to determine the POLTF concentration accurately, additional investigation is needed
on how well fluorophores bind only to the targeted ions clinically. Finally, sensor-embedded
contact lenses must ensure that the tagged lens material and/or sensor embedments are designed
compatible with conventional SCLs. Otherwise, the prototype lenses may not mimic those of
commercially available SCLs today.

PoLTF osmolarity is near constant throughout the interblink period. Conversely, PrCTF
osmolarity without lens wear increases rapidly during the interblink period. Depending on the lens
material, POLTF time-averaged osmolarity can be higher than that of the PrCTF with no-lens wear
but not higher than the peak osmolarity. In such a situation, the question arises whether lens wear
or no-lens wear results in more osmolarity-driven discomfort. It is possible that protection against
high peak osmolarity of the PrCTF with lens wear is the reason why lens wearers, compared with
no-lens wear, have longer maximum interblink intervals during a stress test.?”> The effect of time-
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averaged osmolarity and interblink peak osmolarity on ocular discomfort requires investigation.
Importantly, SCL wearers should put conscious effort into blinking more frequently because
longer interblink times increase POLTF osmolarity significantly.

Our tear-dynamics osmolarity analyses on normal and dry eyes reveal that tear-production
and tear-evaporation rates have a significant effect on the tear osmolarity during SCL wear.
Therefore, robust meibomian-gland lipid expression and lacrimal-tear production, common
metrics for assessing evaporative and aqueous-deficient dry eyes, should be considered in optimal
SCL fitting. Our proposed tear-dynamics SCL model also shows that lens properties have greater
effect on tear osmolarity for dry eyes than for normal eyes. With lower D values, SCLs can protect
against hyperosmolarity for normal and especially for individuals suffering from dry eyes. Further
studies are needed to determine the optimal lens Ds, ks, and hiens for different qe and qiac to maximize
osmotic comfort with lens wear without compromising hypoxic safety® and lens adhesion.*

Although the best available data were used to determine osmolarity of the various tear
compartments, more information on tear-evaporation flux during lens wear for normal and dry
eyes and a better understanding of the evaporation-flux difference between PrLTF and PrCjTF is
needed. As discussed in Section 6.3.5, tear-evaporation rates depend strongly on the environmental
humidity, airflow velocity, and temperature. Therefore, future measurements should be made with
flow evaporimeters (e.g., Peng et al.?*?) rather than with closed-chamber evaporimeters widely
used in the past.

We determined that the upper- and lower-meniscus osmolarities exhibit negligible salinity
differences for complete blinks. Gad et al.?”* found no difference in upper and lower meniscus
osmolarities for normal-eye lens wear but, however, found a significant difference between the
upper and lower menisci osmolarities in symptomatic lens-wearing group during lens wear. It is
difficult to justify this latter result. Measurement difficulties arise in the detection of upper
meniscus osmolarities and/or in the known low sensitivity of the TearLab (TearLab Corp., San
Diego, CA, USA) instrument.®® Another possibility is that symptomatic contact-lens wearers
experience more frequent incomplete blinks leading to imperfect mixing of the tear. In such a case,
the majority of the hyperosmotic tear film mixes with the upper meniscus resulting in higher
osmolarity than that of the lower meniscus. Further investigation on upper and lower menisci
osmolarity is warranted.

Similar to tear-evaporation rates, the effect of SCL wear on tear-production and tear-
drainage rates also requires further research. For instance, cold receptors are thought to influence
basal tear production.’’* SCLs can potentially act as a thermal insulator to the ocular surface
thereby affecting basal tear production. The recently devised modified-Schirmer tear test!6+165233
allows direct measurement of tear-production rates for the first time. Further clinical studies are
necessary to understand the difference in tear-production rates between normal and dry eyes and
between no lens and lens wear. To date, tear-drainage rate has only been determined with physical
models®*® or calculated from clinically measured tear-turnover rates.?® However, tear-drainage
rates calculated from tear-turnover rates assume that the volume of PrCTF remains constant and
does not influence the fluorescein-dye concentration. With accurate tear-production and tear-
evaporation rates in hand, tear-drainage rates can theoretically be determined without measuring
the tear-turnover rate. Additional research is needed to establish whether tear-production and tear-
drainage rates are altered by SCL wear. With more information on tear dynamics for normal and
dry eyes including as well as no-lens and lens wear, precise calculation of tear-compartment
osmolarities is possible.
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Spatially localized variance in salt osmolarity (e.g., due to random local lipid-layer breakup
on the PrLTF) within each tear-film compartment is not included in the current tear-dynamics
model. With no-lens wear, mathematical studies showed that local PrCTF osmolarity can reach
600-900 mOsM in areas with lipid-layer breakup during a 10-s interblink period.**** The effect
of localized PrLTF osmolarity spikes on the POLTF and the importance of localized spikes on
ocular-surface discomfort remains unknown.

Our tear-dynamics model analysis of tear-compartment osmolarities reveals the major
differences in osmolarities of the tear compartments during SCL wear. These differences
potentially explain why no correlation has been found between clinically measured meniscus
osmolarity and SCL wear discomfort.”®7>78204205 Here, we demonstrate that careful design of
SCLs, specifically lowering lens-salt diffusivity, can lower POLTF osmolarity and can protect the
cornea from hyperosmotic stress.

6.8 Appendix 6A. Determination of the Exposed Surface-Area Fraction (o) of Bulbar
Conjunctiva

To determine a, the surface-area fraction of bulbar conjunctiva not covered by the contact
lens or the eyelids, we used a SCL radius of 7.0 mm as our lens geometry.!”” Using Comsol
Multiphysics 5.5 platform (Comsol Inc, Burlington, MA, USA), a 2-dimensional computer-aided
design of the ocular surface and lids was performed based on the measurements of Malbouisson
et al.2’> Geometries of the cornea and eyelids were modified to ensure that the area of bulbar
conjunctiva exposed to the environment (Acj) and cornea (Acn) matched those of Cerretani and
Radke.*® Then, in the design, the contact lens was placed on top of the ocular surface to determine
the area of the exposed bulbar conjunctiva that was underneath the lens. The area of bulbar
conjunctiva covered by the contact lens and not by the eyelid (Agjens) Was 24.1 mm?. Meanwhile,
the total bulbar conjunctiva that was uncovered by the eyelid was 105.1 mm?. Since a is the
surface-area fraction of bulbar conjunctiva exposed to air, (1- a) represents for the fraction of
bulbar conjunctiva that is underneath the contact lens and not covered by the eyelid. This gives the
following expression

q =1 — Zeptens (6A.1)
ch

Evaluation of Equation 6A.1 gives a.=0.77.

6.9 Appendix 6B. Lens Water Flux

We assume that salt diffusion through the lens does not materially influence opposing
osmotic-driven water hydrodynamic flow. Water flux is governed by a modified Darcy law?°

K (AP-AII)
Uw Diens

]w,lens = ]w,lenscw,lens = -

Cw,lens (6B- 1)

where, Jw.iens is the molar flux of water through the lens, Jw.iens is the volumetric water flux (or the
superficial velocity), cwlens 1S the water concentration per unit lens volume, K is the Darcy
hydraulic permeability of the lens, uw is tear viscosity, P is applied pressure, [T = 2RTc is the
osmotic pressure, R is the gas constant, ¢ is the aqueous salt concentration, and hiens is the lens
thickness. Here, cw,lens = @wS55.85M is the water concentration within the lens, and @ is the water
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volume fraction of the lens.>” We used a ¢y of 0.38 based on the works of Hoch et al.?*> Guan et
al.2!% Since water flow within the lens is osmotic driven and not due to an applied pressure
difference and because we assume constant water concentration within the lens, Equation 6B.1
reduces to

__ 2KRT (cprL—CpoL) (6B.2)

]w,lens - w,lens
Hw hiens

where, cpr and cpor are tear salt concentrations at the PrLTF and PoLTF interfaces, respectively.
The factor of two is required because water flux depends on the salt osmotic concentration and not
molar salt concentration. Division of Equation 6B.2 by cw,ens gives the volumetric water flux as

2KRT (cprL—CpoL)
= 6B.3
Uw hiens ( )

]w,lens = Vy

where, vy is the superficial velocity. Determined Jw,ens values for the three chosen lens-salt
diffusivities are provided in Table 6B.1 for normal (Fig. 6.10) and dry (Fig. 6.11) analyses.

Table 6B.1. Averaged Volumetric Water Flux for Various Salt-Diffusivity Contact Lenses

Normal/Dry Eye Salt Diffusivity Dg Volumetric Water Flux
(sz/S) ]w,lens (m/s)
Normal 2.8x 1078 29 % 107°
Normal 1.1x107° 4.4 x 10710
Normal 6.0 x 107° 9.2x 10711
Dry 2.8x%x 1078 8.2x 107°
Dry 1.1x107° 1.3x107°
Dry 6.0 x 107° 2.6 x 10710

6.10 Appendix 6C. Lens-Molar Salt Flux

The counter flux of water in Equation 6B.3 induces a convective term in addition to
diffusion for the salt flux across a lens. Transient salt mass conservation demands the following
expression, where the lens-salt flux, Js jens, 1s given in Equation 6.11 of main text,

a ens
=V Jgtens = 0 (6C.1)

where V is the divergence operator. Therefore, Equation 6C.1 reads

O0Clens 7 OClens __ azclens
at +]W,l€7’l$ 9z _Ds 9z2 (6C-2)

where ciens 1s the local salt concentration per unit lens volume within the lens, z is the spatial
location within the lens directed from the posterior to anterior surface, Jw.iens is the superficial water
velocity defined in Equation 6B.3, Ds is the lens-salt diffusivity, and t is time. Equation 6C.2 is
given in the main text as Equation 6.10.
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To assess whether the salt flux due to Jw,ens is important compared to that of salt diffusion,
we determined the Péclet number (Pe) for the three salt diffusivities used for both normal (Fig.
6.10) and dry-eye (Fig. 6.11) conditions. The Péclet number is a dimensionless ratio of convective
transport and diffusive transport rates and is expressed by the following definition

Pe = ]w,le1;shlens (6C3)

where hiens is the lens thickness. Averaged Jw.iens for the periodic steady state from Appendix 6B is
used to calculate the Péclet number as enumerated in Table 6C.1. Following Figures 6.10 and 11,
hiens for the Péclet number is set as 60 pm. Since the Péclet number is very small for all relevant
conditions, salt transport across the lens due to counter-water transport Jw iens is negligible. Thus,
Equation 6C.2 simplifies to Fick’s second law

2
OClens =D 9%Clens (6C4)

at S 9z2

Likewise, Jw.iens in Equation 6.11 is negligible for assessing the lens salt flux at the anterior and
posterior surfaces of the lens.

Table 6C.1. Péclet Number for Various Salt-Diffusivity Contact Lenses

Normal/Dry Eye Salt Diffusivity (cm?/s) Péclet Number
Normal 2.8x 1078 6.6 X 1072
Normal 1.1x107° 2.6 x107*
Normal 6.0 x 107° 9.6 x 107°

Dry 2.8x 1078 1.8x 1071
Dry 1.1 x 107° 7.2%x107*
Dry 6.0 x 10°° 2.7 x1075

6.11 Appendix 6D. Tear Supply from the Lacrimal Gland During the Blink Phase

The blink phase includes both deposition and eyelid-closure phases. The elapsed time for
this process is ~0.2 s.*> We lump the lacrimal-production rate during the blink phase as

Vpiink = 0.2q14¢ (6D.1)
where qiac varies and can be found in Table 6.2.

6.12 Appendix 6E. Salt Diffusion from Non-Perched PrLTF to Menisci and PrCjTF

Although formation of tear-menisci black lines upon lid opening perches or isolates the
PrLTF and PrCjTFs, lack of visualization of black lines in some subjects makes a non-isolated tear
possible. Therefore, salt flux from the tear film to the adjacent tear menisci during the interblink
period was investigated. We picture a thin but non-perched tear film directly connected to a
meniscus. Salt diffusion from the PrLTF to a meniscus follows Fick’s second law or

2
% = p,, L< (6E.1)

ot ox?
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where ¢ is aqueous salt concentration, Do is the bulk diffusion constant of salt in water, and x is
the spatial coordinate to the center of the PrLTF directed from the menisci. Thus, x = 0 is the
interface between PrLTF and the meniscus while x = A is located at the center of the PrLTF. The
requisite boundary conditions are

c(0,x) = cim (6E.2)
c(t,0) = cim (6E.3)
c(t,A) = cpyp (6E.4)

Equations 6E.2—6E.4 are nondimensionalized as 6 = (¢ — Cim)/(CpiL — Cim), X = X/A, and T =
D.t/A%>. The nondimensionalized partial differential equation is solved using Laplace
transformations to obtain

1 sinh(VsX)

0(s,X) = S him)

(6E.5)

where 0 is the Laplace dimensionless concentration and s is the Laplace variable. At early time,
Equation 6E.5 inverts to

0(t,X) = erfc[(;;\/?] (6E.6)

) ] Doo 26
Since salt flux Jspi = — D‘”a(t: =— [T (cprL. — Cim)] X the flux at X = 0 can be solved to

yield the magnitude of salt flux from the tear film to the meniscus as
Do -
Jsp1 = N=} [cprL — Cim]e 1/¢n) (6E.7)

Since upper and lower menisci have approximately the same concentration, cim is the
concentration of either meniscus. To assess the influence of a non-perched tear film, Js gthumLum,pr
+ Js,BthimLim,prL 18 subtracted from the right side of Equation 6.8, Js sthumLum,prcj + Js,BihimLim,prcj 18
subtracted from the right side of Equation 6.6, and the subtracted upper and lower meniscus terms
are added to Equation 6.4 for upper and lower meniscus balances, respectively. hum and hin are
upper and lower meniscus heights, respectively, Lumpi. and LimpiL are arc lengths of upper and
lower eyelids at the PrLTF region, respectively, and Lum,prcj and Lim prcj arc lengths of upper and
lower eyelids at the PrCjTF region, respectively. Arc lengths and meniscus heights are determined
from Appendix A of Cerretani and Radke.*> We find that lack of a perched tear film results in a
negligible difference in our tear-compartment osmolarities. Since the tear-compartment
osmolarities do not change due to diffusion from PrLTF to tear menisci during the interblink,
diffusion from the PrLTF to the PrCjTF is also neglected.
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6.13 Glossary

Common SI Units Symbol
Name Units
Adjustable constant in lens salt diffusivity a
Polymer strand characteristic radius nm m as
Cross-sectional area of the bulbar conjunctiva that is not
covered by the eyelids cm? m? Agj
Cross-sectional area of the bulbar conjunctiva covered
by the contact lens and not by the eyelids cm? m? Agjtens
Cross-sectional area of the cornea that is not covered by
the eyelids cm? m? A
Area of the eye that undergoes tear evaporation cm? m? Aeye
Cross-sectional area of the meniscus. i = u and 1 indicate
upper and lower menisci, respectively cm? m? Aim
Cross-sectional area of the lens exposed to the
environment cm? m? Aens
Area of skin that is within the evaporimeter chamber cm? m? Askin
Adjustable constant in lens salt diffusivity b
Salt concentration mol/m3 mol/m?3 c
Salt concentration of the tear film mixed during a blink
phase mol/m3 mol/m?3 Chulk
Salt concentration of the tear produced by the lacrimal
glands during the blink phase mol/m3 mol/m3 Chlink
Salt concentration of the meniscus. 1 =u and | indicate
upper and lower menisci, respectively mol/m3 mol/m3 Cim
Salt concentration within the lens mol/m?3 mol/m?3 Clens
Salt concentration in the post-lens tear film mol/m?3 mol/m3 CpolL
Salt concentration in the pre-conjunctival tear film mol/m3 mol/m3 Cprcj
Salt concentration in the pre-lens tear film mol/m?3 mol/m?3 CprL
Salt concentration of the conjunctival sac. 1=u and |
indicate upper and lower conjunctival sacs, respectively mol/m3 mol/m3 Cgi
Water concentration within the lens mol/m3 mol/m3 Cw.lens
Diffusivity of salt in soft contact lens cm?/s m?/s D,
Diffusivity of salt in water cm?/s m?/s D,
Salt enhancement factor E,
Enhancement factor for nonspecific electrostatic
repulsion E¢
Enhancement factor for hard-sphere exclusion ES*
Enhancement factor for specific adsorption of salt to the
polymer chains E4d
Gel hydrodynamic resistance factor F
Meniscus height. 1 = u and | indicate upper and lower
menisci, respectively um m Rim
Thickness of the soft contact lens um m Riens

116



Thickness of tear film. j = PrCj and PrL indicate PrCjTF

and PrLTF, respectively. um m her
Subscript indicating upper (u) or lower (1) [
Subscript indicating either pre-conjunctival tear film
(PrCj) or pre-lens tear film (PrL) Ji
Salt molar flux from the tear film to the menisci mol/(m?s) mol/(m?s)  Jspi
Salt molar flux across soft contact lens mol/(m?s) mol/(m?s)  Jsiens
Volumetric water flux from the bulbar conjunctiva m/s m/s Jw,e j
Volumetric water flux from the cornea m/s m/s fW,Cn
Volumetric water evaporation flux m/s m/s J. w,e
Volumetric water flux across the soft contact lens m/s m/s jw,lens
Molar water flux across the soft contact lens mol/(m?s) mol/(m?s)  Jw.iens
Salt partition coefficient for soft contact lens kg
Darcy hydraulic permeability of water m? m? K
Membrane thickness in Darcy’s law wm m L
Arc length of eyelid at pre-lens tear-film region. 1 =u
and 1 indicate upper and lower eyelids, respectively um m Lim pri
Arc length of eyelid at pre-conjunctival tear-film region.
1 =u and | indicate upper and lower eyelids, respectively um m Limprcj
Applied pressure Pa Pa P
Péclet number (Equation 6C.3) Pe
Volumetric flow rate of water from the cornea uL/min m3/s den
Volumetric flow rate of water from the bulbar
conjunctiva into the pre-conjunctival tear film uL/min m3/s Acj
Volumetric tear drainage rate. Sum of g4, and g, uL/min m3/s qq
Volumetric tear drainage rate. Drainage through puncta.
1 =u and | indicate upper and lower puncta, respectively uL/min m3/s q4i
Volumetric tear evaporation rate uL/min m3/s qe
Volumetric evaporation rate of the upper and lower
menisci. i = u and | indicate upper and lower menisci,
respectively uL /min m3/s Qe,im
Volumetric tear evaporation rate for pre-conjunctival
tear film uL /min m3/s Qe,prcj
Volumetric tear evaporation rate for the pre-lens tear
film uL /min m3/s Qe,prL
Volumetric aqueous production rate (q;5c, + Grac) uL/min m3/s Q1ac
Volumetric flow rate of water entering the lower
meniscus from the conjunctival sac (g4 = 0.2q4c)- uL/min m3/s Qlacl
Volumetric flow rate of water entering the upper
meniscus from the conjunctival sac (q;4c. = 0.8q14c)- uL/min m3/s Qlacu
Volumetric water transport rate across the lens uL/min m3/s Qiens
Maximum volumetric tear drainage rate uL/min m3/s dm
Volumetric air flow rate cm3/s m3/s Q
Ideal gas constant J/(mol * K) _]/(mol x K) R
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Meniscus radius where drainage ceases um m R,
Relative humidity Ry
Tear meniscus radius. 1 = u and 1 indicate upper and
lower menisci, respectively um m Rin
Laplace variable S
Obstruction factor S
Lid-margin perimeter cm m Siia
Time s s t
Interblink period s s tip
Temperature K K T
Time to deplete 95% of the fluorescein from the PoLTF s s Tos
Velocity of upper eyelid m/s m/s Uig
Velocity of j where j = PrCj and PrL indicate bulbar
conjunctiva and soft contact lens, respectively m/s m/s Ug i
Water superficial velocity and is equivalent to [, jons m/s m/s v,
Tear volume produced by the lacrimal glands during the
blink phase uL m3 Vilink
Meniscus volume. 1 =u and | indicate upper and lower
menisci, respectively uL m3 Vi
Volume of water in the post-lens tear film uL m3 VboL
Volume of water in the pre-conjunctival tear film uL m3 Vprcj
Volume of water in the pre-lens tear film uL m3 Vorr,
Conjunctival sac tear volume. i =u and 1 indicate upper
and lower conjunctival sacs, respectively uL m3 Vi
Volume of the tear mixed during a blink phase uL m3 Viotal
Spatial location from the center of the pre-lens tear film
to the periphery cm m X
Spatial location within the lens from the posterior (z =
0) to the anterior of the soft contact lens um m z
Fraction of bulbar conjunctiva that is not covered by the
soft contact lens and the eyelids a
Fraction of post-lens tear film that mixes with the rest of
the tear during each blink cycle B
Tear surface tension mN/m N/m y
Salt concentration difference between the post-lens tear
film and the corneal epithelium mol/m?3 mol/m?3 Acg,
Dimensionless salt concentration 0
Dimensionless Laplace salt concentration (Equation
6E.5) 0
Distance from the meniscus or the pre-conjunctival tear
film to the soft-contact-lens center cm m3 A
Tear viscosity mPa Pa Uy
Osmotic pressure Pa Pa I
Corneal epithelium reflection coefficient of salt Ocp
Lens hydrodynamic tortuosity Ty
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Lens salt tortuosity T
Dimensionless time T
Polymer volume fraction of soft contact lens [0}
Water volume fraction of soft contact lens by
Dimensionless x X
Corneal epithelium membrane permeability of salt m/s m/s Wep
Arithmetic average salt concentration in the corneal
epithelium interface mol/m3 mol/m3 <., >
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Chapter 7

Prevention of Localized Corneal Hyperosmolarity Spikes by Soft-
Contact-Lens Wear

7.1 Abstract

Purpose: To determine whether localized hyperosmotic spikes on the pre-lens tear film (PrLTF)
due to tear break up results in hyperosmotic spikes on the ocular surface during soft-contact-lens
(SCL) wear and whether wear of SCLs can protect the cornea against PrLTF osmotic spikes.
Methods: Two-dimensional transient diffusion of salt was incorporated into a computationally
designed SCL, post-lens tear film (PoLTF), and ocular surface and solved numerically. Time-
dependent localized hyperosmolarity spikes were introduced at the anterior surface of the SCL
corresponding to those generated in the PrLTF. Salt spikes were followed in time until they
penetrate through the lens into the POLTF. Lens-salt diffusivities (Ds) were varied to assess their
importance on salt migration from the PrLTF to the ocular surface. SCL and PoLTF initial
conditions and the lens anterior-surface boundary condition were varied depending on the value
of Ds and on dry-eye symptomatology. Determined corneal surface osmolarities were translated
into clinical pain scores.

Results: For Ds above about 10”7 cm?/s, it takes around 5 - 10 s for the PrLTF hyperosmotic
breakup spikes to diffuse across the SCL and reach the corneal surface. Even if localized
hyperosmotic spikes penetrate to the ocular surface, salt concentrations there are much lower than
those in the progenitor PrLTF spikes. For D; less than 10”7 cm?/s, the SCL protects the cornea from
hyperosmotic spikes for both normal and dry eyes. When localized corneal hyperosmolarity is
converted into transient pain scores, pain thresholds are significantly lower than those for no-lens
wear.

Conclusions: A cornea can be protected from localized PrLTF hyperosmolarity spikes with SCL
wear. With regular blinking (e.g., < 10 s), SCL wear shields the cornea from significant
hyperosmotic pain. Decreasing Ds increases that protection. Low-Ds soft contact lenses can protect
against hyperosmotic spikes and discomfort even during infrequent blinking (e.g., > 10 s).

7.2 Introduction

The human ocular surface is coated by a thin tear film that keeps the ocular surface
lubricated, hydrated, and protected against infection.?!>27¢ The outermost layer of the tear film is
comprised of a thin lipid layer, which retards the evaporation of the muco-aqueous layer that
contains electrolytes, metabolites, and various antimicrobial compounds.?!>?** Between the muco-
aqueous layer and the ocular surface is the glycocalyx adlayer that engenders corneal wetting and
promotes the epithelial barrier function of the ocular-surface.?”’

During an interblink, evaporation of the muco-aqueous layer results in periodic increased
tear-film osmolarity.’®*> Tear evaporation rate depends on the lipid-layer thickness and
composition.?’® 2% When a suboptimal lipid layer allows excess tear evaporation, tear becomes
hyperosmotic causing deleterious effects on the corneal epithelia!>1°1"193:196-198 and triggering dry-
eye symptoms.'* Tear osmolarity is significantly higher in the ocular-surface tear film than in the
tear meniscus>>!%1% where osmolarity is typically measured.!-16:18:19.21-24,36,37.281
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Recently, Kim et al.®® showed that soft-contact-lens (SCL) wear can effectively mitigate
hyperosmolarity in the post-lens tear film (PoLTF), which directly interfaces the ocular surface,
and that PoOLTF osmolarity is different from those of the meniscus and pre-lens tear film (PrLTF).
The ability of a SCL to attenuate PoOLTF osmolarity depends on lens-salt diffusivity (Ds), lens-salt
partition coefficient (ks), and lens thickness (hiens). These three parameters regulate how much salt
diffuses across the SCL from the PrLTF to the PoLTF. However, Kim et al.*° found that physically
acceptable ranges for ks and hiens had a limited effect on POLTF osmolarity. These authors stated
that to minimize PoLTF hyperosmolarity, SCL should be designed with low Ds values while not
allowing lens adherence %030

In addition to intrinsic SCL properties, lacrimal tear-production rate, evaporation rate, tear-
drainage rate, and interblink period strongly affect POLTF osmolarity as well. Interestingly, POLTF
osmolarity for dry-eye subjects (e.g., low tear production and/or high evaporation rates) with SCL
wear can be reduced to osmolarity lower than that of the pre-corneal tear film of normal-eye
subjects during no-lens wear by lowering Ds.3° However, the analysis of Kim et al.’° only
considered a uniform tear evaporation rate across the whole PrLTF. In other words, they specified
spatial average tear-compartment osmolarities and did not account for regional variance in tear
evaporation rate within the PrLTF. Understanding both the spatial average osmolarity and the
localized osmolarity is essential to understanding tear hyperosmolarity during SCL wear and how
osmolarity affect corneal epithelial cells and lens-wear comfort.

Localized break-up regions are widely believed to be caused by localized lipid-layer
thickness and/or composition variations resulting in different localized evaporation rates.***”° This
hypothesis is supported by faster cooling of localized break-up areas in the pre-corneal tear film
(PrCTF) that correlates directly with fluorescein break-up areas.?®?> Osmolarity of localized break-
up areas in the PrCTF can reach 600-800 miliOsmolar (mOsM) during a 10-s interblink period,>*-*
which is approximately 2 to 2.5 times the osmolarity of the spatial average PrCTF.*> Localized
PrLTF salt spikes therefore expose epithelial cells to much higher salinities and hence to higher
pain thresholds.'* Similar to the PrCTF during no-lens wear,?® localized tear break-up areas
exhibiting high evaporation rates also occur on the PrLTF during SCL wear.®! However, because
of minimal mixing of the PrLTF with the PoLTF,** salt concentration spikes at the anterior lens
surface must first diffuse through the SCL to reach the cornea.®

This work addresses the question of whether SCL can effectively attenuate PrLTF salinity
spikes and protect the cornea from irritating salinity exposure. The proposed physical model
assesses whether SCL wear can protect the POLTF/cornea from localized PrLTF hyperosmotic
break-up areas for normal and dry eyes. Calculated POLTF osmolarities are then converted to dry-
eye pain scores from Liu et al.!* to predict if SCLs with low Ds can protect wearers from salinity-
induced dryness discomfort.

7.3 Methods

Although break-up areas cannot be visualized with fluorescein dye during SCL wear, non-
invasive tear break-up analysis using concentric ring patterns confirms that PrLTF exhibits tear
break up.’!?%* Therefore, localized evaporation-driven osmolarity spikes in the PrLTF are
anticipated to be similar to those on the pre-corneal tear film during no-lens wear. Figure 7.1
provides a schematic of what is expected for POLTF osmolarity when the SCL is permeable to
aqueous salt and there is a localized break-up area in the PrLTF. Because the POLTF is so thin
compared to the SCL, once salt enters the POLTF, contact with the cornea is essentially immediate.
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Figure 7.1. Schematic salinity spikes in the PrLTF and PoLTF due to localized pre-lens tear-film break up.
Figure is not to scale.

To address whether localized salinity spikes on the cornea with SCL wear can be mitigated
with low SCL Ds materials, the original effort of Peng et al.** is extended to include a PrLTF, a
lens, and a POLTF. Localized salinity spikes are imposed at the PrLTF/lens interface (i.e., at the
lens anterior surface) and traced numerically during interblinks of various duration. A series of Ds
values is tested for both normal and dry eyes. Both lateral and sagittal diffusion of salt through the
lens and PoLTF are accounted. First, the contact lens overlying the cornea is a translationally
invariant rectangle of length 12 mm and height 130 um. A similar rectangle represents the 3-um
thick PoOLTF (hpoLtr) between the lens and the cornea. The 2D coordinate system and boundary
conditions are summarized in Figure 7.2.
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Figure 7.2. Schematic of the translationally invariant calculation domain and the requisite boundary
conditions in the z direction. For convenience, the no-flux boundary conditions are not shown at the domain
ends (in the x direction). Figure is not to scale.

Salt transports across the lens and through the PoLTF according to Fick’s second law
written as

a ens 62 ens 02 ens
C{;—t — Dy ( aciz + aczlz ) =0 SCL (hporrr < Z < hporrr + hser)  (7.1)
and
d 92 92
£-p (a_xg + #) =0 PoLTF (0 < z < hpoy7r) (7.2)

respectively. Here, cCiens(t,X,Zz) is the molar salt concentration in the lens per lens volume as a
function of time, t, and spatial coordinates x and z. x is the lateral coordinate with x = 0 locating
the center of the lens, z is the sagittal coordinate with z = 0 demarking the PoLTF/cornea interface.
c(t,x,z) is the PoLTF transient aqueous salt concentration, D (= 1.5 X 10 cm?/s) is the bulk water
salt diffusivity,!® and Dy is the salt diffusivity in the contact lens. Consistent with Kim et al.,*’ low
D (= 2.8 X 10 cm?%/s), medium Ds (= 1.1 X 10 cm?/s), and high Ds (= 6.0 X 10°° cm?/s) are
chosen to investigate the role of lens-salt diffusion rates in attenuating corneal salinity spikes. Ds
values chosen are within the range of those available for current commercial SCLs.*’ Equations
7.1 and 7.2 each require four boundary conditions and an initial condition.

The boundary condition at the lens/PrLTF interface (i.e., at z = hportr + hiens) is local
equilibrium given by Nernst’s law

ksCprire = Ciens Z = hporrr + Riens (7.3)
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where cpiLtr and ciens are the salt concentrations at the lens side and the PrLTF side of the
lens/PrLTF interface, respectively. ks is the partition coefficient of the lens and is set constant at
0.28 for all calculations.’%1

The imposed transient PrLTF/lens interface salt-spike concentration, cpritr, is that in
Figure 7.3 obtained from Peng et al.,** assuming that tear break up over a SCL is of similar origin
to that over the cornea (i.e., due to lipid layer break up and tear evaporation). To quantify the
concentration distribution in Figure 7.3 as a function of time and location, we modified a Gaussian
function to match the results of Peng et al.** for the PrCTF

ca(t)—cp(t) exp (_i) n cp(O)+a
2 202 2

Cprirr = C(t,%,Z = hporrr + hiens) = (7.4)

where ca(t) is the transient osmolarity peak height in Figure 7.3 and illustrated in Figure 7.4, cg(t)
quantifies the salt osmolarity rise at the lens anterior surface outside the salt spike and depicted in
Figure 7.5, and o is the Gaussian standard deviation set as 0.2 mm to match the pre-corneal tear-
film osmolarity plot of Peng et al.>* « is a constant that shifts Figure 7.3 in sagittal direction so
that c¢(t = 0, X, z = hpoLTF + hiens) matches that of PrLTF osmolarity at the beginning of the periodic
steady-state interblink for various lens Ds and normal/dry eye results from Kim et al.®® Since the
periodic steady-state osmolarity of the PrLTF upon eye opening varies depending on the Ds value
and on dry-eye symptomatology,®’ a is different for each Ds and for normal and dry eyes. Both
terms on the right of Equation 7.4 are divided by 2 because Equations 7.1 and 7.2 solve for the salt
molar concentration and not for osmolarity. For multi-spike analyses, two peaks are introduced at
the PrLTF/SCL interface. The second Gaussian function is shifted laterally to the desired location.
o and «a values for the multi-spike analyses remain unchanged from those of the single-spike
analyses.
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Figure 7.3. Pre-corneal tear-film osmolarity spike arising from pre-corneal tear-film break up. Adopted as

pre-lens tear-film osmolarity for our analysis. Reprinted with permission from Peng et al.>* Copyright (2014)
Elsevier B.V.
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Figure 7.4. Fitting of peak osmolarity in the break-up area, ca(t) in Equation 7.4 from Figure 7.3. Peak

osmolarity data of Peng et al.** are given as solid squares. The dashed line is a best fit of the data to the
quadratic equation listed in the figure.
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Figure 7.5. Fit of non-tear break-up area osmolarity, cp(t) in Equation 7.4 from Figure 7.3. Calculated
osmolarities of non-tear break-up area of Peng et al.>* are given as solid squares. The dashed line is a best
fit of the data to the linear equation listed in the figure.

At the PoLTF/lens interface (z = hpoLTr), local equilibrium salt partitioning

ksCpoLTF = Clens z = hporrr (7.5)

and continuity of salt flux (i.e., Jiens = JpoLTF) are imposed so that

—Ds % =-=D % Z = hporrr (7.6)
where cpoLTF and ciens are the salt concentrations at the POLTF side and lens side of the PoLTF/lens
interface, respectively, and JpoLTr and Jiens are the salt fluxes at the POLTF side and lens side of the
PoLTF/lens interface, respectively. To simplify the analysis, no-flux boundary conditions are
demanded at the lens and PoLTF edges (x =+ 6 mm) and at the PoOLTF/cornea interface (z = 0).
Thus, lateral salt exchange to the pre-conjunctival tear film/tear menisci or sagittal exchange to
corneal epithelium, respectively, are not accounted for.®® Therefore, salt originating from the
PrLTF accumulates within the POLTF during the interblink period.
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The initial condition for the SCL is adapted from the periodic steady-state salt-
concentration profile in the SCL at the beginning of an interblink (i.e., at t = 0) for normal and dry
eyes and for low, medium, and high Ds.*° Since this initial condition is involved, feasibility was
assessed for using a spatially averaged lens-salt concentration as the initial profile. This
approximation resulted in PoLTF/cornea interface osmolarities differing by less than 0.5 mOsM
for every time point when compared to the results from using the actual periodic salt-concentration
profile as the initial condition. Therefore, the average lens-salt concentration initial condition was
implemented because it well reflects the actual initial lens-salt concentration profile and it
simplifies numerical analysis.

Finally, the initial condition for the POLTF salt-concentration profile also is uniform and
set as the calculated time-averaged periodic steady state POLTF concentration from Kim et al.®
Depending on the Ds and normal/dry-eye condition being assessed, the initial conditions of the
PoLTF and SCL are different. These changes, along with a of Equation 7.4, assess osmolarity
profiles of the POLTF at the corneal surface for various lens Ds and normal/dry eye combinations.

Numerical solution of Equations 7.1 and 7.2 is by finite-element analysis using Comsol
Multiphysics 5.5 and requires amalgamation of Matlab R2019b (Mathworks, Natick, MA) to
specify the PrLTF/SCL interface boundary conditions. Because the lens-anterior-surface
concentration boundary condition in Figure 7.3 covers the time period of 33 seconds,** the analysis
provided here extends out to 30 s.

In a small sample-size clinical study, Liu et al.'* measured subject pain scores set between
0 to 10, with 0 reflecting no pain and 10 marking intolerable pain, upon direct instillation of
hyperosmolar solutions onto the ocular surface. From those data, calculated peak lens-wear POLTF
osmolarities were converted into pain scores to reveal whether low-Ds SCL wear can meaningfully
mitigate dryness discomfort.

7.4 Results

Figures 7.6a-c present the calculated transient osmolarity of the POLTF at the corneal
surface for low, medium, and high Dy, respectively, for normal eyes experiencing the localized
osmolarity spike at the lens anterior surface. For Figures 7.6a-c, o in Equation 7.4 is setas 11, 9.5,
and 9, respectively, to set the initial PrLTF osmolarity to be 311 mOsM, 309.5 mOsM, and 309
mOsM for low, medium, and high Ds, respectively. Figures 7.6b-c reveal that a salt spike at the
lens anterior surface indeed penetrates through the lens to the corneal surface within an interblink.
However, Figure 7.6a reveals that the low-Ds lens completely attenuates the PrLTF salt spike. Here,
the osmolarity difference between any two chronological time points is ~0.1 mOsM; peaks are too
small to visualize even after 30 s of interblink.
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Figure 7.6. Salinity-spike growth kinetics due to local tear-film rupture at the lens anterior surface in Figure
7.3 for normal eyes. (a) transient POLTF osmolarity profiles for low lens-salt diffusivity (Ds = 2.8 x 10
cm?/s), (b) medium lens-salt diffusivity (Ds = 1.1 X 10 cm?/s), and (c) high lens-salt diffusivity (Ds = 6.0
x 10% cm?/s). Different ordinate scales are adopted in each graph. The PrLTF salinity spike penetrates
through to the PoLTF/corneal interface for (b) and (c) but not (a).

Figures 7.7a-c provide PoLTF osmolarity profiles for low, medium, and high Dy values,
respectively, for dry eyes. For Figures 7.7a-c, a in Equation 7.4 is set at 25, 20.5, and 20,
respectively, to determine the initial PrLTF osmolarity as 325 mOsM, 320.5 mOsM, and 320
mOsM for low, medium, and high Ds, respectively.®® Similar to the normal eye, a low-Ds lens
eliminates the PrLTF salt spike at the corneal surface up to at least 30 s of interblink. Due to the
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higher initial PrLTF and PoLTF osmolarities than those of normal eyes, POLTF osmolarity at the
corneal surface is significantly higher for dry eyes than for normal eyes at early time. However,
the difference between normal and dry eyes diminishes at later time. Similar to the normal eye,
low-Ds lens completely attenuates the PrLTF salt spike at the corneal surface up to at least 30 s of
interblink.
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Figure 7.7. Salinity-spike growth kinetics due to local tear-film rupture at the lens anterior surface after
Peng et al.** in Figure 7.3 for dry eyes. (a) transient POLTF osmolarity profiles for low lens-salt diffusivity
(Ds = 2.8 x 10 cm?/s), (b) medium lens-salt diffusivity (Ds = 1.1 X 10 cm?/s), and (c) high lens-salt
diffusivity (Ds = 6.0 X 10 cm?/s). Different ordinate scales are adopted in each graph. The PrLTF salinity
spike penetrates through to the PoLTF/corneal interface for (b) and (c) but not for (a).
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Figure 7.8a compares PoLTF osmolarities at the corneal surface as a function of interblink
time for the three lens Ds values. 5 - 10 s is required for salt to diffuse through the lens and POLTF
to reach the corneal surface for Ds values above about 107 cm?/s, albeit at much lower salt
concentrations. Most importantly, Figure 7.8a demonstrates that for Ds values below about 107
cm?/s, SCL wear well protects against corneal hyperosmotic exposure for both normal and dry
eyes. Figure 7.8b converts the peak corneal salt concentrations in Figure 7.8a to clinical pain scores
ranging between 0 and 10 based on the results of Liu et al.!* Comparison with the no-lens pain
scores shows that all three Ds values produce significantly less discomfort than that arising from
no-lens wear.
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Figure 7.8. (a) Peak transient ocular-surface osmolarity with lens wear as a function of interblink time. (b)
Clinical pain score as a function of interblink time. Clinical pain scores were determined from osmolarity
values of (a) and the results of Liu et al.'* Salt diffusivities are given as: low Ds = 2.8 X 10 cm?/s (blue
line), medium Ds = 1.1 X 10°® cm?/s (red line), and high Ds = 6.0 X 10 cm?/s (black line). No-lens wear
peak osmolarity from Figure 7.3 is shown as a yellow line.

Figure 7.9 assesses the effect of a nearby osmolarity spike arising from multiple tear
ruptures on the anterior lens surface within one interblink for normal eyes. Figure 7.9a provides
the PrLTF osmolarity profile when the spike apexes are 0.5 mm apart for a medium Ds lens.
Corresponding PoLTF osmolarity at the corneal surface is provided in Figure 7.9b. All parameters
are identical to the analysis done for determining Figure 7.6b. Due to the close proximity of the
two peaks, the region between the peaks elevates in osmolarity for both PrLTF and PoLTF regions.
Figure 7.9¢ depicts the PrLTF osmolarity profile when the spike apexes are 2.0 mm apart with
other controllable parameters identical to those in Figures 7.6b and 7.9a. Corresponding PoLTF
osmolarity at the corneal surface for Figure 7.9¢ is provided in Figure 7.9d. In this case, two peaks
at the PrLTF act independently and do not influence each other. Although not explicitly shown
here, results from Figures 7.9a and 7.9b imply that larger break-up area on the anterior lens surface
results in larger high osmolarity regions in the PoLTF.
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Figure 7.9. Salinity-spike growth kinetics due to local tear-film rupture at the lens anterior surface. (a) two
spikes at the lens anterior surface with peaks separated by 0.5 mm; (b) corresponding PoOLTF osmolarity at
the corneal interface; (c) two spikes at the lens anterior surface with peaks separated by 2.0 mm; (d)
corresponding PoLTF osmolarity at the corneal interface. (a) and (c¢) have different y-axis scales than do
(b) and (d).

7.5 Discussion

Figures 7.6, 7.7, and 7.8a clearly demonstrate that low Ds SCLs can protect the cornea
against localized hyperosmotic spikes formed in the PrLTF due to localized tear break-up and
elevated evaporation. Even for medium and high-Ds SCLs, osmotic peaks are significantly smaller
than those of the PrCTF summarized in Figure 7.8a. Localized peak salt concentrations when
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translated into clinical pain scores in Figure 7.8b, strikingly confirm that SCL wear mitigates
corneal hyperosmolarity. Even for dry eyes, correlated pain scores greater than unity are not
achieved until after 10 s into an interblink, a time longer than most human interblinks. These results
suggest why SCL wear allows longer maximum interblink intervals than without lens wear when
subjects are asked to keep their eyes open for as long as possible.?’? Wear of a SCL protects the
cornea from localized osmolarity spikes as long as lens wearers blink frequently. However, if lens
wearers blink infrequently, which is typically the case when the lens wearers are reading, watching
TV, or working on a computer, their corneas are more likely exposed to localized hyperosmotic
spikes on the ocular surface. To ensure that the cornea is protected from localized osmolarity
spikes, lens Ds can be lowered, as demonstrated in Figures 7.6a and 7.7a.

Interestingly, osmotic spikes at the ocular surface for normal and dry eyes during SCL wear
are not significantly different for a given Ds; the difference further diminishes as eyes are open
longer. The reason why the difference between normal and dry eyes diminishes at later times is
the larger osmolarity difference between the PrLTF and the PoOLTF resulting in a greater salt flux
from the PrLTF to the POLTF for dry eyes than for normal eyes. If the interblink period is set to
even longer times (e.g., to min), normal and dry-eye osmolarities eventually merge. Because pain
scores for normal and dry eyes in Figure 7.8b differ minimally for a given D, lens-wear discomfort
due to localized hyperosmotic tear spikes is likely not influenced by lens wearers’ baseline dry-
eye symptomatology.

The single-spike analyses in Figures 7.6 and 7.7 show the behavior of one PrLTF osmotic
spike on the ocular surface during lens wear. With actual lens wear, multiple spikes are expected
to form across the lens surface and, therefore, across the ocular surface. Figure 7.9 shows that
when tear break-up ruptures occur close to one another (e.g., peak-to-peak distance of 0.5 mm),
there is a reinforcing influence (e.g., Figures 7.9a and 7.9b) on the osmolarity. These results are
expected because two small nearby tear break-up areas can combine into a one large rupture area
during a prolonged interblink period. Meanwhile, when tear ruptures are located far away from
each other (e.g., peak-to-peak distance of 2.0 mm), osmolarity of the isolated break-up areas are
independent of one another (e.g., Figures 7.9¢ and 7.9d).

Following the work of Peng et al.,** break-up areas in the PrLTF were initiated from
depleted lipid layer and, therefore, have high localized evaporation rates. Such tear ruptures have
the same localized evaporation and localized osmotic increase rates for both normal and dry eyes.
This assumption is reasonable since inadequate lipid regions likely exhibit localized evaporation
rates of water regardless of the subjects’ dry-eye symptomatology. Thus, whole-eye tear
evaporation rates during SCL wear”** is due to the size and number of break-up spots on the lens
and to the exposed ocular surface area. There is, however, a possibility that localized tear ruptures
exhibit different evaporation rates for normal and dry eyes requiring further investigation.

This work assumes that the PrLTF-osmolarity increase due to localized tear break-up are
the same as the pre-corneal tear-film osmolarity increase due to localized break-up areas during
no-lens wear. In reality, non-invasive tear break-up times for SCL wear is faster than that for no-
lens wear.8! Both the results of Peng et al.** and here assume that localized break-up occurs
immediately upon lid opening. Further, zero salt flux was imposed between the PoLTF and the
cornea. Taking these effects together means that this work provides a worst possible scenario for
localized hyperosmolarity in the PoLTF during SCL wear.

The mathematical analysis presented is equivalent to the maximum interblink period stress
test conducted clinically.?’>?% Since osmotic initial conditions for POLTF, PrLTF, and the SCL
are those of Kim et al.,%’ calculated results demand that localized PrLTF spikes happen randomly
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over the SCL surface. If, however, certain areas of the lens surface are more prone to tear rupture,
then the localized hyperosmotic peaks may be even more saline than our calculations indicate.
Further investigation is needed to elucidate PrLTF break-up patterns.

To convert determined localized hyperosmolarity results to pain scores, clinical results of
Liu et al."* were utilized. A limit to this conversion is that the hyperosmolarity of localized break-
up spots were analyzed in this work whereas Liu et al.'* administered saline to the entire ocular
surface. Because there are ~7,000 nociceptors per square millimeter?*® and approximately 70% of
those are polymodal and sensitive to osmolarity,’?% it is likely that localized hyperosmotic
spikes also trigger pain. Another limitation to utilizing the results of Liu et al.'* is the small 5-
subject size of their clinical study.

This work focuses on lens-wear irritation associated with hyperosmolarity. With SCL wear,
however, there are multiple factors (e.g., lid-wiper epitheliopathy, blurry vision, lens edge, SCL
surface dehydration, and lack of clear visual acuity) that can result in lens-wear discomfort.
Nevertheless, SCL wear with all Ds values studied protects the corneal surface against random
hyperosmotic spikes. Only the lowest Ds lens considered provides complete osmotic protection.
Localized osmotic protection persists even when the interblink period is 30 s for both normal and
dry eyes. Results of Kim et al.®° and the calculations here confirm that SCL wear can protect the
cornea both from spatial average hyperosmolarity and from localized hyperosmotic spikes.

134



Chapter 8

Conclusions and Suggested Future Directions

8.1 Conclusions

Transport of oxygen and salts across a contact lens during lens wear are critical for safe
and comfortable wear. This dissertation mathematically models oxygen and salt transport across
contact lenses accounting for relevant environmental factors, anatomical factors, and corneal
metabolic kinetics to assess corneal edema and tear-compartment osmolarities. Results from the
metabolic-edema models provide contact-lens designers with guidelines to minimize hypoxia-
induced corneal edema for soft contact lenses (SCL), scleral lenses (SL), and multicomponent-
embedded contact lenses. Meanwhile, results provided from the osmolarity models allow SCL
designers to optimize salt diffusivity (Ds) to ensure that the cornea is not exposed to hyperosmotic
tear, which correlates with dry-eye discomfort during no-lens wear.!>->* Although this dissertation
focuses on studying oxygen and salt transport across lens materials, various models in this
dissertation can be modified to assess transport of different types of molecules across the contact
lens. Detailed conclusions for each work are provided in each relevant chapter. This section
summarizes important conclusions ascertained from this dissertation.

(1) Oxygen transmissibility and lens design are critical to reducing corneal edema with emerging
novel contact lenses despite the high oxygen permeability of silicone-based lens materials. Chapter
2 shows that increased oxygen-transport resistance due to lens and post-lens tear-film (PoLTF)
thicknesses results in hypoxia-induced central corneal edema. Although the amount of swelling
induced by SL wear while awake is clinically safe, further improvement of lens materials for larger
oxygen permeability (Dk) is necessary to wear these lenses during sleep. In Chapter 3, the
metabolic-edema model presented in Chapter 2 is improved to assess central-to-peripheral corneal
edema during SCL and SL wear. Results of Chapter 3 reveal that localized oxygen transmissibility
(Dk/L) is significantly different locally and that maximum swelling with wear of SCL and SL do
not typically occur at the central cornea. However, the difference in maximum edema and the
central corneal edema is clinically insignificant for single-component contact lenses. For
multicomponent-embedded contact lenses, however, Chapter 4 shows that central corneal edema
can be significantly different from the edema at the noncentral cornea. Therefore, localized edema
must be assessed with multicomponent-embedded contact lenses unlike single-component contact
lenses. For modern silicone-based lens encasements, multicomponent-embedded contact lenses
are expected to be safe for lens wear even if the embedment is oxygen impermeable as long as the
embedment is placed far into the lens periphery. These novel lenses should also be designed with
minimum embedment length and maximum embedment and encasement DA/Ls to minimize
central-to-peripheral corneal edema.

(2) Limbal metabolic support to the cornea, particularly removal of lactate and introduction of
bicarbonate, have significant impact on reducing noncentral corneal edema during hypoxia.
Chapter 4 highlights that low-Dk embedments should be placed near the lens periphery to
minimize corneal edema. This recommendation is because of limbal-metabolic support discussed
in Chapter 3. Supply of bicarbonate ions and removal of lactate ions by the limbus changes the
metabolic concentrations at the corneal endothelium to increase active water transport from the
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stroma to the aqueous humor. Oxygen supply from the limbus to the cornea also lessens corneal
edema by reducing anaerobic metabolism, which consumes bicarbonate and produces lactate ions.
Interestingly, direct removal of lactate and supply of bicarbonate ions by the limbus is more
effective in reducing corneal edema than is the oxygen supply from the limbus. The effect of
limbal-metabolic support in reducing corneal edema is greatest at the corneal periphery and
diminishes towards the central cornea.

(3) Minimizing salt diffusivity in soft contact lenses can protect the cornea from both local and
spatially averaged hyperosmolarity. Diffusion-founded osmolarity models outlined in Chapters 6
and 7 show that SCL wear can protect the cornea from hyperosmolarity by lowering salt flux from
the pre-lens tear film (PrLTF) to the POLTF. Accurate osmolarity determination requires accurate
measurement of tear evaporation (see Chapter 6) and production (see Chapter 5) rates. In Chapter
7, PoLTF localized osmolarity spike values are converted to clinical discomfort scores based on
the results of Liu et al.'*

These results reinforce that lens wear can protect the cornea from osmolarity-induced
discomfort. Chapters 6 and 7 also show that Dy values required for good protection for both normal
and dry eyes are possible with contact lenses that are already available in the market. Even though
lower D; is desired to avoid hyperosmotic POLTF, too low of a Dy can result in lens adherence to
the eye. Thus, lens Dy must be carefully chosen to ensure that both lens adhesion and hyperosmotic
PoLTF are avoided.

8.2 Suggested Future Directions

This dissertation serves as a basis for numerous future works. Some potential future
directions are listed below.

(1) Investigate the effect orthokeratology-lens wear has on corneal hypoxia. This dissertation
focuses on contact lenses that change the way light refracts during wear to improve visual acuity.
Orthokeratology lenses are worn overnight to shape the cornea into a desired shape to make light
converge at the retina. Since morphing of the cornea is done while sleeping, the benefit of
orthokeratology lenses is that these lenses do not have to be worn during the day. However, there
is a concern to lens wear during sleep because the cornea is not exposed to the environment to
receive oxygen from the environment. Unfortunately, hypoxia-induced edema cannot be measured
clinically because orthokeratology lens morphs the shape of the cornea overnight and shadows
corneal edema.”® Our proposed metabolic-edema model can be used to assess corneal hypoxia
due to orthokeratology-lens wear.

(2) Extend current metabolic-edema model to transient behavior. The current metabolic-edema
model assesses lens-wear induced corneal edema at steady state. Although time to steady state is
expected to occur in less than an hour,?*° the current metabolic-edema model cannot provide
information regarding corneal edema upon lens insertion. By extending the current metabolic-
edema model to include a time-dependent response, corneal hypoxia and edema can be
investigated immediately after lens wear. This is potentially important for lenses that may be
designed for drug delivery and that require short-term lens wear.

(3) Expand the osmolarity model to assess salt transport across multicomponent contact lenses.
Embedded components discussed in Chapter 4 might be ion impermeable or have low Dy. To
prevent lens adhesion to the ocular surface for lenses with these types of embedments, D of the
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encasement might need to be increased significantly to allow enough ions to transport to the PoLTF.
This can potentially lead to localized hyperosmotic spikes within the PoLTF at regions without the
embedment to cause significant osmolarity-induced discomfort. The developed osmolarity model
in Chapter 7 can be extended to study the effect of embedments in ion transport to optimize lens-
wear comfort and lens adhesion.

(4) Clinical measurement of lens dryness discomfort while wearing soft contact lenses with known
salt diffusivity. Chapters 6 and 7 results show that SCL wear can protect the cornea from
hyperosmolarity. Although corneal hyperosmolarity and dry-eye discomfort correlate without lens
wear,'>2* there are no studies to date that investigate possible correlation between lens-wear
dryness discomfort and salt diffusivity of SCLs. A clinical study measuring lens-wear dryness
discomfort while wearing multiple SCLs with different D, will test the predictions of Chapters 6
and 7. Such a study requires investigation of parameters beside D;s (e.g., lens geometry, lens coating)

to be constant among all the SCLs used in the clinical study.

(5) Study transport of different molecules across the contact lens. This dissertation focuses on
transport of oxygen and salt across the contact lens to understand how lens wear affects corneal
hypoxia and POLTF osmolarity. Some contact lenses are designed to release agents that ameliorate
discomfort or release active drugs for treatment. By incorporating transport of other molecules in
the osmolarity model described in Chapter 6, release rates of these agents can be determined.
Extension of the osmolarity model to understand release kinetics of active agents will help develop
therapeutic contact lenses.
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