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1 | INTRODUCTION

Abstract

We perform a novel 3D study to quantify the corneal oxygen consumption and diffusion
in each part of the cornea with different contact lens materials. The oxygen profile is cal-
culated as a function of oxygen tension at the cornea-tear interface and the oxygen
transmissibility of the lens, with values used in previous studies. We aim to determine
the influence of a detailed geometry of the cornea in their modeling compared to previ-
ous low dimensional models used in the literature. To this end, a 3-D study based on an
axisymmetric volume element analysis model was applied to different contact lenses cur-
rently on the market. We have obtained that the model provides a valuable tool for
understanding the flux and cornea oxygen profiles through the epithelium, stroma, and
endothelium. The most important results are related to the dependence of the oxygen
flux through the cornea-lens system on the contact lens thickness and geometry. Both
parameters play an important role in the corneal flux and oxygen tension distribution.
The decline in oxygen consumption experienced by the cornea takes place just inside the
epithelium, where the oxygen tension falls to between 95 and 16 mmHg under open eye
conditions, and 30 to 0.3 mmHg under closed eye conditions, depending on the contact
lens worn. This helps to understand the physiological response of the corneal tissue
under conditions of daily and overnight contact lens wear, and the importance of detailed

geometry of the cornea in the modeling of diffusion for oxygen and other species.

KEYWORDS
3-D model, corneal oxygen distribution, corneal oxygen flux, Monod kinetics model,
oxygen tension, soft contact lens

Most models carry out their study assuming a 1D geometry for

the oxygen transport through the cornea/tear/lens system.2® Some

The subject of the oxygen demand of a human cornea has received a
great deal of attention in recent years, and has been the subject of an
extensive debate, with many models appearing, aiming to explain the dis-
tribution of oxygen consumption, the profile of partial pressure of oxygen,
and the flux though the entire cornea (epithelium, stroma and
endothelium).

of the models assume a constant thickness and oxygen consumption,
and they have evolved considering different multilayers for the cor-
nea/tear/lens system as a mono-dimensional model.>*771° However,
the first models considered a constant corneal oxygen consumption
rate in which the diffusion equation was treated only as steady, and
not as time-dependent.>'1"1> Negative values of the partial pressure
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of oxygen in the cornea have frequently been found, which makes no
physical sense. In order to resolve this problem, various researchers
have created mathematical models based on determination of the
oxygen tension at the cornea/tear interface, where the oxygen con-
sumption rate is considered a function of the pressure, and in the
majority the researchers have applied the non-linear Monod kinetics
model.2¢"?! They are all based on knowledge of the values of the par-
tial pressure of oxygen at the cornea-tear interface, determined by
the phosphorescence quenching of a dye coated on the rear of a
lens.**22 This enabled the oxygen tension at the cornea-tear interface
to be determined using in vivo measurements for different contact
lenses worn. However, all the studies carried out have aimed to calcu-
late corneal oxygen consumption have only used the 1-D model. Nev-
ertheless, it is possible to incorporate a three-dimensional study based
on an axisymmetric finite element analysis in a realistic model of the
equations, as described in this work.

The model presented in this paper is an improvement on the work
of Takatori?® where a complete 3-D treatment with axial symmetry
was implemented. In contrast, the model of Takatori et al.>® and Kim
et al.?2 ignores the flow of oxygen in the radial direction, and models
all the fluxes, of both oxygen and other species, only through the axial
direction. They do this by breaking the system into a series of trun-
cated, concentric spherical sectors. The result is the conversion of the
three-dimensional diffusion in an axisymmetric system into a series of
approximately equivalent 1-D problems. Unfortunately, this approach
makes it very difficult to incorporate possible oxygen flows from the
peripheral cornea.

The model presented here allows us to study the influence of
oxygen flowing from the limbal region, in line with Takatori's model,
and to study a wide variety of lenses thanks to the real-time geometry
construction of the system using a few parameters, such as the thick-
ness and oxygen permeability of each lens.

As for the advantages of our work compared to Kim et al.?? we
believe that the model presented by Kim is erroneous in it presents a
2-D diffusion in a section of the eye, but uses Cartesian coordinates,
that is, the Kim et al. model uses for the gradient operator the expres-
sion (Vz%eﬁ%ey), while in the diffusion equation the term V- J
represents a divergence that incorporates an additional radial depen-
dence compared to the Cartesian case (e.g., in the case of interpreting
the two directions as those of the cylindrical coordinates). This differ-
ence is fundamental; as it incorporates the increase in area of the ele-
ments in the radial direction, and this variation is not included a priori
in the “rectangular” coordinates (see Appendix A in Kim et al., refer-
ence 22).

Finally, in our study we provide a three-dimensional (3-D) study of a
cornea as a system of six layers (endothelium-stroma-epithelium/tear/
lens/tear), considering that the maximum consumption rate is focused on
the epithelium, and it is a function of the oxygen tension at the cornea/
tear/lens interface. Accordingly, we determined the corneal oxygen ten-
sion and oxygen flux in each part of the cornea (epithelium, stroma and
endothelium) during contact lens wear, using data of oxygen tension at
the interface epithelium/tear-lens provided by Bonanno et al.”'! and

determined using the “dye” technique. The oxygen distribution profile
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across the cornea is calculated as a function of oxygen permeability of
the lens, and the oxygen permeability's values of epithelium, stroma, and
endothelium used in previous studies.**”2* This study offers a rigorous
and more comprehensive treatment of diffusion in the cornea/tear/lens
system by solving 3-D diffusion equations (with axial symmetry) incorpo-
rating the possibility of influx of oxygen from the atmosphere through
the pericorneal region, and the aqueous humor. The tool allows modeling
with only a few input values, under both open eye and closed eye condi-
tions, but still allowing us model a wide range of lenses (material, central
and peripheral thickness, optical power, etc.) and corneal geometry. The
numerical solution of the transport equations provides a wide range of
output values, including oxygen pressure profiles, oxygen fluxes and/or
oxygen consumption, as well as integrated values for the various regions
of interest in the system, with very small computing requirements, which
are available on most current desktop computers. All these parameters
are the most important to quantify the corneal physiology for the
clinician.

Compared to many previous works, our model includes a rigorous
and more comprehensive treatment of diffusion in the cornea/tear/
lens system by solving 3-D diffusion equations (with axial symmetry)
incorporating the possibility of influx of oxygen from the atmosphere
through the pericorneal region and the aqueous humor.

Additionally, all the software used is open source, which makes it
much more accessible to any researcher.

2 | MATHEMATICAL MODEL

We use FiPy?® to solve the partial differential equations describing
the diffusion of oxygen thorough the system, as described else-

13.15.2426.27 and in supplementary information.

were

Our model assumes cylindrical symmetry when solving
Equation (1), with the axis of symmetry coinciding with the eye axis,
but FiPy?® does not handle this symmetry natively. As a replacement,
we used a standard 3D treatment in FiPy, solving for the equation

(see supplementary information)

(7)) S (7 o(7) () 0 67) 0

where r = (r,z) are the radial and axial coordinates respectively in our
3D mesh, p is the partial oxygen pressure, k(?) the solubility, D<7)
the diffusivity, Q. (p(?,t)) is the cornea oxygen consumption and
t is time. Flux computation across different boundaries is needed to
incorporate the radial coordinate, as shown in Figure 1.

In this figure, the area highlighted in blue is the stroma, and the
area in green is the epithelium. The endothelium area (dark blue) and
the tear between the lens and the cornea (light red) and over the lens
are barely distinguishable due to their thickness. The lens region used
in the simulation is shown in dark red. The lines in yellow are the two
axes on which the variation of different quantities is obtained. Exter-
nal and axial thickness for the entire cornea is also shown for this lens

with values 591 and 532 pm respectively.
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FIGURE 1 System used for the 3D
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In the second term on the right-hand side in Equation (1) the cor-
neal oxygen consumption Q.(pc) is given as a function of the oxygen
partial pressure, which is absent in the contact lens and tear film
regions, and follows a Monod kinetics?®2° form in the corneal sys-

tem as

Qe max -p(7,t)

Qc(pc):m

Where, Q¢ max is the maximum oxygen consumption rate.

In Equations (1) and (2), solubility (k(?)) the diffusion coeffi-
cient (D (7)) and the Monod dissociation constant (K,,,) are consid-
ered a function of the position and take constant values within each
of the different layers in the system.

Additional details about the model and numerical procedures can
be found in the Supplementary Information.

For the geometry generation in FiPy, we used GMSH, as
explained in the FiPy manual.?®> GMSH allows us to describe the dif-
ferent eye boundaries as approximate arc segments that can be
adjusted in order to approximately represent different cornea/tear/

).2% We used around 200 cells in each direc-

lens systems (see Figure 1
tion in most of the computations in this study, although this value was
checked to ensure good levels of accuracy. All the computations were
performed on a personal computer with an Intel Core i7-3770K under
Debian Linux. FiPy version 3.1 was used in all the computations. The
use of GMSH allows us a great deal of flexibility to describe the geom-
etry. Other methodologies to incorporate the corneal geometry have
been proposed in the literature, based on orthogonal polynomials

representing the corneal topography.312

3 | PARAMETERS OF THE MODEL

For this study, we selected three contact lenses. The characteristics of

the lens, thickness, oxygen permeability, and transmissibility were

measured experimentally in our laboratory, following the procedure
described previously (see Table 1 and references 33-35). These
values are quite similar to those measured by the manufacturer, which
are given in asterisks in Table 1. This table also includes the average
maximum oxygen consumption rate estimated previously for the epi-
thelium in a human cornea during contact lens wear.*>”

The physiological parameters of the cornea for a 3-D model to
calculate the oxygen distribution across the cornea as a function of
corneal surface oxygen tension when wearing a contact lens are sum-
marized in Table 2. This table shows the values and units of the con-
sidered parameters in our model: oxygen tension on the posterior
corneal surface and lens surface under open eye and closed eye con-
ditions. It also presents the values of the maximum oxygen consump-
tion in the endothelium and stroma, oxygen permeability at the
epithelium, stroma and endothelium, the tear oxygen permeability,
the thicknesses of the epithelium, stroma and endothelium (cornea
thickness), the internal and external tear thickness and the metabolic
model parameter, K.

The thickness in the cornea increases uniformly from the center,
where the thickness is 532 pm, toward the periphery to 591 pm (see
Figure 1). The lateral thickness of the stroma and contact lens is con-
sidered variable. Each layer has a specific oxygen consumption for the
endothelium, stroma and epithelium, according to the values given by
Alvord et al.2 Compaii et al.**"'7 and Larrea et al.*® respectively. The
thicknesses of PoLTF (5 um) and PrLTF (15 pm) are considered con-
stant regardless of the lens worn. The stromal thickness increases as
we move away from the eye axis (see Figure 1), as discussed previ-
ously by Fares et al.%¢ For the oxygen diffusion coefficient in water,
we used the value of 3 x 107> cm?/s and for oxygen solubility, the

3 mmHg~* measured at 25°C.%7%8

value of 31 x 107¢ cm® of O, cm™
For the partial pressure of oxygen on the posterior corneal surface,
we used the value of 24.1 mmHg, which is the agueous humor oxygen
tension used in recent studies.>”?? The oxygen tension on the lens
surface under open eye conditions is equal to 155 mmHg, while with
closed eyes the value considered for the palpebral conjunctiva is equal

to 61.5 mmHg. The permeability values in each layer of the cornea
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TABLE 1 Parameters of the lens used in this study
Lens material (USAN name) Water content L (um)
Galyfilcon A 47% 717
Balafilcon A 36% 100°
Lotrafilcon A 36% 80%

Ymmm_NVILEYLLiE

P (Barrer) T (hBarrer/cm) Qepr (x107°) (cm3[0,] cm—3s7Y)
59.4 (60?) 83.7 (857) 50.5

100.5 (997) 100.0 (997) 61

141.8 (1407 177.3 (1759 57

Note: The oxygen permeability and transmissibility of the lenses listed are consistent with those in the paper by L.F. del Castillo et al.2®” This table also
presents the average maximum consumption (Qep) rate in the epithelium in a human cornea while the soft contact lens specified is worn. 1 Barrer = 1071

(cm?/s) (ml O, cm~3 mmHg™2).

2Thickness, permeability, and transmissibility are values referred by manufacturer.

TABLE 2

Parameters considered for the endothelium/stroma/epithelium/internal tear/lens/external tear model system when calculating the

oxygen tension distribution and flux profiles through a human cornea when a contact lens is worn

Parameter Symbol Value Units
Partial pressure of oxygen on the posterior corneal Pac 24.1 mmHg
surface
Partial pressure of oxygen on the lens surface Pair 155 mmHg
(open eye)
Partial pressure of oxygen on the lens surface Pep 61.5 mmHg
(closed eye) (conjunctiva palpebral)
Maximum endothelium oxygen consumption Oliverend 47.78 x 10°° cm3(0,) cm 35t
Maximum stroma oxygen consumption Qmaxes 5.75 x 107> cm3(0,) cm 357t
Stroma oxygen permeability (DK)stroma 29.5 Barrer
Endothelium oxygen permeability (DK)end 5.3 Barrer
Epithelium oxygen permeability (DK)epith 18.8 Barrer
Tear (water) oxygen permeability. (DK)tear 93 Barrer
Stroma oxygen diffusion coefficient Dstroma 281 x 10°° cm?/s
Endothelium oxygen diffusion coefficient Dend 0496 x 107> cm?/s
Epithelium oxygen diffusion coefficient Depith 1.767 x 10~ cm?/s
Central cornea thickness CCT 532 pm
Central epithelium thickness i 50 pm
Central stroma thickness tst 480 pm
Central endothelium thickness len 2 pm
K. (metabolic model parameter) Kn 2.2 mmHg
Pre-lens tear thickness (PrLTF) ki 15 pm
Post-lens tear thickness (PoLTF) tlacex 5 pm

Note: 1 Barrer = 10~ (cm?/s) (ml O, cm ™3 mmHg ™).

were the same as those considered by Alvord et al.2 The oxygen diffu-
sion coefficients for the epithelium, stroma and endothelium used in
this work are the same as those considered by Larrea et al.X8; the sol-
ubility values were therefore calculated based on the permeability
values and diffusion coefficient, assuming that average permeability in
each layer can be expressed as P = Dk. Finally, the maximum oxygen
consumption rate used in this study was for the endothelium? and for
the stroma.*® Based on this assumption, we consider that the largest
drop in oxygen tension occurs in the epithelium. Our model therefore
assumes that the average consumption in the stroma and endothelium
is practically constant, whereas this consumption varies considerably

in the epithelium.

4 | RESULTS

Figures 2, 3, and 4, for Galyfilcon A, Balafilcon A and Lotrafilcon A
lenses shown the results of our 3-D model calculations for the corneal
oxygen tension and the oxygen flux module, both under open and
closed eye conditions, respectively. Both parameters, oxygen tension
and flux module, are plotted for the axis and the periphery of the eye
in panels (e) and (f). In addition, we are highlighting the region with
zero flux inside the stroma (bright green line through the stroma
region in panel [g]). On the other hand, the time-dependent transient
oxygen tension (both for closed eye and open eye conditions) on the

eye surface axis (blue), and the average oxygen tension on the eye
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FIGURE 2 Values for oxygen tension under open (A) and closed (B) eye conditions, oxygen flux module for open (C) and closed eye (D),
oxygen tension (E) and oxygen flux module (F) over lines crossing the entire system (yellow paths in Figure 1), lines of oxygen flux (G) and

time-dependent transient oxygen tension (H) for a Galyfilcon A lens

tear surface (orange), are shown in Panels (h). Also a comparison with
experimental data from Bonnano et al.?*2° (blue dots) is also shown in
the same panel (h).

Figures 2A,B, 3A,B, 4A,B show the results of our 3-D model cal-
culations for a Galyfilcon A, Balafilcon A and Lotrafilcon A lenses of
71, 100 and 80 um thick (measured in the center of the lens), under
open eye conditions (a) and closed eye conditions (b). Under open eye
conditions, the pressure in the inner tear region (barely distinguishable

in the figure due to its size of 15 pm) is approximately 100, 118 and

122 mmHg respectively for Galyfilcon A, Balafilcon A and Lotrafilcon
A. Also panels (a) clearly show that in the periphery of the system the
oxygen tension reaches considerably lower levels than if we stick to
the region around the axis of the system (dark blue region), where the
oxygen tension reaches an approximate value of 88, 90 and
110 mmHg respectively. Under closed eye conditions, the oxygen
tension of the inner tear obtained, varies from 40, 40 and 45 mmHg
measured in the center to 25, 25 and 35 mmHg respectively for

Galyfilcon A, Balafilcon A and Lotrafilcon A, respectively determined
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FIGURE 3 Values for oxygen tension under open (A) and closed (B) eye conditions, oxygen flux module for open (C) and closed eye (D),
oxygen tension (E) and oxygen flux module (F) over lines crossing the entire system (yellow paths in Figure 1), lines of oxygen flux (G) and

time-dependent transient oxygen tension (H) for a Balafilcon A lens

on the periphery of the system for the lenses used. Note the change
of color in Panels (a) and (b) respectively. These values are better
determined using Panels (e, f) in Figures 2, 3, and 4.

A similar phenomenon occurs with the oxygen flux through the
cornea. Panels (c) and (d) show the magnitude of the oxygen flux
under open (c) and closed eye conditions (d) through the different
layers of the complete cornea/lens system. In this case, there is a wide
region with almost zero oxygen flux, which is the minimum value for
the concentration of oxygen (i.e., oxygen partial pressure) in panels
(b), which implies that the oxygen supply in this peripheral region
mainly comes from the endothelium tissue, while in the region

surrounding the corneal axis the oxygen supply originates through the
tear/lens/tear, and comes mainly from the atmosphere. The sharp
decrease in oxygen flux module from the tear-epithelium interface
toward the stroma is a consequence of the oxygen consumption of
the cells in the epithelium layer, as evidenced also in primitive 1D
models.?*

From Figures 2, 3, and 4, we have chosen two lines (in yellow in
Figure 1) that go through the lens/tear/cornea system in positions
close to the axis of the system (line 1), and another line more on the
periphery (line 2), in order to quantify the oxygen pressure gradient

under open and closed eye conditions.
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FIGURE 4 Values for oxygen tension under open (A) and closed (B) eye conditions, oxygen flux module for open (C) and closed eye (D),
oxygen tension (E) and oxygen flux module (F) over lines crossing the entire system (yellow paths in Figure 1), lines of oxygen flux (G) and

time-dependent transient oxygen tension (H) for a Lotrafilcon A lens

Panels (e) and (f) show the oxygen pressure profiles along the
two lines previously selected in this study (axial and peripheral). These
figures show how the peripheral line crosses a region with a much
lower oxygen concentration, and how this relates to the greater thick-
ness of the cornea in this region. By way of a comparison, it is inter-
esting to consider the result obtained by Compafii et al. using
the 1D model for pressure at the cornea-tear interface of
140-150 mmHg. 141>

Using the oxygen tensions (pO,) calculated through the cornea-

tears-lens, we also calculated the oxygen flux (J) using a combination

of Equations (S2) and (53) and Fick's law of diffusion across each layer.
Panels (c) and (d) in Figures 2, 3, and 4 show the oxygen flux profiles
for the cornea/tear/lens/tear vault for closed and open eyes respec-
tively. Because there can be no oxygen partial pressure discontinuity
at the interfaces between layers (cornea-tears, tears-lens and lens-
atmosphere), there must be continuity between fluxes, as was
observed in all cases.

A close inspection of panel (c) shows values of the oxygen flux
module in the different layers of the system along the two previous

lines (being the module the mathematical magnitude of the vector,
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in our case the physical oxygen flux, as defined in standard textbooks).
This panel also again shows that the values of the fluxes in the periph-
ery are lower than those obtained in the region near the axis, and
there is a sharp change in the flow magnitude, which indicates that
there is a region in the internal periphery in which the oxygen comes
from the epithelium. The oxygen flowing from the exterior lens/tear/
cornea together with the oxygen flowing from the endothelium can
be seen clearly in Panel (g), which shows the oxygen tension contours
under open eye conditions when wearing different lenses as consid-
ered in this work, with variable central thickness gathered in Table 1.
In this Panel, the green lines show the total oxygen flux into the sys-
tem from our 3D model. Is very interesting the observation of two
regions in the stroma, one with oxygen coming from the outside (from
the atmosphere), and another in which the contribution from the
endothelium prevails. The dark red regions indicate high oxygen flux,
while the dark blue regions indicate low oxygen flux.

The previous results confirm those obtained by other authors and
enable an in-depth analysis of the influence of the various parameters
on oxygen transport in the lenses under a wide variety of
conditions.?3?

Our model also allows us also to solve the transient in the same
system. To that end, we simulated the evolution of oxygen diffusion
from closed eye conditions to open eye conditions considering the
same lens-cornea system as before. Panel (e) in Figures 2, 3, and 4
show the oxygen tension profile on the cornea/tear/lens. The major
consequence in the simulation is that our 3D model predicts an impor-
tant difference for the oxygen pressure profile on the cornea-lens
interface (or cornea-tear in our model), if the oxygen pressure on the
axis is taken as the reference (the blue line in Panels [e]) or the aver-
age oxygen pressure on the entire surface of the tear (the orange line
in Panels [f]) is used. This is again due to the difference in thickness of
the lens in the peripheral zone compared to the central zone, which
results in a slower contribution of oxygen from the atmosphere, and
therefore in a longer relaxation time in the peripheral region. This con-
firms that cornea and contact lens thickness variations play an impor-
tant role in the oxygen flux diffusion, mostly through the epithelium
and stroma.

Finally, in Panels (h) the post lens tear-film oxygen tension on the
surface of the eye as a function of time has also been plotted, in both
the axial position and averaged over the region of the tear between
the lens and the surface of the cornea. As is apparent for the cornea/
tear/lens system, there is a good fit between the experimental data
and the oxygen pressure values in the axial zone, whereas if we take
the average for the tear region, the values are somewhat underesti-
mated compared to the experimental values.

The oxygen permeability of the lens causes an increase or
decrease in the corneal oxygenation, as seen in the contour plots. For
example, a comparison between Figures 2A,B and 3A,B for the Galy-
filcon A and Balafilcon A lens, respectively, shows larger central dark
blue regions in Galyfilcon A compared to Balafilcon A, spreading
inwards from the corneal periphery. Under closed eye conditions,

there is a major decline in oxygen concentration across the entire
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cornea (endothelium, stroma and epithelium), as shown by the change
from dark blue to light blue.

Although it is difficult to distinguish the differences between the
Balafilcon A (Figure 3A,B), and Galyfilcon A (Figure 2A,B) lenses with
this type of representation, it is possible to observe an increase in the
region, with higher oxygen concentration values due to both the
higher transmissibility of the Balafilcon A (100.0 hBarrer/cm) lens
compared to the Galyfilcon A lens (83.7 hBarrer/cm) (Figure 2A,B),
and because of the greater thickness of this lens. In addition, it has
slightly higher maximum consumption in the area of the cornea from
the endothelium to epithelium through the stroma. This is further
shown in the case of Lotrafilcon A (Figure 4A,B): The thickness of the
lens is similar to that of the Galyfilcon A lens, but the transmissibility
of the Lotrafilcon A lens (177 hBarrer/cm) is considerably greater.

As for the oxygen flux, a comparison between the three lenses
suggests that for the Lotrafilcon A lens, higher flow values are
observed than for the other two lenses. This is undoubtedly due to
the higher transmissibility of this lens (around of 177 hBarrer/cm),
combined with similar consumption values in the cornea region, which
generally increases the oxygen flows in the system. In general, the
transition region between oxygen flow from the endothelium to the
oxygen flow from tears is always around 200 pm from the endothe-
lium with open eyes and about 250 pm for closed eyes, taking the
axial axis as a reference. The greater consumption of oxygen in the
corneal area (Q.) and a higher transmissibility of these lenses could
explain this difference.

Table 3 shows values obtained from our 3D model for the oxygen
tension, oxygen flux and oxygen consumption at the interfaces Endo-
thelium/Stroma, Stroma/Epithelium and Epithelium/Tear for the three
lenses studied, and let us conclude that our model give an estimation
of oxygen flux and oxygen tension distribution with values ensuring a
good oxygenation for the demands generated in each of its parts (epi-
thelium, stroma and endothelium), both for open and closed eye con-
ditions. The oxygen tension profile suggests that the oxygen flux
increases toward the periphery and subsequently declines quickly
near the limbus. This happens more sharply in thin lenses. To compare
them we also determined the same parameters without a lens on the
cornea.

The oxygen consumption in the epithelium using the 3D-model
for Galyfilcon A, Balafilcon A and Lotrafilcon A contact lenses shows
that under closed eye conditions is Qgays (=6.52 x 107> cm® (O,)
eam® sl < Qpaar (=70x107° ecm® (0O om® s7Y
< QLotrat = 7.44 x 107> cm® (O4) cm~3 s71) when the system is under
closed eye conditions. However, under open eye conditions, the trend
is  Qoayr (=92x107° m® (0) em® s < Quotrr
(=10.0 x 107° cm® (0y) cm ™2 57 = Qgaiad) (=10.1 x 1075 cm® (Oy)
ecm~2 s71). A comparison between the values found for the oxygen
consumption considering the 1-D (see values in Table S1 of Supple-
mentary Information) and 3-D models, during the night for the three
lenses is around of 20% higher in our 3-D model than the study using
a 1-D model. This percentage increase for Galyfilcon A lenses even

when the comparison is done during the day.
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TABLE 3 Oxygen tension and

Lens Quantity Endothelium/Stroma Stroma/Epithelium Epithelium/Tear
oxygen flux values at the system
Closed eye interfaces between the internal
Galyfilcon A p (mmHg) 21.43 2.88 26.84 endothelium/stroma/epithelium/tear and
J (ul/cm? h) 236 055 711 average consumption in each region,
o under both open and closed eye
Qe ) 5612 S il e conditions according to the 3D model
Balafilcon A p (mmHg) 21.43 2.07 27.32
J (ul/cm? h) 2.36 0.42 8.01
Q (ul/cm® h) 1568.18 55.85 1639.32
Lotrafilcon A p (mmHg) 21.43 4.88 37.90
J (ul/cm? h) 2.36 0.84 9.34
Q (ul/cm® h) 1568.18 65.89 1732.50
No lens p (mmHg) 21.44 23.79 59.40
J (ul/cm? h) 2.35 2.60 7.39
Q (ul/cm® h) 1568.21 100.79 879.40
Open eye
Galyfilcon A p (mmHg) 21.35 34.99 91.92
J (ul/cm? h) 243 3.34 12.80
Q (ul/cm3 h) 1567.94 107.51 1745.10
Balafilcon A p (mmHg) 21.35 2991 91.07
J (ul/cm? h) 243 3.05 14.45
Q(u/cm®h)  1567.93 102.34 2097.71
Lotrafilcon A p (mmHg) 21.35 49.48 116.58
J (ul/cm? h) 243 4.08 14.94
Q (pl/cm3 h) 1566.48 184.21 1987.58
No lens p (mmHg) 21.38 92.20 151.91
J (ul/cm? h) 2.40 5.69 10.89
Q (pl/cm3 h) 1568.04 151.28 915.20

A comparison between the oxygen consumption found in this
study for the three lenses, with an oxygen tension at the epithelium/
tear interface higher than 100 mmHg, and the value obtained by
Bonanno et al.** for similar surface Po,, (Q = 22 x 107° cm® (0,)
cm~2 s71), shows that this is practically double to the values obtained
in our work. For a cornea without a lens, the average oxygen con-
sumption under closed eye conditions was 4.98 x 107° cm® (0y)
cm~2 571 and under open eye conditions the value obtained with our
3D model is 6.3 x 107> cm® (O,) cm™3 s~ 1. These values are smaller
than those obtained with the 1D model, because the oxygen con-
sumption under open eye conditions was 7.4 x 107> cm® (Oy,)

ecm~2 571, and for closed eye conditions (i.e., during the night) the

value was 6.4 x 107> cm® (O,) cm 357 L.

The oxygen flux found in the epithelium/tear interface was 7.11,
8.01, and 9.34 pl (O,) cm™2 h™? for Galyfilcon A, Balafilcon A and
Lotrafilcon A respectively under closed eye conditions, while under
open eye conditions the oxygen flux was 12.8, 14.45, and 14.94 l
(0,) cm~2 h™1, for Galyfilcon A, Balafilcon A and Lotrafilcon A respec-
tively. These values are higher than the values found using a 1D

1 who estimated oxygen flux

-3 h—l

model by Brennan’ and Del Castillo,

under open eye and
I 7,16

values of around 7.8 and 6.0 pl (O,) cm
closed eye conditions respectively using the diffusion mode

Finally, our results estimate an average oxygen consumption rate
in the epithelium of around 3.9 x 1074, 4.5 x 10~%and 4.7 x 10~ pl
(0,) cm™2 571, for Galyfilcon A, Balafilcon A and Lotrafilcon A respec-
tively under closed eye conditions and 4.9 x 1074, 5.9 x 10™* and
5.5 x 10~ pl (O,) em~3 s7%, for Galyfilcon A, Balafilcon A and Lotra-
filcon A respectively under open eye conditions. These values are
higher than the values used by Alvord et al.? as parameters in his 1D
model based on the BEL-model, which was 25.9 x 10> ul (Oy)
ecm 3 571 half the values estimated in our 3D model.

Given the different results found in this study for corneal oxygen-
ation between the central and peripheral regions, we expected
changes in the different reactions including glucose, lactate ions,
bicarbonate ions, carbon dioxide, and hydrogen ions, which take place
in the various parts of the cornea (epithelium, stroma and endothe-
lium), as has been reported by various researchers.1>12172224 A more
comprehensive study to determine how to change the carbon dioxide,
glucose, bicarbonate and lactate profiles and the change in pH
because of the lack of oxygen using our 3D model will be performed
in the future.

From the values reported in Table 3, we find that percent oxygen
consumption between the different regions of the cornea are approxi-

mately 3%, 36%, and 61% respectively for endothelium, stroma and
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epithelium wearing a Galyfilcon A lens onto a human cornea. These
values are quite similar for Balafilcon A and 2%, 46%, and 52% for
Lotrafilcon A. All these values are valid under open eye conditions.

Assuming the ratio of epithelial to endothelial cells is about 7:1,
the percent oxygen consumption of the endothelium cells is approxi-
mately 6.3 that of epithelium cells when a Galyfilcon A lens is used,
according to our model. Corresponding values of 5.2 and 5.5 are
found in case of Balafilcon A and Lotrafilcon A lenses. This study high-
light the excellent and equivalent oxygen performance of Galyfilcon A
and Balafilcon A during use prolonged, but its performance are smaller
than Lotrafilcon A. In summary, material selection seems to be critical
for maintaining corneal health, to guarantee that there is sufficient
oxygen to maintain a good corneal physiology the material configuring
the CL should have at least 80 hBarrer/cm of transmissibility. From
these results, we think the combination of this model with tear film
oxygen tension measurements given by the performance of a CL can
be useful to predict that maximum hypoxic corneal stress (Sy,im) moves
from close to the endothelium toward the anterior stroma, and both
deepens and broadens as anterior corneal surface oxygen tension
decrease. On the other hand, 3D model predicts sufficient oxygen flux
through epithelium in the three SiH materials studied.

This work is limited to the diffusion and consumption of oxygen
in each part of the cornea (epithelium, stroma, and endothelium). We
think that a more rigorous approach should also include studies of car-
bon dioxide, glucose, lactate ion, hydrogen ion, bicarbonate ion,
sodium ion, and chloride ion, in addition to water hydration and pres-
sure. The knowledge of the parameters would give a complete picture

that explains how epithelial hypoxia induces corneal edema.

5 | CONCLUSIONS

In this work, we have solved the non-stationary equations describing
the oxygen transport through the cornea-lens systems by using a 3D
model with axial symmetry. Our model, though not completely realis-
tic, approximate the cornea-system by using only a few set of parame-
ters (corneal and/or lens curvature radius, center of curvature, lens
permeability ...) which allows us to describe several lenses of commer-
cial interest.

We have found that the corneal oxygen demand is not constant
over the entire surface of the cornea. Previous 1D models considered
only the center of the cornea and contact lens. This would lead to
anoxia in limbal regions of the cornea.

The results for oxygen tension in the region of the periphery are
lower than the axial region due to the greater thickness of the cornea
and lens in this area in the lenses modeled in this work. Cornea and
contact lens thickness variations play an important role in the corneal
flux and oxygen tension distribution, for which a significant effect on
the oxygen availability is observed.

The cornea is divided into two regions so that the flow of oxygen
in each one comes from the inside of the cornea (the aqueous humor),
or from the exterior of the cornea/tear/lens from the atmospheric

oxygen tension. These two regions are separated by a surface, which

Y sk WILEY_L_¢%

is the equivalent to the point of maximum oxygen corneal stress in 1D
models* (Xmin). This surface can be defined both as the points of mini-
mum oxygen tension or the points of zero oxygen flux (green line in
panel h of Figures 2 to 4). As in the case of the 1D model,** it is found
that the position of this surface depends on the pressure at the sur-
face of the cornea, so that it is displaced from close to the endothe-
lium toward the anterior stroma, and both deepens and broadens as
anterior corneal surface oxygen tension decreases (that is, from open
to closed eye conditions).

The 3-D model under open eye conditions suggest an anterior
corneal oxygen tension, flux and an oxygen distribution in the epithe-
lial tissue in contact with the tear of 92 mmHg, 12.8 pl/cm? h and
4.83 x 10~* ml(O,)/cm® s respectively when the Galyfilcon A contact
lens is worn. The decline in oxygen consumption supported by the
cornea takes place just inside the epithelium, where the oxygen ten-
sion declines by between 155 and 116 for the Lotrafilcon A lens and
155 to 91 mmHg for Balafilcon A under open eye conditions. How-
ever, this decline under closed eye conditions was from 61.5 to 37.9
for Lotrafilcon A, while it was from 64.5 to 16.8 mmHg for
Galyfilcon A.

This work shows that proper inclusion of the realistic geometry of
the Cornea-Lens systems is of outmost importance in order to obtain
realistic values of oxygen tension, flux, and consumption for a set of
commercially available lenses present in the market.

Our model estimate an average oxygen consumption rate in the
epithelium of around 3.9 x 107, 4.5 x 10~ and 4.7 x 107* I
(0y) cm 3571 for Galyfilcon A, Balafilcon A and Lotrafilcon A respec-
tively under closed eye conditions and 4.9 x 1074, 5.9 x 10~ and
55x 107 pl (O,) cm™2 s7%, for Galyfilcon A, Balafilcon A and
Lotrafilcon A, respectively under open eye conditions. On the other
hand, the variation of oxygen flux between the interfaces epithelium/
tear and stroma/epithelium are found to be supported to a surface
PO, range of 57 mmHg, 61 and 67 mmHg, for Galyfilcon A, Balafilcon
A and Lotrafilcon A, respectively. Taking into account values obtained
from 1D model* we can conclude that following our 3D model none
of these three lenses provide critical oxygen flux and oxygen tension
values capable of producing hypoxia-induced corneal swelling.

Additionally we have solved for the full time-dependent diffusion
equation, not only the steady-state equation as previous works, 22223
which permits us to compare the transient oxygen tension at the sur-
face of the eye (see panel “h” in Figures 2, 3 and 4) with experimental
data, further validating our approach.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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