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Executive Summary

Contact lenses are becoming increasingly popular as a convenient and attractive way to correct visual impairments.  However, contact lenses impede the diffusion of oxygen into the cornea, which can cause hypoxia.  Prolonged hypoxia can result in oedema, an optical disorder characterized by corneal clouding, swelling, and ultimately impaired vision.  Because oxygen must first dissolve in the liquid tear layer of the cornea, diffusion is aided by increased moisture content.  Today’s contact lenses are made of hydrogels that contain a significant amount of water, but it is uncertain as to wearing contact lenses for an extended period of time will adversely affect the health of the eye.

We solved for oxygen diffusion through the cornea as a function of time and the lens moisture content using FIDAP software.  We modeled the problem as a one-dimensional diffusion problem and included a reaction term to account for the elimination of oxygen with time.  Our results indicate that hypoxia should not result in patients wearing daily contact lenses and only in individuals wearing extended wear contact lenses with a moisture concentration of less than 27%.  A sensitivity analysis showed that an approximated corneal diffusivity value proved sufficient to obtain an accurate solution. 

Introduction

The cornea is the transparent dome-shaped tissue that covers the eye.  Its highly refractive surface provides the eye with most of its focusing power and also functions to protect the eye from germs and dust
.  The cornea of an adult human is about 0.5 millimeters thick
.

The cornea’s transparency allows for light to enter the eye however, this means that there are no blood vessels in the cornea, and thus oxygen and nutrients carried in the bloodstream cannot reach this membrane2.  The cornea therefore must receive its oxygen supply direct from the air, through a simple diffusion process.  In order to reach the cornea, oxygen from the air dissolves in the liquid epithelial tear layer on the outside of the eye and then diffuses through the corneal membrane.  Consequently, carbon dioxide is removed from the corneal tissue through this same process.  Therefore the moist tear layer is essential for both the transport of vital oxygen to the cornea and the removal of carbon dioxide. The amount of oxygen available to the open eye is a function of the amount of oxygen in the atmosphere and is given as an equivalent oxygen percentage of 20.9%
.  If the cornea does not receive enough oxygen, it may warp over time and become less transparent, resulting in debilitated vision.  This hypoxic condition is known as oedema and is characterized by corneal clouding and swelling.  

The use of contact lenses impedes the oxygen diffusion process.  There are over 29 million people in the United States who wear contact lenses, most of whom use ”soft” contact lenses
.  Soft lenses are made of silicone hydrogels and are gas-permeable due to their ability to absorb up to water.  Soft lenses are usually comprised of 50 to 60% water by weight
.  This property also makes the lens more flexible and comfortable to wear than a rigid lens. However, there are also some drawbacks to using soft hydrogel lenses.  Softer lenses contain less solid material and more water, making them more fragile and easily damaged.  Individuals with serious vision problems often require a thicker lens, and thus the effect of improved oxygen diffusion due to increased moisture content is counteracted by the added thickness of the lens4.  Therefore, it is often not possible for some contact lens wearers to use soft contact lenses, and the more rigid lenses do not permit adequate oxygen diffusion to the cornea.  In terms of equivalent oxygen percentage, the amount of oxygen required to prevent oedema is 10% for daily wear lenses and 18% for extended wear lenses3. 

Objectives

Our objective was to investigate the effects of moisture content on the diffusivity of oxygen through a hydrogel contact lens.  We modeled oxygen diffusion through the lens and cornea for varying lens moisture contents.  Our ultimate goal was to determine the effect that moisture content has on the amount of oxygen reaching the cornea and the impact of contact lens use on the health of the eye, and apply this information to contact lens design.  We used the FIDAP software to model the diffusion of oxygen through the lens and into the cornea.

Schematic
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We modeled oxygen diffusion through the lens and the cornea as one-dimensional mass diffusion through a slab of two different materials.  We simplified our problem by modeling a section of the lens and cornea, neglecting any curvature.   
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Figure1.  Schematic, dimensions, initial conditions, and boundary conditions of the contact lens and cornea modeled for oxygen diffusion.  
Assumptions

· 1-D mass diffusion through lens and cornea

· Curvature is negligible, considering middle of cornea

· Consumption results in zero oxygen concentration far away from corneal surface
· Constant properties
· Oxygen is consumed in cornea by second order reaction
· Isothermal
Results and Discussion

Qualitative Description

The amount of oxygen available at the surface of the contact lens is equal to the partial pressure of oxygen in the air.  The partial pressure of oxygen (20.9%) was converted to concentration using the ideal gas law, in order to maintain units of mass diffusion [mg/mm3].  Assuming that the initial oxygen concentration in the lens and cornea are zero, the oxygen available from the air diffuses through the lens, prior to reaching the cornea.  In addition, the oxygen is used inside the cornea for various cellular functions and is therefore depleted by chemical reaction.  Using values from literature, we plotted reaction rates versus oxygen concentrations in the cornea in order to determine the rate constant and overall order of the oxygen consumption (see Figure 1). 
  The reaction was determined to be second order dependent on [O2]2, with a rate constant equal to 1.28 mg/mm3.  
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Figure 2. Plot of oxygen reaction rate versus concentration of oxygen squared.  Linear regression (R= .9999) indicates that reaction is second order, dependent on [O2]2.  Rate constant k is the slope of trend line 1.28 mg/mm3.  
The amount of oxygen that can ultimately reach the cornea is dependent on the diffusivity of the lens material.  Since we are determining the effect of the lens’s moisture content on oxygen diffusion, we used diffusion coefficients found from literature to compare three different moisture contents, 7, 22, and 65% (see Appendix A for parameters).
  The oxygen diffusion is also dependent on the diffusivity of the cornea.  This was approximated as the diffusion coefficient for a cat’s cornea due to the lack of available data for a human cornea.  

The diffusion of oxygen through the contact lens and into the cornea after 100 seconds for the three different moisture contents can be visualized in Figures 2a, 2b, and 2c below.  From these contour plots, it is apparent that oxygen diffusion increases with increasing moisture content of the contact lens.  The penetration depth of the oxygen in the cornea is for 65% moisture content is significantly greater, nearly double, than the depth for 7% moisture content.  
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Figure 3a. 65% Moisture Content 
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Figure 3b. 22% Moisture Content 
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Figure 3c.  7% Moisture Content

Figures 3a, 3b, 3c. Contour plots displaying diffusion of oxygen from left to right through contact lens’ of varying moisture contents and corneal after nine seconds.  Initial concentration of oxygen in both cornea and lens is zero.  

We plotted the concentration of oxygen versus time at node 1254, located in the cornea close to the surface, to determine the ultimate amount of oxygen that reaches the cornea (Figures 8a, 8b, 8c, 8d in Appendix C).  For daily wear and extended wear contacts, the cornea requires a minimum of 10% and 18% oxygen, respectively, to prevent oedema.  Based on steady state concentration profiles we determined that the cornea receives 2.03, 2.32, and 2.59 mg/mm3 of oxygen for 7, 22, and 65% moisture content, shown in Table 1 below.  We also simulated a “no lens” situation by using a very high diffusion coefficient (D =1) to confirm that the cornea receives the total 20.9% available from air when no contact lens is worn.  

	Moisture Content
	[O2] (mg/mm3)

	7%
	2.03

	22%
	2.32

	65%
	2.59

	100% (no lens)
	2.73


Table 1.  Steady state concentration of oxygen in cornea for 7%, 22%, and 65% moisture contact lenses.  

Based on these results, the amount of oxygen received in the cornea is dependent on moisture content of the contact lens.  As we expected, with greater moisture content, more oxygen can diffuse through the lens and into the cornea due to the increasing diffusivity values.  We converted these concentrations to Equivalent Oxygen Percentage (EOP) in order to compare the concentrations to the partial pressures of oxygen necessary to maintain corneal health (see Table 2 below).

	Moisture Content
	EOP

	7%
	15.5%

	22%
	17.89%

	65%
	22%

	100%
	20.9%


Table 2.  Equivalent Oxygen Percentages in cornea for 7%, 22%, and 65% moisture contact lenses.  

From our results, all three moisture contents provide a partial pressure of oxygen greater than 10% to the cornea.  Therefore, a moisture content as low as 7% (for a lens thickness = .06 mm) enables sufficient oxygen to diffuse into the cornea for daily wear contact lenses.    However, only 65% moisture provides at least 18% oxygen to the cornea suitable for extended wear contact lenses.  From a plot of our results (below) we determined that the minimum moisture content necessary to achieve 18% oxygen in the eye is approximately 27%.  We expected 65% moisture lenses to meet the oxygen needs for both daily and extended wear contacts since its diffusivity value is an order of magnitude greater than that for 7% and 22% and is very close to the value for oxygen in water.  However, we did not expect 7% moisture content to provide adequate oxygen supply to the cornea for daily wear since its diffusivity value was so low.  The diffusivity value of oxygen, 231 x 10-6 mm2/s in a lens with 7% moisture is only a tenth of the value for diffusion of oxygen in water, 2000 x 10-6 mm2/s.
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Figure 4.  Equivalent Oxygen Percentage (EOP) versus percent moisture of contact lens.  An EOP of at least 18% requires a moisture content of 27% or greater.

We also modeled the concentration of oxygen through the lens for a shorter time period, 50 seconds, to understand the diffusive behavior for the first minute upon placing a contact on the eye surface (See figures 9a, 9b, 9c, in Appendix C).  We determined that oxygen diffuses through the lens most rapidly within the first ten seconds for all three moisture contents.  As we expected concentration increases the fastest for 65% moisture.  After ten seconds the middle of the contact lens receives 1.81, 2.10, and 2.50 mg/mm3 for 7%, 22%, and 65% moisture content, respectively.  

To determine the amount of oxygen reaching the cornea far from the surface we plotted concentration versus time at node 626 for 50 seconds (See figures 10a, 10b, and 10c in Appendix C).  The initial curves were concave upward suggesting that the concentration continues to increase without leveling off, which we did not anticipate.  Due to our knowledge of the diffusion process in conjunction with an elimination reaction, we expected the curves to plateau and reach steady state values.  To test our theory, we plotted the concentration for a much longer time period, 1000 seconds, and verified that the oxygen concentration does eventually reach a steady state value far inside the cornea (See figures 11a, 11b, and 11c in Appendix C).  

Sensitivity Analysis

We performed a mesh convergence analysis in order to determine the mesh density necessary to obtain an accurate solution.  We doubled the interval in our initial mesh to produce a finer mesh with significantly increased nodal density.  Diagrams of our initial and finer mesh can be found in Appendix B.  We plotted concentration versus time at nodes 36 and 67 for the initial and finer mesh, respectively (See Appendix B for mesh convergence).  Both nodes are located in the same position on the border of the corneal surface.  The solutions for both meshes were very similar indicating that our results were not dependent on the initial mesh we used and were therefore valid.  

In addition, we analyzed the sensitivity of our results to the approximated diffusivity value used for the cornea.  Further assuming that the value for a human cornea would not differ that much from that of a cat’s cornea, we varied the diffusivity value by +/- 80 mm2/s.   Figure 4 below is a plot of our solutions for lower and higher diffusivity values for the cornea, D = 50 and 200 mm2/s respectively.  The solutions are very similar which indicates that the approximation as a cat’s cornea has very little effect on our final results.  
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Figure 5.  Sensitivity analysis of corneal diffusivity.  Solutions for normal, higher, and lower diffusivities are not significantly different, indicating approximation is sufficient.  

Discussion and Conclusions  

Analysis

Hypoxia is a condition in which sufficient oxygen is unable to reach the cells within the cornea.  Hypoxia can result in a disorder known as oedema in which the body seeks to alleviate the lack of oxygen by pumping excess water into the cornea.  This causes swelling, irritation, and later deterioration of corneal tissue
.  Since the cornea is virtually void of blood vessels, diffusion is an essential mode of oxygen transfer.  

Contact lenses act as a barrier to the diffusion of oxygen from the outside atmosphere and thus they could be potentially dangerous in causing oedema.  The lenses we are considering are soft contact lenses made from a hydrogel matrix.  The hydrogel is unique in that it is able to maintain its structure although it is mainly comprised of water.  As oxygen must dissolve into water before diffusing to the cornea, the higher the moisture percentage of the contact lens, the better it is at absorbing oxygen.  Conversely thicker contact lenses, which hold more water, are a larger barrier and thus require a longer distance for diffusion.   

An equivalent oxygen percentage (EOP) of 10% is required for daily contact lens wearing and 18% is required for extended wearing
.  We calculated the EOP values for a contact lens with varying moisture concentrations as shown in Table 2.  All EOP values are significantly greater than the 10% required for daily wearing.  On the contrary for extended wearing the EOP values are only above the minimum threshold (EOP = 18%) when the percent moisture is beyond 27%.

Assumptions and Further Studies

Our preliminary study is insightful but a few minor changes could be made to make the model more representative of the actual situation.  We assumed that the tissue behind the center of the contact lens would be the most at risk for damage resulting from hypoxia.  However the cornea doesn’t only receive oxygen from the atmosphere.  One purpose of the aqueous humor is to constantly flush the cornea with oxygen whenever it is low.  Since oxygen supply from the atmosphere was the only consideration in our model, the concentrations of oxygen in the cornea that we determined are actually lower than in reality. 
      

Besides the aqueous humor we would also need to consider the effects of changing the moisture content and temperature of the cornea.  Blinking causes the outside of the lens increase in moisture content whereas keeping one’s eye open results in continual drying of the contact lens.  Although the corneal temperature will be mediated by the body, it is not deep within the body and thus will be subject to environmental temperature changes.  As temperature drops so too does the ability of oxygen to diffuse through water
.  Thus during cold, dry winter months contact lens wearers are more prone to hypoxic conditions than during a warm, wet summer.  The effects of changing moisture content and temperature were not considered as well as the aforementioned dousing of oxygen from the aqueous humor.

Another major assumption was that the diffusivity of oxygen in the cornea of a cat is the same as that of a human.  We can reasonably assume that the diffusivity for a human cornea does not differ significantly from a cat’s.  Our sensitivity analysis indicated that an increase or decrease in the diffusivity value, within two orders of magnitude, had no significant effects on the solution.  Therefore, our model can still be applied to design for human purposes. 

Future analogous research should seek to model the entire cornea, and in this case the different corneal properties of a human and cat might become significant.  Additionally considering the aqueous humor as a source of oxygen should be added as well.  Finally since we considered this as a transient problem, it would not be very difficult to consider periodic property changes resulting from a change in moisture content due to blinking or keeping one’s eye open.

Design Recommendations

Manufacturers must consider various restraints on their product such as cost, comfort, effectiveness, and health risks resulting from the product.  Since a large market has been shown to exist for contact lens wearing, the manufacturers should now seek to increase their profit margins without sacrificing quality.  This study should help contact lens manufacturers to optimize their design.  

Producers of daily wear lenses now should be confident that they can reduce the thickness of their lenses without worrying about an increase in the incidence of oedema.  With a reduction in thickness comes a decrease in material cost which can then be passed on to the customers.  Manufacturers should note that as described earlier, our contact lens was modeled to have a thickness of 0.06 mm.  

Our study also highlighted a potential danger area for producers of extended wear contact lenses.  If they have similarly sized contact lenses, they should be very concerned that their product does not have a moisture percentage below 27%.  Although this might require an overhaul of the current product or simply a minor production alteration, it is necessary to insure the safety of the customers from oedema and permanent eye damage.

Consumer Considerations

Our investigation into the desired moisture content of contact lenses is insightful but still incomplete in considering all factors of determining which contact lens to wear.    Bacterial infection, other prescription drugs, as well as the age of the person and their level of visual impairment are all significant considerations when choosing the correct contact lens.  

Consumers need to be cognizant of not only how thick their contact lenses are and how much water is in them but also what the lenses are made out of.  Bacterial infection is common amongst hydrogels produced with cheaper materials. Pseudomonas aeruginosa attaches to the current hydrogels at a frequency of 1 in 500.  Researchers predict that the use of silicone in the hydrogels will likely reduce this
.  Thus, especially if you do not frequently clean your contact lenses you may want to consider more expensive silicone hydrogels.

Other prescription drugs are also capable of altering a person’s visual capacity. The use of oral contraceptives such as the birth control pill has resulted in increased corneal sensitivity, “this has usually presented an intolerance to the use of contact lens.”
  You should consult with your optometrist especially if you are taking immunosuppressive drugs
, eye drops
, or other potentially optically affecting drugs.

In addition, as an individual ages, the blood vessels weaken and the body’s overall capacity to deliver oxygen is reduced.  Thus although the cornea is primarily supplied with oxygen from the atmosphere, older individuals need to be cautious about damaging corneal tissue as a result of wearing contact lenses.  Finally, strong prescriptions require thicker contact lenses.  Individuals with poor eyesight need to consider this fact in light of the aforementioned argument that as a contact lens thickness increases, the ability of oxygen to diffuse into the cornea diminishes.

Appendix A.  Mathematical Statement of the Problem 

Governing Equation

Species conservation equation:  
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Oxygen depletion in cornea modeled by second order reaction:  

rA= -1.28[O2]2

Rate constant:

 k = 1.28 mm3/mg·s


Initial and Boundary Conditions

O2 concentration at contact lens surface:  C(x =0) = 2.73 x 10-4 mg/mm3
O2 concentration at seminifinite boundary: C(x =L) = 0 mg/mm3
Flux at symmetrical axis:  
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Initial O2 concentration:  Ci(t=0) = 0 mg/mm3
Input Parameters

Dimensions

Thickness, t = 0.06 mm

Diameter, d = 14 mm

Diffusion coefficients

Diffusion coefficient of oxygen through cornea, DO2 = 119 x 10-5 mm2/s


Diffusion coefficient values for different moisture contents of hydrogel contact lens

	Moisture Content (%)
	D (x 10-6 mm2/s)

	7
	231

	22
	450

	65
	1520


Specific Boundary Types (Edges)

	Name
	Type
	Description

	AIR
	PLOT
	Portion of contact lens exposed to air

	INTERFACE
	PLOT
	Interface between lens and cornea

	CORNEA
	PLOT
	Semi-infinite boundary of cornea

	CORNEA TOP
	PLOT
	Top of cornea entity

	CORNEA BOTTOM
	PLOT
	Bottom of cornea entity

	LENS TOP
	PLOT
	Top of contact lens

	LENS BOTTOM
	PLOT
	Bottom of contact lens


Specific Continuum Types (Faces)

	Name
	Type
	Description

	Cornea face
	SOLID
	Entire Cornea being modeled

	Lens
	SOLID
	Entire Lens being modeled


Appendix B.  Problem Statement
Problem Statement

Our objective was to investigate the effects of moisture content on the diffusivity of oxygen through a hydrogel contact lens.  We modeled oxygen diffusion through the lens and cornea for varying lens moisture contents (7%, 22%, and 65%).  Our ultimate goal was to determine the effect that moisture content has on the amount of oxygen reaching the cornea and the impact of contact lens use on the health of the eye.


	Moisture Content
	EOP

	7%
	15.5%

	22%
	17.8%

	65%
	19.8%

	100%*
	20.9%


*100% moisture content represents oxygen delivered to an open eye with no contact lens



Time Integration Statement

To determine the steady state values of oxygen concentration in the cornea we used a long time period of 1000 seconds.  We used a time step of 1 since our computation time was relatively low.  To model the diffusion in the lens and far away in the cornea, we used a time period of 50 seconds with a time step of 1 as well.  We used a shorter time period to model the initial changes that occur upon placing the contact lens on the cornea.

	Descriptor
	Variable
	Value

	No. of Time Steps
	Nsteps
	50

	Starting time
	Tstart
	0

	Ending time
	Tend
	1000

	Time increment
	Dt
	1

	Time stepping algorithm
	Variable
	1

	Max increase factor
	Incmax
	1.2


Plot of Element Mesh
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Figure 6.  Plot of element Mesh.  a indicates Node 36 used for sensitivity analysis.  b indicates Node 1254 used to determine concentration in cornea.  c indicates Node 626 used to model diffusion far away from corneal surface.  d indicates Node 324 used to model diffusion for inside the lens. 
Convergence of Solution and Mesh Refinement

Solution converges at mesh refinement, final mesh has 1281 nodes. 
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Figure 7.  Sensitivity analysis of mesh density.  Solutions for initial and finer mesh converge, indicating that initial mesh is sufficient.  

Appendix C. Data
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Figure 8a.  7% moisture content

[image: image15.png]TIME
HISTORY PLOT
0.23188 SPECIES |
0 NODE 1254
0.20300-|
SPC 1
x1e- 3
017432
014564
6.11696-]
0.08628
T T T T T T
01000 ©.20800 ©.40600 ©.60400 ©.80200 1.00000 FEBAAF;F%JQ
TIME (x18+ 3> 14:44:36





Figure 8b.  22% moisture content
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Figure 8c.  65% moisture content
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Figure 8d. 100% moisture content

Figure 8a, 8b, 8c, 8d.  Steady state solutions for amount of oxygen available to cornea in 7%, 22%, 65%, 100% (theoretical), moisture contact lenses.  
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Figure 9a.  7% Moisture Content 
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Figure 9b. 22% moisture content
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Figure 9c.  65% Moisture Content

Figures 9a, 9b, 9c.  Oxygen concentration in the lens (node 324) versus time for 50 seconds.  
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Figure 10a. 7% Moisture Content
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Figure 10b.  22% moisture content 
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Figure 10c. 65% moisture content

Figure 10a, 10b, 10c.  Oxygen diffusion far away from corneal surface, node 609 for moisture contents 7, 22, and 65%.  
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Figure 11a.  7% moisture content
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Figure 11b. 22% moisture content
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Figure 11c. 65% moisture content

Figure 11a, 11b, 11c.  Steady state solutions for oxygen concentration far away from the cornea’s surface for lens moisture contents 7, 22, and 65%
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