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INTRODUCTION

AIMS

MATERIALS & METHODS

•	 A high level of oxygen in the pre-corneal tear film during contact lens wear is required to prevent 
structural and physiological changes associated with hypoxia1. Adverse effects occur with greater 
frequency and severity when the partial pressure of oxygen (P0)  behind the contact lens is low2, 3.

•	 The minimum atmospheric oxygen requirements to prevent corneal effects include:

	 -	 Corneal oedema	 10% oxygen1,4

	 -	 Loss of sensitivity	 8% oxygen5

	 -	 Reduction in corneal mitosis	 13% oxygen6

	 -	 Peripheral corneal edema	 12% oxygen4

	 -	 Endothelial blebs	 16.6% oxygen7 

	 -	 Limbal Redness	 16.8% oxygen8 

	 -	 Epithelium acidosis	 20.9% oxygen9

•	 In this study Equivalent Oxygen Percentage (EOP), oxygen partial pressure under a lens (P0) and 
oxygen flux into the eye during contact lens wear were calculated by measuring oxygen uptake 
rates (OUR) into the lens front surface in vivo10 or into the cornea after contact lens wear11 under 
open and closed eye conditions.

•	 To determine the EOP with various silicone hydrogel and control hydrogel contact lenses under 
open and closed eye conditions.

•	 To derive P0 and oxygen flux during contact lens wear under open eye conditions.

•	 Ten non-habitual contact lens wearers wore all lenses in a prospective, non-dispensing, randomised, 
open label study.

•	 Four silicone hydrogel lens materials (Focus NIGHT & DAY, O2Optix, PureVision and Acuvue 
Advance) in two lens powers (-3.00DS and +6.00DS); one conventional 58% water content hydrogel 
(Acuvue 2, -3.00DS) and a thicker conventional 38% water content hydrogel (CIBASoft, +6.00D) 	
were used.

•	 The Dk of each lens material and central and harmonic mean thicknesses (t) for the central 8 mm 
of each lens and power were measured. Dk/t was calculated using these measured values.

•	 The Clark-type polarographic oxygen sensor (POS) Radiometer E5047/0 and Radiometer Amplifier 
PHM 73 linked to a personal computer were used to measure oxygen uptake rates (OUR) into the 
contact lens or into the cornea. 

•	 The polarographic oxygen sensor (POS) was calibrated in air (155 mmHg O2) and nitrogen (0 
mmHg O2) in saturated Milli-Q solution maintained at 36°C at each session. The 140-40 mm Hg 
segments of the POS-reservoir depletion records were recorded and used to derive the OUR.

•	 Baseline corneal oxygen uptake rates (COURs) were measured by placing the polarographic 
oxygen sensor on the corneal surface and measuring the rate of flow of oxygen out of the sensor 
into the cornea of each of the subjects. Three baseline readings were taken for each eye.

•	 Contact lens oxygen uptake rates (CLOURs) on the surface of the contact lens were measured 
after 30 minutes contact lens wear under open eye conditions.

•	 Equivalent Oxygen Percentages (EOPs) were obtained by comparing COURs immediately after 
the contact lens was slid off (average 1.5 secs) following  45 minutes of contact lens wear under 
open eye conditions to those obtained with a series of six known gases in goggles (0%, 5.5%, 
10.2%, 15.0%, 18.0%, 21.0% oxygen concentration) on the same subjects.

•	 Closed eye EOPs were measured using COURs obtained immediately after the eye was opened 
and the lens was slid off (average 3 secs) following 5 minutes of contact lens wear under closed 
eye conditions.

•	 Mathematical models were developed to calculate P0 and oxygen flux using the contact lens 
oxygen uptake rate (mmHg/s) under open eye conditions following Rasson and Fatt as follows:

-	 �When the probe is applied to a lens front surface an immediate fall in pO2 is recorded on 
the front of the lens but this decrease takes some time to be felt at the back of the lens; the 
time taken determined which model was applicable. Such models depend on the square of 
thickness and diffusion coefficient (l2/D). This property represents how quickly a change in 
conditions at the front of the lens is experienced at the back of the lens. 

-	 �It was assumed that before the probe is applied on the lens, oxygen levels in the lens and 
eye are in equilibrium and Fick’s Second Law applies.

-	 �Other assumptions included that the corneal oxygen consumption rate and the lens centre 
thickness were constant during the measurement period. The solubility of oxygen in silicone 
(i.e. polymethydisiloxane - PDMS) and water and the percentages of these two components 
in each lens were used to estimate oxygen solubility (k) in each lens material.The diffusion 
coefficient for each material was derived from the weighted k of PDMS for each lens.

•	 The equilibrium oxygen flux for each lens material was expressed in terms of a relative oxygen flux 
scale; where 1 equals the derived oxygen flux through the highest central Dk/t lens.

Table 1. Significant differences in  P0 between -3.00D silicone hydrogel lenses under open eye conditions.

P0 Between -3.00D Si-Hi
Linear Mixed 

Model ANOVA
Post Hoc Bonferroni Comparison

Lens Group N Mean SD Min Max

<0.001

Advance FND O2Optix PV

Focus N&D -3.00 10 142.5 1.1 141.2 144.9 <0.001 <0.001 <0.001

O2Optix -3.00 10 137.2 1.6 134.2 139.3 <0.001 <0.001 <0.001

PureVision -3.00 10 125.9 2.3 122.0 129.0 0.236 <0.001 <0.001

Advance -3.00 10 124.4 3.0 118.5 127.9 <0.001 <0.001 0.236

PARTIAL PRESSURE OF OXYGEN BEHIND SILICONE HYDROGELS UNDER OPEN EYE 
CONDITIONS CALCULATED FROM CONTACT LENS OXYGEN UPTAKE RATES

•	 P0 (mmHg) increased with increasing contact lens Dk/t (Figure1). Significant differences in P0 occurred between silicone 
hydrogel lenses (Tables 1 and 2)

•	 The following non-linear regression equation was fitted to derive the relationship between central Dk/t and P0 using the 
mean values for each lens type and power as shown in Figure 1. 

Figure 3. Each data point represents the mean EOP of 10 subjects for each lens. The error bars are derived 
from the standard error of the mean.

STATISTICAL ANALYSIS

CONCLUSIONS

•	 Non-linear regressions were conducted to determine the relationships between P0 behind the 
lenses, (relative) oxygen flux and EOP, with Dk/t.

•	 Linear Mixed Model ANOVAs were used to compare P0 behind the lenses. Bonferroni post-hoc 
comparisons were used for paired comparisons. The critical level for statistical significance was p 
< 0.05, with adjustment for multiple comparisons.

•	 As Dk/t increases, the availability of oxygen underneath the contact lens increases in a logarithmic 
manner. 

•	 Significant differences in oxygen level underneath lenses (P0 and EOP) occurred between 
conventional hydrogel lens and silicone hydrogel lenses, and between lower and higher Dk/t 
silicone hydrogel lenses.

•	 Relative oxygen flux was unable to differentiate between the corneal oxygenation levels under 
contact lenses of low and high Dk/t. 

•	 Deriving P0 from the CLOUR and measurements of lens Dk and thickness and estimates of P1, D 
and k gave less variable results than EOP, due presumably to the more interventionist nature of 
the EOP measurement method.

•	 Limitations of this study include:

	 -	 Dynamic measurements on-eye disrupt the steady-state.

	 -	 �Assumption that the solubility of oxygen in the silicone hydrogel ‘backbone’ is the same as 
PDMS. 

•	 Further research and refinement of the models including the parameters of the lenses such as D 
and k for each material will give better definitions of P0 and oxygen flux.
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RELATIVE OXYGEN FLUX INTO THE CORNEA WITH DIFFERENT SILICONE  
HYDROGELS AND THICK HEMA CONTACT LENS UNDER OPEN EYE CONDITIONS

•	 The relative oxygen flux increased to 1.36 units with increasing Dk/t up to 84 units and then fell to 1 with the highest Dk/t 
lens  as shown in Figure 2.

Table 2. Significant differences in  P0 between +6.00D silicone hydrogel lenses under open eye conditions.

P0 Between +6.00D Si-Hi
Linear Mixed 

Model ANOVA
Post Hoc Bonferroni Comparison

Lens Group N Mean SD Min Max

<0.001

Advance FND O2Optix PV

Focus N&D +6.00 10 110.5 2.3 107.3 114.0 <0.001 <0.001 <0.001

O2Optix +6.00 10 100.7 5.1 89.5 107.9 <0.001 <0.001 1.000

PureVision +6.00 10 100.7 3.8 92.1 106.7 <0.001 <0.001 1.000

Advance +6.00 10 84.7 4.2 79.6 93.9 <0.001 <0.001 <0.001

Table 3. EOP values estimated for the different lens types under open eye conditions 

Average Dk/t (8mm) 6 16 40 60 83 106 119 128 174
Estimated EOP Open Eye 3.6 8.6 13.4 15.5 17.2 18.4 19.0 19.4 21.0

EOP Lower 95% CI 2.2 7.7 12.8 14.9 16.6 17.8 18.4 18.7 20.2

EOP Upper 95% CI 4.9 9.5 14 16.0 17.7 19.0 19.7 20.1 21.8

•	 The relationship between EOP under open eye conditions and Dk/t (averaged over the  central 8 mm) is shown in Figure 3.

OPEN EYE CONDITIONS

Table 4. EOP values estimated for the population under closed eye conditions for different Dk/t’s.

Average Dk/t (8mm) 6 16 40 60 83 106 119 128 174
Estimated EOP Closed Eye -1.5 0.3 2.01 2.8 3.3 3.8 4.0 4.1 4.7

EOP Lower 95% CI -3.3 -0.9 1.21 2.0 2.6 3.0 3.1 3.2 3.7

EOP Upper 95% CI 0.4 1.6 2.8 3.5 4.1 4.6 4.9 5.0 5.7

EQUIVALENT OXYGEN PERCENTAGE (EOP)

Open Eye EOP= 5.1779 * [Ln(Dk/t)] – 5.7238	
(p < 0.001, R2= 0.977)

•	 The EOPs values for lenses with an average (central 8 mm) Dk/t lower than 83 were statistically different from those 
above 106. Moreover, lenses with an average Dk/t of 174 were statistically different from lenses with a lower average Dk/t 
of 128, as shown in table 3.

Closed Eye EOP= 1.8365* [Ln(Dk/t)] – 4.7679	
(p = 0.001, R2= 0.751)

•	 The EOPs values for lenses with an average (central 8 mm) Dk/t lower than 40 were statistically different from those above 
106 as shown in table 4.

CLOSED EYE CONDITIONS

•	 The relation between EOP under closed eye conditions and Dk/t (averaged over the central 8 mm) is shown in Figure 4.

Figure 4. Each data point represents the mean EOP of 10 subjects for each lens. The error bars are derived 
from the standard error of the mean.

Figure 5. Oxygen Sensor at Applanation Figure 6. Oxygen Sensor Applanating bare cornea

Figure 1. Calculated P0 underneath lenses under open eye conditions. Each data point represents the mean 
CLOUR for 10 subjects with each lens and the error bars the standard error of the mean for the lens type.

Variation in Oxygen Level underneath different Silicone Hydrogel Contact Lenses
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P0 = 33.949 * Ln (central Dk/t) – 37.344	
(R2 =  0.986)

Figure 2. Relative oxygen flux versus central average Dk/t for different silicone hydrogels and a thick HEMA. 
Each data point represents the relative mean of 10 subjects for each lens.

Relative Oxygen Flux of Different Contact Lenses

Centre (measured) Dk/t

R
el

at
iv

e 
Fl

ux

Average (8mm) Dk/t Average (8mm) Dk/t

O
p

en
 E

ye
 E

O
P

 (
%

)

C
lo

se
d

 E
ye

 E
O

P
 (

%
)


