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This work reports the apparent oxygen transmissibiliy/t).p, of four silicone hydrogel (StHy) contact

lenses (CLs). A method is described that allows the estimation of the oxygen tension at theoleres
interface for closed- and open-eyelids situations combining the instrument oxygen transmissibility (I0T) and
corneal parameters such as corneal thickness, corneal permeability, and oxygen flux across the cornea. From
these results, the biological oxygen apparent transmissibility (BOAT), equivalent oxygen percentage (EOP),
partial pressure ), of oxygen at the corneeCL interface and oxygen fluxjd), were also obtained. This
method allows the evaluation of the physiological environment under the lens using the formulations described
in previous studies. The oxygen performance of fourt®y materials was evaluated using a polarographic

cell coupled to a permeometer. Measurements of the apparent transmissiDiittysof and permeability,

Dk, were performed in stacks containing from lriaepeated lenses and, from the values obtained, the
error involved in the measurements in single samples was estimated. It was found that the values of
(DK/t)app and Dk obtained following the two different procedures (stack method and measurement of
single sample) were significantly different from the nominal values given by the manufacturer, particularly
for some samples. However, the impact of these differences on the values of the other physiologically rele-
vant parameters (BOAT, EORy, andj.) was not significant. Furthermore, these parameters were similar

for the four lenses in spite of the differenDK/t).p, measured. The relationships dDlt)ap, With the
remaining physiological parameters were calculated and graphically represented for open and closed-eyelid
conditions.

1. Introduction 70 barrer/cm will have a minor impact on the oxygen flux onto
the cornea, even under overnight wear. BreAheeported that

Since the first attempts to prescribe overnight contact lens values ofDK/t of 15 and 50 barrer/cm will be enough to satisfy

(CL) wear during the 1980s, the increase of the oxygen _ , S .
permeability of CL materials has been a challenge for scientists . (,)f the cornea’s normal oxygen consumption in daily and
involved in CL engineering. Corneal swellidgimbal redness, overnight wear.

epithelial thinning® mycrocist4® are just some of the complica- Nowadays, new polymers containing highly permeable si-
tions attributed to corneal oxygen depletion during CL wear. loxane moieties are available, which significantly improve
Under normal open-eyelid conditions, the cornea at sea level oxygen permeation performance. Some of these materials have
requires a minimum oxygen supply of 5 to ZB-cm~2hour .87 been worn under continuous wear for periods up to 30 days
Holden and MertZ predicted that lenses under daily wear without relevant ocular complicatiodd:17 As a consequence,

conditions should provide a minimubkit of 34 barrer/cm, or  these materials also offer the possibility of being continuously
an equivalent oxygen percentage (EOP) of 9.9%, whereas thisy,or for therapeutic ust21

value would increase up to 87 barrer/cm (E&P17.9%) to . .
prevent corneal hypoxia and thus limit corneal edema to Four different procedures have been used to determine the

physiological levels €4%). However, more recent estimates ©XY9en transmissibility and permeability coefficients of CLs.
made by Harvitt and Bonanrfaytilizing the metabolic require- Three of these procedures use a Clark oxygen electrode covered
ments of the cornea under hypoxic conditions, suggest the Py the lens directly? or separated by a thin Teflon membrane
necessity of providing the cornea with higher levels of oxy- Of known oxygen transmissibility, to measure the oxygen flux
genation to avoid hypoxia through the whole cornea under through the lense®¥:?* The first method was developed for
overnight CL wear. In this case, a minimudi/t of 125 barrer/ hydrogel lenses that are swollen in the electrolyte required for
cm would be necessary. Recent studies conducted by Comparthe electrochemical reaction to take place on the electrode. The
et all® reported that CLs with oxygen transmissibility higher second method is similar to the first one but adapted for rigid
than 100 barrer/cm provide the lensornea interface with an  hydrophobic CLs. In this case, a thin piece of cigarette paper
oxygen tension that reduces the concentration gradient, thoughsoaked in an electrolyte solution is sandwiched between the
the oxygen flux into the cornea increases due to the hiBikér Ly drophobic lens and the electrode to establish the electrolytic
t. According to these studies, increasing the valuBldf above contact between the lens and the elect@déThe third method,
which can be used for hydrogels as well as for rigid lenses,
_*To whom correspondence should be addressed. E-mail: contains an electrolyte solution between the Teflon membrane
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the lens from the chamber with the higher partial pressure of with those from the gas-to-gas configuration of the coulometric
oxygen to the second chamber fitted with an oxygen-consuming technique for the lotrafilcon A material. The gas-to-gas con-
electrode?® figuration used gave highebk values due to partial lens

The electrochemical technique described by Aiba é? fir desiccation, presumably as a consequence of the high perme-
polymeric membranes has often been used for the determinatior@bility of dry silicon moieties. Morgan et &.and Alvord et
of the oxygen permeabi]ity coefficient of hydroge| CLs p|aced al 35 found similarDk values for lotrafilcon A using the |IqU|d-
directly on the electrode. This technique, known as the polaro- to-gas method in the coulometric device, the values obtained
graphic method, allows the determination of the oxygen flux being 150+ 4 and 155+ 5 barrers, respectively. Using the
through the lens from the measurement of an electric current in Polarographic technique, Corripanal® found that the oxygen
a potentiometer. However, this technique is adversely affected Permeability of lotrafilcon A is 141t 5 barrer, proving that
by the so-called boundary-layer effect that leads to the under- €ven in highbk SCLs accurate and repeatable measurements
estimation the oxygen transmissibility. Actually, the resistance ¢an be obtained with this technique. Recent work of Young
of the boundary layers flanking the lens causes a decrease ir2nd Benjamift and Comparet al***also provided a term of
the oxygen partial pressure at the side of the lens in contactcomparison for balafilcon A (Purevision, Bausch & Lomb;
with the high-pressure compartment accompanied by an increasdrochester, NY). These authors reported values of transmissibil-
at the side of the lens facing the electrode. This effect leads toity lying in the range 102111 barrer, being the mean value
a diminution of oxygen transport across the lens. This problem 107 = 4 barrers. Chhadra et & using a novel polarographic
can be overcome by measuring material samples of different @pparatus with only a single soft contact lens (SCL), measured
thickness or stacking several lenses of known thickffegsung oxygen permeabilities of hypertransmissible SCLs ranging from
and Benjamift used this approach in powered CLs made of 9 to 180 _barrer, in excellent agreement with those clarmed by
lotrafilcon A and balafilcon A. The other major concern with commercial manufacturers. For example, for balafilcon A
the polarographic technique is the so-called edge effect that(Purevision, Bausch & Lomb; Rochester, NY) and lotrafilcon
affects measurements when the area at both sides of theA Of thicknesses 94m and 90um, respectively, the perme-
membrane (i.e., CL) is not the same. This is the case for powered@bility coefficients obtained were 108 and 181 barrers, respec-
CLs or when oxygen transport is not perpendicular to the lens tively. These results are similar to those reported by Compan
surface. A small lateral diffusion could happen, and as a €t al*%%for these materials.
consequence the actual area of the membrane exposed to the Recently, new materials are being launched to the marketplace
atmosphere would by higher than that assumed. This effect thatPased on the SiHy technology. Although they are not intended
conducts to an overestimation of the oxygen transmissibility 0 be worn on an extended or continuous wear schedule, their
can be avoided by adjusting the actual surface area of the CLOXygen performance as labeled by their manufacturers seems
exposed to the cathode of the cell and by incorporating different t0 be very close to satisfying the more stringent criteria presently
correction factors already available in some commercial devices. 'equired. According to the different studies quoted above, it is

Gas—-gas and coulometric techniques can be used to measurd'°t clear which of the measurement methods shou'ld- .be used to
gas transport in lenses, though they work in different way. Thus, estimate the performance of high oxygen transmissibility lenses.
whereas in the former technique the lens is the only area that The purpose of this study was fo measure the apparent oxygen
communicates two different chambers (some authors call this transmrssmrhty Dk/t)a.pp of four St—Hy Cls using the polaro-
procedure the dual-chamber technique), in the coulometric graph|c technique with edge effect correction. Also the pos-
method one chamber is saturated with oxygen and the other, ir13|b|I|ty of boundary-layer corrections by stacking several lenses

contact with the cathode, is saturated with nitrogen. The amount of the same material |s_d|scussed. The transmissibility of single
gamples was also obtained. From the measurements, the values

of BOAT, EOP, pi, and j. under open- and closed-eyelid
conditions were derived and compared with those derived from
nominal Dk/t values given by the manufacturers.

the diffusion of oxygen through the lens. Though both tech-
nigues are relatively free from boundary-layer effects (only the
anterior boundary layer is present in the measurements of
oxygen transport across hydrophilic samples with the coulom- 2. Materials and Methods

etric technique), the edge effect still persists in the polarographic 2.1. Contact LensesFour Si-Hy CL materials currently
2 -to- i i i o . . .
method?? Gas-to-gas technique is not suitable to measure ,qiiaple in the world market have been used in this study

oxygen transport in swollen hydrophilic samples. including Air Optix Night & Day (lotrafilcon A-24%) and Air
The polarographic method is not recommended by ISO Qptix (lotrafilcon B-33%) from CIBA Vision Corporation,

standards (ISO 99131)* to measure permeability coefficients  pyluth, GA; Acuvue Oasys (senofilcon A-38%) from Johnson

of 100 barrers or higher in CLs. On the other hand, the g johnson Vision Care, Jacksonville, FL; and PureVision

coulometric method is more suitable for lenses vith> 70 (balafilcon A-36%) from Bausch & Lomb, Inc., Rochester, NY.
barrer3* Despite this, both methods are currently used to obtain Technical details of the SiHy materials are displayed in

Dk/t andDk coefficients of modern higbk (> 100 barrer) St Table 1.
Hy CLs, with satisfactory results, according to the nominal 2.2 Experimental Device.The amount of oxygen passing
values given by the manufacturéfs®3 through the CL was computed from the measurement of the
Morgan et aP* evaluated the oxygen transmissibility and electric current generated by the reduction of oxygen at the
permeability of lotrafilcon A (Focus Night & Day, CIBA Vision;  cathode of a modified polarographic electrode (Rehder Develop-
Duluth, GA), obtaining some discrepancies between the cou- ment Co.; Castro Valley, CA) when the gold cathode is
lometric (in the liquid-gas configuration) and polarographic maintained at-0.75 V with respect to the silver anode coupled
techniques for lotrafilcon A and other RGP materials with to a Model 201T @ Permeometer (Createch; Albany, CA). To
permeability coefficients higher than 70 barrer. The discrepan- mimic ocular conditions during measurements, the system was
cies not only affect the mean values but also the standard error,set using a thermostat at 351 °C.
which is larger with the polarographic technique. Alvord etal. The electrodes were wetted by a drop of a buffer soldtion
compared permeation results from the liquid-to-gas configuration (0.9% NaCl in watert+1 drop of borax) to keep the pH in the
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Table 1. Technical Details of Si-Hy CLs Used in the Study s-cmHgt ThereforeB is the cell constant. The harmonic average
Air Optix Acuvue o B thickness of the CL44,) was calculated from five measurements
Night&Day Oasys Air Optix  Purevision in five regions of the permeation zone of the lens within a 2.5
material lotrafilcon A senofilcon A lotrafilcon B balafilcon A mm radius, corresponding to the active part of the lens in contact
Dk (barrer) 140 103 110 99 with the cathode.
t. (mm @-3.00) 80 70 80 90 T
{ (measured) 85 6 794 2 85+ 4 964 4 From egs 2 and 3, the apparent permeablllty is the value of
DK/t (barrer/cm) 175 147 138 110 the IOT times the harmonic mean thickness of the polymer,
H,0 (%) 24% 38% 33% 36% tay:
FDA I I I 1]
power (D) —3.00 3.00 —3.00 3.00 It
diameter (mm)  13.8 14.6 14.2 14 P=Dk=—%_—RBIt (4)
base curve (mm) 8.6 8.7 8.6 8.6 nFAAp av
schedule/ CW/monthly DW/monthly DW/monthly CW/monthly
replacement Under non-steady-state conditions, gas transport across lenses
aThis value is usually called Lav. In the present work, it will be IS governed by Fick’s second law. By integrating this equation
represented by. using appropriate boundary conditions, the amount of electric

current spent from 0 to timiein the oxidation of oxygen flowing

interval of 6.0-7.4. The sample was taken out of a reservoir across the membrane is given3by

containing the same buffer solution and placed onto the surface
of the electrodes. The hydrogel was fixed gently by pressing a nFADG, £t 2.
hollow cylinder with a tightening O ring toward the polymer Qt) = Pl D
and the electrodes. Finally, about 0.5%wfithe buffer solution v 6D Do e
were poured through the hollow cylinder on the hydrogel, and

ex;{—

(—1)" x

the system was ready for the measurements of the electric
current. Figure 1shows a graphical representation of the elements
within the measuring cell.

Because the solution and the hydrogel were saturated with |, steady-state conditions {+ «), the current intensity can
atmospheric oxygen, before each experiment and with the pa \ritten as
current turned on, nitrogen saturated with water vapor was
bubbled through the saline solution in the hollow cylinder until ) dQ(t) nFADg
the residual current decreased to nearly zero. When all of the [(c0) = lim “at = N
oxygen was practically eliminated, moist air at 1 atm of pressure
was bubbled into the top solution, and the increase of the electric gy, assuming that Henry’s law holdss = kp, wherep; is

current with time was recorded until a stationary state Was the pressure of gas at the surface of the membrane facing the

reached. The system was monitored using a thermostat duringhigh-pressure side in the experimental device, then eq 6 becomes
the permeation experiments.

n’7°Dt
) (5)

av

(6)

av

2.2. Measurements of Apparent Oxygen Transmissibil- I(e0) = nFAP )
ity: Theoretical Background. In the apparatus used in this tyy Py
study, the oxygen permeates from one side of the lens where
the partial pressure of the gas is kept constant(p; = 155 In steady-state conditions, eq 11 becomes
mmHgQ)) to the other side facing the cathode of the polarographic
cell where the partial pressure [ = ~0. In steady-state o ta\,2 ta\,2
conditions, the flux of oxygen across CLs is given by QM) = nFAPt— t— 8D/ — I\t — 6D (8)

av
=P P Po_ P L3 (1) The apparent oxygen diffusion coefficients can be determined
§ tay tay from eq 8 as

where P is the permeability coefficient, angi and po are, ta\,Z'm
respectively, the pressures of oxygen flanking the lens in the D= m 9)

permeometer. The permeability coefficient can be expressed in

terms of the diffusionD, and solubility,k, coefficients as By integrating the curvekt) versust, Q(t) can be calculated.

P = kD ) The curveQ(t) versust presents a transitory process at short
times followed by a steady-state process where the time
By combining egs 1 and 2 and taking into account that the dependence oQ(t) is a straight line described by eq 8. The
reduction of a mole of oxygen consumas Coulombs, where  straight line intersects the abscissa axis at a finealled the
F is Faraday's constant and = 4, the apparent oxygen lag time. Then the diffusion coefficient can be obtained by the
transmissibility measured by the instrument (I0OT) is related to procedure suggested by Barrer
the total current diffusion in the steady statekly the following

) t 2
equation, D= v (10)
66
Dk} __ I _ Bl (3)
tav)app NFAAD This method described by Aiba et4lis an alternative to eq

9 to calculate the apparent diffusion coefficient.
whereAp is the oxygen partial pressure difference across the 2.3. Oxygen Permeability Determination DK). Stack
lens E 15.5 cmHg (at sea level)] amlis the permeation area.  Method. By measurind(t) as a function of time the values of
For our cell,B = (nFAAp) ! = 0.02929{ cm?O(STy)} { cnr- both the permeability and diffusion coefficients can be readily
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Figure 2. Model predicting the oxygen tension at the corn€4. interface Figure 3. Model predicting the oxygen tension at the corn€4. interface
as a function of the measur@k/t (Dk/tapy under open-eyelid conditions as a function of the measur@k/t value Ok/tapy) under open- and closed-
(from the experimental values obtained by Comparal. 2004). eye conditions (from the experimental values obtained by Cénepaah.

2004).
determined, respectively, by means of eq 4 and 9. It should be _ N _
pointed out, however, that as a consequence of the liquid-open- and closed-eyelid conditions. By relating the flux of
membrane interfaces, the partial pressure difference betweerPxygen across the lenses obtained form the 10T with the flux

the two faces of the membrane could differ slightly from- reaching the cornea, one finds

po. On the other hand, the diffusion resistance of the solution

layer separating the membrane from the electrode has not been . _ Dk (p — ptc) (12)
considered, so that the permeation measurements embody the e ty P p

assembly comprising the membrane and the two thin liquid
solution layers flanking it. For this reason, the results obtained wherep is equal to ca. 155 mmHg (21%.Gt the variable

for P andD with the experimental device used in this study are atmospheric pressure at sea level). Fatt and Rilestablished
apparent values. An approach to get rid of liquid layer effects, the BOAT concept that combines the physiological parameter
and to obtain true values of oxygen permeability, is to carry p, and the instrument oxygen transmissibility of the lens
out the measurements in a stackmo€Ls slightly pressed so  expressed by IOT. The BOAT parameter is given by

that the liquid-layer thickness between every two lenses in the

stack is negligible with regard to that of single lenses. By Dk (P~ Pr

measuring the steady-state current for stacks with different [BOAT] :t_( ) (13)
number of lenses and taking into account eq 4 one obtains,

av

¢ Then, the flow of oxygen onto the cornea can directly be
AFAAp _ lav |t (11) obtained from the BOAT using the following expression
I Dk ~ Dgky

jo=[BOAT] p (14)
where t,, and Dk, are, respectively, the thickness and the
permeability coefficients of cumulative lenses in the stack, The estimation of the BOAT requires the evaluation of the
and the second term of the right-hand side of eq 11 is the oxygen tension at the lergornea interfacep, and the 10T
resistance of the liquid layers flanking the stack. The plot of of the lens. Details are available in Appendix A. Compn
4Fp, All.,j versustay; should roughly give a straight line from  all have reported statistical relationships betwpgrand for
whose slope and ordinate in the origin the reciprocal of the values of Dk/t)app ranging from 0 to 300 barrer/cm.
permeability coefficient and the resistance of the liquid layers  2.5. Oxygen Tension at the LensCornea Interface (pic).
are obtained, respectively. The value of the parametpy. is essential to obtain the BOAT,

2.4. Biological Oxygen Apparent Transmissibility (BOAT). EOP, and the flux of oxygen onto the cornea under open- and

The following sections will be devoted to describe the estimation closed-eyelid conditions. Compaat all® have calculated the
of BOAT, EOP, and the oxygen flux reaching the corngh ( oxygen tension behind the Clpi) as a function of instrument
A critical point in these calculations is the need of knowing the oxygen transmissibility Bk/t),p, In the present work, the
partial pressure of oxygen at the cora€zL interface ) under equations that correlate these parameters have been obtained



& lotrafilcon A

balafilcon A A lotrafilcon B @ senofilcon A

2 50 | | |

% 4.5 senofilcon A

0 4.0 A y =0,0103x - 0,300 -7
E .. R? = 0,991 9 palafilcon A
E Ef 3.0, lotrafilcon B ;"/,,5‘1 %399(;(982163
£ £ 7 y=0011x-0,128 > ke SO
5< 2°7 R=09m e "

8 3 2.0 4 A — lotrafilcon A

& 15 & y=0,006x- 0,05t
3 1.0 - Rz = 0’.992

g 05 ‘ |

£ 0.0 | |

60 110 160 210 260 310 360 410 460

Total thickness (um)

Figure 4. Inverse transmissibility vs thickness of stacked lenses foiHyi materials. The average values are presented.

Table 2. Oxygen Transmissibility Obtained by Different Methods
and Values Reported by the Manufacturers for Different Si-Hy
CLs?

Table 3. Oxygen Permeability Values Obtained from Different
Methods and Values Reported by the Manufacturers for Different
Si—Hy CLs?

lotrafilcon A balafilcon A lotrafilcon B senofilcon A

lotrafilcon A balafilcon A lotrafilcon B senofilcon A

nominalDk/t® 175 110 138 147

(Dk/t)app 182+ 31 133+ 18 136+ 19 157+ 18
(barrer/cm)

(DK/t)app 186+ 28 118+ 12 126+ 19 135+ 16
(barrer/cmy

nominalDkP 140 99 110 103
Dk (barrery 155+ 16 127+ 12 116+ 11 113+ 10
Dk (barrer} 1584 13 106+ 6 107+ 11 97+ 9

aValues with SD ) are the values directly measured in the study. The
average and SD are the result from five measurements. Units are Harrer

aValues+ SD are the values directly measured in this study. The average 101! (cmé/sec)[mL Q(STP)/(mL x mmHg)]) (Unifica con las unidades

and SD are the result of five measurements. Units are barres/ct—°
(cm mL OySTP))/(mL sec mmHg) Nominal values given by the
manufacturerst Derived from a single measurement dDi{t)app The
correspondindk result from the multiplication of this value by the average
thickness of the samplé Derived from the slope of the plot in the stack
method. The correspondiri@k/t is the value oDk obtained from the stack
divided by average thickness of the sample.

using the methodology described in the following two sections

for open- and closed-eyelid conditions. For these calculations,
the following key values were used: cornea oxygen consump-

tion Q = 6.6 x 1075 cmPO,(STy)-cm3-s71, corneal thickness
= 0.05 cm, andk = 24.7 barrer for the corneal tissue, a value
reported by Fatt and Weissméth.

By combining eqs A.8, A.9, and A.10-a for day and A.10-b
for night, together with A.13, a system of three equations with
three unknown parameters (B;,Bnd C) is obtained

tB—t B —C=— (2—%<)th2 — 55 (15)
(Dk);B — (Dk) B = — Qt; (16)
tB + C = 155 (17)

wherepy is given in mmHg. This system permits to determine
the partial pressure of oxygen at the le®rnea interfacqc.
For the closed-eyelid situation, eq 17 is substituted by eq A.10-
b.

2.5.1. Open-Eyelid ConditionsAccording to the calculations
described in Appendix Apc was obtained from [k/t)app

anteriores)” Nominal values given by the manufacturer®erived from

a single measurement dDk/t)app The correspondin®k value result from

the multiplication of this value by the average thickness of the sample.
d Derived from the slope in the stack method. The corresponBiky is

the value ofDk obtained by the stack divided by average thickness of the
sample.

2.6. Equivalent Oxygen Percentage (EOPEOP, a clinical
parameter used to represent the oxygen crossing the CL that
reaches the cornea, relates the corneal swelling after wearing a
specific lens with the swelling obtained in experiments involving
the circulation of a series of hypoxic air of known oxygen
concentration over eyes fitted with swimming gogdléssing
the equation of Turnbull et at, and assuming a percentage of
oxygen at sea level of 20.93 and 7.425% for open- and closed-
eyelid conditions, respectively, the EOP can be calculated from
eqg 18 as,

EOP= PP

(18)

where p is 155 and 55 mmHg for open- and closed-eyelid

conditions, respectively, whereasis 20.93 and 7.425% for

the same conditions. By using the appropriate valugs afid

p' in eq 17, the expression that relates the parameter EOP with

prc for open- and closed-eyelid conditions is given by
EOP=0.13%9, (29)

Usually the EOP is given as a percentage.

2.7. Oxygen Flux to the Cornea j¢). Finally, the oxygen

measurements. The Table Curve 2D (Jandel Scientific) was usedux to the cornea can be obtained by eq 19 ugirg 155 and

to obtain the graphic representation shown in Figure 2.
2.5.2. Closed-Eyelid ConditionsValues ofp obtained using

55 mmHg for the pressure partial of oxygen at the teais
interface for open- and closed-eyelid conditions, respectively.

the same approach as that utilized for open-eyelid conditions The flux of oxygen thus obtained is usually given in~10

are shown as a function of the transmissibility in Figure 3.

[cm304(STp)-ecm~2-s71] or ul(Oz)-cm~2-h~1 units.
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Figure 6. Comparison of the values @k/t (barrer/cm) andDk (barrer)
Nominal permeability (barrer) B obtained by the two methods against the nominal values given by the

Figure 5. Regression of experimentBkit (A) and Dk values (B) derived manufacturer.

from single samples of each material (filled circles) and the stack method
(open circles) against the corresponding nominal values given by the values, respectively, depending on the method used, no signifi-

manufacturers. cant differences are observed in the results obtained for the
physiological parameters calculated using the methods described.
Despite some deviations in the values obtained by the two
methods, and compared to the nominal results, the variation
coefficient is lower than 2.8%.

The partial pressure of oxygen at the corn€d interface
e(p‘°)’ oxygen flux {¢), BOAT, and EOP are plotted as a function
of the Ok/tay)app in Figures 7#10. The Dk/ta)app Window is
0—200 barrer/cm.

3. Results

Values of the resistance to the oxygen flow definedRig (
t)~1 for each stack froom = 1—5 CLs were plotted against the
cumulated thickness in the stack. The plots for different
materials, presented in Figure 4, show that the resistance of th
stacks is a linear function of the thickness with correlation
coefficientsr? = 0.99 for all of the Si-Hy samples. However,
some problems arise, as the plots of Figure 4 show. Actually,
the plots are straight lines whose intercepts with the ordinate
axis are slightly negative. This apparently senseless result can with the advent of SiHy materials, the question of oxygen
be explained by the uncertainty in the measurements of the permeability became a hot topic in the scientific literature.
apparent resistance of the stack indicated by bars and also byHowever, nowadays it is believed that oxygen transport should
the extreme low values of the resistances of the layers flanking not be a matter of concern anymore because all curreriigi
the stacks. Values ofDK/t)app and Dk obtained with this  materials warrant almost the same oxygenation levels to the
procedure, as well adk/t)appand OK)appobtained from single  eye. In fact, CLs made from hydrogels containing siloxane
sample and nominal values given by the manufacturers, aremoieties in their structure present oxygen transmissibilit 6
given in Tables 2 and 3, respectively. times higher than that reported for previously used extended-

The apparent oxygen transmissibility measured in this study wear lenses made of conventional hydrogels. By conventional
for the five Si-Hy materials ranged from 182 8 barrer/cm CLs, we mean hydrogels made of polymers not containing
for lotrafilcon A to 133+ 5 barrer/cm for balafilcon A, using  siloxane moieties in their structures, so that oxygen permeation
the single sample method, and from 195 barrer for lotrafilcon mainly occurs through the water content of the swollen hydrogel.
A to 117 barrer for lotrafilcon B, using the stack method. In  On the other hand, oxygen permeation acrosditakes place
both cases, measured and nominal parameters were correlatethrough siloxane-rich zones at substantially larger flow rates
(p < 0.001) although the results from both methods are slightly than those occurring in conventional hydrogéid?
different (Figure 5). In general, values @k/t)sppderived from The results obtained for the oxygen permeability in CLs using
single measurements are higher than those obtained from thedifferent measuring procedures significantly differ in some cases.
stack method (Figure 6). Even with the same measurement method, remarkable differ-

Table 4 presents the physiological values obtained by different ences could be expected. Morgan et*dbund poor agreement
methods and those reported by the manufacturers. Despite théetween the results obtained by polarographic and coulometric
differences observed in Tables 2 and 3 kif)appand OK)app techniques as well as between polarographic results and

4, Discussion



Table 4. Physiological Parameters Derived for Different CLs from Values oDk/tapp Obtained by the Single Sample Method, Stack Methoc,
and Nominal Values Given by the Manufacturers, Respectively

lotrafilcon A balafilcon A lotrafilcon B senofilcon A

143.6 139.3 139.8 141.8

Prc open(MMHQ) 143.8 0.24 137.8 1.18 138.7 0.53 139.7 0.75
143.¥ 136.4 140.¢ 140.9
46.12 43.12 43.3 44.8

Pt closed MMHQ) 46.29 0.57 41.@ 2.82 42.4 1.28 43.2 1.77
45.8 40.F 43.53 44.1°
13.4 13.3 13.3 13.4

BOAT pen(barrer/cm) 13.#4 0.10 13.2 0.28 13.3 0.13 13.2 0.19
13.4 13.3 13.3 13.3
29.8 28.% 28.%¢ 29.2

BOAT ciosed(barrer/cm) 29.9 0.16 28.7 0.56 28.9 0.31 28.9 0.50
29.4 28.66 29.C¢ 29.1
19.4 18.8 18.9 19.12

EORpen(%0) 19.4 0.24 18.8 1.18 18.7% 0.53 18.7% 0.78
19.3 18.# 18.9 19.0
6.2 5.8 5. 6.7

EORosed(%0) 6.3 0.57 5.8 2.82 5.7 1.28 5.8 1.77
6.2 5.5 5.9 6.0
20.8(7.5% 20.6(7.4% 20.6(7.4% 20.7(7.5%

fluXopen 20.8(7.5% 0.10 20.6(7.4% 0.28 20.6(7.4% 0.13 20.6(7.4% 0.19
20.8(7.5% 20.5(7.4% 20.6(7.4% 20.7(7.4)
16.2(5.8% 15.9(5.7% 15.9(5.7% 16.1(5.8%

fluXcosed 16.3(5.9% 0.16 15.8(5.7% 0.56 15.8(5.7% 0.31 15.9(5.7% 0.50
16.24(5.8) 15.74(5.7) 15.99(5.7) 16.0:9(5.8°)

aDerived from single measurement @Kkitap ? Derived from the slope in the stack methéderived from the slope in the stack method.
41077 [cmPO(STp)-cm2-s71. € ul(O2)-cm~2h~1 barrer= 10-1* (cm?/sec)[mL Q/(mL x mmHg)]). f Coefficient of variation (CV%) of the three values as
(SD/Mean)*100. CV for flux values is the same irrespective of the ubiBartial pressure of oxygen at the €tornea interfacep(c), BOAT, EOP (%), and
flux values for open- and closed-eye conditions were obtained fikit)g,, determined from single and stack measurements. Nominal values provided by
the manufacturer are included.

OpenEye = = =Closed Eye = QOpen Eye = = =(Closed Eye
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Figure 7. Oxygen tensionptc) at the corneaCL interface under closed-
(solid line) and open-eyelid conditions (dashed line) for CLs of different
transmissibility. The shaded area corresponds to the actual rarigk/tof
for Si—Hy materials.

Figure 8. Oxygen flux {c) through CLs of different transmissibility for
closed- (solid line) and open-eyelid conditions (dashed line). The shaded
area corresponds to the actual rangd®gft for Si—Hy materials.

Chhabra et ai® found excellent agreement between the
reference values for RPG CLs as well as for the lotrafilcon A oxygen permeability of lens materials obtained by the single-
material. They explored different sources of error without lens method with that obtained using the conventional polaro-
finding a definitive explanation. Benjamin and TB& Refer- graphic method utilized by us for conventional lenses, in the
ence Study Group have recently assessed the oxygen permerange from 9 to 180 barrers. The two methods used in this work,
ability of the Permeability Reference Material Repository, the single sample method and stack methods, render similar
consisting of 7 rigid gas permeable (RGP) materials \idth results in terms of correlation with nominal values ok/t.
values within the range of 10 to 161 barrers. In this study, the However, the former method gave higher valueDéft than
three different techniques currently available were used: the the latter; though if the errors indicated in Tables 2 and 3 are
polarographic method corrected for boundary-layer and edge considered, our results are similar to those reported by the
effects according to the American National Standards Institute commercial lenses manufacturer. Conversely, wibkvalues
Z80.20 standard (nine instruments), the coulometric method are required, the stack method showed a significantly better
(four instruments), and the gas-to-gas method (two instru- correlation with nominal values given by the manufacturer than
ments)*? Small differences were found in the average values those of the single sample method. Despite these differences,
of both the apparent permeability and apparent transmissibility the values of the physiological parameters (partial pressure of
obtained for the same material in different laboratories using oxygen at the Ckcornea interfacep), BOAT, EOP, and
different experimental devices. The discrepancies persist whenoxygen flux {¢)) do not change significantly for open- and
the measurements are performed with the same experimentatlosed-eye conditions for the materials evaluated in this work.
device by different research groups in different laboratories. This fact is better explained by the simulations given in Figures



— Qpen Eye = = =Closed Eye

LM
o
"

o
+

Equivalent oxygen percentage (%)

(-]

w
+—

w
+

——— ——
- ——

—

-

-
e
”

(—]

Figure 9. EOP available for CLs of different transmissibility under closed-
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interface, BOAT, and EOP (or oxygen flux to the cornea) might
assist clinicians to evaluate the conformity of the lenses they
are fitting with the requirements of the cornea. For example,
for open-eyelid conditions, lenses wibk/t values below 30
barrer/cm will only supply 60% of the partial pressure of oxygen
provided by the ideal CL of infinitdk/t,,. This fact supports
early estimations of Holden and Mettindicating that at least

34 barrers/cm would be necessary to avoid corneal hypoxia
under open-eyelid conditions. For closed-eyelid conditions,
lenses with less than 80 barrer/cm only provide about 60% of
the partial pressure of oxygen provided by an ideal CL. Holden
and Mertz’S$ criteria stating that ®k/t,, of at least 87 barrer/
cm is required to limit the corneal edema to physiologic levels
during overnight CL wear only warrant about 65% of the ideal
partial pressure at the CL corneal interface. Thus, it makes sense

(solid line) and open-eyelid conditions (dashed line). The shaded areato change the requirements to those stated by Harvitt and
corresponds to the actual range@{/t for Si—Hy materials.
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Bonnanad’ According to these requirements, a minimum of 125
barrers/cm are necessary for closed-eyelid conditions. This
transmissibility guarantees about 75% of the ideal partial
pressure of oxygen at the corre@L interface.

At first sight, the BOAT -Dk/t,y relationship seems to be
surprising as BOAT values are higher for closed-eyelid than
for open-eyelid conditions, a fact particularly evident fok/
tay values above 10 barrer/cm. However, this can be explained
considering the definition of the BOAT as a representative
parameter of the potential of diffusion of oxygen through lenses.

(=]

According to Fick’s first law, oxygen transport across lenses
will be higher as both transmissibility and oxygen concentration
gradient increase. Thus, under closed-eyelid conditions, the low
partial pressure of oxygen at the €cornea interface increases
the BOAT parameter. Another observation is that for values of
Apparent oxygen transmissibility (barrer/cm) Dk/t below 20-25 barrers/cm, BOAT an®k/t follow a 1:1
Figure 10. BOAT for CLs of different transmissibility under closed- (solid  relationship for closed-eyelid conditions. Above a certain level
line) and open-eyelid conditions (dashed line). The shaded area correspondgf transmissibility (26-30 barrer/cm for open-eyelid and 50
to the actual range dDK/t for Si—Hy materials. barrer/cm for closed-eyelid conditions), a further increadakift
7—10, which show that the values of all of the physiological will not result in a significant positive reflection in the potential
parameters do not vary substantially with changes in the valuesof diffusion of oxygen through the lens. This is because the
of Dk/t. As a consequence, a sindl/t measurement would  partial pressure of oxygen at the corre@L interface increases
be acceptable to determine the physiological environment for a significantly, thus decreasing the gradient of partial pressure
given Si-Hy CL material with 10T coefficients lying in the  (previously described as relative variation of the partial pressure
range of 116-175 barrers. However, a single sample measure- of oxygen between the fronp)( and the back sidegg) of a
ment is not acceptable for the estimation of EOP pgdf the lens onto the cornea). Any effect of the stagnation of oxygen at
IOT is lower than 76-100 barrer/cm. The method is neither the corneaCL interface (oxygen not consumed by the cornea)
suitable to determine the oxygen flow and the BOAT in lenses does not conduct to the augment of the BOAT because the
where: (a) the transmissibility is below 50 barrers, Qi/tay difference betweep andp,. decreases g increases.
is lower than 76-100 barrers/cm if EOP is to be determined,  Both Iotrafilcon A and senofilcon A CLs meet the more recent
and (c)Dk/tay is below 50 barrers if the oxygen flux and BOAT  criteria for avoiding stromal edema during overnight wear. The
are to be computed. high oxygen transmissibility of SiHy materials has provided
Some of the results obtained by us with the polarographic supstantial improvements in corneal physiology with almost no
method are in agreement with those reported by Chhabr&®t al. eyvidence of edema under overnight w&hand even allows
(108 & 5 and 181+ 17 barrer/cm for Purevision and Focus patients with active conditions in the ocular surface to wear
N&D, respectively) using a novel polarographic apparatus. Also, them for therapeutic purpos&s2L44 Other situations that can
by using the liquid-to-gas arrangement in the coulometric device, potentially compromise ocular physiology as combined fitting
Morgan et aB* and Alvord et aF® found similar values for the  of 3 RGP CL piggybacked over a soft CL have experienced
Dk of lotrafilcon, specifically, 150+ 4 and 155+ 5 barrer, remarkable improvements in terms of oxygen performance when

respectively. The extensive work carried out by Compan  highly permeable SiHy materials are usetf*7
al1%30 in recent years with the first generation of-$iy

materials using the stack mr_s-thod_ and a polarographic ijevices_ Conclusions

also support the values obtained in the present work. Compan

et al30 obtainedDk values of 141+ 5 and 107+ 4 barrers for The values of Dk/t)app andDk can vary significantly

lotrafilcon A and balafilcon A materials using the stack depending on the method of measurement, though the physi-

procedure and a polarographic sensor. These values ¥)&ld ( ological values that are relevant to evaluate the physiological

t)app €qual to 183+ 7 and 123+ 5 barrers/cm, respectively.  performance of CLs do not undergo significant changes. Thus,
The simulated relationships betwed@k(t)ap, and the physi- in the range of high transmissibilities (112Q75 barrer/cm),

ological variables involving partial pressure at the-Glornea significant variations in the values &fk/t have low impact on

w

Biological oxygen apparent transmissibilty
(barrer/cm)
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pt p. =A% + Bx+ C (A.4)
p.=Bx+C (A.5)

155

where the constantd, B, C, B, and C' are determined as
follows. The constanA can be obtained by equating the second

cornea derivative of eq A.4 to eq A.2, giving
Py
- Q
s V A=%Dk (A.6)
Pt I X The constantC can be determined by taking as origin of

Figure 11. Pressure gradient in the correans system in the stationary ~ coordinatesX = 0) of the interface of the posterior part of the
state conditions in mmHg. The oxygen partial pressure at the entire outer cornea (endothelium) in contact with the aqueous humor.
surface of the CL and the endothelium/aqueous humor interface are 155Assuming that the partial pressure in this interface is the same
and 55 mmHg, respectively.

as that on the cornea surface (55 mmHg), then

the physiological performance of the lenses, and the results
calculated from single samples do not differ significantly from
those obtained in the stacked method. However, these assump-
tions are not true for lowl}k/t)appvalues (i.e., below 70 barrer/
cm). So, for material characterization and accurate measurement
of oxygen transmissibility and permeability, the stack method
should be used, although some variability in the results can be
expected for materials with highDk/t)app On view of the
significant variability of current techniques to measure material
properties, more accurate and repeatable methods are necessary
to measure these properties for CL materials. However, these . . .
differences are not likely to remain significant when translated Wheretc is the comea thickness. Eqs A.4 through eq A.7 yield

into physiological variables of partial pressure at the-Cbrnea

p.=C (A7)

The partial pressure of oxygen on the surface of the closed
eyes, 55 mmHg, is taken as the minimum pressure necessary
to prevent corneal swelling above 4%. It can be further assumed
thatp. = prc due to the small thickness and high transmissibility
of the tear film, in comparison with those of the cornea. Hence,

At®+Bt,+ C=B't,+C (A.8)

interface, BOAT, EOP, or oxygen flux to the cornea. The same Q t”+ Bt,+ 55=B't,,+ C (A.9)
would not apply to other CLs whodek/t lies below 56-100 2Dk
barrer/cm.

Because the partial pressures of oxygen in the open- and
closed-eyelids situations are, respectively, 155 and 55 mmHg,

Appendix A eq A.5 can be written as
The non-steady-state diffusion equation that gives oxygen . -

tension as a function of time and position for a homogeneous Bt +C =155 (A.10-8)

slab of oxygen-consuming tissue (as a cornea in a 1D model) Bt +C =55 (A.10-b)

is

wheret' = t. + t,, because, as indicated above, the origin of

8zp ap the coordinates’ reference frame is assumed to be located at
TP _Q _ % (A.1) the interface of the endothelium with the aqueous hutfidt
a Dk ot the lens-cornea interface,

whereD is the diffusion coefficient of oxygen in the tissug, Je =i (A.11)

is the partial pressure of oxygen in the cornles, Henry’s law
constantQ is the consumption rate&,the distance perpendicular ~ so that
to the surface, andis time. For the steady-state case, eq A.1

d d
becomes O3, = OR[G). (A12)
2
d'p. - Qk (A.2) By substituting egs A.4 and A.5 into eq A.12, we obtain
¢ D
t ,
-~ _ | O+ B, = OK.B (A13)
At steady-state conditions, the following expression holds at c

the lens-cornea interface . .
where the value oA given by eq A.6 was considered.

2 By combining eqgs A.9 to A.13, a system of three equations
d_plc -0 (A.3) with three unknown parameterB,(B’, andC'), it is obtained
dx¥ '
. . . tB—t,B —C = _(Z_(ng) t>—55 (A.l4-a)
Figure 11 shows the pressure in the cornlems interface, ¢
in steady-state conditions, supposing that in the endothelium (DK) B — (DK),.B' = —Qt, (A.14-b)
the oxygen partial pressure is 55 mmHg.
The solutions of eqs A.2 and A.3 are tB' + C' =155 (A.14-c)



This system permits us to determine the partial pressure of
oxygen at the lenscornea interfacep. For the closed-eye
situation, eq A.10-b is substituted with eq A.14-c.

Using the thicknesst,, and the values of the apparent
permeability coefficients,§K),, given in Table 1, the three
cornea parameters reported by Fatt and Weiséh(@ornea
thickness: t. = 0.05 cm, cornea oxygen permeability coef-
ficient: (Dk)e=24.7 barrers (1barrer10-* x [cm*Ox(STy)-cmrem 2
s~1 (mmHg) Y, as well as the flow of oxygen onto the cornea
(Q = 6.6 10°° cmPO,(STy)-cm~3-s72), the values oB, B', and
C' were obtained. These values, in conjunction with eq A.4,
allow us to determing.
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