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Purpose: Tohighlight thepotential benefits for long-termuseof siliconehydrogels daily
disposable (DD) contact lenses, particularly with patients who are noncompliant, sleep-
ing or napping while wearing their lenses, or those who have higher oxygen demands
and wear this modality for decades.

Methods: Published data for corneal swelling with lenses and no lens wear were used
to develop a nonlinear least squares model. The edema load experienced with a range
of oxygen transmissibilities (Dk/t) and wear compliance (sleep and napping) was deter-
mined. A mixed-effects linear regression model was used to compare the edema load
for high and average corneal swellers.

Results: The edema load generated demonstrates that a high Dk/t silicone hydrogel
lens results in edema levels close to that with no lens wear. In comparison, hydrogels
with a Dk/t of 27 (× 10−9 [cmmL{O2}][s mLmmHg]), worn on a daily wear schedule will
result in 1.5 times more edema and up to two times more if the patient is noncompliant
over each decade of wear. High swellers after four decades of wear will have an edema
load 10 to 17 times greater than average swellers depending on Dk/t and their degree
of noncompliance with the daily wear modality.

Conclusions:Prescribing siliconehydrogel DD lenses, particularlywith higherDK/t,may
help to maintain the long-term ocular health of patients, when they wear their lenses
fulltime for many decades.

Translational Relevance: Illustrates the importance of Dk/t for any CL wear modality
where patients nap or sleep in lenses or have high oxygen needs.

Introduction

The benefits of silicone hydrogels over traditional

hydrogel lenses for extended1–3 and daily wear use3–5 to

avoid clinical sequelae caused by corneal hypoxia have

been well documented. Daily disposable (DD) silicone

hydrogels have now been available for more than a

decade. The uptake of this modality of silicone hydro-

gel lens wear has increased noticeably in the last few

years but not across all markets, and hydrogel DD lens

fits have remained steady at about 20% each year.6

Numerous studies have established that silicone

hydrogel DD lenses provide wearers with comfort,

vision, and ease of handling equivalent to hydrogels.

DD lenses are no longer predominantly prescribed

for part-time wearers, with an international study7

reporting that most patients wear their lenses for

14 hours a day seven days a week. Patient noncom-

pliance with DD lens wear can be significant,8–10 with

more than a quarter of patients wearing their lenses

during sleep and 75% napping regularly during lens

wear. It is important that the highest oxygen trans-

missibility lenses are prescribed for patients who have

greater than average oxygen demands11–13 and those

whowear higher ormore complex prescriptions includ-

ing torics. Likewise, with the increasing success of

presbyopic corrections and the emergence of myopia

control contact lenses that are being prescribed to

children as young as eight years of age,14 patients are
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likely to be contact lens wearers for many decades,

and consideration should be given to prescribing the

highest oxygen transmission lens available.

Holden et al.15 reported on the corneal conse-

quences of five years of low oxygen transmissible

extended wear of hydrogel contact lenses. A limited

number of clinical trials involving adults and children

have assessed the ocular performance of and rate of

adverse events occurring with DD contact lenses over

one or so years.14,16–18 However, to date, no studies

have been conducted to evaluate whether there are

corneal or other ocular physiological consequences

from the long-term daily wear of either hydrogel or

silicone hydrogel DD contact lenses.

This study was undertaken to develop a statisti-

cal model to determine the long-term edema load

associated with DD hydrogel and silicone hydrogel

lenses, when worn for several decades and particularly

when patients are noncompliant with the modality or

have higher oxygen demands. This predicted edema

load is compared to that modeled for no lens wear

and with extended wear of low oxygen transmissi-

bility hydrogels, to determine whether any long-term

corneal consequences might be anticipated after multi-

ple decades or a “lifetime” of DD contact lens wear.

Methods

Data

A systematic search of the literature was conducted.

The primary source, Medline, Google Scholar, Scopus,

PubMed, Embase, and Cochrane Library databases,

were searched up to July 2019. No back-date or

language restrictions were applied. Search terms

“corneal swelling, corneal thickness, corneal edema,

overnight, corneal deswelling, hypershoot, diurnal

changes, diurnal variation, no lens wear, contact

lens wear, open eye, closed eye, eye closure, corneal

pachymetry, thinning of the cornea” were used in

different combinations. Reference lists of relevant

articles were also searched as a secondary source.

Published scientific abstracts from the meetings of the

Association forResearch inVision andOphthalmology

were also searched.

In total, 318 publications were initially identified

to have relevant data. Data from various wear scenar-

ios, including overnight wear, as well as daily wear of

soft and silicone hydrogel lens wear, as well as no lens

wear, were assembled. Multiple articles from the same

author or institution were closely analyzed to ensure

the data extracted were not duplicated or accumulated

from other studies. Studies involving rigid gas perme-

able (RGP) or polymethyl methacryte (PMMA) lenses

were excluded. Studies were also not included if the

subjects had previous lens wear experience15 or if there

were any pre-existing ocular conditions or previous

ocular surgery.19 Studies were also excluded if data

outcomes were reported in a format that could not

be extracted. Studies reporting contralateral lens wear

were accounted for based on the work of Fonn et al.20

who in neophyte subjects demonstrated that corneal

swelling of the contralateral control eyes was signifi-

cantly lower when there was less swelling of the fellow

eye.

On review, lens wear corneal edema data were

collated from 31 publications and no lens wear data

from 14 publications. Unpublished corneal swelling

studies conducted by the authors (Sweeney and

Fonn) were included, and where possible data for

individual subjects were accessed. This amounted to

561 data points for the modeling of corneal swelling

with overnight wear of contact lenses and 512 data

points for modeling swelling with no overnight wear.

Of these 1073 data points, 64% were based on individ-

ual study participants, while the remaining 36% were

based on the mean edema of a number of study

participants.

Data collated included the number of subjects, age,

sex, previous contact lens wear, ocular status, corneal

thickness (microns) or corneal swelling (%) at each

time (in clock hours) extracted from the text, tables,

and graphs (using Engauge Digitizer 10.10), if contact

lenses were worn the type of soft or silicone hydrogel

contact lens material (s) worn in each eye was noted, as

well as back vertex power (in diopters), central and/or

average thickness (microns), and center or average

oxygen transmissibility (in “barrers” here defined as

(× 10−9 [cmmL{O2}] [s mLmmHg]) were specified. In

addition, the instrument used tomonitor corneal thick-

ness was recorded and only data collected by optical

or ultrasonic pachymetry were included. Corneal thick-

ness (microns) data were converted to corneal swelling

(percentage) for inclusion in the model.

Model

All analyses were conducted using statistics

software: R 3.6.021 (R Core Team).

Clinical Assumptions

The following assumptions, based on clinical insight

and/or the literature, were included in the model:

1. Lenses were worn for 14 hours a day, seven days

a week7.

Downloaded from tvst.arvojournals.org on 03/04/2021



Lifetime Corneal Edema Load Model TVST | February 2021 | Vol. 10 | No. 2 | Article 34 | 3

2. Lenses were inserted one hour after waking from

eight hours of sleep.

3. Lenses were worn while patients slept7,9; lenses

remained in situ during sleep and were removed

15 hours after waking on Day 2.

4. Lenses were worn when patients napped7,9;

napping occurred in the early afternoon for one

hour with lenses in situ, lenses were removed one

hour before sleep on the same day.

5. Overnight swelling response followed a normal

distribution for both non-lens and lens wear.13

6. The swelling response of individuals is indepen-

dent of lens type and can be categorized as low,

medium, or high.22

7. The swelling response is consistent over time.

Rate of Overnight Corneal Swelling

The data available included overnight swelling data

for several lens types and with no lens wear. There

were no data available on the rate of corneal swelling

overnight with or without lens wear.

Data describing the swelling curves for different

levels of atmospheric oxygen over an eight-hour period

with different mixtures of gas introduced to the eye by

goggles23 for eight individuals were available. A nonlin-

ear least squares (NLS) model of these data was used

to estimate the overnight swelling curves for both lens

wear and with no lens wear.

Overnight Swell ing = A.log (Bht + 1)

oxygen
(1)

The measured variable, t, represents the number of

hours after waking, and oxygen represents the level

of oxygen available to the closed eye. The coefficients,

A (representing the total swelling observed relative

to oxygen availability) and Bh (representing the rate

of swelling over time), were estimated from the data

(Table 1).

The overnight swelling curves, as a result of

overnight wear of a contact lens of given Dk/t, was

estimated by equating Equation 1 with Equation 2

when t = 0, and solving for oxygen. This level of

oxygen was then used in conjunction with Equation 1

Table 1. Parameter Estimates From Equation 1, for the
Total Corneal Swelling

Variable Estimate SE t Value Pr(>|t|)

A 1.27 0.55 2.31 0.028
Bh 13.6 23.7 0.576 0.57

The parameter, A represents the total swelling observed
relative to oxygen and the parameter, Bh represents the rate
of swelling over time.

to estimate the rate of corneal swelling overnight for a

lens of a given Dk/t.

Corneal Deswelling After Sleep With and Without

Lens Wear

Only limited data were available on the rate of

deswelling following overnight lens wear when the lens

is worn for the following day for 14 hours. Holden,

Mertz and McNally24 monitored the corneal thick-

ness variation across seven days of continuous wear

of three different hydrogel lenses. Data were reported

for days 2 through 7 on eye-opening after eight hours

of sleep and at one, five, and 12 hours after eye-

opening. The mean corneal deswelling for the group of

subjects over the 12 hours after sleep was both limited

and reasonably consistent for all lens types (8.2%

± 1.1%). Consequently, the level of daytime corneal

edema was determined primarily by the overnight

swelling and the amount of deswelling was on average

8% over the 12-hour period of lens wear after

eye-opening.

An NLS model was used to model deswelling from

the point of waking and throughout the remainder

of the day (Equations 2–4). Equation 2 gives the

deswelling rate after overnight sleep while wearing

lenses. The measured variable, t is the number of

hours after eye-opening. For some studies, the study

participants had different lenses in each eye. Measured

variables, Dk/t and cDk/t are the oxygen transmissibil-

ity of the lens in the ipsilateral and contralateral eye,

respectively.

Deswellinga f ter sleep =(
Bnap + Bdi f f

)
e−(Dk/t∗(kD+k2∗t)+cDk/t∗(kcD+kc2∗t)+kdeswell∗t)

+ (
L0 + Ldi f f

) (
1

(Dk/t )
b − 1

(DN )
b

) (2)

The coefficient, DN indicates the Dk/t of a lens that

has the same swelling pattern of a study participant

with no lens wear. DN was assumed to be higher than

the highest Dk/t of a lens observed in the data set.

Daytime Swell ingA f ter lens insertion

= (L0)

(
1(

Dk/t
)b − 1

(DN )
b

)
log

(
kday ∗ t + 1

)
(3)

The Effect of Napping

Hamano et al.25 monitored corneal swelling over an

8-hour period during the day with a 1-hour nap in the

early afternoon. These data were used to model the

level of swelling after a 1-hour nap, and the deswelling
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afterward (Equation 4).

DeswellingA f ter Nap

= (
Bnap

)
e−(Dk/t∗(kD+k2∗t)+cDk/t∗(kcD+kc2∗t)+kdeswell∗t)

+ (
L0 + Ldi f f

) (
1

(Dk/t )
b − 1

(DN )
b

) (4)

Equations 2, 3 and 4 were fitted using a single

NLSmodel. Data fromdeswelling after overnight wear,

deswelling after a nap, deswelling with no lenses, and

swelling after lens insertion in the morning, were all

used to estimate the parameters across these equations.

The equations were combined with the use of indica-

tor functions. The term (L0 + Ldi f f )(
1

(Dk/t )
b − 1

(DN )
b )

represents the residual swelling at the end of the day.

These equations were developed through consultation

between clinical experts and themodelers. For example,

this term was included to represent what has been

observed clinically.

Calculating the Edema Load

Corneal swelling was estimated over a 24-hour

period for a range of lenses, using the NLS models,

based on the following scenarios:

1. No lens wear with eight hours sleep.

2. Daily wear (compliant) where the patient sleeps

for 8 hours, insert their lenses one hour after

waking, wears the lens for 14 hours before going

to sleep.

3. Daily wear (noncompliant), where the patient

sleeps for eight hours, inserts their lenses one

hour after waking, wears their lenses for 15 hours

including a one-hour nap in the early afternoon.

4. Extended wear (noncompliant) where the patient

sleeps for eight hours, inserts their lenses one

hour after waking and does not remove their

lenses until the following day after eight hours of

sleep and 15 hours of open eyewear.

Estimates were made for lenses with oxygen trans-

missibilities of 11, 27, 100, and 157.

The area under the swelling curves was used to

determine the edema load over a 24-hour period for no

lens wear and compliant and noncompliant lens wear

for each of the selected oxygen transmissibilities. These

estimates were then extended to calculate the edema

load over 10, 20, 30, or 40 years.

Model of High Swellers

Moezzi et al.22 showed significant between-subject

variation, concluding that there are low, medium and

high swellers. For this article, high swellers are defined

as the highest sweller of 10 random individuals wearing

Figure1. Predicted curvesof swellingovernight, for different levels
of oxygen available to the eye. Data obtained from a study that used
different mixtures of gas introduced to the eye by goggles.23 Predic-
tions are based on an NLS model with Equation 1 and parameters
given in Table 1.

the same lenses with the same level of compliance.

The modeling of between-subject variation in swelling

was undertaken using a linear regression model, with

normally distributed errors and subjects treated as a

random effect, using the R package lme4. The depen-

dent variable used was the residuals from the NLS

equations. The data for this model was limited to

studies where individual data were given.

Results

The NLS coefficients for Equation 1 are presented

in Table 1 and the model fits are presented in Figure 1.

The coefficients for Equations 2, 3 and 4, are presented

in Table 2 and the model fits are presented in Figure 2.

A contralateral effect on the corneal swelling of the

fellow eye has been previously reported.20 The model

estimates the overnight swelling of a person wearing

a lens (of Dk/t = 11) in the ipsilateral eye only, the

contralateral eye only or in neither eye to be 10.8%,

3.9%, or 3.3%, respectively.

Modeling 24-Hour, Two-Week, and “Lifetime”
Swelling Patterns

The edema load was calculated for the various wear

scenarios and lens options, including no lens wear
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Table 2. Estimated Coefficients From the NLS Model,
Based on Equations 2, 3 and 4

Variable Estimate SE t Value Pr(>|t|)

Bnap 5.12 0.795 6.44 <0.0001
Bdiff 6.32 0.796 7.95 <0.0001
kdeswell 0.653 0.0631 10.3 <0.0001
kD 0.00608 0.000579 10.5 <0.0001
kcD 0.000977 0.000281 3.47 0.00054
k2 0.00127 0.0017 0.745 0.46
kc2 0.0034 0.00139 2.44 0.015
DN 177 13.4 13.2 <0.0001
L0 1.37 0.514 2.67 0.0077
Ldiff 8.62 0.722 11.9 <0.0001
kday 83.2 181 0.46 0.65

Bnap and (Bnap+Bdiff) indicate the level of swelling at eye
opening after a nap and sleep respectively. kdeswell indicates
the rate of de-swelling over time. kD and kcD represent the
relationship between de-swelling and Dk/t. k2 and kc2 repre-
sent the relationship between de-swelling and the interac-
tion between Dk/t and time. The c in these coefficients are for
de-swelling in the contralateral eye. DN indicates the equiva-
lent Dk/t for the de-swelling pattern of no lens wear. L0 and
(L0+Ldiff) indicate the level of residual swelling at the end
of the day, following overnight wear and no overnight wear
respectively.

(Fig. 3). Figure 4 depicts a range of scenarios as an

example over a two-week period.

Table 3 presents the edema load for a typical patient

under different wear scenarios with different Dk/t

lenses for 10 to 40 years of lens wear, relative to the

edema load of a typical patient who does not wear a

lens for 10 years. The edema load calculated for a high

Dk/t (157) lens is similar to “load” with no lens wear.

In comparison, a lens with Dk/t of 27 will result in 1.5

times the edema load compared to no lens wear over

each decade of wear.

There is little difference in the edema load that a

patient fitted with a high Dk/t lens experiences regard-

less of their compliance with the daily wear modal-

ity (i.e., does not wear their lenses while they sleep or

nap versus those who wear their lenses while sleeping

four nights, as well as napping while wearing lenses on

8 occasions per month) and this difference does not

increase significantly with many decades of wear. In

comparison, if a patient wears a conventional hydro-

gel (Dk/t = 27), there is a substantial increase in

edema load over multiple decades of noncompliance

compared to the edema load with a high Dk/t (157)

silicone hydrogel.

The effects of the edema load experienced by both

compliant and non-compliant wearers of hydrogel

Figure 2. Relationship between Dk/tc and corneal swelling at eye
opening (after wearing the lens overnight). The black line is derived
from the NLS model, using the estimated parameters in Table 2. The
circles show the data points from various studies, with the sample
size of the study indicated by the size of the circle. The red circles
indicate the data when no lens has been worn. The red line shows
the estimate of overnight swelling with no lens wear. The black data
points (circles) are positioned according to theDk/tc in the ipsilateral
eye (ignoring the Dk/t of the lens in the contralateral lens), whereas
the black line is based on estimated swelling as a result of wearing
lenses with the same Dk/tc in both eyes.

and silicone hydrogel DD lenses can be estimated by

comparing the edema load to that experienced with a

low Dk (10) hydrogel worn on a continuous wear basis

(13 out of 14 nights every two weeks).

In Table 4, a compliant patient wearing aDDhydro-

gel or silicone hydrogel for 10 years has an edema load

of 0.6 or 0.4 times, respectively, of that associated with

five years of continuous extended wear of a low Dk/t

hydrogel. In comparison, after 40 years of noncom-

pliant wear of a hydrogel disposable lens, on average

the edema load is three times that of a wearer of a

low Dk/t hydrogel continuously (13 out of 14 nights)

for five years. With a high Dk/t silicone hydrogel with

noncompliant wear, the edema load is 1.7 times greater

and similar to that seen with no lens wear over the 40-

year period.

Table 5 presents the edema load for the high

sweller compared to the edema load for an average

sweller. This illustrates that the edema load of

the high sweller, for both compliant and noncom-

pliant wear, increases as the Dk/t of the lens

reduces.
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Figure 3. The estimated 24-hour pattern of swelling with different lens wear scenarios. (A) Daily wear lens inserted one hour after waking.
(B) Extended wear lens worn overnight and the next day. (C) Daily wear; lens inserted one hour after waking and continued to wear during
a one-hour nap. Sleep and nap areas indicated by dark and light gray shade, respectively.

Discussion

Silicone hydrogels contact lenses with high oxygen

transmission are now available for extended, reusable

daily and DDwear. DDs are widely prescribed for full-

time wearers with up to 14 hours of wear a day, seven

days a week.7 With a striking increase in the numbers

of presbyopes6 wearing lenses plus myopia control

gaining increasing acceptance,6 we should expect that
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Figure 4. The edema load under different scenarios, as indicated by the area under the curve, over a two-week period. The edema load
units are relative to the edema load with no contact lens wear for two weeks.

our patients could commence lens wear in their teens

and remain full-time contact lens wearers for 20, 30,

or even 40-plus years or wear lenses for presbyopia

for two to three decades. Open eye oxygen require-

ments of patients wearing their contact lenses for

most waking hours every day of the week for multi-

ple decades is still of concern. Noncompliance with

wear schedule instructions, namely napping or sleep-

ing in daily wear or DD lenses, necessitates the consid-

eration of the higher closed eye oxygen needs be

considered.

An international survey of practitioner’s percep-

tions found they believe that DD silicone hydrogel

wearers have lower dropout rates than wearers of other

types of contact lenses, and 92% agree that silicone

hydrogel DDs are the best choice to safeguard eye

health related to contact lens wear.26 However, there

have been no long-term evaluations of the potential
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Table 3. The Mean Edema Load for a Typical Patient Under Different Wear Scenarios With Different Dk/Tc Lenses
for 10 to 40 Years of Lens Wear, Relative to the Edema Load of a Typical Patient Who Does Not Wear a Lens for 10
Years

One Nap and One Eight Naps and Four
Lens Type/DK/t No Sleep or Nap Sleep in Lens/Month Sleeps in Lens/Month

Years of Wear 10 20 30 40 10 20 30 40 10 20 30 40

Low Dk hydrogel 10 2 4.1 6.1 8.2 2.2 4.3 6.5 8.7 2.6 5.1 7.7 10.3
27 1.5 2.9 4.4 5.8 1.5 3.1 4.6 6.2 1.8 3.7 5.5 7.4
100 1.1 2.2 3.2 4.3 1.1 2.2 3.3 4.5 1.2 2.4 3.6 4.9
157 1 2 3 4.1 1 2 3.1 4.1 1 2.1 3.1 4.2

Table 4. The Mean Edema Load for a Typical Patient Under Different Wear Scenarios With Hydrogels and Silicone
Hydrogels of Different Dk/T Lenses for 10 to 40 Years of Lens Wear, Relative to the Edema Load of a Typical Patient
WhoWears Low Dk/T Hydrogels Continuously (13 of 14 Nights) for 5 Years

One Nap and One Eight Naps and Four
Lens (DK/t) No Sleep or Nap Sleep in Lens/Month Sleeps in Lens/Month

Years of Wear 10 20 30 40 10 20 30 40 10 20 30 40

Conventional hydrogel (Dk/t 27) 0.6 1.1 1.7 2.3 0.6 1.2 1.8 2.4 0.7 1.5 2.2 3
Silicone hydrogel (Dk/t 100) 0.4 0.9 1.3 1.7 0.4 0.9 1.3 1.8 0.5 1 1.5 2
Silicone hydrogel (Dk/t 157) 0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6 0.4 0.8 1.3 1.7
No lens 0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6

Data for no lens wear are also included as a reference.

Table 5. The Edema Load for the Highest Sweller of 10 Patients Under Different Wear Scenarios With Different
Dk/Tc Lenses for 10 to 40 Years of LensWear, Relative to the Edema Load of an Average PatientWhoDoes NotWear
a Lens for 10 Years

One Nap and One Eight Naps and Four
Lens (DK/t) No Sleep or Nap Sleep in Lens/Month Sleeps in Lens/Month

Years of Wear 10 20 30 40 10 20 30 40 10 20 30 40

Low Dk hydrogel (10) 3.6 7.3 10.9 14.5 3.8 7.5 11.3 15.1 4.2 8.5 12.7 16.9
Conventional hydrogel (27) 3.1 6.1 9.2 12.2 3.1 6.3 9.4 12.6 3.5 7 10.5 14
Silicone hydrogel (100) 2.7 5.4 8 10.7 2.7 5.4 8.1 10.9 2.8 5.7 8.5 11.4
Silicone hydrogel (157) 2.6 5.2 7.8 10.4 2.6 5.2 7.9 10.5 2.7 5.3 8 10.7
No lens 2.6 5.2 7.8 10.4 2.6 5.2 7.8 10.4 2.6 5.2 7.9 10.5

corneal physiological consequences of either hydrogels

or silicone hydrogels when used as DDs. This edema

load model was developed to be able to predict and

compare the amount of edema with lenses of varying

oxygen transmissibilities that would be produced with

decades of wear particularly when patients are non-

compliant with the modality.

The edema load results generated demonstrate that

a silicone hydrogel lens with a high oxygen transmis-

sibility (Dk/t ≥100), similar to that required to avoid

corneal edema with closed eye lens wear, worn on a

daily wear mode, results in edema levels close to that

with no lens wear. In comparison, hydrogel lenses with

a Dk/t of 27, worn on a daily wear schedule, will result

in 1.5 times more edema.

The noncompliant habits of DD wearers include

importantly from an edemamodel perspective, patients

frequently wearing their lenses during sleep or napping.

Patients under 25 years of age are twice as likely to

wear their lenses during sleep than older patients,7
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with almost 2% of patients reportedly wearing their

DDs every night during sleep.9 Up to 75% of

patients7,9 reported occasional napping in their DD

lenses with the median number of days for napping

while wearing DD contact lenses in the preced-

ing month being two.7 It has also been demon-

strated that as the number of years of lens wear

increase, non-compliance increases.18 Noncompliance

is defined here as regular sleeping or napping with

lenses. Further extensions to this research would be

to predict edema load for varying scenarios of non

compliance.

The model allows comparisons to occur when a

patient does not follow the recommended wear instruc-

tions and is noncompliant by either napping or sleep-

ing in their lenses infrequently or more regularly. For

example, although little difference is indicated with a

high (≥100) Dk/t lens for when a patient may sleep

one night every week and have a short nap two days

a week in their lenses compared to no lens wear,

the edema load is nearly double for a low Dk/t (27)

lens.

The edema load comparisons for daily wear were

made assuming the participants wear their lenses for 14

hours a day. Further extensions to this study could be

made through predicting a range of wear patterns, by

using the parameter estimates in Table 2, and applying

them to Equation 3.

It is well established that extended wear of conven-

tional hydrogels presents a considerable physiologi-

cal challenge to the human cornea.15 To indicate the

corneal consequences of the long-term edema load

associated with DDs, the load was compared to the

calculated edema load for five years of a low Dk

high water content hydrogel (Dk/tc 10/11) extended

wear that has been documented to result in signifi-

cant changes to all layers of the cornea. The conven-

tional hydrogels, even when worn compliantly on a

daily wear basis could result in significant changes in

at-risk patients to their corneal function over decades

of wear. This model suggests that compliant wear of

a conventional hydrogel on a DD basis for 40 years

produces an edema load equivalent to approximately

12 years of continuous wear of a low Dk/t high water

content hydrogel.

As expected, the edema load increases when the

patient is noncompliant with the wear schedule.

Although noncompliance with the DD wear sched-

ule is not recommended, regular sleeping or napping

while wearing high Dk/t silicone hydrogels causes little

increase in the predicted edema load after 40 years

and is equivalent to approximately seven to eight

years of low Dk/t hydrogel extended wear. It would

therefore be anticipated that the long-term use of

high Dk/t silicone hydrogels DD lenses will cause

less physiological changes to the cornea than conven-

tional hydrogel DDs. These benefits will be greater for

those patients that do not adhere to the recommended

wear schedule or inadvertently sleep or nap in their

lenses.

The corneal swelling responses of individuals to

overnight sleep, as well as contact lens wear, have been

demonstrated to vary independently of the lens22 and

can be categorized as low, medium, or high swellers.

The edema load estimated for the highest sweller of ten

individuals demonstrates that high Dk/t lenses moder-

ate edema levels and the predicted hypoxic conse-

quences, especially when lens wear is for decades and

involves noncompliant lens wear. Given the results of

this model and the increased use of myopia control

lenses for younger patients, the introduction of silicone

hydrogel lenses for myopia control in the coming years

will be of great benefit.

The statistical model in this article was devel-

oped via expert opinion and applied to data from

past experiments. It is possible the results could be

biased by small, poorly designed experiments. To

minimize bias, raw datawere collected from the authors

where possible. Where this was not always possible,

studies were weighted by the inverse of the sample

size.

The validation of this statistical model of the long-

term edema load would require either a prospec-

tive clinical trial or a retrospective analysis as was

conducted by Holden et al.15 to evaluate whether

there are any corneal or other ocular physiologi-

cal consequences from the long-term daily wear of

either hydrogel or silicone hydrogels DD contact

lenses.

Conclusion

The differences predicted in the edema load for

a typical as well as high swelling patients between

conventional and silicone hydrogel DD lenses are

marked. Compared to hydrogel DDs, prescribing

silicone hydrogel DD lenses, particularly those with

higher oxygen transmissibility, will help maintain the

long-term ocular health of patients, when lenses are

worn for up to 14 or so hours a day, seven days a

week for many decades. This advantage is of impor-

tance when patients sleep and nap in their lenses

on a regular basis. Silicone hydrogel DDs should be

considered as the contact lens of choice when fitting

younger patients, especially for patients with high

prescriptions or those requiring toric designs, given

that they have the potential to be lens wearers for many

decades.

Downloaded from tvst.arvojournals.org on 03/04/2021



Lifetime Corneal Edema Load Model TVST | February 2021 | Vol. 10 | No. 2 | Article 34 | 10

Acknowledgments

Supported by CooperVision.

Disclosure: R. Thomson, CooperVision (F); R.
Mobeen, None; A. Ho, None; D. Fonn, CooperVision
(C); D.F. Sweeney, CooperVision (F)

References

1. Dumbleton K, Chalmers RL, Richter DB, De

Fonn. Vascular response to extended wear of

hydrogel lenses with high and low oxygen perme-

ability. Optom Vis Sci. 2001;78:137–151.
2. Sweeney DF. Have silicone hydrogel lenses elimi-

nated hypoxia?. Eye Contact Lens. 2013;39:53–60.
3. Roth H, Amon K, Bruckmann P, et al. A silicone

hydrogel for daily, flexible and extendedwear.Opti-
cian. 2005;230:20–25.

4. Dumbleton K., Keir N., Moezzi A., et al. Fonn

objective and subjective responses in patients refit-

ted to daily-wear silicone hydrogel contact lenses.

Optom Vis Sci. 2006;83:758–768.
5. Efron N, Morgan PB. Trends in the use of silicone

hydrogel contact lenses for daily wear. Cont Lens
Anterior Eye. 2008;31:242–243.

6. Morgan PB,Woods CA, Tranoudis IG, et al. Inter-

national Contact Lens Prescribing in 2019.Contact
Lens Spectrum. 2020;35:26–32.

7. Dumbleton KA, Richter D, Woods CA, et al. A

multi-country assessment of compliance with daily

disposable contact lens wear. Cont Lens Anterior
Eye. 2013;36:304–312.

8. Dumbleton K, Woods C, Jones L, et al. Patient

and practitioner compliance with silicone hydrogel

and daily disposable lens replacement in theUnited

States. Eye Cont Lens. 2009; 35: 164–171.
9. Dumbleton K, Richter D, Woods C, et al. Compli-

ance with contact lens replacement in Canada and

the United States. Optom Vis Sci. 2010; 87: 131–
139.

10. Morgan PB, Efron N, Toshida H, Nichols JJ. An

international analysis of contact lens compliance.

Cont Lens Anterior Eye. 2011;34: 223–228.
11. Sarver MD, Polse KA, Baggett DA. Intersubject

difference in corneal edema response to hypoxia.

Optom Vis Sci. 1983;60:128–131.
12. Nguyen T, Soni PS, Brizendine E, Bonanno

JA. Variability in hypoxia-induced corneal

swelling is associated with variability in corneal

metabolism and endothelial function. Eye Cont
Lens. 2003;29:117–125.

13. Moezzi AM, Fonn D, Varikooty J, Richter D. Dis-

tribution of overnight corneal swelling across sub-

jects with 4 different silicone hydrogel lenses. Eye
Cont Lens. 2011;37:61–65.

14. Bullimore MA. The safety of soft contact

lenses in children. Optom Vis Sci. 2017;94:638–
646.

15. Holden BA, Sweeney DF, Vannas A, et al.

Effects of long-term extended contact lens wear

on the human cornea. Invest Ophthalmol Vis Sci.
1985;26:1489–1501.

16. Chamberlain P, Peixoto-de-Matos SC, Logan

NS, et al. 3- year randomized clinical trial of

MiSight lenses for myopia control. Optom Vis Sci.
2019;96:556–567.

17. Cheng X, Brennan NA, Toubouti Y, Green-

away NL.Safety of soft contact lenses in chil-

dren: retrospective review of six randomized con-

trolled trials of myopia control. Acta Ophthalmol.
2019;98:e346–e355.

18. Chalmers RL, Hickson-Curran SB, Keay L, et al.

Rates of adverse events with hydrogel and sili-

cone hydrogel daily disposable lenses in a large

postmarket surveillance registry: the TEMPOReg-

istry. Invest Ophthalmol Vis Sci. 2015;56:654–

663.

19. Vannas A, Holden BA, Sweeney DF, Polse KA.

Surgical incision alters the swelling response of

the human cornea. Invest Ophthalmol Vis Sci.
1985;26:864–868.

20. Fonn D, du Toit R, Simpson T, et al. Sympa-

thetic swelling response of the control eye to soft

lenses in the other eye. Invest Ophthalmol Vis Sci.
1999;40:3116–3121.

21. R Core Team. R: A language and environment for
statistical computing. Vienna, Austria: R Founda-

tion for Statistical Computing; 2019. Available at:

https://www.R-project.org/.

22. Am Moezzi, Hutchings N, Fonn D, Simpson TL.

Mixed model analysis of between- subject vari-

ability in overnight corneal swelling and deswelling

with silicone hydrogel lenses. Invest Ophthalmol Vis
Sci. 2018;596:2576–2585.

23. Holden BA, Sweeney DF, Sanderson G. The min-

imum precorneal oxygen tension to avoid corneal

edema. Invest Ophthalmol Vis Sci. 1984;25:476–
480.

24. Holden BA, Mertz GW, McNally JJ. Corneal

swelling response to contact lenses worn under

extended wear conditions. Invest Ophthalmol Vis
Sci. 1983;24:218–226.

Downloaded from tvst.arvojournals.org on 03/04/2021



Lifetime Corneal Edema Load Model TVST | February 2021 | Vol. 10 | No. 2 | Article 34 | 11

25. Hamano H, Maeda N, Hamano T, et al. Corneal

thickness change induced by dozing while wear-

ing hydrogel and silicone hydrogel lenses. Eye Cont
Lens. 2008;34:56–60.

26. Orsborn G, Dumbleton K. Eyecare professionals’

perceptions of the benefits of daily disposable sil-

icone hydrogel contact lenses. Cont Lens Anterior
Eye. 2019;42:373–379.

Downloaded from tvst.arvojournals.org on 03/04/2021


