The Effects of Overnight Orthokeratology Lens Wear on

Corneal Thickness
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Pumrose. To investdgate corneal thickness changes during over-
right with reverse-geometry rigid gas-perme-
able (RGF) contact lenses wom over 4 3month period.
MerBoos. Eghteen young adult subjects with low myopia
(=4.00 D) were fitted with reverse-geometry lenses (BE; Ultra-
Vision Pry. Ltd., Brishane, Queensland, Australia), which were
wom for 3 months on an overnight basis and were removed
during the day. Another 10 subjects were fitted with conven
tional BGP lenses (J-Contour; UltraVision) thar were worn for 1
moath in the right eye oo 2 similar wearing schedule; the left
eye acted as a non-lenswearing control. Refractive error was
reconded in the moming and evening, and total, epithelial, and
stromal corneal thicknesses were measured across the horizon-
tal meridian with an optical pachometer.

Resiats The orthokeratology group showed significant reduc-
tions in myopia (+1.66 * 0.50 D; P < 0.001) from day |,
which stabilized by day 10. Cemtral corneal thinning (—9.3 *+
5.3 pm, P < 0.001), which was epithelial in origin, was found
from day 1; central stromal change was negligible. Midperiph-
eral comeal thickening, which was siromal in orgin, was
confirmed by day 4 (+10.9 * 5.9 pm, P < 0.001). No change
was found in peripheral comeal thickness. Analysis of day-90
data by Munnerlyn's formula indicated that comeal sagitial
height change resulting from the thickness changes could
account for the refractive effect. In the cooventional RGP

group, there were no significant changes in refractive ermor or
comeal thickness.

Comciisaows. Overnight orthokeratology causes rapid central
ing. The consequent change in comeal sagittal height s the
primary factor underlying the ndrctive offect of ortho-
keratology. (fnvest Opbtbalmol Vis Sci. 2003;44:2518-2523)
DROL:10. 1167 fiovs.02-0680

rthokeratology is a clinical contact lens technigue thar

can be defined as the “reduction, modification, or elimi-
nation of refractive error by the application of contact lenses.
Although orthokeratology has been practiced since the 1960s,
there has been a resurgence in interest over the past decade,
because of the development of reverse-geometry lens designs
that incorporate a secondary curve or curves steeper than the
lens base curve, to aid in lens centration. The “reverse curve”
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may also play a role in faciliaing the refractive change. Re-
verse-geometry kenses are fitted with a base curve Hatter than
central comeal curvature to apply pressure to a central comeal
zone that flamens during wear 1o reduce the myopic refractive
crror. Several recent studics have reported that the current
approach to orthokeratology using reverse-geometry lens de-
signs results in rapid reductions in myopic refractive emror
when lenses are wom in either open-cye or closed-cye (over-
night) lens-wearing modalitdes, ' *

Although the clindcal cfficacy of this wechnique for reduc-
tion of low to moderate myopia is now bocoming wellestab-
lished, littke s known about the underlying comeal events
associated with the dramatic central comeal fattening induced
by reversegeometry lenses. Early studics of traditional ortho-
keratodogy, which used conventionally designed rigid lenses
fitted fat relative 1o comneal contour, shed little light on the
comcal tssuc changes associated with the technigue, Polse et
al.® monitored comneal thickness over 12 months of orthokera-
tology lens wear and found no significant changes. Conversely,
Coon” reported approximately 20 um of central corneal thin-
ning and some (unspecified) midperipheral thickening with
orthokeratology lenses fitted in alignment or slightly stecper
than central comeal curvature (the Tabb technique). Despite
these different findings in relation to comeal thickness, these
and uther carly studics concluded that the rechnigue was safe,
and no significant adverse responses were reported *®

In 1998, Swarbrick et al. ¥ examined corneal thickness in a
small group of subjecs who wore reversc-geometry orthokera-
tology lenscs in the open cye during a 1-month period. They
found significant central comecal thinning and midperipheral
thickening, which could account for the refractive changes
induced by the lenses in terms of corneal sagittal height. The
central thinning was found to be primarily cpithelial in origin,
whereas the midperipheral thickening included a significant
stromal component. From their results they concluded thar the
comeal changes induced by ortbokcratology could be cx-
plained by redistribution or remodeling of anterior comeal
tissuc, rather than an overall bending of the comea

Since Swarbrick's study, overnight onmhokeratology has
cmerged as the modality of choice in Australia and the Asian
region, and has receatly gained Food and Drug Administration
(FDA) approval in the Unfted States. This modality involves
overnight lens wear with lens removal soon after awakening,
allowing clear vision through waking hours without the need
fior spectacles or contact lenses. Nichols et al.* have confirmed
that central comeal thinning also occurs with this lens-wearing
madality, although they were unable wo detect any midperiph-
eral comeal thickening using the Orbscan Slit-Scan Comeal
Topography/Pachometry System.

In this study, we sought o confirm the earlier findings of
Swarbrick et al.” using an overnight lens-wearing modality on 3
larger group of subjects. We incorporated a controd group of
subjects wearing conventional rigid contact lenses on a similar
wearing schedube to allow clear conclusions to be drawn about
the effect of the reverse-goometry lens design on topographical
comnecal thickness. The clinical outcomes of this study will be
reported in detail dlsewhere,
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MATERIALS AND METHODS
Subjects

The research described in this article followed the tenets of the
Declarasion of Helsinki Afrer approval for the study had been obtained
from the instihsthonal Homan Research Ethics Committes, subdects
were recruited by word of mouth and advertisements placed on no-
tochoards in the School of Opiometry and Vision Science, Subjects
were reguined to be non-RGP contact lens wearers with good ocular
health. All subjects gave their nformed written consent (o study
participation oooe the rsks and benefits of onthokeratology and con-
ventional rigid contact lens wear had been folly explained.

Orthokeratology Group. Eighteen young adult subjects aged
22 1o 29 years (12 men, & women) agreed o participate in this study.
All subjects were low 10 moderaie myopes (mean refractive error,
—2.63 * 068 I; moge, —1.25 to —4.00 D) and had with-the-rule
refractive and corneal astigmatiem of bess than 1,50 D,

Conventional RGP Group. Ten young adult subjects aged 22
10 2B years (6 men, 4 women) also participated bn this study as control
subjects wearing conventional rigid contact lenses in ape cye only.
This group had an avcrage myopic refractive error of —=2.00 = 089 D
(range, plano w —3.250) and with-therule refractive and cormeal
astigmatism of less than 1.50 D,

Biometric dara for the two subject groups are summarized in
Tabic 1.

Lenscs

Subjerts in the orthokeraology group were ftted with onthokeratol
ogy kenses of reverse-geometry design (BE; UlrraVision Pry. Lid., Bris-
banc, Qucensland, Australia) in both cyes. The lenses were supplied in
Boston XO marertal [nominal Dk 100 X 107" (cm® - mL O, (s - mi -
hPFa). Other chamcteristics of the BE lenses ane presented in Table 2.

The BE crthokeranology lenses wene fitted with lens-firting sofrware
supplicd by the manufacturer. The lenses o be worn were sclected
imitially on the basis of baseline comeal apical mdius of curvanre and
cormeal ecoentricity, derived from a comeal topographer (model
E-300, Medmont Pry. Led., Brishane, Quecnabind, Australia), hortzontal
wisible iris dizmeter, and the desired refractive change. The lens-fitting
progrem then selected the most appropriate trial lens to be wom foc an
initial overnight kens-wearing trial, The lens design was modified on the
basis of the comeal wpographic changes found afier this firm aight of
lens wear, and the appropriate fimal lenses werne ondered.

The control group was fitted with FContouwr conventional aspheric
RGP lenses (UltraVision) in the right eye ooly. The JFContour lenses
were fitted 0U50 [ Aatier than the flattest keratnmetry reading, then
adjusted if necessary by standard rigid contact lens fitting techniques
with sodivm Suorcsecin, to achicve 3 clinically aceeptable alignment
B, Specifications of the FContour kenses used n this sudy are sum-
marized in Table 2.
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Tams 2. Description of the Lenscs Used in the Study

Ortholecratology — Coaventional RGP
Trade name BE JContour
Mamfacnirer Uinra'y ision Ulera¥ision
Total diameter 110 andd 106 mm 1006 mm
BOID 6 mm Aspheric design
Marerial Boston X0 Boston X0
Lens center thickness 0.2 mm (nominal) 0.18 mm (for < 3.000)
Noménal Dk 100 x 107 100 X L0~
Mominal Dk 45.4 % 107" 55.6 % 107%

BOZED, back opic zone dlameter,
* {(om® - ml O - mL - hPa),
1 (cm - mL O34 - ml - hPa).

Refractive Error 1

Standard subjective refraction technbques were used o determine the
manifest refractive omor 2t bascline and all subscquent study visits,
Refractive resuls were converted o spherical equivalent for case of
presentation and anahysis.

Corncal Thickness

The Holden-Payor optical pachometer was used o measure the ool
corneal and stromal thickness across the horizontal menidian of the
corned. Epithelial thickness was calculated by subtraction.

All measurements of comeal thickness were perdformed by one
operator (AA) 1o minimize interobserver variability. Three measune:
ments were obtained from each of the following comeal locations:
center (0,25 mum nazal), nasal midperiphery (3.50 mm nasal), iemporal
midperiphery (3.25 mm temporal), nasal periphery (5.00 mm nasal),
and temporal periphery (4,75 mm temporal), The average of the three
measprements was then caloulated for each comeal locaton,

Repeamabllity of the opocal pachometry MEcasurcments wias very
good, with a maximum standard deviation for three repeated measure-
mecnts 3 the central cornea of 2 pum and at the midperiphery of £4.3
pm. The maximum difference between the average bascline measure-
ments obizined on two consecutive days was 3.2 * 2.2 pm.

Study Protocol

Ornthokeratology and conventional lenses were dispensed to be worm
on an overnighs basis onty, with lenses removed soon afier eye open-
ing and oo lens wear during waking hours. Subjects recerved nstruc-
thon on lens handling and care before they recetved the benses and
were lssucd lens care sohations.

In the crthokeratology group, optical pachometry was conducued
on both eyes af baseline and on days 1, 4, 10, 30, 60, and 90, in the
moming immediately after lens removal, and in the evendng afier 8 wo
Iﬂmﬂmmm.hmmwp.mm

Tamx 1. Ocular Characteristics of Right Byes of Subjects Participating in the Study

Orthokeratology Group Cooventlonal RGP Group
Refractive exror (sphere —2.63 = 0.67 —-2.36 = (.90
equivalent; D)

Keratometry (D)
Hortzonral 4359 £ 0.76 41.8% = 094
Vertical 44.53 = 0.83 43.93 = 0.76

Apical comeal power (D) 43.65 = 0.73 43.18 = 0.86

Corneal thickness (um) Total Stromal Epdthelial Toal Stromal Epitheiial
Central 5931 = M5 543.1 * 326 499 T B9 579.1 * 19.3 SIT3 = 176 51.8 = 17.1
Masal midperiphery 6149 £ 374 S61.4 = 377 535291 6074 + 268 5512 = 24.9 562+ 89
Temporal midperiphery 640.1 T 43.9 500.0 = 44.2 0.1 9.1 500.6 = 19.0 535.5 = 26.2 55,1 x 129
Masal periphery 705.2 = 23.4 660.1 = 31.8 45.1 = 15.1 6699 + 71.9 GOB.2 = 24.8 617 £ 7.0
Temporal periphery 684.5 = 253 636.0 = 24.1 485+ 7.5 6574 = 33.6 5970 * 339 604 * 6.1
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Time (days)

Fuame 4. Changes in total, stromal, and epithelial comeal thickness
in the nasl midperiphery induced by orthokeratology lenses worn
overnight ower 2 3month period. Data collected 25 described in Figure 1.
Error bars, SD.

As shown in Figure 4, in the nasal midperipheral comea
there was an overall statistically significant increase in cormcal
thicknecss over the trearment period (P < 00001, ANOVA). This
midperipheral comeal thickening reached statistical signifi-
cance by day 4 (+10.9 * 59 pm, £ < 0.001, paired f1est),
stabilived by day 10, and reached +14.4 * 5.0 um by day 90
The thickening of the nasal midperipheral cornea was prirmar-
ily stromal in origin (P <X 0.001, ANOVA). The stromal changes
reached statistical significance by day 4 (+9.2 * 4.6 um, P <
0.001, paired Fuest). No significant epithelal thickness changes
were found in the nasal midperipheral comea (P = 0.18,
AMNOVA).

In the 1emporal midperipheral cormnea, there was also an
overall comeal thickening (F << 0.001, ANOVYA) that reached
statistical significance by day 4 (+7.7 = 3.6 pm, P < 0.001,
paired Hest), sabilized by day 10, and averaged 7.6 * 3.8 um
at day 90. The thickening of the temporal midperipheral cor-
nea was also mainly stromal (P < 0.001, ANOVA). Stromal
thickening reached statistical significance by day 4 (+7.0 + 3.5
pm, £ < 0.001, paired fest). There was no significant change
in cpitheclial thickness (F = 0.23, ANOVA).

In the conventional kens-wearing group, no changes were
found in total, stromal, or epithelial thickness (tol, P = 0.90;
sroma, P = 0.80; epithclium, P = 0.20, ANOVA) in either the
nasal or temporal midperipheral comea (Fig 5).

In the nasal and temporal peripheral comea, there was no
statistically significant change in comeal thickness (total, epi
thelial or stromal) in either the orthokeratology or conven-
tonal kens-wearing group. Mo significant changes in refraction
or comeal thickness were found in the non-lenswearing eye
in the control (conventional RGF) group.

Dnscussion

Our results demonstrate significant changes in central and
midperipheral comeal thickness with ovenight orthokeratol-
ogy. The central cormcal thinning was epithelial in orgin,
whereas the midperipheral thickening was primarily stromal.
In comparison, there were no significant changes in central,

CMn Lernea
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midperipheral, or peripheral comeal thickness after | month
of overnight wear of conventional rigid lenses.

The results prescnied in this article were collected ar the
cvening measurement sessions, which were conducted ap-
proximately 9 hours after lens removal at the moming mes-
surcment scssicn. This avoided any confounding cffects from
overnight edemna thar may have been induced by these mod-
erate D/t lenses (nominal lens center thickness (.22 mm,
nominal D/t 45 X 1077 [cm® - mLO,W(s - mL - hPa)]). At the
samwe tirmes, this does not reveal the regression of refractive
effect and cormneal thickness changes during the daytime when
the lenses are not womn, The largest regression of refractive
effect (—0.54 + 0.45 D) was noted on day 1. After day 10,
daytime regression of refractive effect averaged iess than 0.25
D (day90 regression, —0.08 * 0.20 D; range, —0.50 to +0.25
D).Thtpumdrcgrm&mrﬂmﬂnmm
closely reflected the regression of refractive effect, and aver-
aged 0.3 * 2.6 wm in the central cornea on day 90 (range, 1-3
m). The morning session measurements and the overnight
cd:marﬁpmucwilhﬂ:u::clm&qwﬂlbcrcpoﬂcﬂindclﬂ
clscwhere. L

Our results confirm the cardier observations by Coon” and
Swarbrick et al * with open-cye orthokeratology. To the best of
our knowledge, Swarbrick et al. were the first 1o report central
corneal epithelial thinning and midperipheral stromal thicken-
ing with reversegeometry lenses wom in the open eye. It is
Interesting to note that the central thinning was more marked
with overnight onhokeratology (=158 = 3.3 um) than rc-
ported by Swarbrick ¢t al. for opencye lens wear (—3.4 = 5.4
pm) after 1 month, and the midperipheral thickening was
slightly less in overnight onthokeratology (+7.9 um closed eye
ve. +10.7 um open eye). These differences in topographical
thickness changes between the two modalitics are illustraied
in Figure 6. The relative refractive effects reported In the two
studies (+2.62 * 0.57 D closed cye vs. +1.71 = 0.59 D open
cye after 1 month) explain some of the difference between the
two profiles indicated in the schematic diagram. The different
lens designs used in the two studics, and interobserver differ-
ences in optical pachometry, may also affect the comparison.
Despite these potentially confounding factors, our analysis
suggests that there may be different mechanisms underlying

F
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Ficimse 5. Changes in total, stromal, and epithelial comeal thickness
in the nasal midperiphery induced by conventional RGF lenses worn
overnight over 2 lamonth period, Data collectod as described in Figure 1
Error bars, 50
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the orthokeratology cffect in the dymamic open-cye situation
comparcd with the moee static closedcye environment.

Most of the change in corneal thickness occurred after the
first night of the lens wear and rapidly progressed to stabilize
by day 10. This indicares that the first 10 days of onthokeratol
ogy treatment s 2 critcal period o moator comeal changes in
) a clinical situation. The marked central epithelial thinning
i (approximatcly 33%) raiscs concemns for corneal health and

integrity, although dlinical expericnce to date has shown that
_.., this concemn appears to be minimal where appropriate clinical
I standards are applied in lens fiting and patient manage-
H ment."** In our study, there were no significant adverse

responscs. Some superficial comeal Avorescein staining was
W recorded in some subjects in the first days of treatment, but

nonc was clinically significant (less than grade 2 on the Cornea

and Contact Lens Research Unit [CCLRU) grading scale) and all
in had recovered by the evening measurcment session on the
v samec day.

The nature of the cpithelial cellular changes underlying the
ummmmﬂmmmmmuwmﬂﬂmwmm
obscure, although some are revealed in the liters-
ture. Greenberg and Hill'™ fitted rabbits with very sicep PMMA
contact lenses that bore heavily on the comeal midperiphery.
Histologic cvaluation revealed a thinned epithelium under the
arcas of bearing, with a reduced number of cell lyers and
shorer, broader (“squashed™) basal cells. The confounding
effects of hypoxia and pressure are difficult to scparate in this
study. In a later study (Holden, Sweency, Collin, ARVO Ab-
stract, p. 481, 1989) cats were fitted with very steep silicone
clastomer lenses, which adhered firmly to the cormea. After
scveral days of bound lens wear, histologic examination re-
vealed a thinned epithelium under the lens and markedly
thickened cpithelium ourside the lens edge. This was inter-
preted as a possible migration of epithelial cells away from the
lensinduced pressure. Clearly, further work is necessary to
elucidate the nature of the collular events underlying the cen-
tral cpithelial thinning found in this study, particulary in view
of concerns regarding safety of the technique in the long term.

The clinical significance of the midperipheral stromal thick-
cning reported horein (approximately 2.5%) is also unclear.
Because of its minimal regression during the daytime (with no

TOVS, Junc 2003, Vol. 44, No. 6

lens wear), it scems unlikely that this Is a resull of lens-induced
edema. The area of thickening appears to correspond with the
midperipheral tear reservoir created under the stecper scoond-
ary curve of the reverse-geometry lens and with the ring of
midperipheral comeal stccpening typically scen on opo-
graphic maps after orthokeratology treatment. Further re-
scarch may reveal the structural basis for this subte stromal
cffect.

We noted that midperipheral comneal thickening was more
muarked in the nasal than in the temporl midperiphery at all
measurcment scislons over the reatment period. This differ-
ence in thickness is probably due to the tendency for the
lenses to displace slightly temporally in most cascs, The far-
tened rone on the comedl topographic map was also noted o
be displaced temporally in most cases. Thus, the nasal pachom-
ctry measurcments, at 3.50 mth from the corneal center, coin-
clded with a different, more peripheral, part of the aliered
comeal contour compared with the temporal measurements
(3.25 mm from corneal center),

The optical pachometer uscd in this study was calibrated
assuming a spherical comea with a radius of curvature of 7.8
mm. The marked change in comeal radius of curvarure result-
ing from ovemnight orthokemtology lens wear may thus intro-
duce a source of ermmor in comeal thickness measurcments.
Error analysis reveals that this source of error introduces a
slight bias toward overestimation of central thinning by ap-
proximately 3 pm and overestimation of midperipheral thick-
cning by 1.5 pm. Any alteration in the refractive index of the

Swarbrick ot al.* used a formula presented by Munnerdyn et
al.'* to model the expected change in refractive error based on
measurcd changes in topographical comeal thickness (or cor-
neal sagittal helght). This formula, which has been used 1o
determine the ablation depth required in photorefractive ker
atectomy to achicve a given refractve change over a defined
ablation zone diameter, can be cxpressed as £ = —52 - Dy8(n
1), where ¢ is ablation depth, § is ablation diameter (both In
meters), and [ is the desired refractive change in diopters. A
refractive index n for the comea of 1.377 &8 usually assumcd.

LR

4.00 &
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Messured change in Rx ()
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Puaume 7. Reladonship berween refractive error changes predicied

by Murmertyn's formula, besed on comeal sgiual helght change and

treatment zone diameter, and refractive changes measwred afier 3

months of overnight ortholeratology bens wear, The 111 line is shown

for reference. The regression equation is y = 1.24x + 0.37 (R = 0.B8;
P < 0,001
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Munnerdyn's formula also assumes that the posterior comea
docs not change in curvature, Substituting our measurcd sag-
irtal height changes for ¢ and the mecasured treatment 2one
diameters for 5 and solving for D, we compared the refractive
change predicied by this formula with the measured refractive
changes found on day 0. The results of this analysis arc
presented in Figuee 7. It can be seen thar this model closcly
predicts the measured refractive changes found in this subject
group (R* = 0.77; P < 0.001). We conclude thart the refractive
changes induced by ovemnight orhokeratology can be ex-
plained by the induced changes in comeal thickness rather
than by overall bending of the corncal dssuc,

In summary, we found that overnight orthokeratclogy with
reverse-goometry rigid contact lenses alters topographical cor-
neal thickness, thinning the central epithelium and thickening
the midperipheral stroma. The refractive ermor changes in-
duced by orthokeratology can be explained by these topo-
graphical thickness changes. However, the underlying cellular
basis for the thickness changes requires further study. Most of
the thickness changes oocurred in the firsa 10 days of treatment
and more than 70% occurred on the first night of lens wear.
This suggests that remodeling or redistribution of the anterior
comeal layers oocurs very rapidly in response w the pressurcs
exerted by reversegeometry lenscs.
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