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PURPOSE. To investigate the time course of corneal thickness
changes in overnight hyperopic orthokeratology (OK) lens
wear for a 4-day lens-wearing period.

METHODS. Fourteen subjects (age range, 20–37 years) were
fitted with hyperopic OK lenses in one eye only. The fellow
eye acted as a non-lens wearing control. Lenses were worn
overnight only for 4 nights, and changes from baseline in
subjective refraction, corneal topography, and corneal thick-
ness (Holden-Payor optical pachometer) at central and para-
central locations were measured on days 1 and 4 after over-
night lens wear, at lens removal (AM), and 8 hours after lens
removal (PM).

RESULTS. There was a significant refractive and corneal topo-
graphic effect at all visits. The central total cornea thickened
significantly at AM visits only because of significant stromal
thickening consistent with the overnight lens wearing edema
response, and returned to baseline at PM visits once edema
resolved. The para-central epithelium significantly thinned at
all AM and PM visits. This counteracted para-central stromal
thickening at AM and resulted in significant thinning of the
total para-central cornea at PM visits when stromal thickness
had returned to baseline.

CONCLUSIONS. Para-central corneal epithelial thinning explains
corneal anterior surface steepening in hyperopic OK and is
sufficient to account for the lens-induced refractive response.
Whereas corneal thickening is an additional factor reported in
myopic OK, this was not the case in hyperopic OK. Constraint
of corneal surface change mechanisms to para-central corneal
epithelial thinning alone in hyperopic OK may explain the
reduced refractive effect compared with myopic OK. (Invest
Ophthalmol Vis Sci. 2011;52:3648–3653) DOI:10.1167/
iovs.10-6323

Orthokeratology (OK) is a procedure by which rigid con-
tact lenses temporarily alter corneal curvature with the

intention to correct ametropia after lens removal. A number of
studies have shown that myopic OK lenses flatten corneal
curvature during wear and provide reliable refractive correc-

tion for up to �4.50D of myopia on lens removal.1–4 More
recently, it has been shown that hyperopic OK lenses steepen
corneal curvature during lens wear.5–9 However, the refractive
effect with hyperopic OK lenses is less consistent beyond
�1.50D of targeted refractive change.7 Previous studies have
shown that changes to corneal thickness (assuming no change
in curvature of the posterior corneal surface) can account for
the refractive change induced by myopic OK lenses.1,4 Swar-
brick et al.1 suggested that OK-induced corneal curvature
change represents an anterior corneal phenomenon rather
than an overall bending of the cornea. Hyperopic OK lenses
are designed on principles similar to those of myopic OK
lenses, so it is reasonable to hypothesize that changes in cor-
neal curvature from hyperopic OK lenses could be equally
limited to the anterior corneal surface.

In a previous study conducted by our group,7 we reported
that the time course of refractive and corneal topographic
change in hyperopic OK is analogous to that of myopic OK, at
least in the first 7 nights of lens wear. We also reported no
increase in central corneal thickness using ultrasonic pachom-
etry once corneal edema from overnight wear had resolved
during the day without lens wear, despite significant retention
of refractive effect at the end of the day. This led to the
suggestion that, in the absence of central corneal thickening,
the para-central cornea might have thinned in hyperopic OK to
allow for the corneal steepening. Two previous publications
have reported on the profile of corneal thickness change after
hyperopic OK; both used optical coherence tomography
(OCT) to measure changes to total, stromal, and epithelial
thickness induced by the Paragon corneal refractive therapy
lens for hyperopia (CRT; Paragon Vision Sciences, Mesa, AZ).
Lu et al.10 measured the short-term response over up to 60
minutes of lens wear and found no significant change from
baseline in central epithelial thickness but did find significant
para-central epithelial thinning after 30 minutes of lens wear.
However, when CRT lens wear was extended to 1 night in the
closed eye, Haque et al.8 found that rather than becoming
thinner, the para-central corneal epithelium thickened, with
greater thickening occurring in the central epithelium. To the
best of our knowledge, no studies have been published of
corneal thickness changes in hyperopic OK beyond 1 night of
lens wear.

The purpose of the present study was to gain understanding
of the change in the corneal thickness profile during hyperopic
OK lens wear over a longer wearing period of 4 nights. In a
previously published study,5 we showed that 4 nights of lens
wear was a sufficient period during which to induce refractive
and corneal topographic effect in hyperopic OK for low re-
fractive targets. To provide an alternative perspective to OCT,
changes to corneal total and stromal thickness were measured
with the Holden-Payor optical pachometer, and epithelial
thickness was calculated by subtraction. Optical pachometry
has been used previously to assess corneal thickness changes
in myopic OK1,4,11,12 and has been shown to provide good
intrasession repeatability for total corneal thickness of �2.0
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�m and �4.3 �m at the central and para-central regions,
respectively, and good repeatability across consecutive days to
within 3.2 � 2.2 �m.4

MATERIALS AND METHODS

Study Design

Lenses were worn overnight only for 4 nights in the nondominant eye;
the fellow eye acted as a non–lens wearing control. Measurements
were taken at baseline, day 1, and day 4, in the morning (AM) and again
8 hours after lens removal (PM). Baseline measurements were taken in
the early afternoon at least 2 hours after waking to allow full resolution
of any overnight edema. On measurement days, the lenses were re-
moved at our clinical laboratory within 1 hour of waking, and AM
measurements were taken within 5 minutes of lens removal once the
tear film had stabilized.

Subjects

Fourteen subjects were enrolled from the University of New South
Wales student community (mean age, 23.6 � 4.7 years; range, 20–37
years; 4 men, 10 women; 1 hyperopic, 6 emmetropic, 7 myopic).
Approval from the institutional human research ethics committee was
obtained before the study began. All subjects gave informed written
consent, were screened before enrolment, and were found to be in
good general health and free of ocular disease. None had been previous
wearers of rigid gas-permeable lenses. Corneal topography (E300 vid-
eokeratoscope; data analyzed with Medmont Studio 4 software version
4.9.0.5; both Medmont Pty Ltd, Melbourne, VIC, Australia) was mea-
sured at baseline to confirm that corneal astigmatism was �1.50D
with-the-rule (Table 1). All subjects were treated in accordance with
the tenets of the Declaration of Helsinki.

Lenses

Study lenses were based on the BE hyperopic OK biaspheric design (BE
Enterprises, Brisbane, QLD, Australia), manufactured by Capricornia
Contact Lens Pty Ltd (Slacks Creek, QLD, Australia), in high Dk material
(Boston XO; Dk 100 ISO/Fatt; Bausch & Lomb, Rochester, NY). The
lenses measured 10.5 mm in overall diameter and had a nominal center
thickness of 0.28 mm, giving a nominal Dk/t of 35.7 ISO/Fatt units.

Lens-Fitting Protocol

Lens specifications were calculated empirically from corneal topogra-
phy data to target �2.50D target correction and the same post-lens tear
film profiles across all subjects. Three lenses were ordered for each
subject, one just touching at the edge of the back optic zone (BOZ),
one with 5 �m greater clearance at the BOZ edge, and one with 5 �m
less clearance at the BOZ edge. The lenses were inserted and examined

on-eye at the baseline visit after the initial study measurements had
been taken. The lens providing the best on-eye centration was chosen
as the study lens, and the remaining lenses were discarded.

Measurement Techniques

All refraction and corneal topography measurements were carried out
by the lead investigator (PG). Optical pachometry measurements were
carried out by a coauthor (AA), who is an experienced optical pa-
chometrist. AA was masked as to which eye had been wearing the lens.
At all visits, measurements were taken first for corneal thickness, then
for corneal topography, and then for refraction.

Refraction

Subjective non-cycloplegic sphero-cylindrical refraction was measured
at all visits using standard optometric techniques. Individual results
were then converted to spherical equivalent (sphere � [0.5 � cylin-
der]).

Corneal Topography

A videokeratoscope (E300; Medmont Pty Ltd) was used to capture
corneal topography. Four images of each eye were obtained at each
visit and were analyzed with appropriate software (Medmont Studio 4;
Medmont Pty Ltd). Apical curvature (R0, D) and axial curvature along
the horizontal meridian at 0.5-mm intervals over a chord of 8 mm were
extracted from each topography image, and the data from the four
images taken at each subject visit were averaged. The curvature data
from the post-lens wear visits were subtracted from baseline curvature
data to provide change in curvature from baseline. Change in axial
curvature was averaged across subjects for each post-lens wear visit
and was plotted with 95% confidence intervals for each data point to
allow comparison between the four visits by inspection.

Corneal Thickness

Corneal thickness was measured using a Holden-Payor optical pachom-
eter that was modified to incorporate an arc of LED fixation lights along
the horizontal meridian and two optical beam alignment LEDs, as
described by Chan-Ling and Pye.13 Measurements were conducted at
central (0.5 mm temporal to apex), temporal (3.5 mm temporal to
apex), and nasal (2.5 mm nasal to apex) corneal locations by instruct-
ing the subjects to fixate the appropriate LED fixation lights, which
were sequentially illuminated using a computer interface. These loca-
tions were chosen to compensate for the 0.5-mm temporal lens decen-
tration evident on lens fitting and to correspond with the para-central
annulus of corneal flattening identified in topography plots from pre-
vious studies,5,7 which also showed a slight temporal decentration of
corneal steepening effect. In all cases the right eye was measured first,
starting with temporal through central to nasal locations in each eye.
At each corneal location, total corneal thickness was measured first
followed by stromal thickness, with five measurements taken of each.
The highest and lowest values from each set of five measurements
were discarded, and the remaining three readings were averaged.
Stromal thickness was then subtracted from total corneal thickness to
give the epithelial thickness at each location. Temporal and nasal
thickness values were also averaged to give a combined para-central
measurement for total, stromal, and epithelial thickness. Subject base-
line values for corneal thickness are given in Table 2. Repeatability of
the optical pachometry measurements has been reported by Alharbi
and Swarbrick4 as very good, with a maximum SD at the central cornea
of �2 �m and at the midperiphery of �4.3 �m. To further validate the
optical pachometer measurements in the present study, a repeatability
analysis was conducted on the para-central epithelial thickness mea-
surements from the control eyes at morning visits.

Statistical Analysis

Two-way repeated-measures ANOVA was carried out on refraction,
corneal curvature, and corneal thickness data to compare test eyes

TABLE 1. Subject Baseline Refraction and Keratometry

Test Eyes Control Eyes

Subjective Refraction

M (spherical equivalent) �1.46 � 1.87 �1.50 � 1.82
J180 �0.04 � 0.19 �0.03 � 0.19
J45 0.04 � 0.14 �0.03 � 0.17

Keratometry (simulated K from Medmont E300
videokeratoscope)

Flat K 43.42 � 1.47 43.55 � 1.40
Steep K 44.28 � 1.62 44.38 � 1.62
M (spherical equivalent) 43.85 � 1.54 43.97 � 1.50
J180 0.34 � 0.15 0.29 � 0.18
J45 0.23 � 0.15 0.18 � 0.25

All values are in diopters (mean � SD).
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with control eyes and change over time relative to baseline. Post hoc
t-tests with Bonferroni correction were used to compare post-lens
wearing measurements to baseline and change between different lens-
wearing intervals (SPSS version 16; SPSS Inc, Chicago, IL). The P values
for post hoc tests were adjusted by the SPSS software according to the
Bonferroni correction, such that a reported P � 0.05 denoted statistical
significance. Corneal curvature analysis was carried out at the same
locations as the corneal thickness measurements.

RESULTS

Baseline Variables

There was no statistically significant difference at baseline
between the experimental and the control eyes in terms of
refractive error, corneal curvature, or corneal thickness (Tables
1, 2; t-test; P � 0.05).

Refraction

Spherical equivalent refractive error changed significantly over
time (F(4, 52) � 26.20; P � 0.001) in test eyes only, with a
significant difference from baseline at all post-lens wearing
measurements (P � 0.01). Spherical equivalent refraction

changed by �0.96 � 0.61D at the AM visit on day 1, with
further change by �1.35 � 0.68D at the AM visit on day 4 (P �
0.05). Refractive effect regressed throughout the day on both
measurement days to �0.46 � 0.42D at the PM visit on day 1
(mean � SD, P � 0.01) and to �0.99 � 0.48D at the PM visit
on day 4 (P � 0.05).

Corneal Topography

There was a change in central and para-central corneal topog-
raphy over time in test eyes only (F(4, 52) � 23.07 [P � 0.001]
and F(2.44, 29.33) � 18.75 [P � 0.001], respectively). The central
cornea steepened and the para-central cornea flattened from
baseline at all AM and PM visits (P � 0.001; Fig. 1). There was
a regression of effect throughout the day on both measurement
days centrally and para-centrally (P � 0.05). Extending lens
wear to 4 nights did not lead to a significant increase in
topographic effect at central or para-central locations on lens
removal (P � 0.05; Table 3). However, there was significantly
greater retention of para-central flattening at the PM visit on
day 4 compared with the PM visit on day 1 (P � 0.05).

Corneal Thickness

Changes to temporal and nasal corneal thickness (Table 4)
failed to reach statistical significance; however, significance
was reached once the temporal and nasal thickness values
were pooled to provide combined para-central corneal thick-
ness (Figs. 2–4).

FIGURE 1. Change from baseline in corneal axial curvature (D) along
the horizontal chord at lens removal (AM) and 8 hours after lens
removal (PM) on day 1 and day 4. Error bars, 95% confidence intervals.

TABLE 2. Corneal Thickness at Baseline

Test Eyes Control Eyes

Central cornea
Total 549.3 � 22.4 546.8 � 25.1
Stroma 496.9 � 25.8 496.9 � 27.5
Epithelium 52.4 � 10.4 49.9 � 10.6

Temporal cornea
Total 590.4 � 25.9 583.5 � 23.4
Stroma 539.5 � 25.0 535.8 � 26.4
Epithelium 50.9 � 10.5 47.7 � 12.6

Nasal cornea
Total 587.4 � 30.6 585.4 � 33.0
Stroma 533.8 � 33.2 534.1 � 27.0
Epithelium 53.6 � 13.4 51.3 � 17.7

All values are in micrometers (mean � SD).

TABLE 3. Changes from Baseline in Central and para-Central Corneal
Axial Curvature

Day 1 Day 4 P*

Central
AM 1.02 � 0.41 1.27 � 0.54 NS
PM 0.74 � 0.32 1.02 � 0.53 NS
P† �0.05 �0.05

para-Central
AM �0.44 � 0.21 �0.48 � 0.22 NS
PM �0.13 � 0.12 �0.19 � 0.15 �0.05
P† �0.001 �0.001

All values are in diopters (mean � SD) at lens removal (AM) and 8
hours after lens removal (PM) on days 1 and 4. NS, not significant.

* Statistical significance for days 1 versus 4.
† Statistical significance for AM versus PM.

TABLE 4. Changes from Baseline in Central, Temporal, and Nasal
Corneal Thickness at Lens Removal and 8 Hours after Lens Removal
on Day 1 and Day 4

Total Stroma Epithelium

Central
Day 1 AM 11.6 � 14.7 8.6 � 14.2 3.0 � 10.9
Day 1 PM 2.1 � 11.85 2.4 � 17.3 �0.3 � 12.8
Day 4 AM 13.7 � 17.1 10.0 � 13.2 3.7 � 13.5
Day 4 PM �2.9 � 6.9 �1.5 � 13.2 �1.4 � 15.9

Temporal
Day 1 AM 1.1 � 16.4 5.5 � 15.4 �4.4 � 12.0
Day 1 PM �8.4 � 14.5 0.2 � 17.8 �8.5 � 16.9
Day 4 AM 4.2 � 20.4 8.2 � 20.8 �4.0 � 18.2
Day 4 PM �11.8 � 14.6 �5.1 � 17.5 �6.7 � 16.9

Nasal
Day 1 AM 2.3 � 16.6 9.4 � 22.8 �5.8 � 10.8
Day 1 PM �10.0 � 16.2 �2.2 � 13.9 �9.6 � 13.3
Day 4 AM 2.8 � 14.8 9.6 � 19.1 �8.2 � 9.2
Day 4 PM �11.5 � 14.6 0.2 � 7.9 �11.3 � 17.6

All values are in micrometers (mean � SD).
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Repeatability

The repeatability analysis performed on the para-central epi-
thelial thickness measurements in the control eyes at the morn-
ing visits revealed a within-eye repeatability of 3.95 �m, a
coefficient of repeatability of 7.74 �m, a coefficient of variation
at 0.75, and an intraclass correlation of r � 0.78.

Total Corneal Thickness Changes

Total corneal thickness changed over time in test eyes only at
both central (F(4, 52) � 6.97; P � 0.001) and combined para-
central (F(2.06, 26.08) � 4.99; P � 0.05) locations. Central total
corneal thickness increased significantly at AM visits only, by
11.6 � 14.7 �m (2.1% � 2.7%) on day 1 and 13.7 � 17.1 �m
(2.5% � 3.2%) on day 4 (mean � SD, P � 0.05; Fig. 2). There
was no significant difference in the change in total central
corneal thickness between the two AM visits and no significant

difference from baseline at the PM visits on either measure-
ment day (P � 0.05).

The opposite effect was seen at the para-central corneal
locations, with no significant change in total corneal thickness
from baseline at AM visits. However, total para-central corneal
thickness reduced by �10.0 � 16.3 �m (�1.7% � 2.7%) and
by �11.5 � 14.6 �m (�1.9% � 2.5%) at PM visits on days 1
and 4, respectively (P � 0.05). There was no significant differ-
ence in the changes in combined para-central corneal thick-
ness between the two PM visits (P � 0.05).

Corneal Stromal Thickness Changes

Corneal stromal thickness changed over time in test eyes only
at both central (F(4, 52) � 2.68; P � 0.05) and combined
para-central (F(4, 48) � 3.65; P � 0.05) locations. A significant
increase in stromal thickness was present at the central and
para-central locations at AM visits on days 1 and 4 (P � 0.05),
but there was no difference in effect between days 1 and 4
(P � 0.05; Fig. 3). The central corneal stroma thickened by
8.6 � 14.2 �m (1.8% � 2.9%) at the AM visit on day 1 and by
10.0 � 13.2 �m (2.1% � 2.7%) at the AM visit on Day 4,
whereas the para-central corneal stroma thickened by
7.4 � 17.4 �m (1.5% � 3.2%) at the AM visit on day 1 and by
8.9 � 13.5 �m (1.7% � 2.6%) at the AM visit on day 4
(mean � SD, P � 0.05). Stromal thickness at PM visits was not
significantly different from baseline measurements.

Corneal Epithelial Thickness Changes

Central corneal epithelial thickness did not change significantly
in either test or control eyes or over time (P � 0.05). There was
no significant change over time in para-central corneal epithe-
lial thickness in control eyes (P � 0.05). However, combined
nasal and temporal para-central corneal epithelial thickness did
change over time in test eyes only (F(4, 52) � 3.83; P � 0.01).
There was a significant, though not clinically relevant, thinning
of the para-central corneal epithelium at AM visits, by
�5.1 � 9.6 �m (�8.4% � 22.0%) on day 1 and by �6.1 � 11.3
�m (�10.2% � 25.4%) on day 4 (mean � SD, P � 0.05; Fig. 4).
There was also significant thinning in para-central corneal
thickness at PM visits, by �9.0 � 11.5 �m (�15.5% � 25.6%)
on day 1 and by �9.0 � 14.2 �m (�15.2% � 28.8%) on day 4.
There was no difference in para-central epithelial thickness

FIGURE 2. Change from baseline in total corneal thickness after 1
night and 4 nights of lens wear at lens removal (AM) and 8 hours after
lens removal (PM) at central and combined nasal (N) and temporal (T)
para-central locations. Error bars, standard error of the mean.

FIGURE 3. Change from baseline in corneal stromal thickness after 1
night and 4 nights of lens wear at lens removal (AM) and 8 hours after
lens removal (PM) at central and combined nasal (N) and temporal (T)
para-central locations. Error bars, standard error of the mean.

FIGURE 4. Change from baseline in corneal epithelial thickness after 1
night and 4 nights of lens wear at lens removal (AM) and 8 hours after
lens removal (PM) at central and combined nasal (N) and temporal (T)
para-central locations. Error bars, standard error of the mean.
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changes at the AM visits from day 1 to day 4, at PM visits from
day 1 to day 4, or between AM and PM visits on either day (P �
0.05).

DISCUSSION

This study has shown that overnight wear of hyperopic OK
lenses causes a change in the profile of corneal thickness.
Stromal thickening was present in the morning after lens re-
moval at the central and para-central locations and returned to
baseline values 8 hours later without lens wear, consistent with
the normal hypoxic edema response from overnight lens wear.
An interesting finding was that there was no thickening of the
epithelium at the corneal apex at any visit, and changes to
central corneal thickness were governed by stromal changes
alone. At the morning visits, stromal thickening led to a 2.1%
increase in total central corneal thickness after 1 night and to
a 2.5% increase after 4 nights of lens wear. This is less than the
8% swelling Holden and Mertz14 predicted for overnight wear
of the lenses used in this study, which had a nominal Dk/t of
35.7, and is likely to be a reflection of measurements taken up
to 1 hour after eye opening. As stromal thickness returned to
baseline during the day without lens wear, so did the total
central corneal thickness. This led to no significant difference
from baseline in central corneal thickness at the afternoon
measurement 8 hours after lens removal, despite significant
retention of refractive and corneal topographic effect.

The para-central cornea followed a diurnal pattern different
from that of the central cornea in total thickness change.
Significant thinning of the para-central epithelium was present
at all visits. At the morning visits epithelial thinning was suffi-
cient to cancel out stromal thickening, resulting in no change
from baseline in total para-central corneal thickness. However,
once stromal thickness had returned to baseline 8 hours later,
para-central epithelial thinning instead led to thinning of the
para-central cornea.

The changes in central corneal thickness reported here are
in agreement with a previous study, which showed an increase
in total central corneal thickness at lens removal approximately
1 hour after eye opening when measured with an ultrasound
pachometer.7 In the previous study total central corneal thick-
ness also returned to baseline after 8 hours of no lens wear,
which, because of the significant retention of clinical effect,
led us to speculate that the para-central cornea may be thin-
ning. The results from the present study confirm this previous
hypothesis. The results presented here on epithelial thickness
change in hyperopic OK are also in agreement with a previous
short-term clinical study on corneal thickness changes after up
to 1 hour of hyperopic Paragon CRT lens wear.10 The authors
reported a significant refractive effect within 15 minutes of
lens wear, with significant thinning of the para-central corneal
epithelium after 30 minutes of lens wear but no central thick-
ening at any measurement interval.

However, an alternative perspective is provided by Haque
et al.,8 who used OCT to measure change in corneal thickness
immediately on waking after a single night of hyperopic CRT
lens wear. The authors found that there was an increase in
both central and para-central epithelial thickness at lens re-
moval, by 21.5% and 13.3%, respectively. This equates to an
approximate difference between the central and para-central
changes in epithelial thickness of 8.2%. In the present study
there was no change in central epithelial thickness at lens
removal after 1 night of lens wear, whereas the para-central
epithelium showed evidence of thinning by 8.4%. This would
create a similar degree of differential effect between the two
measurement locations compared with Haque et al.8 However,
it fails to explain why the changes to epithelial thickness

reported here using optical pachometry are comparatively
smaller overall than those previously reported by Haque et al.8

using the OCT.
Muscat et al.15 have reported that the OCT model used by

Haque et al.8 has a high degree of repeatability and reproduc-
ibility across different measurement sessions for measuring
central corneal thickness. The authors did not measure periph-
eral corneal thickness but suggested that reliability could be
reduced because of errors in maintaining a perpendicular beam
alignment and a bias toward overestimation of corneal radius of
curvature by the instrument. OCT has been shown to correlate
closely with optical pachometry in measuring the center thick-
ness of test contact lenses once each instrument is correctly
calibrated.16 However, when measuring human eyes, Wang et
al.17 reported overestimation of central corneal thickness with
OCT compared with optical pachometry, with a greater degree
of overestimation in the presence of corneal edema.

Haque et al.8 took precautions to minimize potential errors
in para-central corneal measurements by ensuring perpendic-
ular beam alignment at all measurement locations. However,
the reported tendency for OCT to overestimate corneal thick-
ness in comparison with optical pachometry, especially in the
presence of edema, must be considered and offers a possible
explanation for the difference between the values reported
here compared with the corneal thickness changes reported by
Haque et al.8 Differences in measurement protocol between
the two studies might also have influenced any differential
measurement effect between these instruments. Haque et al.8

reported on clinical changes immediately on eye opening,
which would have led to greater levels of edema than found in
the present study, in which measurements were taken up to 1
hour after eye opening. The graphs published by Haque et al.8

appear to show minimal change from baseline in central cor-
neal and epithelial thickness and the possibility of some para-
central thinning 3 hours after lens removal, by which time
most of the overnight edema should have resolved.

A pilot histologic study investigating corneal thickness
changes in the cat after 4 hours, 8 hours, and 14 days of
continuous hyperopic CRT lens wear has also been pub-
lished.18 Epithelial thickness changes were minimal after 4
hours of lens wear, showed mild central thickening and para-
central thinning after 8 hours, and marked central thickening
and para-central thinning after 14 days. However, because of
the pilot nature of the study, the sample size was limited to one
animal for each lens-wearing interval. The authors also recog-
nized that outcomes might have been influenced by suturing of
the nictitating membranes of the cats to facilitate lens reten-
tion, which might have increased the force of the lens on the
eye and exacerbated the hypoxic response from the closed eye
environment.

The para-central epithelial thinning reported in the pres-
ent study and previously by Lu et al.10 is consistent with the
concept that hyperopic OK lenses induce a para-central
corneal epithelial compressive effect. This is analogous to
the central corneal epithelial thinning that is reported in
response to the apical compression induced by myopic OK
lenses.1,2,4,12,18 –21The present study reveals a similar degree
of para-central epithelial thinning in hyperopic OK com-
pared with the profile of central epithelial thickness change
in myopic OK. At the end of the day after 1 night and after
4 nights of lens wear, we found that the para-central epithe-
lium had thinned by 15%. In comparison, Alharbi and Swar-
brick4 reported 17% of central epithelial thinning at the end
of the day after 1 night of myopic OK lens wear, whereas
Haque et al.20 reported 15% of central epithelial thinning 14
hours after lens removal after 4 continuous nights of myopic
OK lens wear.
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Swarbrick et al.1 and Alharbi and Swarbrick4 applied Mun-
nerlyn’s formula22 to calculate refractive change from the
change in profile of corneal thickness for myopic OK (Mun-
nerlyn’s formula is used to calculate ablation depth in refrac-
tive laser surgery to achieve a desired refractive result). They
showed that the predicted refractive effect from the change in
corneal thickness profile using Munnerlyn’s formula was very
close to the actual change in refraction that was measured,
leading them to suggest that corneal flattening in myopic OK
was isolated to the anterior surface. We have shown that the
time course of clinical changes in hyperopic OK is analogous
to that of myopic OK.7 It is, therefore, reasonable to suggest
that similar agreement between predicted change in refraction
based on Munnerlyn’s formula and actual refractive effect
should be expected with hyperopic OK. We reported 11.5 �m
of para-central corneal thinning after 4 nights of lens wear,
coincident with the compressive annulus of the lens, which
has a diameter of 5.50 mm. Using Munnerlyn’s formula, this
equates to a predicted refractive change of 1.15D, which is
very close to the 0.99D change to spherical equivalent refrac-
tion reported at the same interval (day 4 PM) and suggests that
corneal steepening in hyperopic OK is also limited to the
anterior corneal surface.

CONCLUSIONS

The refractive effect induced by hyperopic OK lens wear can
be explained in terms of anterior corneal surface steepening
caused by lens-induced thinning of the para-central corneal
epithelium alone. This anterior corneal surface effect is in
agreement with myopic OK, for which the opposite profile of
anterior corneal surface flattening has been shown to be
caused by a combination of central corneal epithelial thinning
and para-central corneal thickening.1,4,18,20 Although corneal
thickening was a factor reported in myopic OK, this was not
the case in hyperopic OK, for which intuitively central corneal
thickening might have been expected, at least in the first 4
nights of lens wear reported here. Constraint of corneal surface
change mechanisms to para-central corneal epithelial thinning
may explain the reduced refractive effect in hyperopic OK
compared with myopic OK.
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