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ABSTRACT

PURPOSE: To characterize changes in the corneal epi-
thelial thickness profile induced by myopic LASIK.

METHODS: This was a prospective study of 37 eyes of
19 myopic LASIK patients. Eyes were divided into three
groups according to sphere in the maximum myopic
meridian: low (—1.00 to —4.00 diopters [D]), moder-
ate (—4.25 to —6.00 D), and high myopia (—6.25 to
—13.50 D). The epithelial thickness profile was mea-
sured by prototype Artemis very high-frequency (VHF)
digital ultrasound scanner (ArcScan Inc) across the
central 10-mm corneal diameter preoperatively and be-
tween 3 and 6 months postoperatively. The epithelial
thickness profile was determined by averaging the epi-
thelial thickness within annular bands centered on the
corneal vertex. The change in epithelial thickness profile
was calculated as the difference between the preopera-
tive and postoperative epithelial thickness profiles.

RESULTS: The corneal epithelium thickened after my-
opic LASIK across the central 6 mm with maximum
thickening centrally and progressively less thickening
centrifugally in low myopia, and a more homogenous
thickening in moderate and high myopia within the 5-
mm diameter. The mean epithelial thickening at the cor-
neal vertex was 7.41+1.09 um, 9.29+1.22 um, and
12.33%+1.05 um for low, moderate, and high myopia,
respectively. The rate of epithelial thickening at the cor-
neal vertex per diopter of myopia treated decreased with
increasing myopia.

CONCLUSIONS: Although the magnitude of epithelial
thickening increased with increasing ablation depth, in
accordance with Barraquer’'s Law of Thicknesses, the
myopic refractive shift due to epithelial thickness pro-
file changes was paradoxically more significant in low
myopia than in high myopia. [J Refract Surg. 2008;24:
XXX-XXX. ]

he corneal epithelium is a highly active, self-renew-
ing layer; a complete turnover occurs in approxi-

I mately 5 to 7 days.! Despite this high turnover rate,

the epithelium must maintain the same thickness profile over
time to maintain corneal power and hence ocular refraction.
The epithelial thickness profile can affect the total corneal
power both because it determines the shape of the air—tear
film interface, but also because of the difference in refractive
index between epithelium and stroma (1.401 vs 1.377).%2 It
has been estimated from corneal keratometry measurements
in 10 fresh human eye-bank eyes, with and without epithe-
lium, that the epithelium accounts for an average of 1.03
diopters (D) of corneal power at the central 2-mm diameter
zone.?

An increase in central epithelial thickness after LASIK or
PRK*1% has been shown, which has been related to myopic
regression.* %1014 However, central epithelial thickening, per se,
does not lead to a myopic shift if the epithelium were to thicken
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evenly across the ablation zone. Jose Ignacio Barraquer’s
Law of Thicknesses summarizes that if there is relative
tissue addition in the center of the cornea, there will
be a myopic refractive shift and conversely if there is
relative tissue removal from the center of the cornea
or addition in the periphery there will be a hyperopic
refractive shift.’> We first published examples of the
epithelial thickness profile change after corneal refrac-
tive surgery in 1994,'® but these profiles were limited
to the central 3-mm diameter and demonstrated that
the epithelium thickens in response to stromal abla-
tion and stromal surface irregularities.!”

Artemis very high-frequency (VHF) digital ultrasound
technology (ArcScan Inc, Morrison, Colo) enables wide
angle pachymetry of the individual layers of the cor-
nea continuously over the central 10-mm diameter of
the cornea.'® We previously described the use of VHF
digital ultrasound to measure corneal epithelium,®
with the first confirmed measurement of the epithe-
lium of the cornea in vivo using a prototype rectilinear
VHF digital ultrasound scanning system in 1993.2° We
demonstrated that acoustic interfaces detected were
indeed located spatially at the epithelial surface and
the interface between epithelial cells and the surface
of Bowman'’s layer.?® We also reported the first high-
precision VHF digital ultrasound three-dimensional
epithelial thickness mapping system!®; VHF digital
ultrasound technology has gradually improved both
in precision and in area of acquisition. The Artemis I
VHF digital ultrasound arc-scanning system enables
acquisition of corneal data over a 10-mm diameter.
The repeatability of epithelial thickness measure-
ments in 10 consecutive examinations of 1 eye using
the Artemis I VHF digital ultrasound arc-scanning
system has been shown to be <1.30 pm within an 8-
mm diameter, with a central repeatability of 0.50 pm.*®
Using this technique, we recently described the in
vivo epithelial thickness profile for a group of nor-
mal human corneas.*!

The purpose of this study was to measure the change
in the epithelial thickness profile after myopic LASIK
and correlate these changes to the amount of myopia
treated. We also set out to characterize the magnitude
of the epithelial thickness profile change for low,
moderate, and high myopic ablation.

PATIENTS AND METHODS

PATIENTS

This was a prospective study of 19 myopic LASIK
patients. Patients were recruited from a high-volume
refractive surgical practice (LASIK Vision Canada,
Vancouver, Canada) between January and June 1998

by general distribution of an information sheet regard-
ing the nature of the study.

A complete ocular examination was performed in-
cluding manifest refraction, videokeratographic map-
ping (TMS-1; Tomey Technologies Inc, Cambridge
Mass), and Orbscan topography (Bausch & Lomb, Irvine,
Calif) to screen for ocular abnormalities and determine
patient candidacy for LASIK. Inclusion criteria in addi-
tion to medical candidacy for LASIK included willing-
ness to undergo VHF digital ultrasound scanning of both
eyes before and at least 3 months after surgery. LASIK
was performed with the Moria LSK-One microkeratome
(Moria, Antony, France) with the —1 head and the 130-
pm ring and the NIDEK EC-5000 excimer laser platform
(NIDEK Co Ltd, Gamagori, Japan). The ablation profiles
were based on the Munnerlyn algorithm?? and an optical
zone of 6.5 mm with transition to 7.5 mm was used for
all eyes.

The study adhered to the tenets of the Declaration
of Helsinki and was performed in accordance with an
Institutional Review Board approved protocol.

VHF DIGITAL ULTRASOUND ARC-SCANNING

The scanning system and patient setup has been
described previously.'® Briefly, patients were placed
in the supine position and scanned using a standard
ophthalmic immersion technique. A plum-bob aligned
fixation target above the eye that was not being scanned
provided vertical alignment of both visual axes as well
as fixation of the eye during the scan sequence. A VHF
(50 MHz) ultrasound broadband transducer (Panamet-
rics Inc, Waltham, Mass) was controlled in a reverse-
arc motion to follow the corneal contour and to acquire
an 8- to 10-mm-wide corneal B-scan in a single sweep.
Ultrasound data were first digitized and stored. The
digitized ultrasound data were then transformed using
patented Cornell University digital signal processing
technology. A speed of sound constant of 1640 m/s
was used.

EPITHELIAL THICKNESS PROFILE CHANGES

The epithelial thickness profile for the central 8- to
10-mm corneal diameter was obtained continuously
for each eye preoperatively and between 3 months and
6 months postoperatively. Changes in epithelial thick-
ness were calculated as the difference between the pre-
and postoperative epithelial thickness data.

To investigate the centrifugal changes in epithelial
thickness profile, epithelial thickness was averaged
within the 0.25-mm zone centered on the corneal ver-
tex and within four peripheral annular bands each
0.25-mm wide centered on the corneal vertex with
central radii of 1.5, 2.0, 2.5, and 3.0 mm (Fig 1). An-
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Figure 1. Location of central zone and
annular bands centered on the corneal
vertex within which epithelial thickness was
averaged.

ro = 0.125 mm radius disc

ry = 1.5 mm radius annulus
rz = 2.0 mm radius annulus
ra = 2.5 mm radius annulus

rs = 3.0 mm radius annulus

t=0.25 mm thickness

nular averaging of epithelial thickness was used to ho-
mogenize any orthogonal asymmetries that might be
introduced by toric ablations.

STATISTICAL ANALYSIS

The change in epithelial thickness at the corneal
vertex and for each annulus was plotted against the
sphere in the maximum myopic meridian for all eyes.
The sphere in the maximum myopic meridian was
used as it determines the maximum ablation depth.
Polynomial regression analysis was performed to seek
possible correlations between the amount of epithelial
thickening and the sphere in the maximum myopic
meridian for the corneal vertex and peripheral annuli.
The coefficient of determination (r?) was calculated for
the corneal vertex and for each peripheral annulus.

To characterize how the cross-section of the epithe-
lial thickness profile varied depending on the level of
myopia, the eyes were grouped based on the sphere in
the maximum myopic meridian: low myopia (—1.00 to
—4.00 D), moderate myopia (—4.25 to —6.00 D), and
high myopia (—6.25 to —13.50 D). The mean (and stan-
dard error) epithelial thickness was calculated at the
corneal vertex, and at each annulus for each group.
The mean epithelial thickness was plotted against the
radial distance from the corneal vertex. This analysis
was performed for the preoperative epithelial thick-
ness profile, postoperative epithelial thickness profile,
and change in epithelial thickness profile.

To determine the rate of corneal vertex epithelial
thickening per diopter of myopia treated, the ratio of

central epithelial thickening and sphere treated in the
maximum myopic meridian was calculated for each eye
and averaged within each group: low myopia, moderate
myopia, and high myopia.

Student two-sample f tests were carried out to iden-
tify any statistically significant differences between
refractive groups in preoperative epithelial thickness
and in the change in epithelial thickness profile at the
corneal vertex and each annulus. Student two-sample ¢
tests were also carried out to determine any statistically
significant differences between the epithelial thicken-
ing at the corneal vertex and the epithelial thickening
at each peripheral location for each refractive group.

Descriptive statistics and comparative statistics
were performed in Microsoft Excel 2003 (Microsoft
Corp, Redmond, Wash). Polynomial regression analy-
sis was performed using SPSS version 12.0 (SPSS Inc,
Chicago, I11).

RESULTS

During the study period, 37 eyes of 19 patients (19
right and 18 left eyes) were included in the study. A
flap complication (free cap) occurred in the left eye of
one patient and was excluded from the analysis as no
ablation was performed. Thirteen (68%) patients were
scanned at 3 months postoperatively and 6 (32%) pa-
tients were scanned 6 months postoperatively. Mean
age of the population was 37.9£8.6 years (median 37
years, range: 20 to 64 years).

Mean manifest sphere was —4.78+2.77 D (range: 0.00
to —12.25 D), mean manifest cylinder was —0.99+0.91 D
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Figure 2. The change in epithelial thickness
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(range: 0.00 to —3.00 D), and mean sphere in the maxi-
mum myopic meridian was —5.50+2.47 D (range: —1.50
to —13.50 D). The mean sphere in the maximum myopic
meridian was —3.33%+0.78 D (range: —1.00 to —4.00 D) for
the low myopia group (12 eyes), —5.05=0.56 D (range:
—4.25 to —6.00 D) for the moderate myopia group (14
eyes), and —8.43+2.35 D (range: —6.25 to —13.50 D) for
the high myopia group (11 eyes).

Figure 2 presents a scatterplot of the change in epi-
thelial thickness at the corneal vertex and for each an-
nulus against the sphere in the maximum myopic me-
ridian treated. Figure 2 shows that there was an increase
in epithelial thickness after myopic LASIK both at the
corneal vertex and for each annulus. More epithelial
thickening was noted in high myopia than low myopia;
the amount of epithelial thickening increased linearly

TABLE

Mean Pre- and Postoperative Epithelial Thickness and Change in Epithelial
Thickness at the Corneal Vertex and for Each Annulus*

Mean Epithelial Thickness (um)

Preoperative
Annulus radius (mm) 0.0 1.5
Low myopia 51.12+0.41 51.43+0.39
Moderate myopia 51.28+0.80 51.43+0.78
High myopia 50.13+0.50 50.45+0.51
Postoperative
Annulus radius (mm) 0.0 il
Low myopia 58.54+1.34 57.41+1.08
Moderate myopia 60.57*1.45 61.11+1.21
High myopia 62.46+1.03 63.35+0.96
Change
Annulus radius (mm) 0.0 1.5
Low myopia 7.41+1.09 5.98 +=0.85
Moderate myopia 9.29+1.24 9.68 =0.93
High myopia 12.33+1.05 12.90+0.81

2.0 2.5 S10
51.62+0.36 51.58+0.35 51.65+0.32
51.79+0.78 52.21+0.78 52.47+0.81
50.84+0.58 50.90+0.69 51.39+0.82

2.0 213 3.0
56.14+0.82 54.94+0.63 53.77+0.45
61.10+1.09 60.53+0.66 59.56+0.54
63.01+0.63 61.91+0.75 60.17+0.99

2.0 2.5 3.0
4.51+0.63 SESIEEOESH! 2.13 £0.44
9.31+0.77 8.32+0.60 7.09 +0.85
12.17+0.65 11.00%0.45 8.78 +=0.60

*Values represented as mean=standard error.

Note. Low myopia (—1.00 to —4.00 D), moderate myopia (—4.25 to —6.00 D), and high myopia (—6.25 to —13.50 D).
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epithelium peripherally. No
statistically significant differ-
ence was noted in preopera-
tive epithelial thickness among
groups at any location (P>.05
at 0.0-, 1.5-, 2.0-, 2.5-, and 3.0-
mm radii). Postoperatively, the
epithelium was statistically
significantly thicker at all loca-
tions for all groups (P<.001),
and the epithelial thickness
profile had changed to thicker
a0 epithelium centrally and pro-
gressively thinner epithelium
peripherally in low myopia

-5~ Low myopia
=~ Moderate myopia
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Figure 3. A) Mean epithelial thickness (um) at the corneal vertex and each annulus plotted for low, moder-
ate, and high myopia groups. The continuous lines show the preoperative epithelial thickness profile. The
dashed lines show the postoperative epithelial thickness profile. B) Mean epithelial thickening (um) at the
corneal vertex and each annulus plotted for low, moderate, and high myopia groups.

with increasing ablation depth for low to moderate my-
opia, and appeared to plateau at approximately 15 pm
for high myopia. This trend was characterized by the
regression analysis; there was a strong quadratic cor-
relation between the epithelial thickening and level of
myopia treated at the corneal vertex and each peripheral
annulus. The coefficient of determination (r?) was 0.35
for the corneal vertex (P=.001), 0.59 for the 1.5-mm an-
nulus (P<.001), 0.67 for the 2.0-mm annulus (P<.001),
0.70 for the 2.5-mm annulus (P<.001), and 0.46 for the
3.0-mm annulus (P<.001). The regression lines also
demonstrated that there was a pattern for more epithe-
lial thickening at the corneal vertex and progressively

and to a more homogenous
epithelial thickening in mod-
erate and high myopia within
the 5-mm diameter.

The effective change in epi-
thelial thickness profile is plotted in Figure 3B. The rate
of epithelial thickening at the corneal vertex per diopter
of myopia treated decreased with increasing myopia;
it was 2.1 pm/D for low myopia, 1.8 pm/D for mod-
erate myopia, and 1.5 pm/D for high myopia. The
amount of epithelial thickening was statistically sig-
nificantly greater for high myopia than low myopia
at all locations (P<.05). The amount of epithelial
thickening was statistically significantly greater for
moderate myopia than low myopia at all peripheral
locations (P<.05), but the difference was not statisti-
cally significant at the corneal vertex (P=.274). The
amount of epithelial thickening was statistically sig-
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nificantly greater for high myopia than moderate myo-
pia at the 1.5-, 2.0-, and 2.5-mm radii (P<.05), but the
difference was not statistically significant at the cor-
neal vertex (P=.071) and 3-mm radius (P=.123).

Figure 3B also shows that the profile of the epithe-
lial thickening was different for low, moderate, and
high myopia. The low myopia group demonstrated the
highest change in gradient of the epithelial thickness
profile from center to the periphery. For the low myo-
pia group, no statistically significant difference was
noted in the amount of epithelial thickening between
the center and 1.5-mm radius (P=.062); however, there
was statistically significantly more epithelial thick-
ening centrally than at the 2-, 2.5-, and 3-mm radii
(P<.005). For moderate and high myopia, the change
in gradient was more gradual with a region of homo-
geneous epithelial thickening within the central 5-mm
diameter. For moderate myopia, there was no statis-
tically significant difference in the amount of epithe-
lial thickening between the center and 1.5- (P=.657),
2.0- (P=.985), 2.5- (P=.371), and 3-mm radii (P=.107).
For the high myopia group, no statistically significant
difference was noted in the amount of epithelial thick-
ening between the center and the 1.5- (P=.515), 2.0-
(P=.860), and 2.5-mm radii (P=.217). However, there
was statistically significantly more epithelial thicken-
ing centrally than at the 3-mm radii (P=.008).

DISCUSSION

Changes in the epithelial thickness profile follow-
ing myopic LASIK were characterized. The epithelium
thickened postoperatively across the central 6 mm
with maximum thickening centrally and progressively
less thickening centrifugally in the low myopia group,
whereas a more homogenous thickening in the moder-
ate myopia and high myopia group within the 5-mm
diameter was noted. Although the epithelium thick-
ened progressively with increasing central ablation
depth, paradoxically, the gradient of epithelial thick-
ening from center to periphery was steeper for low
myopia than moderate and high myopia. This results
in the myopic refractive shift due to epithelial profile
changes being more significant for low than high myo-
pic ablations.

The change in epithelial thickness profile between
the pre- and postoperative epithelium will affect the
refractive power of the epithelium. The increased epi-
thelial thickening at the corneal vertex could partly
explain the myopic shift described in the early period
after myopic LASIK.#6:11-13

The epithelium appears to behave as to reverse the
change in stromal curvature and return the cornea to its
preoperative curvature by remodeling itself to mirror the

volume of stromal tissue removed.!316.17.18.23.24 Hyang
et al®® published a theoretical mathematical model
to simulate epithelial migration after laser refractive
surgery. The model was based on partial differential
equations commonly used to portray the flow of solute
across a concentration gradient, which was assumed
to act in a similar fashion to epithelial migration. The
model predicted central epithelial thickening after
myopic laser ablation producing partial reversal of
contour changes modeled by stromal ablation and
reduction in the achieved correction. This was in good
agreement with our findings for low myopia; how-
ever, our clinical data showed that in moderate and
high myopia, there was a region of homogeneous epi-
thelial thickening within the central 5-mm diameter.
In contrast to the model, which predicted an average
1.5 pm/D of central epithelial thickening after myopic
ablation, we found that the rate of thickening (mean
thickening per diopter treated) decreased with increas-
ing myopia treated. Our results showed that the rate of
central epithelial thickening was 2.1 pm/D for myopia
between —1.00 and —4.00 D, 1.8 pm/D for myopia be-
tween —4.25 and —6.00 D, and 1.5 pm/D for myopia
between —6.25 and —13.50 D. There appears to be cer-
tain biological constraints acting in moderate and high
myopia, which distinguish the epithelial changes
observed herein clinically from the theoretical model.

To better understand how epithelial changes are
affected by the ablation depth, further study with a
higher number of eyes is required. Increasing the num-
ber of eyes will increase the power of the statistical
analysis and overcome some of the drawbacks of this
study. For example, we were able to demonstrate a sta-
tistically significant difference between central epithe-
lial thickening and epithelial thickening at the 3-mm
radius for high myopia; however, the difference was
not statistically significant for moderate myopia. This
could be due to the sample size; power analysis indi-
cated that a sample of at least 30 eyes per group would
be required for a difference of 2 pm to be statistically
significant. Further improvements in the study design,
such as excluding eyes with astigmatism and limiting
the spherical refraction groups to distinct narrow ranges,
might also be helpful in investigating the epithelial
response as a function of myopia treated.

Myopic shift after myopic LASIK is well docu-
mented,*?%27 and it has been suggested that other bio-
mechanical changes in the cornea as well as epithelial
changes are involved in myopic regression. We have
previously demonstrated using VHF digital ultrasound
scanning that biomechanical changes are responsible
for thickening of the stroma peripheral to the ablation
zone and flap.'® Roberts?®29 proposed a model to ex-
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plain this mechanism and concluded that biomechani-
cal considerations will have to be taken into account
for accurate wavefront-guided correction of the cornea.
The results of the present study suggest that it might
also be beneficial to consider changes in the epithelial
thickness profile as epithelial healing plays a role in
the final refractive result. This is particularly impor-
tant when using corneal wavefront treatment as the ab-
lation depth is modulated by only very small amounts
when attempting to correct higher order aberrations.

We have shown that the change in epithelial thick-
ness profile induced by myopic LASIK results in a
myopic shift. Although the magnitude of epithelial
thickening increased with increasing ablation depth,
paradoxically, myopic refractive shift due to epithelial
profile changes was more significant in low myopia
than in high myopia.
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