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Abstract
Purpose—To measure vertical and horizontal thickness profiles of the central and peripheral
corneal epithelium and determine if daytime changes occur.

Methods—Forty eyes of 20 normal subjects were imaged by ultra-high resolution spectral
domain optical coherence tomography to profile the corneal epithelial thickness from the edge of
Bowman’s layer to the central cornea across the vertical and horizontal meridians. Measurements
were made at 10:00 AM and again at 6, 8 hours later.

Results—The baseline vertical meridional epithelial thickness was thinnest, 42.9±4.1 μm, at the
edge of Bowman’s layer in the superior region. It increased in thickness (p<0.01), towards the
central cornea. The central epithelium averaged 52.5±2.4 μm, becoming thickest, 55.2±2.5 μm, in
the inferior pericentral region. It thinned towards the inferior periphery, reaching 51.3±5.1 μm at
the edge of Bowman’s layer (p<0.01). Along the horizontal meridian, the epithelium was thickest
at the nasal side, 58.6±5.1 μm, and temporal side, 59.3±6.6 μm, near the edges of Bowman’s
layer. It thinned towards the central cornea. There were no significant changes in the epithelial
thickness at any location over 8 hours.

Conclusion—Epithelial thickness varied over the horizontal and vertical meridians and appeared
stable during the daytime.

Keywords
epithelial thickness; diurnal variation; optical coherence tomography

Corresponding Author: Jianhua Wang, MD, PhD, Mailing address: Bascom Palmer Eye Institute, University of Miami, Miller School
of Medicine, 1638 NW 10th Avenue, McKnight Building - Room 202A, Miami, FL, 33136, USA. Tel: (305) 482-5010; Fax: (305)
482-5012, jwang3@med.miami.edu.

Financial Disclosures: Jianhua Wang is a recipient of the Vistakon research grant. The other authors have no proprietary interest in
any materials or methods described within this article.

Contributions to authors
Design of the study (AT, JW); Conduct of the study, data collection, analysis and interpretation (CD, LC, MS, YY); Manuscript
preparation and review (CD, JW, MS, LC).

Statement about conformity The Institutional Review Board for Human Research of the University of Miami approved this study.

NIH Public Access
Author Manuscript
Cornea. Author manuscript; available in PMC 2013 September 01.

Published in final edited form as:
Cornea. 2012 September ; 31(9): 1036–1043. doi:10.1097/ICO.0b013e31823f8d56.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
The corneal epithelium plays an important role in the maintenance of corneal integrity and
transparency.1,2 Also, it affects refraction because of its shape at the air-tear film interface
and differences in refractive index with the stroma.3 Understanding the thickness profile of
the corneal epithelium may enable us to gain insightful information to better understand the
mechanisms of the corneal change due to disease, surgery, and contact lens wear.

Using a variety of techniques and instruments, variations in corneal epithelial thickness have
been measured in normal and abnormal populations.4–9 Most investigations of epithelial
thickness report on the central cornea only. While a few studies have documented the
peripheral thickness along the horizontal meridian, 10–13 very few have studied the thickness
along the peripheral vertical meridian.14, 15 The thickness of the peripheral epithelium is
especially important because corneal refractive surgery and contact lenses infringe upon
it.15, 16

Only a few instruments or techniques have the ability to measure epithelial
thickness.10, 11, 17–19 Reinstein et al.20, 21 used high frequency ultrasound to produce in vivo
topographical plots of epithelial thickness over the entire corneal surface. However this
technique requires the cornea to be submerged in a water bath while the subject assumes a
supine position. Confocal microscopy can measure epithelial thickness, but it also is
invasive and has the potential to cause corneal lesions or transmission of infections. Also, it
is impossible to measure exactly the same locations within the cornea in serial confocal
microscopy examinations.13 Recent advances in optical coherence tomography (OCT) have
enabled exact and rapid cross-sectional imaging of the cornea without direct eye contact.
This imaging modality has excellent repeatability and accuracy.22–24 Ultra-high resolution
OCT (UHR-OCT) is an advanced technique that has enhanced resolution, ~3 μm,
approximately 3-times better than conventional time domain OCT. The high speed imaging
modality with ultra-high resolution enables analysis of the topographical thickness of the
tear film, epithelium, Bowman’s layer, as well as the total cornea.25,26 This novel
instrumentation may be beneficial for clinicians and scientists for precisely measuring the
subtle but clinically significant changes of the epithelium in various diseases. The goal of
this study was to determine by UHR-OCT the thickness profiles of the central and peripheral
corneal epithelia in the vertical and horizontal meridians. We also determined if the
epithelium undergoes daytime changes.

SUBJECTS AND METHODS
Subjects

This study was approved by the institutional review board for human research of the
University of Miami. Informed consent was obtained from each subject, and all were treated
in accordance with the tenets of the Declaration of Helsinki. A total of 20 participants (7
males and 13 females) with a mean (±SD) age 32.4 ± 5.7 years old were recruited from the
campus of the University and the Medical Center. None of the subjects had a history of
ocular or systemic disease or surgery. Thirteen were non-lens wearers and seven wore soft
contact lenses. They were asked to stop wearing their contact lenses for at least one week
prior to beginning the study. The mean refraction for right eyes was −2.1 ± 1.9 D and for left
eyes was −1.9 ± 1.9 D.

UHR-OCT
A custom-built UHR spectral domain OCT prototype was used to assess corneal epithelial
thickness across the horizontal and vertical meridians. The specification of the instrument
and the experimental procedures were described in our previous studies.25,26 Briefly, the
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system included a spectral domain OCT instrument with ~3 μm axial resolution that was
designed for imaging the anterior segment of the eye. The scanning probe was mounted on a
standard slit-lamp to facilitate imaging. The scan speed was set to 24K A-scans per second,
and the scan width was set to 7.746 mm.

Experimental procedure and image processing
All OCT images were obtained in a normal examination room with environmental settings
of temperature (15–25°C) and humidity (30–50%) that were monitored by a temperature
logger (Dickson TM121, Addison, Illinosis). Baseline images of both eyes of the 20 subjects
were taken twice within 15 minutes after 10:00 AM and again at 6 hours (4:00 PM) and 8
hours (6:00 PM) later. Each subject was asked to sit in front of the slit-lamp on which the
OCT probe was mounted. The epithelial thickness profiles were obtained by scanning the
vertical and horizontal meridians. The central OCT beam, indicated on the OCT monitor,
was set on the corneal apex where a specular reflection was normally detected. When
imaging the peripheral cornea, the subject was asked to look at the nasal, temporal, superior,
and inferior fixation targets that were marked on the slit-lamp. (Figs. 1, 2) Additionally,
when imaging the vertical meridian of the inferior cornea, the subject looked at the superior
fixation target and opened the eye as widely as possible. For the vertical meridian of the
superior cornea, the subject looked at the inferior target and used a finger to slightly lift the
upper lid.

Custom software was used to segment the epithelium in the OCT images to yield the
epithelial thickness profile. In the exported images, the epithelium was outlined semi-
manually. For the central region, only the central 1000 pixels out of a total of 2048 pixels,
equivalent to a 3.78 mm chord distance, were used for image analysis (Fig. 3). For the
peripheral region, the edge of Bowman's layer was chosen to define the outer limits. A
thousand pixels extending from the edge of Bowman’s layer toward the central cornea were
analyzed (Fig. 4). Both regions were divided into 10 equal zones. For the central cornea,
Zones 5 – 6 represented the apex. For the peripheral regions, Zone 1 was at the edge of
Bowman's layer and Zone 10 was towards the central cornea.

For image processing, we applied a refraction correction algorithm. First, a polynomial
function was fitted to the front interface using a least squares fitting procedure. Then, using
the algorithm according to the Snell’s principle,27 we calculated the corrected position of
each pixel on the back interface. In the third step, the epithelium thickness was measured
around the axis that was perpendicular to the slope of the epithelium at each lateral location.
A refractive index of 1.389 was used to calculate to epithelial thickness across the cornea.28

The custom built UHR-OCT prototype and the refraction correction algorithm were
validated by testing the thickness measurements of a polymethylmethacrylate (PMMA)
contact lens. First, the PMMA lens was measured with a lens measuring gauge (Vigor
GA-715,MITUTOYO Japan).29 Five repeated measurements were taken by three
technicians at five marked position (1 mm apart) within the 4 mm central region along one
meridian. Then, three repeated OCT scanning images with a width of 7.746 mm were taken
along the marked meridian. The images were processed with custom software, and the
PMMA lens thickness was calculated using the refractive index of PMMA, 1.485 at the light
wavelength of 830 nm, in the refraction correction algorithm. The correlation coefficient R2

between the gauge and OCT measurements was 0.906 with differences of 1–3 μm at the five
positions within the central 4 mm region.

Data analysis
A statistical package (Statistica 7.0, StatSoft Inc, Tulsa, OK, USA) was used for descriptive
statistics and data analysis. Repeated measures ANOVA (Re- ANOVA) was used for overall
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effects, and post hoc paired t-tests with Bonferroni correction were used to determine if
there were pair-wise differences (p<0.05). P-values were adjusted for epsilon using Geisser-
Greenhouse correction when the variances of the differences between effects were not equal.

RESULTS
There were no significant changes between the two baseline measurements in the epithelial
thickness along horizontal or vertical meridians (p>0.05). The average of the two
measurements was used for the epithelial thickness profile (Fig. 6). For the vertical
meridian, the baseline superior peripheral epithelium was thinnest at the edge of Bowman's
layer, 42.9±4.1 μm in Zone 1 (Fig. 6A). The thickness gradually increased (P < 0.001)
towards the pericentral cornea, reaching 49.5 – 50.4 μm in Zones 4 – 10 (Fig. 6A). The
central epithelium thickness averaged 52.5±2.4 μm (Fig. 6B). The inferior peripheral
epithelium was thickest in Zone 8, 55.2± 2.5 μm, and then decreased, reaching 51.3±5.1 μm
in Zone 1 (post hoc, p<0.01 between Zones 10-3 and 1-2) at the edge of Bowman's layer
(Fig. 6C). This thickness was not significantly different from Zone 6 in the central cornea (p
> 0.05, Fig. 6B).

For the horizontal meridian, the baseline thickness of peripheral nasal epithelium in Zone 1
was 58.6±5.1 μm. It decreased gradually to 53.6±3.7 μm in Zone 10 (p<0.01, Fig. 6D). The
thickness of the central epithelium was uniform from the nasal to the temporal side,
averaging 52.0±2.3μm (Fig. 6E). The epithelium in temporal peripheral Zone 10 was similar
in thickness to the central epithelium. However, beginning in Zone 2, it increased sharply to
59.3±6.6 μm in Zone 1 (Fig. 6F), which was not significantly different from the Zone 1
value in the nasal region (p > 0.05).

After the baseline UHR-OCT images were taken, they were repeated at 6 and 8 hours later.
There were no significant changes in the epithelial thickness at any location along either the
horizontal or vertical meridians (Fig. 7, p>0.05).

DISCUSSION
Based on a variety of methods, central epithelial thickness has been reported with values
varying from 50 to 60 μm.11,12,15,20,21, 32,33 Prior to 2005 there were no reported differences
between central and peripheral thicknesses, and the epithelium was considered to have a
uniform depth.11,15 However, with recent improvements of measurement accuracy and area
of acquisition, the general finding has been that the peripheral epithelial thickness is greater
than the central thickness in normal eyes.10,21 Our study here is one of the few that
addresses thoroughly the thickness profile of the central and peripheral epithelium in both
the vertical and horizontal meridians.

The central epithelial thickness reported here, 51.4 μm – 53.2 μm, is consistent with
previously reported OCT values.11,18 However, there appears to be a large discrepancy in
the peripheral thickness measurements, especially around the vertical meridian. Using a
modified OCT instrument with scan width of 1.13 mm and an axial resolution of 10 μm,
Haque et al.33 measured corneal and epithelial thicknesses across four meridians in normal
eyes. They found that the peripheral epithelial thickness was greater than the central
thickness. The thickest location, 68 μm, was in the superior region, and the thinnest, 58 μm,
was in the inferior region. Their results were opposite to the only other study of the time,
which used high-frequency digital ultrasound,21 but they did not attempt to explain the
differences. A likely explanation for this dissimilarity is the selection of a suitable and
readily identifiable landmark from which the measurements were made. In our high
resolution images, the ending of Bowman’s layer was an easily differentiated landmark.
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Apparently in older studies using relatively lower axial resolution devices, it was not
possible to clearly identify it. The epithelium at the peripheral transparent area before the
end of Bowman’s layer was thinner than the area near to or at the limbus that they measured.
With our 7.45 mm scan width, the thinnest point could be screened in a single scan from the
peripheral region defined as the 1000 pixels from the landmark towards the apex. In the
study by Haque et al.,33 the limited scan width and the absence of any landmarks may have
caused them to miss the thinnest point in the superior region in their “point by point”
constructed map. The standard deviations obtained in our study were remarkably lower than
those reported by others,10,18,23,33 which implies that our method is more repeatable. Thus,
the epithelial thickness profile that we reported here is in agreement with the values obtained
by very high-frequency digital ultrasound.20,21 Both approaches show that the epithelium
increases in thickness from the superior to inferior cornea, with the center being nearly as
thick as the inferior region.

There may be several explanations of why the superior peripheral corneal epithelium is
thinner than the inferior portion. First, anatomically the upper lid impinges directly on the
superior 2 mm of the cornea while the lower lid covers less of the inferior peripheral cornea
in most normal eyes. This suggests that the corneal epithelium becomes modified by the
long term constant depression of the upper lid. Secondly, as Reinstein et al.34 originally
suggested, blinking and friction on the cornea may regulate the corneal epithelial thickness
profile. The eyelid might effectively be chafing the surface epithelium during blinking, with
greater forces applied on the superior cornea than on the inferior cornea,35,36 thus thinning
the superior epithelium. The weakness of the superior epithelial barrier could also explain
the occurrence of superior epithelial arcuate lesions (SEALs) that can occur with
conventional soft contact lens wear.37 Finally, the gravity-dependent flow of the tear film
from the superior to the inferior corneal surface may contribute to the relative thinness of the
superior epithelium. The average tear film is approximately 3 μm thick in the center;38

however in this study, we did not assess it. Thus this variation of the tear film thickness in
the periphery may have induced an overestimation of epithelial thickness in the inferior
region.

This is the first study that attempted to determine if the topographical thickness of the
epithelium along the vertical and horizontal meridians changes over time. We were unable
to identify any thickness changes in the central corneal epithelium during the 8-hour study
period, which is in agreement with the findings by Feng et al.17 Using time domain OCT,
they found diurnal variation of the central epithelium in eyes with patches, but not in control
eyes. Although UHR-OCT appears to be suitable for imaging the epithelial profile, further
improvements are necessary to image the entire map of the epithelium and study short term
changes such as those that might occur after eye opening.

Understanding the baseline profile and normal physiologic variation in corneal epithelial
thickness is imperative to provide a basic reference parameter for clinical and laboratory
research. This information can increase the accuracy of corneal refractive surgery as
epithelial changes play a role in refractive regression.39 Knowledge of the corneal epithelial
profile may also be of interest in the fitting and wear of contact lenses. Further studies
concerning ocular surface changes after contact lens wear and changes associated with
different types of lenses are warranted. In addition, although a lot of complications
associated with contact lens wear can be easily observed in routine clinic examinations, it is
difficult to detect subtle sub-clinical alterations of the ocular surface and quantify these
changes. The application of UHR-OCT may lead to a more complete and deeper
understanding of the mechanism and early diagnosis of these complications.
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There are some limitations in this study. First, there may have been some overlap in the
segmented regions of the central and peripheral cornea used to yield the epithelial profile.
This could have lead to a slight bias in this region. However, this bias would not have
affected the comparison between superior and inferior peripheral regions where there were
significant differences. Second, the opening between the eyelids was voluntarily expanded
when the vertical meridian was imaged. It was difficult to quantify the magnitude of eyelid
opening and corneal exposure, so there may have been some variability between subjects in
the evaporation and movement of the tear film that could induce subtle effects in the final
epithelium thickness measurements.40 Finally, a single refractive index of 1.389 was used in
the present study for calculation of the epithelium. According to the results by Vasudevan et
al.41, we may have had about 0.25% underestimate of the epithelial thickness in the
peripheral region, which may be too small to be meaningful. However, with these
differences in refractive indices, the difference between the central and the peripheral
thicknesses at horizontal meridian would be larger, supporting our conclusions.

To the best of our knowledge, this was the first study using UHR-OCT to measure corneal
epithelial thickness profiles across the peripheral and central cornea in the vertical and
horizontal meridians, and to assess daytime variation of the full corneal epithelial thickness
profile in normal eyes. The epithelial thickness was not evenly distributed in the vertical and
meridional planes. The epithelial depth thinned from the inferior to the superior regions
across the vertical meridian, and it symmetrically thickened from the central to temporal and
nasal regions across the horizontal meridian. The epithelial thickness profile was stable
during the 8 hour daytime period of observation.
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Figure 1. Construction of the UHR-OCT corneal image along the vertical meridian
The superior, central and inferior OCT images were reconstructed at the vertical meridian
(Bars = 250 μm). The inserts (A’, B’ and C’) were the magnified areas marked as A, B, and
C (Bars = 50 μm).
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Figure 2. Construction of the UHR-OCT corneal image along the horizontal meridian
The nasal, central, and temporal OCT images were reconstructed at the horizontal meridian
(Bars = 250 μm). The inserts (A’, B’ and C’) were the magnified areas marked as A, B and
C (Bars = 50 μm).
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Figure 3. Segmented epithelium at horizontal central region of the cornea
The image was acquired at the center location, and the epithelium was outlined semi-
manually. The dots were chosen as the intensity peaks and the software detected all other
peaks to form the curve-fitted boundaries of the front and back surfaces of the epithelium.
The central 1000 pixels, equal to a chord distance of 3.78 mm, were used to yield the
epithelial thickness for the central cornea in each of the 10 zones.
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Figure 4. Segmented epithelium at peripheral temporal region of the cornea
The edge of Bowman’s layer was chosen as the landmark. The epithelium toward the apex
was outlined using custom software. The 1000 pixels, equal to chord distance of 3.78 mm,
from the landmark toward the apex were used to yield the peripheral epithelial thickness in
each of the 10 zones.
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Figure 5. Schematic of optical correction of the epithelial profile
The algorithm was applied to correct each pixel on the back surface to restore its geometric
location in the image. The epithelium thickness was measured around each axis between the
front interface and corrected back interface.
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Figure 6. Baseline epithelial thickness profile
The epithelial thickness profiles at the vertical (A – C) and horizontal (D – F) meridians
were obtained by scanning different locations. Each scan consisted of 1000 lateral A-scans
over a chord distance of 3.78 mm (upper scale) and was divided into 10 equal zones (lower
scale). For the peripheral profiles, Zone 1 began at the edge of Bowman’s layer. Bars denote
95% confidence intervals.
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Figure 7. Daytime variation of epithelial thickness profile
The epithelial thickness profile was imaged at baseline, 6, and 8 hours for both eyes of 20
subjects. After 6 and 8 hours, there were no significant changes in epithelial thickness for
any location along the vertical (A – C) or horizontal (D – F) meridians (P > 0.05). Bars
denote 95% confidence intervals.
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