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Keratoconus diagnosis 

Group B andGroupCwas performed during the first clinical
visit.

Themain analysis report produced by the AS-OCT system
displayed total corneal (reported as pachymetry) and epithe-
lial 3-D thickness maps covering the 6.0 mm diameter area.
Corneal pachymetry was assessed by the central corneal
thickness (CCT) and minimum corneal thickness. Epithelial
thickness assessment comprised the following measure-
ments: pupil center, superior, inferior, minimum, maximum,
mean, peripheral, topographic thickness variability, and
epithelial thickness range. These data were collected as fol-
lows (Figure 2): Each thickness map was divided into 17 sec-
tions (2.0mmdiameter pupil center disk of 12.56mm2 area; 8
sectors [octants] within the annulus between the 2.0 mm and
5.0 mm zones, each of 8.24 mm2 areas; and 8 sectors [octants]
within the annulus of the 5.0 to 6.0 mm zones, each of
4.32 mm2 areas). For each of these sections, the mean epithe-
lial thicknesswas displayed numerically in integer formwith
a minimum difference of 1 mm over the corresponding area.

In this study, the reported center epithelium thickness was
taken from the integer indication over the center 2.0 mm
disk. The mean epithelial thickness was computed by the
mean of all segments, and the peripheral epithelial thickness
was computed by the mean of the thickness corresponding
to 18 equispaced points along the 5.0 mm radius (data har-
vested by mouse-over indication over the epithelial thick-
ness map). The superior, inferior, minimum, maximum,
and topographic epithelial thickness variability (computed
by the standard deviation [SD] of the 17 thickness values)
were provided in tabular form by the software of the
AS-OCT device (Figure 2). The thickness rangewas computed
as follows: minimum epithelial thickness –maximum epithe-
lial thickness.

Descriptive statistics, linear regression analysis to look for
possible correlations, paired analysis t tests, and analysis of
variance were performed using Minitab software (version
16.2.3, Minitab, Ltd.) and Origin Lab software (version 9,
Originlab Corp.). Paired-analysis P values less than 0.05
were considered an indication of statistically significant
results.

RESULTS

Table 1 shows the CCT, minimum corneal thickness,
epithelial thicknesses, topographic thickness variability,

and epithelial thickness rangemeasured byAS-OCT in
the 3 groups.

Group A (Athens protocol) comprised 175 eyes, 74
of women and 101 of men. The mean patient age at
the time of surgery was 26.8 years G 7.2 (SD) (range
18 to 48 years). There were 87 right eyes and 88 left
eyes. The Athens protocol treatment was uneventful
in all cases.

Group B (untreated keratoconic) comprised 193
eyes, 92 of women and 101 of men. The mean patient
age at the time of examination was 31.1 G 9.9 years
(range 18.0 to 51.0 years). There were 91 right eyes
and 102 left eyes.

Group C (control) comprised 160 eyes, 67 of women
and 93 of men. The mean patient age at the time of ex-
amination was 35.45 G 9.55 years (range 18.0 to 52.0
years). There were 74 right eyes and 86 left eyes.

Epithelial Thickness

In Group A, the difference in the center epithelial
thickness between each postoperative timepoint was
statistically significant (all P!.05). The difference in
the mean center epithelial thickness (!4.31 mm; 95%
confidence interval [CI], !6.31 to !2.30) between
Group A 1 year after treatment and Group B at the
time of examination was statistically significant
(P!.05, 2-sample t test). The difference in the mean
center epithelial thickness (!4.75 mm, 95% CI, !6.59
to !2.92) between Group A 1 year after treatment
and Group C at the time of examination was also sta-
tistically significant (P!.05) (Figure 3).

In Group A, the difference in topographic thickness
variability between each postoperative timepoint was
statistically significant (all P!.05). Figure 4 shows the
epithelial thickness variability and range by group.

DISCUSSIONS

Until recently, high-frequency UBM had been the gold
standard for in vivo corneal epithelial 3-D imaging.12

The recent, rapid development and current high-
speed imaging capabilities of AS-OCT13–15 have
made acquisition of in vivo 3-D pachymetry corneal
maps reliable and fast.16–19 Software refinement also
enables clinical assessment of corneal asymmetry
and focal thinning parameters for keratoconus classifi-
cation.20 In addition, the higher axial resolution,
increased accuracy, and finer image-processing capa-
bilities of the current AS-OCT imaging systems have
enabled, among other things, 3-D imaging of epithelial
thickness.7

Epithelial thickness and irregularity indices (eg,
center and mean epithelial thickness, epithelial thick-
ness topographic irregularity, and thickness range)

Figure 2. Comparative AS-OCT epithelial thickness (mm) 3-D maps
shows an image from Group A taken 1 year postoperatively and
an image fromGroup B (IZ inferior; INZ inferior–nasal; ITZ infe-
rior–temporal; NZ nasal; SZ superior; SNZ superior–nasal; STZ
superior–temporal; T Z temporal).
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Epithelial imaging in refractive and 
cataract surgery 
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This and the refraction are the standard measurements  
we obtain in ALL patients the last 3 years! 
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Kanellopoulos, e al: Clin Ophthalmol. 2012;6:789-800 

Correlation between overall epithelial thickness in normal corneas, ectatic and 

ectatic previously treated with CXL corneas.  Can overall epithelial thickness 

become a very early ectasia prognostic factor? 

What was Known 

compensatory nature of epithelial distribution in response 
to anterior stromal surface irregularities 

the epithelium is thinner over the steeper ‘conic’ section in 
a keratoconic eye and thicker over the flatter areas 

What this Paper Adds 
overall increase in epithelial thickness, particularly in 

younger keratoconic patients 

this “reactive” epithelial hypertrophy may precede any of 
the standard topographic or tomographic cornea 
findings.  

Artemis System 
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surprise that while the epithelial center was, on average, 
thicker by only 1.3 m compared to the mean, on several 
occasions it was thicker compared to the nasal, temporal, 
inferior, or superior points by up to 10 m. This conclusion 
is also supported by the fact that the periphery epithelium 
thickness value of 49.7 m was closer to the mean (50.9 m) 
than to the pupil center (52.3 m).

We note that the standard deviation of the measurements 
( 3–4 m) is comparable to the accuracy and precision of the 

instrument, as established by our investigation, and thus epi-
thelial thickness variations of 4–4 m, as it is the case, might 
be observed differently even on the same eye. An example 
of a control patient who demonstrated a thicker epithelium 
at the pupil center is shown in Figure 6. In one instance the 
central epithelium was elevated by 9 m (51 m–42 m), 
while in a subsequent examination of the same eye, the dif-
ference between the same points was recorded as only 6 m 
(54 m–48 m).
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Figure 7 Epithelium thickness across the three study groups, at the periphery, mean, and pupil center.
Abbreviation: KCN, keratoconus.

Figure 8 Corneal and epithelial thickness maps of a KCN patient.
Note: A 
Abbreviation: KCN, keratoconus.
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•  CXLed corneas has thinner 
epi	


•  KCN corneas had 
OVERALL thicker epi	


•  Even suspect KCN corneas 
had THICKER epi	


HFU 	
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Kanellopoulos et al:  Case Rep Ophthalmol. 2013;4(1):74-8   

Anterior segment optical coherence tomography - assisted topographic 

corneal epithelial thickness distribution imaging of a keratoconus 

patient. 

 What was Known 

3-Dimensional imaging of epithelial thickness had been 
performed only with HFU system 

the epithelium is thinner over the steeper ‘conic’ section in 
a keratoconic eye and thicker over the flatter areas 

What this Paper Adds 
First report of Anterior-Segment OCT epithelial thickness 

imaging of a KCN patient 

Ease of use of AS-OCT epithelial imaging in comparison to 
HF-UBM and increased predictability may be offered 
by AS-OCT 

RtVue-100 System 
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Kanellopoulos et al: Cornea 2013;32(11):1493-8   

In vivo three-dimensional epithelial imaging of corneal epithelium in normal 

eyes by anterior segment optical coherence tomography: a clinical reference 

study. 

What was Known 

No large healthy population study of epithelial thickness investigation with 
AS-OCT 

What this Paper Adds 
Corneal epithelial thickness distribution and topographic thickness 

variability was clinically investigated with AS-OCT in 373 cases of 
normal, healthy eyes 

The epithelial thickness has a near-uniform distribution of approximately 
53 µm, ranging between 45 to 60 µm.  Epithelial thickness is slightly 
increased inferiorly.   

Average topographic variability, expressed by the standard deviation of 17 
points, of the order of 2 µm.   

Average epithelial thickness range (minimum – maximum) of -8 µm. 
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BASIC INVESTIGATION

In Vivo Three-Dimensional Corneal Epithelium Imaging
in Normal Eyes by Anterior-Segment Optical Coherence

Tomography: A Clinical Reference Study

Anastasios John Kanellopoulos, MD,*† and George Asimellis, PhD*

Purpose: To evaluate the safety and ef!cacy of real-time measure-
ment of corneal epithelial thickness and investigate the distribution
characteristics in a large normal-eye population using a clinically
available spectral-domain anterior-segment optical coherence tomog-
raphy (AS OCT) system.

Methods: Corneal epithelial thickness distribution and topographic
thickness variability were clinically investigated using AS OCT
imaging in 373 patients with normal, healthy eyes. Descriptive
statistics investigated 3 sets of subgroups, male (n = 171) and female
(n = 202), younger (n = 194) and older (n = 179), right eyes (n = 195)
and left eyes (n = 197).

Results: Pupil center epithelial thickness repeatability was an
average 0.88 6 0.71 mm; a similar repeatability was noted for the
superior, inferior, maximum, and minimum epithelial thickness. On
average, the pupil center epithelial thickness was 53.28 6 3.34 mm,
superior 51.86 6 3.78 mm, inferior 53.81 6 3.44 mm, minimum
48.65 6 4.54 mm, maximum 56.35 6 3.80 mm, and topographic
variability was 1.78 6 0.78 mm. Small differences were noted
between male (average center 54.10 6 3.34 mm) and female
(52.58 6 3.19 mm) subjects. The topographic thickness variability
seems to increase with age: younger group, 1.65 6 0.83 mm; older
group, 1.93 6 0.90 mm (P = 0.173).

Conclusions: We present a comprehensive investigation of corneal
epithelial thickness distribution characteristics in a healthy, untreated
human eye population by using in vivo, clinically available Fourier-
domain AS OCT. The 3-dimensional epithelial maps reveal epithelial
nonuniformity and provide a novel benchmark for future and com-
parative studies.

Key Words: anterior-segment optical coherence tomography, epi-
thelium imaging, epithelial thickness distribution, epithelial layer
thickness topography

(Cornea 2013;0:1–6)

The distribution of the corneal epithelial layer thickness can
be very useful in clinical1 and in basic research.2,3 Epithe-

lial thickness maps may be valuable in making close-call
clinical decisions and can aid in a safer screening of excimer-
laser corneal refractive surgery candidates. The reason for this
is the epithelial average thickness differences, and the topo-
graphic thickness irregularities,4 which may contribute
unevenly to the total corneal refractive power.

Several clinically available modalities may facilitate
in vivo corneal epithelial thickness measurement, including
scanning high-frequency ultrasound (HF-UBM),1 confocal
microscopy,5,6 and anterior-segment optical coherence tomog-
raphy (AS OCT),7,8 complementing corneal cross-sectional
imaging9,10 and pachymetry.11,12 The recent availability of cor-
neal epithelial imaging by AS OCT presents a practical tool for
clinical in vivo epithelial mapping, with the speed of optical
imaging and ease of use due to the noncontact nature.13–15

This study evaluates the clinical quantitative and qual-
itative 3-dimensional imaging of the corneal epithelial layer in
a large number of normal eyes by means of AS OCT. We
report here clinical results regarding epithelial thickness
mapping in normal corneas with a commercially available
AS OCT system. This study aims to investigate the accuracy
and precision of the epithelial thickness distribution in a large
pool of healthy eyes, and investigate gender and age speci!cs.

MATERIALS AND METHODS
This prospective study received the approval of the

Ethics Committee of our Institution, adherent to the tenets of
the Declaration of Helsinki. Informed written consent was
obtained from each subject at the time of the !rst clinical visit.

The study group (n = 373 different cases) consisted of
patients with unoperated, normal eyes with no current or past
ocular pathology other than refractive error, no previous sur-
gery, and no present irritation or dry eye disorder, all con!rmed
by a complete ophthalmologic evaluation. Contact lens wearers
were excluded. To avoid potential artifacts (eg, because of
possible drop instillation), OCT imaging preceded the ocular
clinical examination.

The Fourier-domain AS OCT system RTVue-100
(Optovue Inc, Fremont, CA), running on analysis and report
software version A6 (9.0.27), was used in the study. Data
output included total corneal and epithelial thickness maps
corresponding to a 6-mm diameter area. The settings were
L-Cam lens, 8 meridional B-scans per acquisition, consisting
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of 1024 A-scans each with 5-mm axial resolution. All meas-
urements were performed by the same trained investigator.
Four consecutive individual acquisitions were obtained in
each case to investigate repeatability and data validity.

Descriptive statistics, linear regression analysis to seek
possible correlations, and analysis of variance between
subgroups were performed by Minitab version 1.6.1 (Mini-
Tab Ltd, Coventry, United Kingdom) and Origin Lab version
9 (OriginLab Corp, Northampton, MA). Paired analysis
P values ,0.05 were considered an indication of statistically
signi!cant results.

RESULTS
The 373-strong study group consisted of 202 female

and 171 male patients. The mean age of all the patients at
the time of examination was 41.89 6 20.55 years (range,
4–86 years). There were 195 right [oculus dexter (OD)] and
178 left [oculus sinister (OS)] eyes. The average refractive
error was 21.25 6 0.75 diopters.

In all cases, after correct !xation and centering, acqui-
sition time was in the order of 10 seconds. No patient reported
or expressed discomfort reservations regarding this noncontact
measurement. The main analysis report produced by the
system displayed total corneal (reported as pachymetry) and
epithelial 3-dimensional thickness maps covering the 6-mm
diameter area, examples of which are provided in Figure 1.
After acquisition, such a report was furnished in ,1 minute.

As shown in Figure 1, each pachymetry map is divided
into 17 sectors. Speci!cally, these are the 2-mm diameter
pupil center disk of 12.56-mm2 area, 8 sectors within the
annulus between the 2- and 5-mm zones, each of 8.24-mm2

area, and 8 sectors within the annulus of 5- to 6-mm zones,
each of a 4.32-mm2 area. For each one of these sectors, the
average thickness is displayed numerically over the corre-
sponding area. In our study, the reported “epithelium center”
thickness corresponded to the numeric indication over the
center disk. The superior, inferior, minimum (Min), maximum

(Max) thickness, and the topographic thickness variability
[standard deviation (SD) over the entire imaged area] were
obtained by the statistics report, located at the lower left corner
table, as shown in Figure 1.

Repeatability Assessment
The intraindividual repeatability for the epithelium

center, superior, inferior, maximum, minimum, and the
topographic thickness variability was evaluated by the SD of
4 consecutive acquisitions in each case. As given in Table 1,
the epithelium thickness had an average repeatability for
center 0.88 6 0.71 mm, superior 1.01 6 0.87 mm, inferior
0.83 6 0.77 mm, minimum 1.216 1.00 mm, maximum 1.176
1.10 mm, and topographic thickness variability 0.266 0.22 mm,
respectively.

Epithelial Thickness Statistical Analysis
Descriptive statistical analysis of epithelial central, supe-

rior, inferior, minimum, maximum, and topographic thickness
variabilities was evaluated by the average of 4 consecutive
acquisitions in each case. As given in Table 2 (rows 2–5), the
center epithelial thickness was on average 53.28 6 3.34 mm,
superior 51.866 3.78 mm, inferior 53.816 3.44 mm, minimum
48.65 6 4.54 mm, maximum 56.35 6 3.80 mm, and topo-
graphic thickness variability 1.78 6 0.78 mm. These results
are also shown in the form of box plots in Figure 2. The
relationship between topographic variability and age is
described by the scatter and !tted line plot describing epithelial
topographic thickness variability versus patient age in Figure 3.

The sample was subsequently divided into 2 gender-
speci!c groups: group F consisting of the female (n = 202),
and group M consisting of the male population (n = 171). In
these groups, different epithelial distributions were observed,
as given in Table 2 (rows 6–13). Speci!cally for group F,
the epithelial thickness at the pupil center was on average
52.58 6 3.19 mm, superior 51.03 6 3.78 mm, inferior
53.17 6 3.33 mm, minimum 47.64 6 4.89 mm, maximum

FIGURE 1. Details from the analysis software main report, showing corneal and epithelial 3-dimensional pachymetry maps over
the 6-mm corneal diameter. The symbol * indicates the thickness minimum (both corneal and epithelial maps), and the symbol +
indicates the thickness maximum (epithelial map only).
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48.75 6 4.45 mm, maximum 55.85 6 3.97 mm, and topo-
graphic thickness variability, 1.65 6 0.83 mm. For the older
group O, the center epithelial thickness was 53.646 3.21 mm,
superior 52.006 3.81 mm, inferior 54.066 3.35 mm, minimum
48.55 6 4.64 mm, maximum 56.89 6 3.54 mm, and topo-
graphic thickness variability 1.93 6 0.90 mm. Comparative
box plots between all cases, the younger group Y (194 patients)
and the older group O (179 patients), illustrating the above
results are presented in Supplemental Digital Content 2 (see
Figure, http://links.lww.com/ICO/A145). The statistical analysis
between the younger and the older groups suggested a statisti-
cally signi!cant topographic thickness variability at the
0.05 level of signi!cance (0.01 , P , 0.05).

A third set of groups was formed on the basis of the
right/left eye. Speci!cally, groups OD consisting of the 195
right and group OS of the 178 left eyes were formed. The
results are summarized in Table 2 (rows 22–29). There was
not enough evidence to conclude the statistical difference
between respective epithelial thickness values. For example,
the 2-sample t test between the center epithelial thickness had

P = 0.036 and between topographic thickness variability had
P = 0.291.

We subsequently compared the epithelial thickness for
same-patient right and left eyes, and computed the corre-
sponding thickness differences, speci!cally for the right
(OD) eye minus the corresponding value for the left (OS)
eye. The average epithelial thickness OD–OS difference at
the center was 20.58 6 1.58 mm, superior 20.73 6
1.78 mm, inferior 20.40 6 1.75 mm, minimum 20.33 6
1.88 mm, maximum 20.69 6 2.21, and topographic vari-
ability 20.08 6 0.54 mm.

DISCUSSION
Accurate and repeatable quantitative assessment of

corneal epithelial thickness distribution has been a challenge
for clinicians and researchers.16 Until recently, the gold stan-
dard for in vivo 3-dimensional epithelial has been HF-UBM,
which, however, requires "uid coupling between the ocular
surface and the imaging instrument.1,4 Other clinical in vivo

FIGURE 2. Box plot describing central, superior,
inferior, minimum, and maximum epithelial
thickness for all 373 cases. The median level is
displayed numerically and indicated by , aver-
age by , the 95% median confidence range box
by the red borderline, and the interquartile inter-
vals range box by the black borderline. All units are
in micrometers.

FIGURE 3. Scatter and fitted line plot describing
the epithelial layer thickness topographic vari-
ability versus patient age with 95% confidence
intervals and 95% prediction intervals.
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In Vivo 3-Dimensional Corneal Epithelial Thickness Mapping as an 

Indicator of Dry Eye: Preliminary Clinical Assessment. 

What was Known 

No large dry-eye population study of epithelial thickness investigation with 
AS-OCT 

What this Paper Adds 
There is a noted overall increase of epithelial thickness in dry eyes (average 

58 µm) 

The topographic variability is comparable to that of normal eyes (average 3 
µm) 

The clinical difference observed may nevertheless play a role in routine 
screening and treatment assessment, that may precede the specific dry 
eye measurements (such as TBUT and Schirmer) that may or may not be 
part of the screening protocol. 
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In Vivo 3-Dimensional Corneal Epithelial Thickness
Mapping as an Indicator of Dry Eye: Preliminary

Clinical Assessment

ANASTASIOS JOHN KANELLOPOULOS AND GEORGE ASIMELLIS

! PURPOSE: To evaluate in vivo epithelial thickness in dry
eye by anterior segment optical coherence tomography.
! DESIGN: Observational, retrospective case-control study.
! METHODS: Two age-matched groups of female
subjects, 70 eyes each, age z 55 years, were studied in
clinical practice setting: a control (unoperated, no ocular
pathology) and a dry eye group (clinically confirmed dry
eye, unoperated and no other ocular pathology). Corneal
epithelium over the entire cornea was topographically
imaged via a novel anterior segment optical coherence
tomography (AS-OCT) system. Average, central, and
peripheral epithelial thickness as well as topographic
epithelial thickness variability were measured.
! RESULTS: For the control group, central epithelial thick-
ness was 53.0 ± 2.7 mm (45-59 mm). Average epithelium
thickness was 53.3 ± 2.7 mm (46.7-59.6 mm). Topo-
graphic thickness variability was 1.9 ± 1.1 mm
(0.7-6.1 mm). For the dry eye group, central epithelial
thickness was 59.5 ± 4.2 mm (50-72 mm) and average
thickness was 59.3 ± 3.4 mm (51.4-70.5 mm). Topo-
graphic thickness variability was 2.5 ± 1.5 mm
(0.9-6.9mm). All pair tests of respective epithelium thick-
ness metrics between the control and dry eye group show
statistically significant difference (P < .05).
! CONCLUSIONS: This study, based on very user-friendly,
novel AS-OCT imaging, indicates increased epithelial
thickness in dry eyes. The ease of use and the improved
predictability offered by AS-OCT epithelial imaging may
be a significant clinical advantage. Augmented epithelial
thickness in the suspect casesmay be employed as an objec-
tive clinical indicator of dry eye. (Am J Ophthalmol
2014;157:63–68. ! 2014 by Elsevier Inc. All rights
reserved.)

D RY EYE IS A MULTIFACTORIAL DISEASE OF THE

tears and ocular surface that results in symptoms
of discomfort, visual disturbance, and tear film

instability with potential damage to the ocular surface. It
is accompanied by increased osmolarity of the tear film
and inflammation of the ocular surface.1

Dry eye is responsible for significant population morbidity
and is a common clinical problem for eye clinicians. Besides
the significant symptoms and toll on quality of life, it may
present significant challenges in refractive surgery patient
assessment.2 As reported in the peer-review literature,3–7

its manifestations may range from episodic and mild
condition to chronic and severe disease: the disorder can
be presented with any or many symptoms of visual
disturbance and blurred vision, eye discomfort, irritation,
foreign body sensation, ocular surface damage, redness,
excess tearing, and photosensitivity.
Epidemiologic review studies estimate the prevalence of

dry eye disease between 4% and 33%, largely depending,
among other factors, on the diagnosis mode, the geographic
locale,8,9 age, and sex, being most prominent in the
middle-aged (over age 45 years) female populace.10–12

Several clinically available modalities may facilitate
in vivo measurement of corneal epithelium, including
high-frequency scanning ultrasound biomicroscopy
(HF-UBM),13 anterior segment optical coherence tomog-
raphy (AS-OCT),14 and confocal microscopy through
focusing (CMTF).15,16 In the clinical practice, epithelial
evaluation is limited by the resolution and the variability
of the ocular surface tests.17

In pursuit of an objective, repeatable, and quantitative
clinical test that may aid in the differential diagnosis of
dry eye, we introduce the concept of corneal epithelial
thickness as a possible tool in dry eye assessment.We report
herein initial clinical results regarding 3-dimensional
corneal epithelial thickness mapping in dry eye corneas
with a newly commercially available anterior segment
optical coherence tomography system.

MATERIALS AND METHODS

THIS OBSERVATIONAL, RETROSPECTIVE CASE-CONTROL

study received approval by the Ethics Committee of our
Institution (LaserVision.gr Eye Institute), and was
adherent to the tenets of the Declaration of Helsinki.
Written informed consent was obtained from each subject

Accepted for publication Aug 29, 2013.
From Laservision.gr Eye Institute, Athens, Greece (A.J.K., G.A.); and

New York University Medical School, New York, New York (A.J.K.).
Inquiries to Anastasios John Kanellopoulos, Clinical Professor of

Ophthalmology, NYU Medical School, New York, NY/Laservision.gr
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DISCUSSION

THE CHALLENGE OF OBJECTIVE DRY EYE ASSESSMENT HAS

been argued in length. The current options of the clinical
investigator includes slit-lamp observations, osmolarity
test, tear-film breakup time measurement, Schirmer lacri-
mation test, corneal and conjunctival staining, meibomian
grading, and Ocular Surface Disease Index.10 Research
evidence suggests that clinical dry eye symptoms alone
may be insufficient for the diagnosis and management of
dry eye, and there is argument for a consensus of newer
metrics that may better reflect the differential discrimina-
tion of the disease.18

One suchpossible element indiagnosis is overall epithelial
thickness, aswell as the topographic distribution of epithelial
thickness. For example, atopic keratoconjunctivitis has been
associatedwith significant alterations of the basal epithelium
and subbasal and stromal corneal nerves, related to the
changes in tear functions and corneal sensitivity.19

Very little is reported, however, in the peer-review liter-
ature on the subject matter of entire corneal area in vivo
measurement of epithelial thickness, particularly in rela-
tionship with dry eye. This can be justified by the fact
that neither HF-UBM nor AS-OCT nor CMTF techniques
have been fully applicable and/or with a commercially
available mode for this use, as well as the fact that some

(eg, HF-UBM) employ instrument or fluid interface
contact with the epithelium. We have not identified, for
example, reported correlation of dry eye and HF-UBM
measurements. CMTF has been restricted in this applica-
tion because of the degraded precision by eye movement
during the long acquisition time; in addition, other avail-
able clinical evaluation techniques for the corneal epithe-
lium either are invasive or require contact between the
probe and the ocular surface, and thus cannot provide
precise in vivo measurement of the epithelial thickness.20

In a confocal laser scanning microscopy study in dry
eye,21 the mean superficial and intermediate epithelial
cell densities in the central cornea in the dry eye groups
were significantly lower than in normal participants. Dry
eye corneas showed significant alterations, presumably
attributable to increased desquamation of the superficial
cell layer.
Reports on entire corneal epithelium imaging via

AS-OCT, a novel entity, have been also few. In most of
these studies, investigator-modified software/hardware22–24

or caliper software measurement techniques25,26 have
been employed (for example, by manually placing cursors
to measure epithelial thickness in each location).
The recent availability of full-cornea corneal epithelial

thickness imaging by AS-OCT potentially presents a prac-
tical clinical tool for qualitative (by examination of the

FIGURE 1. Representative corneal total thickness maps (left) and corneal epithelium thickness maps (right) of (Top) a ‘‘normal’’
patient from Group A and (Bottom) a dry eye patient from Group B, as provided by the optical coherence tomography system report.
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What was Known 

Standard deviation of epithelial thickness investigation is 
0.7 (0.6 to 0.9) µm in normal eyes is reported by Ma et.al  
and 0.7 µm by Li et.al.  

What this Paper Adds 
The axial resolution of OCT may play a role in determining 

the precision with which the corneal and the epithelial 
thickness can be measured. 
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Rate of Change of Curvature of the 
Corneal Stromal Surface Drives 
Epithelial Compensatory Changes and 
Remodeling

To the Editor:
We read with interest the article by Kanellopoulos 

and Asimellis1 published in the March 2014 issue that 
reported the longitudinal change in epithelial thick-
ness after myopic LASIK using spectral-domain ante-
rior segment optical coherence tomography (Optovue, 
Inc., Fremont, CA). Until recently, epithelial thickness 
maps had only been reported using Artemis very high-
frequency digital ultrasound (ArcScan, Inc., Morrison, 
CO),2 so it is encouraging to see this field being ex-
panded with the introduction of optical coherence to-
mography epithelial thickness mapping. However, we 
have reservations about the interpretation of some of 
the results in their study.

The authors link their findings of epithelial thick-
ening after myopic LASIK to their earlier hypothesis3 
that epithelial hyperactivity and re-growth is related 
to the biomechanics of the cornea and specifically to a 
thinned cornea such as after excimer laser ablation or 
in keratoconus. We believe this hypothesis is a misin-
terpretation of the epithelial response and appears to 
be based on correlation rather than causation.

In contrast, we believe that all epithelial thickness 
changes can be explained by a compensatory mecha-
nism that attempts to reestablish a smooth, symmetrical 
optical surface, which is driven by the rate of change 
of curvature of the stromal surface such that more epi-
thelial thickness changes occur as the rate of change 
of curvature increases. The second component of this 
mechanism is that the outer surface is regulated by the 
template provided by the blinking action and force ap-
plied by the eyelid.4,5 This hypothesis would appear 
to be more strongly supported by the existing data on 
epithelial thickness changes for the following reasons:

1. Increasing the optical zone increases the ablation 
depth, meaning more tissue is removed. Therefore, 
there is more corneal thinning and greater reduction 
in the biomechanical strength of the cornea when 
using a larger optical zone. The authors’ hypothesis 
thus predicts that there will be more epithelial thick-
ening when using a larger optical zone. However, 
the amount of epithelial thickening after myopic 
ablation decreases as the optical zone is increased, 
as previously described6 and demonstrated by the 
lower epithelial thickening found in this study and 
others using a 6.5-mm optical zone1,7 compared 
to that reported using very high-frequency digital 

ultrasound for a 6-mm optical zone.2 This is also 
supported by the reduction in refractive regression 
when using larger optical zones.8,9 In contrast, less 
epithelial thickening in larger optical zones is ex-
plained by the rate of change of curvature hypoth-
esis; increasing the optical zone results in a more 
gradual rate of change of curvature on the stromal 
surface, which predicts that there will be less epi-
thelial thickening as the optical zone is increased.

2. Epithelial thickness changes have been described 
after myopic excimer laser ablation,1,2,6,10-14 hyper-
opic excimer laser ablation,15 radial keratotomy,16 
orthokeratology,17 and in keratoconus,18 ectasia,3,19 
and cases of highly irregular astigmatism.20-24 In all 
cases, there is both epithelial thickening and epi-
thelial thinning; however, the authors’ hypothesis 
only seems to account for epithelial thickening. In 
contrast, the rate of change of curvature hypothe-
sis predicts that there will always be both and also 
predicts where each will occur; there will be epi-
thelial thinning to compensate for relative peaks 
and epithelial thickening to compensate for rela-
tive troughs in the stromal surface.

3. From the studies referred to in reason 2, it is known 
that the ability for the epithelium to compensate 
for stromal surface irregularities is increased for 
more localized irregularities. For example, we 
have previously reported a case of short nasal flap 
with ablation in which there was a 54-µm differ-
ence in epithelial thickness within 1.3 mm.23 Also, 
it is well known that the epithelium will compen-
sate to replace stroma that has been lost due to a 
corneal ulcer, such as a case we reported with an 
epithelial thickness of 209 µm to compensate for 
a stromal defect of approximately 1 mm in diam-
eter.15 In cases such as these, the corneal thinning 
and change in corneal biomechanics was signifi-
cantly less than the corneal thinning after a high 
myopic LASIK correction. Therefore, the authors’ 
hypothesis would predict less epithelial thicken-
ing in these cases than after myopic LASIK; how-
ever, the epithelial response was much greater. In 
contrast, the rate of change of curvature hypothesis 
explains why there is a greater epithelial response 
for a more localized irregularity.

4. There are dramatic epithelial thickness changes in 
situations where there is no corneal thinning and 
no change to corneal biomechanics. One example 
is a case of the rotation of a malpositioned LASIK 
free cap in which epithelial changes of greater than 
20 µm were observed when scanned 2 days after 
the free cap rotation procedure.25 This would not 
be predicted by the authors’ hypothesis, but is ex-
plained by the change in the rate of change of cur-
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epithelial pattern presented in these cases may 
not be justified with the compensatory theory for 
several reasons. First, the epithelial thickness in-
crease is similar in both cases, despite the larger 
myopic correction, and thus stromal flattening. 
Second, the noted thickness increase (average +20 
µm, compared to preoperative levels) is drastically 
larger when compared to similar myopic ablations 
performed with LASIK.1 Had the compensatory 
theory been valid in all cases, this is a finding im-
possible to explain. Therefore, other aspects (in 
this case the removal of Bowman’s layer) or even 
a “steeper” transition zone between the ablation 
and the peripheral cornea that may be “smoother” 
in LASIK due to some overlying flap masking may 
also be some important contributing factors.

We believe that the clinical differences observed, 
despite the possible attribution to the epithelial com-
pensatory response, may not be fully justified with 
this theory. Our proposed hypothesis of epithelial re-
sponse being related to corneal rigidity may offer an 
additional clinical finding, which has a follow-up po-
tential. The anticipated clinical ramifications of this 
hypothesis is prospectively positive. Nevertheless, we 
have learned much from the preceding HFU experi-
ence and most of the credit of this body of work goes 
to the discussants.

What we suggest as a clinical pearl to clinicians is 
that, in our current clinical setting, epithelial and to-

tal corneal three-dimensional mapping has become a 
critical diagnostic tool in the preoperative assessment 
of patients undergoing cataract refractive surgery and 
evaluation of dry eye and multiple other external dis-
ease modalities. Epithelial and total corneal mapping 
has also become an integral tool in monitoring visual 
recovery and quality of vision in both cataract and re-
fractive surgery cases alongside traditional means of 
corneal imaging such as Placido-based topography and 
Scheimpflug tomography.15
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Figure 1. One year postoperative corneal and epithelial thickness mapping of cases that received myopic correction by photorefractive keratectomy. 
(A) A case of a 28-year-old man who received -5.00 diopters of correction. (B) A case of a 27-year-old man who received -8.00 diopters of correction.
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Corneal Epithelial Remodeling Following Cataract Surgery: Three-

Dimensional Investigation With Anterior-Segment Optical Coherence 

Tomography. 
What was Known 

No large post-cataract surgery population study of epithelial thickness 
investigation with AS-OCT. 

What this Paper Adds 
Corneal and epithelial thickness 3-dimensional profile distribution was 

clinically imaged pre-operatively and up to three-months 
postoperatively with AS-OCT in 116 consecutive cases. 

Epithelial thickness remodeling following cataract surgery has 
indicated a return to baseline levels after a three-month interval. 

Delayed corneal and epithelial recovery was noted for the larger (75 y.o. 
and older) patient subgroup. 
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Corneal Epithelial Remodeling Following 
Cataract Surgery: Three-Dimensional 
Investigation With Anterior-Segment Optical 
Coherence Tomography
Anastasios John Kanellopoulos, MD; George Asimellis, PhD

ABSTRACT

PURPOSE: To map corneal and epithelial layer thick-
ness changes following cataract removal surgery em-
ploying a spectral-domain anterior-segment optical co-
herence tomography system.

METHODS: Corneal and epithelial thickness three-
dimensional profile distribution was clinically imaged 
preoperatively and up to 3 months postoperatively with 
anterior-segment optical coherence tomography in 116 
consecutive cases. Descriptive statistics investigated 
central corneal thickness, minimum corneal thickness, 
and epithelial thickness at the central 2-mm area, the 
mean over the 6-mm area, and mid-peripherally at 
5-mm ring.

RESULTS: In comparison to preoperative, the center, 
mean, and mid-peripheral epithelial thickness at the 
first postoperative day increased by +2.84, +2.35, 
and +2.25 µm, respectively (P < .001, < .001, and = 
.0014). One week postoperatively, the epithelial thick-
ness differences were -1.91, -2.62, and -2.76 µm, 
respectively (P < .001, < .001, and < .001). Four 
weeks postoperatively, the differences of -0.20, -0.59, 
and -0.66 µm for the center, mean, and mid-periphery 
were not statistically significant (P = .6449, .1512, and 
.11097). Three months postoperatively, the differences 
were -0.05, -0.28, and -0.09 µm, respectively (P = 
.8722, .2341, and .6431).

CONCLUSIONS: Qualitative and quantitative assess-
ment of epithelial remodeling following cataract removal 
indicated that the early (1 day and 1 week) corneal and 
epithelial thickness returned to the preoperative base-
line 4 weeks postoperatively. This in vivo epithelial and 
corneal screening with optical coherence tomography 
can be valuable for the postoperative assessment and 
follow-up.

[J Refract Surg. 2014;30(5):348-353.]

ne of the most recent applications of anterior-
segment optical coherence tomography (AS-OCT) 
is clinical in vivo epithelial layer thickness three-

dimensional mapping.1,2 Clinical epithelial imaging and 
evaluation is a novel application, with ramifications that are 
still being explored. Currently, there is a limited number of 
commercially available AS-OCT systems3 that offer three-di-
mensional epithelial thickness imaging over the cornea, such 
as the RTVue-100 (Optovue Inc., Fremont, CA).1

The question of near-term corneal and epithelial layer 
thickness recovery following cataract surgery is related to the 
postoperative rehabilitation of the affected eye, reflecting the 
corneal structure changes after the surgery. Little has been 
published in the literature on this matter.4-6 To the best of 
our knowledge, there is no study evaluating epithelial layer 
thickness changes following cataract surgery.

This study employs clinical spectral-domain AS-OCT imag-
ing in the evaluation of quantitative and qualitative three-di-
mensional corneal and epithelial layer thickness changes in a 
large number of cases undergoing cataract surgery by clear cor-
neal phacoemulsification with implantation of an intracapsu-
lar intraocular lens. The study aims to investigate longitudinal 
near-term postoperative changes in corneal and epithelial thick-
ness, and the possible association of these thickness changes 
with gender and age of patients at the time of the sugery.

PATIENTS AND METHODS
This observational, prospective longitudinal study re-

ceived approval from the ethics committee of our institution 
and adhered to the tenets of the Declaration of Helsinki. In-
formed written consent was obtained from all patients at the 
time of the first clinical visit or prior to the surgery.
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INCLUSION–EXCLUSION CRITERIA
The study group consisted of unoperated, normal 

eyes with no current or past ocular pathology other 
than cataract, no other previous surgery, no epithelial 
defects, and no current irritation or dry eye disorder. 
All patients underwent a complete ophthalmologic 
evaluation. In all cases, clear corneal incision, phaco-
emulsification, and implantation of an intracapsular 
intraocular lens was performed by the same surgeon 
(AJK). The Constellation microsurgical system (Alcon 
Laboratories, Inc., Ft. Worth, TX) was employed for 
phacoemulsification and cataract removal. Ultrasound 
energy employed for phacoemulsification was on aver-
age 5 J (range: 1.8 to 7.2 J). No postoperative complica-
tions were observed in any case enrolled in the study.

INSTRUMENTATION
The RTVue-100 spectral-domain AS-OCT system 

(Optovue Inc.), running on analysis and report software 
version A6 (9.0.27), was employed in the study. Data 
output included total corneal and epithelial thickness 
maps corresponding to a 6-mm diameter area. In all 
cases, to avoid potential artifacts (eg, due to possible 
drop instillation), OCT imaging preceded the ocular 
clinical examination during each visit. All OCT imag-
ing was conducted by the same trained investigator. 
The settings were: L-Cam lens, 8 meridional B-scans 
per acquisition, consisting of 1,024 A-scans each with 
5-µm axial resolution, acquired in approximately less 
than a second. Images with quality as determined by 
the signal strength index parameter (a measure of the 
average signal strength across the scan) of more than 30 
were considered for the study. These eight radial me-
ridional scans were employed by the system software 
to produce, by interpolation, the three-dimensional 
thickness maps. 

DATA COLLECTION AND ANALYSIS
The preoperative imaging was performed the day 

preceding the surgery, and the postoperative measure-
ments were performed 1 day, 1 week, 1 month, and 3 
months after surgery. Two consecutive individual ac-
quisitions were obtained in each case to ensure data 
validity.

The main analysis report produced by the AS-OCT 
system displayed total corneal (reported as pachym-
etry) and epithelial three-dimensional thickness maps 
covering the 6-mm diameter area. As shown in Fig-
ure 1, each pachymetry map is divided in 17 sectors. 
Specifically, these are the 2-mm diameter pupil cen-
ter disk of 12.56 mm2 area, 8 sectors within the an-
nulus between the 2- to 5-mm zones, each of 8.24 mm2 
area, and 8 sectors within the annulus of 5- to 6-mm 

zones, each of 4.32-mm2 area. For each of these sectors, 
average thickness was displayed numerically in inte-
ger form with a minimum difference of 1 µm over the 
corresponding area.

In this study, the reported central corneal thickness 
(CCT) was provided by the integer indication over the 
center disk, and minimum corneal thickness was provid-
ed by the data output in the form of a table. The ‘epitheli-
um center’ thickness was provided by the integer indica-
tion over the center disk. Mean epithelial thickness was 
computed by the average of all segments, and peripheral 

Figure 1. Longitudinal display of total corneal (left) and epithelial thick-
ness (right) progression with three-dimensional pachymetry maps. From 
top to bottom: preoperative, 1 day, 1 week, and 4 weeks postoperatively. 
This image series belongs to the right eye of a 56-year-old male patient. * 
= thickness minimum (both corneal and epithelial maps); + = thickness 
maximum (epithelial map only).
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O R I G I N A L  A R T I C L E

Longitudinal Postoperative LASIK Epithelial 
Thickness Profile Changes in Correlation 
With Degree of Myopia Correction
Anastasios John Kanellopoulos, MD; George Asimellis, PhD

ABSTRACT

PURPOSE: To evaluate epithelial thickness profile 
changes following myopic femtosecond laser-assisted 
LASIK in relation to the degree of myopia corrected, 
evaluated with a spectral-domain anterior-segment op-
tical coherence tomography system.

METHODS: Sixty-one consecutive cases were observed 
for corneal epithelial thickness distribution preopera-
tively and at 1 day, 1 week, 1 month, and 1 year post-
operatively. Epithelial thickness mapping was obtained 
with a spectral-domain optical coherence tomography 
system (Optovue Inc., Fremont, CA). Descriptive sta-
tistics investigated epithelial thickness at the central 
2-mm area, the mean over the central 6-mm area, and 
mid-peripherally at the 5-mm ring area.

RESULTS: Preoperatively, the pupil center epithelial 
thickness was 51.67 ± 2.57 µm (range: 45 to 56 µm), 
mean was 51.76 ± 2.66 µm (range: 45 to 57 µm), and 
mid-periphery was 51.78 ± 2.71 µm (range: 46 to 57 
µm). Compared to the preoperative values, the epithe-
lial thickness for the center, mean, and mid-periphery 
was -0.30, +1.07, and +1.35 µm at 1 week, +1.58, 
+2.88, and +3.31 µm at 1 month (P = .0036, < 
.001, and < .001), and +1.42, +2.90, and +3.19 
µm at 1 year postoperatively (P = 0.146, < .001, and 
< .001), respectively. The correlation analysis between 
the epithelial thickness increase and the spherical 
equivalent of myopic correction showed a trend toward 
epithelial thickness increase with the amount of myopic 
ablation, particularly at the mid-peripheral 5-mm area.

CONCLUSIONS: In this comprehensive study of postop-
erative corneal epithelial thickness remodeling following 
femtosecond laser-assisted myopic LASIK correction, an 
increase at the 1-month and up to 1-year postopera-
tive interval suggested postoperative epithelial activity in 
connection to the extent of ablation.

[J Refract Surg. 2014;30(3):166-171.]

pithelial thickness changes have been reported in 
studies of microkeratome-assisted myopic excimer 
laser refractive correction1,2; in many of these studies, 

the noted central epithelial thickness increase has been as-
sociated with refractive regression.3-5 Extending beyond 
central thickness evaluation, three-dimensional full-cornea 
evaluation by scanning ultrasound has demonstrated that the 
change in epithelial thickness following myopic ablation was 
lenticular in shape.6

This study employs clinical spectral-domain anterior-seg-
ment optical coherence tomography (AS-OCT) imaging in the 
evaluation of quantitative and qualitative three-dimensional 
corneal epithelial layer thickness changes in a large number 
of myopic LASIK cases, in which a femtosecond laser was 
employed for the flap creation and a high-pulse rate excimer 
laser provided the myopic ablation. This study aims to inves-
tigate longitudinal postoperative changes in epithelial thick-
ness distribution, centrally, on average, and mid-peripherally, 
and to investigate the possible association of epithelial thick-
ness changes with the extent of attempted myopic correction.

PATIENTS AND METHODS
This observational, longitudinal study received approval 

from the ethics committee of our institution, and adhered to 
the tenets of the Declaration of Helsinki. Informed written 
consent was obtained from all patients at the time of the first 
clinical visit.

INCLUSION-EXCLUSION CRITERIA
The study group consisted of patients with unoperated, 

normal eyes with no current or past ocular pathology other 
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than refractive error, no previous surgery, no epithe-
lial defects, and no present irritation or dry eye dis-
order. All patients underwent a complete ophthalmo-
logic evaluation. These cases received primary myopic 
LASIK correction performed by the same surgeon 
(AJK). Although all cases consisted of bilateral inter-
ventions, in 5 cases data were not completely obtained 
up to 12 months postoperatively for both eyes. Thus, 
only 1 eye per patient fulfilled the criteria for the study. 
No postoperative epithelial ingrowth,7 cornea haze, or 
ectasia was observed in patients enrolled in the study.

INSTRUMENTATION
The Alcon-WaveLight FS200 femtosecond laser 

(Alcon Laboratories, Inc., Fort Worth, Texas) was em-
ployed to provide a 110-µm thick, and 8.00- or 8.50-
mm diameter wide corneal flap.8 The average pulse en-
ergy for bed cut was 0.75 µJ, the cut angle was 70°, and 
the hinge position was inferior. The myopic ablation 
was provided by the Alcon-WaveLight EX500 excimer 
laser (Alcon Laboratories, Inc.).9 The ablation zone for 
the myopic correction was 6.50 mm, centered on the 
visual axis of the individual eye by means of cyclorota-
tion control.

The RTVue-100 spectral-domain AS-OCT system 
(Optovue, Inc., Fremont, California), running on anal-
ysis and report software version A6 (9.0.27), was em-
ployed in the study. Data output included total cor-
neal and epithelial thickness maps corresponding to 
a 6-mm diameter area. In all cases, to avoid potential 
artifacts (eg, due to possible drop instillation), OCT 
imaging preceded the ocular clinical examination dur-
ing each visit. All OCT imaging was conducted by the 
same trained investigator. The settings were: L-Cam 
lens and 8 meridional B-scans per acquisition, consist-
ing of 1,024 A-scans each with 5-µm axial resolution, 
acquired in approximately 30 seconds. Images with 
quality as determined by the signal strength index 
parameter, a measure of the average signal strength 

across the scan, of more than 30 were considered for 
the study. These eight radial meridional scans were 
employed by the system software to produce, by inter-
polation, the three-dimensional thickness maps.

DATA COLLECTION AND ANALYSIS
The preoperative imaging was conducted the day 

preceding the operation, and the postoperative mea-
surements were performed at 1 day, 1 week, 1 month, 
and 1 year after surgery. Two consecutive individual 
acquisitions were obtained in each case to ensure data 
validity.

The main analysis report produced by the AS-OCT 
system displayed total corneal (reported as pachym-
etry) and epithelial three-dimensional thickness 
maps covering the 6-mm diameter area. As shown in 
Figure 1, each pachymetry map is divided in 17 sec-
tors. Specifically, these are the 2-mm diameter pupil 
center disk of 12.56 mm2 area, 8 octants within the an-
nulus between the 2- to 5-mm zones, each of 8.24-mm2 
area, and 8 octants within the annulus of 5- to 6-mm 
zones, each of 4.32-mm2 area. For each of these sec-
tors, average thickness was displayed numerically in 
integer form with a minimum difference of 1 µm over 
the corresponding area.

In this study, the reported “epithelium center” thick-
ness was provided by the integer indication over the 
center disk. Mean epithelial thickness was computed 
by the average of all segments, and mid-peripheral epi-
thelial thickness was computed by the average of the 
thickness corresponding to 18 equally spaced points 
along the 5-mm radius (data harvested by mouse-over 
indication over the epithelial thickness map). The 
topographic thickness variability corresponded to the 
standard deviation over the entire imaged area of all 
local epithelial thickness points.

Descriptive statistics, linear regression analysis 
to seek possible correlations, paired analysis t tests, 
and analysis of variance were performed by Minitab 

Figure 1. Detail from the analysis and report 
software main report, showing corneal and 
epithelial three-dimensional pachymetry 
maps over the 6-mm corneal diameter in 
a postoperative LASIK examination. The 
patient (left eye) received treatment for 
-4.75 diopters of sphere and -0.75 diopters 
of astigmatism, and was imaged 1 month 
postoperatively. * = thickness minimum 
(both corneal and epithelial maps); + = 
thickness maximum (epithelial map only).
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in Figure 2, there is a correlation between the degree 
of myopic ablation and increase of epithelial thick-
ness. Specifically for the mid-peripheral epithelial 
thickness increase, the linear fit trend line describing 
this correlation had a Pearson product-moment corre-
lation coefficient r = 0.831, and was described by the 
equation derived from our results: increase in epithe-
lial thickness (y, in µm) = -1.39 ! myopic ablation (x 
in D) + 9.77 µm.

For each degree of myopic ablation, the correspond-
ing increase of epithelial thickness on the mid-periph-
ery was on the scale of 1 µm. Similar results, but with 
a lesser degree of correlation, were obtained for the 
center and the mean epithelial thickness increase (r = 
0.631 and 0.519, respectively).

DISCUSSION
Accurate and repeatable quantitative assessment 

of corneal epithelial thickness distribution has been 
a challenge for clinicians and researchers.10 The diag-
nostic instruments employed in clinical in vivo cor-
neal epithelial thickness evaluation include scanning 
high-frequency ultrasound11 and confocal microsco-
py.12 AS-OCT is a recent development for clinical in 
vivo epithelial mapping.13,14 The most advanced OCT 
systems employ spectral-domain AS-OCT processing, 
offering higher speed and increased resolution com-
pared to time-domain OCT.15,16 Currently, there is a 
limited number of commercially available anterior 
segment spectral-domain OCT systems,17 such as the 
Optovue RTVue-10013 (Optovue, Inc.), that offer three-
dimensional epithelial thickness imaging over the cor-
nea.Therefore, clinical epithelial imaging and evalua-
tion is a novel application whose ramifications are still 
being explored.

We recently reported AS-OCT epithelial thickness 
quantitative and qualitative evaluation in normal 
eyes,13 keratoconic eyes,18 in a dry eye population,19 
and in eyes undergoing cataract surgery.20 To the best 

of our knowledge, the only studies in the peer-reviewed 
literature concerning epithelial changes after refractive 
myopic LASIK employed ultrasound imaging4,6,21 or 
confocal microscopy1,2,22 and, more importantly, have 
involved microkeratome-flap creation or a small num-
ber of individuals cases studied, such as a study by 
Reinstein et al.21

In the current study, the epithelial thickness profile 
was found to be reduced 1 day postoperatively by an av-
erage of -0.08 ± 3.12 µm for the center, -0.34 ± 3.40 µm 
for the mean, and -0.39 ± 3.49 for the mid-periphery. 
These changes were not statistically significant. The 
week after LASIK, epithelium thickness was still re-
duced for the center, but the trend of increased mean 
overall and mid-peripheral epithelial thickness was 
noted. The increase in mean overall and mid-peripheral 
epithelial thickness was statistically significant.

These recorded changes correspond to a nega-
tive meniscus-like lenticular pattern, with more sig-
nificant thickening at the mid-periphery than at the 

TABLE 2

Descriptive Statistics for the Postoperative Epithelium Thickness Changes (µm)
1 Day 1 Week 1 Month 12 Months

Parameter Center Mean Mid Center Mean Mid Center Mean Mid Center Mean Mid

Average -0.08 -0.34 -0.39 -0.30 1.07 1.35 1.58 2.88 3.31 1.42 2.90 3.19

SD ±3.12 ±3.40 ±3.49 ±2.52 ±2.28 ±2.38 ±2.73 ±3.15 ±3.25 ±2.62 ±2.73 ±2.82

Maximum 7 7.33 7.4 5 6.75 7.7 10 11.25 12 7 9.23 11.21

Minimum -6 -8.33 -8.8 -6 -3.25 -3.2 -4 -2.33 -2.2 -5 -2.79 -2.10

Pa .897 .587 .534 .522 .037 .0125 .0036 < .001 < .001 .0146 < .001 < .001

Mid = mid-periphery; SD = standard deviation 

bPaired Student’s t test.

Figure 2. The correlation of increase in epithelial thickness at the center 
(green dots), on the mean over the 6-mm diameter (blue), and on the 
5-mm mid-peripheral zone (yellow) 1 month following myopic LASIK cor-
rection. There were 4 cases between -8 and -9 diopters (D), 7 cases 
between -7 and -8 D, 10 cases between -6 and -7 D, 8 cases between -5 
and -6 D, 15 cases between -4 and -5 D, 13 cases between -3 and -4 D, 
and 6 cases between -2 and -3 D. Error bars indicate standard deviation.
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Anterior-Segment Optical Coherence Tomography Investigation of 

Corneal Deturgescence and Epithelial Remodeling After DSAEK. 

What was Known 

No large post-DSAEK population study of epithelial thickness 
investigation with AS-OCT. 

What this Paper Adds 
Preoperative and up to six-months post-operative central (CCT), 

minimum corneal thickness (MinCT), central graft thickness (CGT), 
as well as for epithelial topographic thickness variability.   

An age- and gender-matched control group was used for comparison. 

 A standard pattern of epithelial thickness recovery and normalization, 
as well as corneal deturgence mainly by the first month 
postoperatively has been observed. 
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RESULTS
The average 6 SD subject age in study group A (5 men

and 11 women) at the time of the operation was 49.9 6
15.3 (38–75) years of age. Of the 16 different eyes, 5 were
right, and 11 were left. The preoperative best-spectacle
distance corrected visual acuity (CDVA) for all cases
enrolled in group A was 0.36 6 0.25 (decimal), ranging
from 0.01 to 0.8. The 1-month postoperative average
CDVA was 0.66 6 0.33 (0.1–0.8), 3-month CDVA was
0.71 6 0.28 (0.15–0.85) and 6-month CDVA was 0.72 6
0.25 (0.2–0.85).

Corneal Thickness Changes
Regarding study group A, preoperatively, the aver-

age 6 SD CCT for all the eyes was 582.32 6 45.24 (550–
615) mm. One day postoperatively, the CCT was 785.81 6
80.75 (688–943) mm; the statistically signi!cant (P ,
0.001) thickness difference of +205.42 6 57.77 (+114
to +348) mm was in correlation with the respective lenti-
cule CGT, as measured on the same day of 258.10 6 68.78
(165–330) mm (P = 0.181).

One week postoperatively, the CCT was 736.26 6
34.25 (713–771) mm; the average difference between the

FIGURE 1. Total corneal (top) and epithelial thickness (bottom) 3-dimensional pachymetry maps. Depicted are the oculus dexter eye
(left in the image), 3 months after the DSAEK for BK, and the fellow oculus sinister eye (right in the image) of the same patient. The
symbol * indicates the thickness minimum (in both corneal and epithelial maps) and the symbol + maximum (epithelial map only).
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1-week postoperative minus the respective preoperative CCT,
on a one-per-one basis of +153.956 37.78 (+127 to +185) mm
was statistically signi!cant (P, 0.001); the CGT was 210.426
34.52 (145–243) mm (P = 0.173). Four weeks (1 month) post-

operatively, the CCT was 643.53 6 33.83 (567–691) mm; the
average difference between the 4-week postoperative minus the
respective preoperative CCT on a one-per-one basis of +61.216
42.77 (273 to +135) mmwas statistically signi!cant (P = 0.032);

FIGURE 2. High-resolution meridio-
nal scans. Top, preoperative, show-
ing signs of BK with areas of
epithelial detachment shown as dark
“islands” in the base of the epithelial
layer; bottom, 1 week post-
operatively of the same meridian.
The interface is clearly seen. The epi-
thelial layer in this sections appears
more homogenous in thickness as also
seen in the topographic epithelial
thickness maps postoperatively.

TABLE 1. Descriptive Statistics for Preoperative, 1-Day, 1-Week, 4-Week, and 12-Week Postoperative Donor Lenticule CGT and
Corneal (Central, CCT, and Minimum, MinCT) and for all the Cases in Study Group A

CGT CCT MinCT Change in CCT Change in MinCT

Preop 582.33 555.53 Average
645.24 633.75 Stdev
615 589 Max
550 534 Min

Postop 258.09 785.81 724.16 Average 205.42 168.63
1 d 668.78 680.75 684.20 Stdev 657.77 669.81

330 943 880 Max 348 297
165 688 599 Min 114 62

Postop 210.42 736.26 701.58 Average 153.95 146.05
1 wk 634.52 634.25 645.87 Stdev 637.78 635.38

243 771 723 Max 185 177
145 713 663 Min 127 114

Postop 175.84 643.53 596.63 Average 61.21 41.11
4 wks 631.27 633.83 647.81 Stdev 642.77 649.61

218 691 664 Max 135 121
120 567 523 Min 273 225

Postop 171.23 641.39 596.06 Average 59.07 40.53
12 wks 627.54 638.75 644.85 Stdev 645.95 643.28

185 684 662 Max 128 118
119 569 525 Min 254 229

The values noted are thickness reduction values in relation to the pre-DSAEK(preoperative) corneal measurements taken with the AS-OCT. All units are in micrometers.
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the CGT was 175.84 6 31.27 (120–218) mm (P = 0.073).
Twelve weeks (3 months) postoperatively, the CCT was
641.39 6 38.75 (569–684) mm; the average difference with
the preoperative CCT was +59.076 45.95 (254 to +128) mm;
the CGT was 171.23 6 27.54 (119–185) mm (P = 0.056).
Results similar to those of the 3-month visit were recorded at
the 6-month visit on all the parameters measured, namely,
CCT, MinCT, and CGT.

A similar trend was observed for the MinCT. Descriptive
statistics for CCT, MinCT, and CGT for the study group A are
given in Table 1 and illustrated in Figure 3. Regarding refer-
ence group B, CCT and MinCT results are given in Table 2.

Epithelial Thickness Results
Preoperative and postoperative descriptive statistics for

epithelial layer thickness center, minimum, maximum, topo-
graphic variability, and mean and peripheral epithelial thick-
ness are presented for group A in Table 3. Postoperative minus
preoperative epithelial thickness differences for the center,
mean, minimum, and maximum are illustrated in Figure 4.
Regarding the control group B, descriptive statistics for
center, minimum, maximum, topographic thickness variability,
mean and midperipheral epithelium thickness results are given
in Table 4.

For group A, preoperatively, the center epithelial thick-
ness was on average 55.74 6 9.29 (45–74) mm, minimum
epithelial thickness was 32.53 6 14.30 (13–53) mm, maximum
epithelial thickness was 76.00 6 11.32 (64–105) mm, and
topographic thickness variability was 10.84 6 4.09 (5.90–
18.80) mm.

One day postoperatively, the center epithelial thickness
was on average 58.58 6 3.37 (51–60) mm, minimum epithe-
lial thickness was 38.37 6 6.98 (23–44) mm, maximum epi-
thelial thickness was 76.10 6 10.93 (55–84) mm, and
topographic thickness variability was 10.65 6 3.93 (2.70–
14.70) mm. The average difference in the epithelial thickness,
computed on a one-to-one basis as the 1-day postoperative mi-
nus the respective preoperative of +2.84, +5.89, and +0.10 mm
for center, minimum, and maximum, respectively, were all
statistically signi!cant (paired analysis P = 0.032, ,0.001,
and 0.045, respectively).

One week postoperatively, the center epithelial thickness
was 55.376 4.98 (49–60) mm, the minimum was 42.796 3.69
(41–45) mm, the maximum was 77.11 6 13.16 (55–90) mm,
and the topographic thickness variability was 9.02 6 3.22
(2.60–11.50) mm. The average difference in the epithelial thick-
ness of 20.37, +12.21, and +1.11 mm for center, minimum,
and maximum, respectively, had P values 0.075, ,0.001, and
0.054, respectively.

Four weeks after the operation, the center epithelial
thickness was 47.21 6 5.45 (43–56) mm, the minimum was
35.11 6 4.70 (30–41) mm, the maximum was 58.11 6 6.51
(49–65) mm, and the topographic thickness variability was
4.77 6 1.48 (2.90–6.50) mm. The average difference in the
epithelial thickness, in comparison with the preoperative value,
was 28.53, +4.53, and 217.89 mm for center, minimum, and
maximum, respectively. These differences were statistically
signi!cant (paired analysis P , 0.001, ,0.001, and ,0.001,
respectively).

Three months after the operation, the center epithelial
thickness was 46.72 6 5.23 (43–55) mm, the minimum was
35.48 6 4.63 (31–42) mm, the maximum was 50.87 6 5.86

TABLE 2. Descriptive Statistics for Corneal Thickness
(Central, CCT and Minimum, MinCT) for all the Cases in
Control Group B

CCT MinCT

Group B Average 537.58 525.42
(n = 32) Stdev 633.53 635.45

Max 624 611
Min 489 487

All units are in micrometers.

FIGURE 3. Average CCT (blue col-
umns) and MinCT (red): pre-
operatively (Preop), at 1 day (Postop
1 day), 1 week (Postop 1 week), 4
weeks (Postop 4 weeks), and 3
months (Postop 12 weeks) post-
operatively. The green columns
indicate the CGT at the respective
postoperative intervals. Error bars
indicate the SD. All units are in
micrometers.
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Longitudinal postoperative LASIK epithelial thickness profile changes 

in correlation with degree of myopia correction. 

What was Known 

No large post-LASIK population study of epithelial thickness investigation with AS-OCT. 

Epithelial thickness changes have been reported in studies of microkeratome-assisted myopic 
excimer laser refractive correction. 

The noted central epithelial thickness increase has been associated with refractive regression. 

What this Paper Adds 

Epithelial thickness remodeling following LASIK has indicated a slight (average +3 µm) increase 
in epithelial thickness. 

The increase was rather not-lenticular, but more emphasized in the mid-periphery of 5 mm.  

The noted increase showed a positive correlation to the amount of attempted myopic 
correction:  the larger the myopic correction, and thus, the stromal flattening, the larger 
the noted epithelial thickness increase. 
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O R I G I N A L  A R T I C L E

Longitudinal Postoperative LASIK Epithelial 
Thickness Profile Changes in Correlation 
With Degree of Myopia Correction
Anastasios John Kanellopoulos, MD; George Asimellis, PhD

ABSTRACT

PURPOSE: To evaluate epithelial thickness profile 
changes following myopic femtosecond laser-assisted 
LASIK in relation to the degree of myopia corrected, 
evaluated with a spectral-domain anterior-segment op-
tical coherence tomography system.

METHODS: Sixty-one consecutive cases were observed 
for corneal epithelial thickness distribution preopera-
tively and at 1 day, 1 week, 1 month, and 1 year post-
operatively. Epithelial thickness mapping was obtained 
with a spectral-domain optical coherence tomography 
system (Optovue Inc., Fremont, CA). Descriptive sta-
tistics investigated epithelial thickness at the central 
2-mm area, the mean over the central 6-mm area, and 
mid-peripherally at the 5-mm ring area.

RESULTS: Preoperatively, the pupil center epithelial 
thickness was 51.67 ± 2.57 µm (range: 45 to 56 µm), 
mean was 51.76 ± 2.66 µm (range: 45 to 57 µm), and 
mid-periphery was 51.78 ± 2.71 µm (range: 46 to 57 
µm). Compared to the preoperative values, the epithe-
lial thickness for the center, mean, and mid-periphery 
was -0.30, +1.07, and +1.35 µm at 1 week, +1.58, 
+2.88, and +3.31 µm at 1 month (P = .0036, < 
.001, and < .001), and +1.42, +2.90, and +3.19 
µm at 1 year postoperatively (P = 0.146, < .001, and 
< .001), respectively. The correlation analysis between 
the epithelial thickness increase and the spherical 
equivalent of myopic correction showed a trend toward 
epithelial thickness increase with the amount of myopic 
ablation, particularly at the mid-peripheral 5-mm area.

CONCLUSIONS: In this comprehensive study of postop-
erative corneal epithelial thickness remodeling following 
femtosecond laser-assisted myopic LASIK correction, an 
increase at the 1-month and up to 1-year postopera-
tive interval suggested postoperative epithelial activity in 
connection to the extent of ablation.

[J Refract Surg. 2014;30(3):166-171.]

pithelial thickness changes have been reported in 
studies of microkeratome-assisted myopic excimer 
laser refractive correction1,2; in many of these studies, 

the noted central epithelial thickness increase has been as-
sociated with refractive regression.3-5 Extending beyond 
central thickness evaluation, three-dimensional full-cornea 
evaluation by scanning ultrasound has demonstrated that the 
change in epithelial thickness following myopic ablation was 
lenticular in shape.6

This study employs clinical spectral-domain anterior-seg-
ment optical coherence tomography (AS-OCT) imaging in the 
evaluation of quantitative and qualitative three-dimensional 
corneal epithelial layer thickness changes in a large number 
of myopic LASIK cases, in which a femtosecond laser was 
employed for the flap creation and a high-pulse rate excimer 
laser provided the myopic ablation. This study aims to inves-
tigate longitudinal postoperative changes in epithelial thick-
ness distribution, centrally, on average, and mid-peripherally, 
and to investigate the possible association of epithelial thick-
ness changes with the extent of attempted myopic correction.

PATIENTS AND METHODS
This observational, longitudinal study received approval 

from the ethics committee of our institution, and adhered to 
the tenets of the Declaration of Helsinki. Informed written 
consent was obtained from all patients at the time of the first 
clinical visit.

INCLUSION-EXCLUSION CRITERIA
The study group consisted of patients with unoperated, 

normal eyes with no current or past ocular pathology other 
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than refractive error, no previous surgery, no epithe-
lial defects, and no present irritation or dry eye dis-
order. All patients underwent a complete ophthalmo-
logic evaluation. These cases received primary myopic 
LASIK correction performed by the same surgeon 
(AJK). Although all cases consisted of bilateral inter-
ventions, in 5 cases data were not completely obtained 
up to 12 months postoperatively for both eyes. Thus, 
only 1 eye per patient fulfilled the criteria for the study. 
No postoperative epithelial ingrowth,7 cornea haze, or 
ectasia was observed in patients enrolled in the study.

INSTRUMENTATION
The Alcon-WaveLight FS200 femtosecond laser 

(Alcon Laboratories, Inc., Fort Worth, Texas) was em-
ployed to provide a 110-µm thick, and 8.00- or 8.50-
mm diameter wide corneal flap.8 The average pulse en-
ergy for bed cut was 0.75 µJ, the cut angle was 70°, and 
the hinge position was inferior. The myopic ablation 
was provided by the Alcon-WaveLight EX500 excimer 
laser (Alcon Laboratories, Inc.).9 The ablation zone for 
the myopic correction was 6.50 mm, centered on the 
visual axis of the individual eye by means of cyclorota-
tion control.

The RTVue-100 spectral-domain AS-OCT system 
(Optovue, Inc., Fremont, California), running on anal-
ysis and report software version A6 (9.0.27), was em-
ployed in the study. Data output included total cor-
neal and epithelial thickness maps corresponding to 
a 6-mm diameter area. In all cases, to avoid potential 
artifacts (eg, due to possible drop instillation), OCT 
imaging preceded the ocular clinical examination dur-
ing each visit. All OCT imaging was conducted by the 
same trained investigator. The settings were: L-Cam 
lens and 8 meridional B-scans per acquisition, consist-
ing of 1,024 A-scans each with 5-µm axial resolution, 
acquired in approximately 30 seconds. Images with 
quality as determined by the signal strength index 
parameter, a measure of the average signal strength 

across the scan, of more than 30 were considered for 
the study. These eight radial meridional scans were 
employed by the system software to produce, by inter-
polation, the three-dimensional thickness maps.

DATA COLLECTION AND ANALYSIS
The preoperative imaging was conducted the day 

preceding the operation, and the postoperative mea-
surements were performed at 1 day, 1 week, 1 month, 
and 1 year after surgery. Two consecutive individual 
acquisitions were obtained in each case to ensure data 
validity.

The main analysis report produced by the AS-OCT 
system displayed total corneal (reported as pachym-
etry) and epithelial three-dimensional thickness 
maps covering the 6-mm diameter area. As shown in 
Figure 1, each pachymetry map is divided in 17 sec-
tors. Specifically, these are the 2-mm diameter pupil 
center disk of 12.56 mm2 area, 8 octants within the an-
nulus between the 2- to 5-mm zones, each of 8.24-mm2 
area, and 8 octants within the annulus of 5- to 6-mm 
zones, each of 4.32-mm2 area. For each of these sec-
tors, average thickness was displayed numerically in 
integer form with a minimum difference of 1 µm over 
the corresponding area.

In this study, the reported “epithelium center” thick-
ness was provided by the integer indication over the 
center disk. Mean epithelial thickness was computed 
by the average of all segments, and mid-peripheral epi-
thelial thickness was computed by the average of the 
thickness corresponding to 18 equally spaced points 
along the 5-mm radius (data harvested by mouse-over 
indication over the epithelial thickness map). The 
topographic thickness variability corresponded to the 
standard deviation over the entire imaged area of all 
local epithelial thickness points.

Descriptive statistics, linear regression analysis 
to seek possible correlations, paired analysis t tests, 
and analysis of variance were performed by Minitab 

Figure 1. Detail from the analysis and report 
software main report, showing corneal and 
epithelial three-dimensional pachymetry 
maps over the 6-mm corneal diameter in 
a postoperative LASIK examination. The 
patient (left eye) received treatment for 
-4.75 diopters of sphere and -0.75 diopters 
of astigmatism, and was imaged 1 month 
postoperatively. * = thickness minimum 
(both corneal and epithelial maps); + = 
thickness maximum (epithelial map only).
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in Figure 2, there is a correlation between the degree 
of myopic ablation and increase of epithelial thick-
ness. Specifically for the mid-peripheral epithelial 
thickness increase, the linear fit trend line describing 
this correlation had a Pearson product-moment corre-
lation coefficient r = 0.831, and was described by the 
equation derived from our results: increase in epithe-
lial thickness (y, in µm) = -1.39 ! myopic ablation (x 
in D) + 9.77 µm.

For each degree of myopic ablation, the correspond-
ing increase of epithelial thickness on the mid-periph-
ery was on the scale of 1 µm. Similar results, but with 
a lesser degree of correlation, were obtained for the 
center and the mean epithelial thickness increase (r = 
0.631 and 0.519, respectively).

DISCUSSION
Accurate and repeatable quantitative assessment 

of corneal epithelial thickness distribution has been 
a challenge for clinicians and researchers.10 The diag-
nostic instruments employed in clinical in vivo cor-
neal epithelial thickness evaluation include scanning 
high-frequency ultrasound11 and confocal microsco-
py.12 AS-OCT is a recent development for clinical in 
vivo epithelial mapping.13,14 The most advanced OCT 
systems employ spectral-domain AS-OCT processing, 
offering higher speed and increased resolution com-
pared to time-domain OCT.15,16 Currently, there is a 
limited number of commercially available anterior 
segment spectral-domain OCT systems,17 such as the 
Optovue RTVue-10013 (Optovue, Inc.), that offer three-
dimensional epithelial thickness imaging over the cor-
nea.Therefore, clinical epithelial imaging and evalua-
tion is a novel application whose ramifications are still 
being explored.

We recently reported AS-OCT epithelial thickness 
quantitative and qualitative evaluation in normal 
eyes,13 keratoconic eyes,18 in a dry eye population,19 
and in eyes undergoing cataract surgery.20 To the best 

of our knowledge, the only studies in the peer-reviewed 
literature concerning epithelial changes after refractive 
myopic LASIK employed ultrasound imaging4,6,21 or 
confocal microscopy1,2,22 and, more importantly, have 
involved microkeratome-flap creation or a small num-
ber of individuals cases studied, such as a study by 
Reinstein et al.21

In the current study, the epithelial thickness profile 
was found to be reduced 1 day postoperatively by an av-
erage of -0.08 ± 3.12 µm for the center, -0.34 ± 3.40 µm 
for the mean, and -0.39 ± 3.49 for the mid-periphery. 
These changes were not statistically significant. The 
week after LASIK, epithelium thickness was still re-
duced for the center, but the trend of increased mean 
overall and mid-peripheral epithelial thickness was 
noted. The increase in mean overall and mid-peripheral 
epithelial thickness was statistically significant.

These recorded changes correspond to a nega-
tive meniscus-like lenticular pattern, with more sig-
nificant thickening at the mid-periphery than at the 

TABLE 2

Descriptive Statistics for the Postoperative Epithelium Thickness Changes (µm)
1 Day 1 Week 1 Month 12 Months

Parameter Center Mean Mid Center Mean Mid Center Mean Mid Center Mean Mid

Average -0.08 -0.34 -0.39 -0.30 1.07 1.35 1.58 2.88 3.31 1.42 2.90 3.19

SD ±3.12 ±3.40 ±3.49 ±2.52 ±2.28 ±2.38 ±2.73 ±3.15 ±3.25 ±2.62 ±2.73 ±2.82

Maximum 7 7.33 7.4 5 6.75 7.7 10 11.25 12 7 9.23 11.21

Minimum -6 -8.33 -8.8 -6 -3.25 -3.2 -4 -2.33 -2.2 -5 -2.79 -2.10

Pa .897 .587 .534 .522 .037 .0125 .0036 < .001 < .001 .0146 < .001 < .001

Mid = mid-periphery; SD = standard deviation 

bPaired Student’s t test.

Figure 2. The correlation of increase in epithelial thickness at the center 
(green dots), on the mean over the 6-mm diameter (blue), and on the 
5-mm mid-peripheral zone (yellow) 1 month following myopic LASIK cor-
rection. There were 4 cases between -8 and -9 diopters (D), 7 cases 
between -7 and -8 D, 10 cases between -6 and -7 D, 8 cases between -5 
and -6 D, 15 cases between -4 and -5 D, 13 cases between -3 and -4 D, 
and 6 cases between -2 and -3 D. Error bars indicate standard deviation.
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Epithelial Remodeling After Femtosecond Laser-assisted High Myopic 

LASIK: Comparison of Stand-alone With LASIK Combined With 

Prophylactic High-fluence Cross-linking. 

What was Known 

Epithelial thickness increase following myopic LASIK with a positive correlation to 
the amount of attempted myopic correction. 

What this Paper Adds 

Investigation of matched groups of myopic ablation, between a ‘standard’ LASIK 
treatment and a LASIK treatment with concurrent prophylactic in-situ cross-
linking has indicated that there is no further noted increase in epithelial 
remodeling when the cross-linking is applied. 

These clinical differences observed, despite the possible attribution to the epithelial 
compensatory response, may not be fully justified with this theory. 

A possible explanation is the reduced epithelial hyperactivity attributed to a 
biomechanically strengthened cornea due to CXL. 
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CLINICAL SCIENCE

Epithelial Remodeling After Femtosecond Laser–Assisted
HighMyopic LASIK: Comparison of Stand-aloneWith LASIK
Combined WithAU2 Prophylactic High-fluence Cross-linking

Anastasios J. Kanellopoulos, MD*† and George Asimellis, PhD*

Purpose: The aim of this study was to evaluate the possible
topographic epithelial pro!le thickness changes (remodeling) after
high myopic femtosecond laser in situ keratomileusis (LASIK) with
concurrent prophylactic high-"uence cross-linking (CXL) in com-
parison with standard femtosecond LASIK.

Methods: Preoperative and 6-month postoperative 3-dimensional
epithelial thickness distribution maps were investigated through
a clinical spectral domain anterior-segment optical coherence tomog-
raphy in 2 groups of femtosecond laser–assisted myopic LASIK cases.
Group A represented 67 eyes treated additionally with concurrent pro-
phylactic CXL (LASIK-Xtra); group B represented 72 eyes subjected
to stand-alone femtosecond LASIK. Optical coherence tomography
measurements of the epithelial thickness over the center 2-mm-diameter
disk, mid-peripheral 5-mm rim, and overall (the entire 6-mm-diameter
disc area) were investigated.

Results: The comparison of matched myopic correction subgroups
indicated statistically signi!cant differences in the epithelial thick-
ness increase speci!cally between high myopia subgroups. For
example, in group A (LASIK-Xtra), the mid-peripheral epithelial
thickness increase was +3.79 and +3.95 mm for the “28.00 to29.00
diopter” and “27.00 to 28.00 diopter” subgroups, which compare
with increased thickness in group B (stand-alone LASIK), of +9.75 mm
(P = 0.032) and +7.14 mm (P = 0.041), respectively, for the same
subgroups.

Conclusions: Application of prophylactic CXL concurrently with
high myopic LASIK operation results in a statistically signi!cant
reduced epithelial increase in comparison with the stand-alone
LASIK. This comparison is observed between matched high myopic
correction subgroups. This difference may correlate with higher

regression rates and/or may depict increased biomechanical instabil-
ity in the stand-alone LASIK.

Key Words: anterior segment optical coherence tomography, epi-
thelial imaging, epithelial thickness distribution, epithelial layer
topography, myopic LASIK, femtosecond LASIK, LASIK-Xtra,
high-"uence cross-linking, prophylactic cross-linking

(Cornea 2014;0:1–7)

The concept of a proactive intervention involving in situ
cross-linking (CXL) application concurrent with laser in

situ keratomileusis (LASIK) surgery has been introduced by
the term “LASIK-Xtra.”1,2 The concept has been based on
successful treatments and femtosecond laser–created intra-
stromal pocket CXL implementation3,4 in a patient population
who seems to have a high rate of keratoconus. The rationale
for such a prophylactic action in routine LASIK is to
strengthen the cornea, particularly in high myopic cases with
thin residual stroma and younger patients who may have not
yet exhibited ectasia risk factors.5,6 Our experience with high
myopic corrections without any such preventive application is
suggestive of a long-term corneal steepening trend (refractive
regression toward a myopic shift).7 Because of this trouble-
some !nding, and the high incidence of keratoconus in our
patient populace, in situ CXL may be justi!ed in high myopic
LASIK cases.

Refractive regression has been associated with substantial
postoperative epithelial thickness changes8,9 after LASIK myo-
pic correction.10–12 Speci!cally, postoperative epithelial evalua-
tion after myopic LASIK has demonstrated a topographically
nonuniform increase in the epithelial thickness,13 dependent on
the extent of myopia corrected.

We have recently investigated epithelial remodeling
after femtosecond laser–assisted LASIK.14 The study, con-
ducted with Fourier-domain anterior-segment optical coher-
ence tomography (AS-OCT), in large myopic corrections [eg
28.00 diopter (D)] indicated 1-year postoperative central epi-
thelial thickness increase of up to +6 mm and localized
increase at the 5-mm mid-peripheral rim of up to +9 mm.

This study aimed to comparatively investigate the
potential differences in epithelial remodeling between 2
groups, a LASIK-Xtra and a stand-alone LASIK group, in
which no concurrent CXL is applied. The epithelial study was
facilitated by 3-dimensional epithelial thickness maps produced
by a clinically available spectral domain AS-OCT system.
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In this study, we investigated 6-month postoperative
corneal epithelial thickness changes in 139 LASIK eyes with
a clinically available AS-OCT system, using raw data
obtained from the system report and analysis software, and
as such, it presents a novel comparative benchmark study.
The 2 groups in the study were matched by all other means
such as ablation zone, !ap thickness, surgeon, lasers used,
and postoperative medication and treatment.

We have reported signi"cant postoperative epithelial
thickness increase in a previous investigation of 61 stand-
alone myopic LASIK eyes.14 Speci"cally, 1 year postopera-
tively, the epithelial thickness was increased centrally by
+1.42 mm (P = 0.146), overall by +2.90 mm (P , 0.001),
and mid-peripherally by +3.19 mm (P , 0.001). More impor-
tantly, the noted change in the central, overall, and mid-
peripheral epithelial thickness appeared to be in correlation
with the amount of myopic correction. It seems that this
epithelial hyperplasia may be responsible for perceived
regression, particularly in higher myopic corrections.7 We
have also had preliminary con"rmation of similar such epi-
thelial postoperative thickness increase with Dr. R. R.
Krueger (MD, personalAU10 communication, Cleveland Clinic
foundation, Cleveland, OH). The data in this work support
that high myopic cases with stand-alone LASIK treatments
(group B) demonstrate signi"cant epithelial hyperplasia, of
average magnitude between +8 and +9 mm.

There are a number of factors that may explain this
increased epithelial hyperplasia after high myopic stand-alone
LASIK. For example, there has been the explanation that the
amount of epithelial thickening is determined by the rate of
change of the curvature of the stromal surface.30 Another possi-
ble factor19,31 is that a thinned cornea (especially in large myopic
ablation) might become biomechanically less stable, thus oscil-
late more because of external factors and/or be more susceptible
to aqueous pulsing, and as a result, induce epithelial hyperplasia.
The association between apical corneal displacement and intra-

ocular pressure (IOP) change and the cardiac cycle is already
established,32 and possibly supports the above argument.

Comparison with the group A, in which prophylactic
high-!uence CXL is incorporated in the primary LASIK
procedure (LASIK Xtra), indicates that this hyperplasia in the
high myopic cases appears to be moderate, approximately +3
to +4 mm, almost similar to the levels encountered in the
lower myopic corrections. We therefore believe that this
“moderate” epithelial thickness increase can no longer be
justi"ed only by the differences in corneal curvature, because
they correspond to similar myopic ablation patterns, and
therefore can only be attributed to the difference between
the 2 groups, which is the preventive CXL application.

In addition, the postoperative evaluation of in group A
has not indicated any clinical or topographic evidence of
complications in comparison with the “stand-alone” group B.
Visual rehabilitation between the 2 groups, as expressed by
CDVA, was determined in similar levels in comparison with
the stand-alone LASIK, without inducing any side effects or
compromising visual safety.

It is worth noting that the cylinder treated in the LASIK
Xtra group A (mean, 21.39 D; max 25.25 D) was signi"-
cantly greater than that in group B (mean, 20.86 D; max,
23.50 D). Astigmatic ablation pro"les are signi"cantly dif-
ferent to spherical pro"les particularly in the mid-periphery
because the ablation is much less in 1 meridian for cases with
higher cylinder. Although the epithelial response has not been
studied in high astigmatism cases speci"cally in this work, it
is likely that the differences in the epithelial thickness remod-
eling indicated in this study may have been in!uenced by this
aspect. We believe, though, that the higher astigmatism trea-
ted in group A would have only contributed to the direction of
increased mid-periphery increase, and thus the observed
reduced mid-periphery epithelial changes can be suggestive
that postoperative epithelial hyperplasia is indeed less in the
LASIK-Xtra treated eyes.

FIGURE 2. Correlation of increase in
epithelial thickness at the 5-mm
mid-peripheral zone, 6 months
postoperatively, in comparison for
the 2 groups, with refractive correc-
tion spherical equivalent.
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Descriptive statistics, linear regression analysis to seek
possible correlations, paired analysis t tests, and analysis of
variance were performed by Minitab version 16.2.3 (MiniTab
Ltd, Coventry, UK) and OriginLab version 9 (OriginLab
Corp, Northampton, MA). Paired analysis P values that were
less than 0.05 were indicative of statistically signi!cant re-
sults in this study. For the correlation with the amount of
myopia correction, the spherical equivalent of myopic abla-
tion, as programmed in the excimer laser system, was used.

RESULTS
The 67 eyes included in group A (LASIK-Xtra)

belonged to 37 female and 10 male patients; 35 eyes were
right and 32 were left. The mean patient age at the time of
operation was 27.5 6 6.1 (range, 19–39) years. The average
preoperative refractive error was sphere26.586 2.31 (range,
22.50 to211.50) D, and cylinder21.396 1.41 (range, 0.00
to 25.25) D. The average preoperative central corneal thick-
ness was 545.96 6 33.93 (range, 474–595) mm. Six months
postoperatively, the average central corneal thickness was
441.75 6 28.35 (range, 405–508) mm.

Group A (LASIK-Xtra) had an average postoperative
average refractive error 20.20 6 0.28 D, compared with
26.58 6 2.31 D preoperatively. All eyes in this group A
had a postoperative CDVA of 20/20, and 64 of 67 eyes were
within 60.25 D of the intended correction.

The 72 eyes in group B (stand-alone LASIK) belonged
to 41 female and 31 male patients; 33 eyes were right and 39
were left. The mean patient age at the time of operation was

24.2 6 5.8 (range, 18–42) years. The average preoperative
refractive error was sphere 25.13 6 1.59 (range, 22.50 to
28.75) D and cylinder 20.86 6 0.77 (range, 0.00 to 23.50)
D. The average preoperative central corneal thickness was
553.51 6 19.11 (range, 503–592) mm. Six months postoper-
atively, the central corneal thickness was 453.15 6 31.11
(range, 415–500) mm.

Group B (stand-alone LASIK) had an average post-
operative average manifest refractive spherical equivalent
20.20 6 0.30 D, compared with 25.13 6 1.59 D preoper-
atively. All patients in this group B had a CDVA of 20/20,
and 69 of 72 cases were within 60.25 D of the intended
correction.

Epithelial Thickness Results
As shown in T1Table 1, for group A, preoperative central

epithelial thickness was 52.53 6 2.85 mm, overall (the entire
6-mm average) was 52.61 6 2.75 mm, mid-peripheral was
52.95 6 2.65 mm, and the topographic thickness variability
was 1.85 6 0.93 mm. Six months after the LASIK-Xtra oper-
ation, the center epithelial thickness was 54.54 6 3.11 mm
(change +2.01 mm, P = 0.0031), mid-peripheral was 57.25 6
3.21 mm (change +4.30 mm, P , 0.001), and overall was
56.92 6 3.13 mm (change +4.31 mm, P , 0.001); !nally,
the topographic thickness variability was 2.99 6 0.71 mm.

For group B, preoperatively, the central epithelial
thickness was 51.65 6 2.21 mm, mid-peripheral was 51.79 6
2.53 mm, overall was 51.74 6 2.33 mm, and the topographic
thickness variability was 1.20 6 0.59 mm. Six months after the

FIGURE 1. A, AS-OCT high-resolution
cross-sectional meridional image of
a right eye treated with LASIK-Xtra for
28.00 D of sphere and 20.25 D of
astigmatism, and was it imaged
6 months postoperatively. There is
a clear depiction of the central corneal
epithelial layer, Bowman membrane,
anterior stroma, Descemet membrane,
and anterior chamber. Deep stromal
hyperreflective lines may correlate with
the depth of the CXL-effect achieved
with the LASIK-Xtra procedure ac-
cording to our previous reported find-
ings. B, Detail from of the analysis and
report software main report, showing
corneal and epithelial 3-dimensional
pachymetry maps over the 6-mm
corneal diameter. The symbol * in-
dicates thickness minimum (both cor-
neal and epithelial maps), andAU14 the
symbol + thickness maximum (epi-
thelial map only).
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Epithelial remodeling after partial topography-guided normalization and high-

fluence short-duration crosslinking (Athens protocol): Results up to 1 year. 

What was Known 
Post-operative epithelial remodeling following partial anterior-surface normalization 

with excimer laser and high-fluence cross-linking, investigated with HFU results in 
reduced overall epithelial thickness and topographic variability.  

What this Paper Adds 

Novel clinical investigation of large pool of keratoconic eyes subjected to the Athens 
Protocol procedure, in comparison to untreated keratoconic eyes and a control 
group of healthy eyes, provided by clinical, Fourier-domain AS OCT providing in-
vivo, three-dimensional epithelial thickness maps. 

Detailed follow-up of the treated eyes up to one-year confirms previous HFU findings 
of the overally thinner, as well as smoother epithelial thickness profile in 
comparison to untreated keratoconic eyes. 
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Epithelial remodeling after partial
topography-guided normalization

and high-fluence short-duration crosslinking
(Athens protocol): Results up to 1 year

Anastasios John Kanellopoulos, MD, George Asimellis, PhD

PURPOSE: To compare epithelial remodeling in keratoconic eyes that had photorefractive keratec-
tomy and corneal collagen crosslinking (Athens protocol) with that in untreated keratoconic eyes
and healthy eyes.

SETTING: Private clinical practice, Athens, Greece.

DESIGN: Comparative case series.

METHODS: Fourier-domain anterior segment optical coherence tomography (AS-OCT) was used to
obtain in vivo 3-dimensional epithelial thickness maps and center, superior, inferior, maximum,
minimum, mean, midperipheral, and variability data.

RESULTS: Group A comprised 175 treated keratoconic eyes (Athens protocol); Group B, 193 un-
treated keratoconic eyes; and Group C, 160 healthy eyes. The 1-year mean center epithelial
thickness in Group A was 47.78 mm G 7.36 (SD) (range 33 to 64 mm). At the first clinical visit,
it was 52.09 G 6.80 mm (range 36 to 72 mm) in Group B and 52.54 G 3.23 mm (range 45 to
59 mm) in Group C. The mean thickness range in Group A at 1 year was !19.94 G 7.21 mm
(range !6 to !34 mm). It was !21.83 G 12.07 mm (range !4 to !66 mm) in Group B and
!6.86 G 3.33 mm (range !3 to !29 mm) in Group C. The mean topographic thickness variability
in Group A at 1 year was 4.64 G 1.63 mm (range 1.6 to 8.1 mm) (P<.05). It was 5.77 G 3.39 mm
(range 1.3 to 17.8 mm) in Group B and 1.59 G 0.79 mm (range 0.6 to 5.6 mm) in Group C.

CONCLUSION: Anterior segment OCT indicated a thinner and more homogeneous remodeled
epithelium in the keratoconic eyes treated using the Athens protocol.

Financial Disclosure: Dr. Kanellopoulos is a consultant to Alcon Surgical, Inc.; Wavelight Laser
Technologie AG; Avedro, Inc.; and i-Optics Optikger!ate GmbH. Dr. Asimellis has no financial or pro-
prietary interest in any material or method mentioned.
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We previously reported overall reduced corneal
epithelial thickness in keratoconic eyes that were
treated with (1) excimer laser debridement of the top
50 mm of the epithelium, (2) partial topography-
guided excimer ablation, and (3) immediate high-
fluence ultraviolet-A radiation (10 mW/cm2) and
short-duration (10minutes) corneal collagen crosslink-
ing (CXL) with riboflavin in a procedure known as the
Athens protocol.1–3 Our goal was to arrest the keratec-
tasia progression4 and provide a less irregular anterior
corneal surface. In l study,1 whichwas performed using
high-frequency scanning ultrasound biomicroscopy

(UBM), the epithelial thickness in a group of untreated
keratoconic eyes was compared with that in a
group of keratoconic eyes treated using the Athens
protocol.

Epithelial thickness assessment has been facilitated
by the development of anterior segment optical coher-
ence tomography (AS-OCT).5 Although there are
studies of AS-OCT epithelium measurement in the
peer-reviewed literature, until recently and to our
knowledge, the methodology and instrumentation
mainly used an on-screen caliper tool6; thus, only local
point–thickness measurements were reported. The
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The findings in the current study agree with those in
our previous study1; that is, although an overall thicker
epithelium with large variations can be observed clini-
cally and topographically in eyes with keratoconus, in
eyes treated with CXL the variability in epithelium
thickness and topographic thickness decreased by a
statistically significant margin and was more uniform.
We have theorized that epithelial hyperplasia in biome-
chanically unstable corneas (ie, increased epithelial
regrowth activity) might be associated with a more
elastic cornea.1 The laboratory and clinical findings of
increased corneal rigidity after CXL are widely
accepted,23–25 including in studies of accelerated high-
fluence CXL.26

In conclusion, we present the results in a compre-
hensive study of the postoperative development of
corneal epithelial thickness distribution after keratoco-
nus management using combined anterior corneal
normalization by topography-guided excimer abla-
tion and accelerated CXL. The epithelial healing pro-
cesses can be monitored by AS-OCT with ease in a
clinical setting, expanding the clinical application of
this technology. Our findings suggest less topographic
variability and overall reduced epithelial thickness
distribution in keratoconus eyes treated with CXL us-
ing the Athens protocol.

WHAT WAS KNOWN

! Postoperative epithelial remodeling after partial anterior
surface normalization with an excimer laser and high-
fluence CXL, assessed with high-frequency scanning
UBM, results in reduced overall epithelial thickness and
topographic variability.

WHAT THIS PAPER ADDS

! Detailed follow-up of Athens protocol–treated eyes up to 1
year confirmed previous ultrasound findings of the overall
thinner and smoother epithelial thickness profiles
compared with the profiles of untreated keratoconic eyes.
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Figure 3. Mean and center epithelial thicknesses in the 3 groups.
Error bars correspond to the SD (KCNZ keratoconus, no treatment).

Figure 4. Epithelial thickness variability and range in the 3 groups.
Error bars correspond to the SD (KCNZ keratoconus, no treatment).
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Group B andGroupCwas performed during the first clinical
visit.

Themain analysis report produced by the AS-OCT system
displayed total corneal (reported as pachymetry) and epithe-
lial 3-D thickness maps covering the 6.0 mm diameter area.
Corneal pachymetry was assessed by the central corneal
thickness (CCT) and minimum corneal thickness. Epithelial
thickness assessment comprised the following measure-
ments: pupil center, superior, inferior, minimum, maximum,
mean, peripheral, topographic thickness variability, and
epithelial thickness range. These data were collected as fol-
lows (Figure 2): Each thickness map was divided into 17 sec-
tions (2.0mmdiameter pupil center disk of 12.56mm2 area; 8
sectors [octants] within the annulus between the 2.0 mm and
5.0 mm zones, each of 8.24 mm2 areas; and 8 sectors [octants]
within the annulus of the 5.0 to 6.0 mm zones, each of
4.32 mm2 areas). For each of these sections, the mean epithe-
lial thicknesswas displayed numerically in integer formwith
a minimum difference of 1 mm over the corresponding area.

In this study, the reported center epithelium thickness was
taken from the integer indication over the center 2.0 mm
disk. The mean epithelial thickness was computed by the
mean of all segments, and the peripheral epithelial thickness
was computed by the mean of the thickness corresponding
to 18 equispaced points along the 5.0 mm radius (data har-
vested by mouse-over indication over the epithelial thick-
ness map). The superior, inferior, minimum, maximum,
and topographic epithelial thickness variability (computed
by the standard deviation [SD] of the 17 thickness values)
were provided in tabular form by the software of the
AS-OCT device (Figure 2). The thickness rangewas computed
as follows: minimum epithelial thickness –maximum epithe-
lial thickness.

Descriptive statistics, linear regression analysis to look for
possible correlations, paired analysis t tests, and analysis of
variance were performed using Minitab software (version
16.2.3, Minitab, Ltd.) and Origin Lab software (version 9,
Originlab Corp.). Paired-analysis P values less than 0.05
were considered an indication of statistically significant
results.

RESULTS

Table 1 shows the CCT, minimum corneal thickness,
epithelial thicknesses, topographic thickness variability,

and epithelial thickness rangemeasured byAS-OCT in
the 3 groups.

Group A (Athens protocol) comprised 175 eyes, 74
of women and 101 of men. The mean patient age at
the time of surgery was 26.8 years G 7.2 (SD) (range
18 to 48 years). There were 87 right eyes and 88 left
eyes. The Athens protocol treatment was uneventful
in all cases.

Group B (untreated keratoconic) comprised 193
eyes, 92 of women and 101 of men. The mean patient
age at the time of examination was 31.1 G 9.9 years
(range 18.0 to 51.0 years). There were 91 right eyes
and 102 left eyes.

Group C (control) comprised 160 eyes, 67 of women
and 93 of men. The mean patient age at the time of ex-
amination was 35.45 G 9.55 years (range 18.0 to 52.0
years). There were 74 right eyes and 86 left eyes.

Epithelial Thickness

In Group A, the difference in the center epithelial
thickness between each postoperative timepoint was
statistically significant (all P!.05). The difference in
the mean center epithelial thickness (!4.31 mm; 95%
confidence interval [CI], !6.31 to !2.30) between
Group A 1 year after treatment and Group B at the
time of examination was statistically significant
(P!.05, 2-sample t test). The difference in the mean
center epithelial thickness (!4.75 mm, 95% CI, !6.59
to !2.92) between Group A 1 year after treatment
and Group C at the time of examination was also sta-
tistically significant (P!.05) (Figure 3).

In Group A, the difference in topographic thickness
variability between each postoperative timepoint was
statistically significant (all P!.05). Figure 4 shows the
epithelial thickness variability and range by group.

DISCUSSIONS

Until recently, high-frequency UBM had been the gold
standard for in vivo corneal epithelial 3-D imaging.12

The recent, rapid development and current high-
speed imaging capabilities of AS-OCT13–15 have
made acquisition of in vivo 3-D pachymetry corneal
maps reliable and fast.16–19 Software refinement also
enables clinical assessment of corneal asymmetry
and focal thinning parameters for keratoconus classifi-
cation.20 In addition, the higher axial resolution,
increased accuracy, and finer image-processing capa-
bilities of the current AS-OCT imaging systems have
enabled, among other things, 3-D imaging of epithelial
thickness.7

Epithelial thickness and irregularity indices (eg,
center and mean epithelial thickness, epithelial thick-
ness topographic irregularity, and thickness range)

Figure 2. Comparative AS-OCT epithelial thickness (mm) 3-D maps
shows an image from Group A taken 1 year postoperatively and
an image fromGroup B (IZ inferior; INZ inferior–nasal; ITZ infe-
rior–temporal; NZ nasal; SZ superior; SNZ superior–nasal; STZ
superior–temporal; T Z temporal).
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Optical coherence tomography–derived corneal thickness asymmetry 

indices: Clinical reference study of normal eyes. 

What was Known 

Corneal thickness asymmetry and focal thinning parameters, measured by detailed pachymetry 
provided by AS-OCT have been proposed for the keratoconus and ectasia screening.   

In healthy population studies employing Scheimpflug or HFU, a 23.2 µm apical pachymetry 
difference is reported to represent less than 5% of the population. 

What this Paper Adds 

Clinical investigation of corneal asymmetry and focal thinning in 561 normal eyes with current 
AS-OCT. 

Inferior and inferior-nasal thinning is on the average of 25 µm (95% confidence interval 1.2); Min-
Med index is on the average -21 µm (95% confidence interval 0.50); Min – Max is on the 
average of -60 µm (95% confidence interval 1.4).   

No statistically significant differences between corneal asymmetry exist between gender groups.  
The corneal asymmetry is increased in older patient groups. 
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Optical coherence tomography–derived
corneal thickness asymmetry indices:
Clinical reference study of normal eyes

Anastasios John Kanellopoulos, MD, Marianthi Chiridou, OD, George Asimellis, PhD

PURPOSE: To determine 3-dimensional corneal pachymetry distribution characteristics in a large
pool of healthy normal patients.

SETTING: Private practice, Athens, Greece.

DESIGN: Prospective case series.

METHODS: Spectral-domain anterior segment optical coherence tomography (AS-OCT) was used
for measurements of central (CCT) and minimum corneal thickness, thickness asymmetry indices
for superonasal–inferotemporal (SN–IT) and superior–inferior (S–I), and focal thinning indices
(Min–Med focal thinning, Min–Max thickness range).

RESULTS: The study enrolled 561 eyes. The mean values were CCT, 537.17 mm G 30.99 (SD)
(range 447.0 to 654.0 mm); minimum corneal thickness, 529.01 G 30.02 mm (range 435.0 to
644.0 mm); SN–IT, 26.32 G 15.06 mm (range !23.0 to 97.0 mm); S–I, 25.34 G 15.06 mm (range
!36.0 to 93.0 mm); Min–Med, !20.70 G 5.99 mm (range !7.0 to !50.0 mm); Min–Max, !59.79
G 16.55 mm (range!156.0 to!23.0 mm). There were significant age-related differences; the mean
SN–IT was 22.19G 12.40 mm (range!6.0 to 63.0 mm) in the younger group and 30.44G 15.07 mm
(range !4.0 to 97.0 mm) in the older group (PZ.002). The mean S–I was 21.47 G 12.92 mm
(range !5.0 to 70.0 mm) and 29.76G 16.27 mm (range!8.0 to 93.0 mm), respectively (PZ.001).

CONCLUSIONS: Corneal-thickness asymmetry distribution in a healthy eye population obtained by
Fourier-domain AS-OCT showed increased asymmetry in the older group; the asymmetry was not
sex dependent. These findings may provide a benchmark for future comparative studies.

Financial Disclosures: Dr. Kanellopoulos is a consultant to Alcon Laboratories, Inc., Allergan, Inc.,
Avedro, Inc., Keramed, Inc., and i-Optics. No other author has a financial or proprietary interest in
any material or method mentioned.
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The corneal screening method of anterior segment
optical coherence tomography (AS-OCT) provides
accurate assessment of structural1–3 and topographic
changes in eyes with various corneal disorders,
such as ectasia and keratoconus,4 as well as com-
pensates for intraocular pressure5 and calculates
the risk for progression to glaucoma in patients
with ocular hypertension.6 A distinguishing corneal
pachymetric feature in keratoconus is asymmetry
and focal thinning manifested inferotemporally;
quantification of this characteristic pattern may be
useful in keratoconus diagnosis and ectasia risk
assessment.7,8 Four quantitative parameters calcu-
lated by AS-OCT pachymetry have been proposed

for keratoconus diagnosis.9 Specifically, these
indices are (1) superior–inferior (S–I), which is the
mean superior octant thickness minus the mean
inferior thickness; (2) superonasal–inferotemporal
(SN–IT), which is the mean superior–nasal octant
thickness minus the mean of the inferior–temporal
thickness; (3) Min–Med focal thinning, defined as
the minimum corneal thickness minus the median
corneal thickness; and (4) Min–Max, which is the
thickness range, or global thinning, and is defined
as the minimum corneal thickness minus the
maximum corneal thickness.

This study aimed to identify the normal values
and distribution of the AS-OCT–derived corneal
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Min–Max obtained with the AS-OCT system; Figure 2
shows boxplots of these data. The negative signs for
the Min–Med and Min–Max parameters were the
result of the definition adopted by the AS-OCT
software, which was preserved in this study for
conformity. Figure 3 shows histogram plots of the
distribution of these indices in the entire cohort.

Sex and Age Dependence

Sex Group F comprised 315 women and Group M,
246 men. In Group F, the mean values were CCT,
536.71 G 28.61 mm (range 463.0 to 596.0 mm); mini-
mum corneal thickness, 528.83 G 27.44 mm (range
454.0 to 583.0 mm); SN–IT, 26.34 G 14.55 mm (range
!6.0 to 97.0 mm); S–I, 25.36 G 14.90 mm (range !8.0
to 93.0 mm); Min–Med, !20.27 G 5.82 mm (range
!7.0 to !50.0 mm); and Min–Max, !58.98 G 16.29 mm
(range !156.0 to !27.0 mm).

In Group M, the mean values were CCT, 537.77 G
33.85 mm (range 447.0 to 654.0 mm); minimum
corneal thickness, 529.25 G 33.09 mm (range 435.0
to 644.0 mm); SN–IT, 27.00 G 14.43 mm (range !2.0
to 72.0 mm); S–I, 26.67 G 15.95 mm (range !8.0 to
70.0 mm); Min–Med, !21.25 G 6.16 mm (range !9.0
to !46.0 mm); and Min–Max, !60.82 G 16.86 mm
(range !124.0 to !23.0 mm).

There was no statistically significant difference
in the focal thinning indices between Group F and
Group M. The 2-sample t test P values comparing

Group F and Group M were 0.37 for SN–IT, 1.08 for
S–I, 0.06 for Min–Med, and 0.20 for Min–Max.

Age Group Y comprised 259 eyes and Group O, 302
eyes. Table 1 shows the values for the indices in these
2 subgroups. The differences in the corneal asymmetry
and focal thinning indices were statistically significant
between Group Y and Group O as follows: SN–IT,
PZ.0020; S–I, PZ.0012; Min–Med, PZ.0025; and
Min–Max, PZ.0026 (all 2-sample t test).

Bases on the above results, a regression analysis of
the OCT-derived corneal asymmetry and focal thin-
ning indices against age as the independent variable
was performed. Specifically, the regression slope, cor-
relation coefficient (r2), and statistical significance (P)
of the regression correlation for the indices were as
follows: SN–IT, slope 0.591 G 0.02, r2 Z 0.584,
P!.001; S–I, slope 0.588 G 0.02, r2 Z 0.5031,
P!.001; Min–Med, slope !0.256 G 0.01, r2 Z
0.604, P!.001; Min–Max, slope !0.508 G 0.03, r2 Z
0.425, P!.001.

DISCUSSION

Since the first report of anterior segment imaging by
OCT,10 continuous, rapid developments and current
high-speed imaging capabilities of AS-OCT11–13 have
allowed acquisition of in vivo corneal 3-D pachymetry
maps with the reliability and speed required in a clin-
ical setting.14–18 Pachymetry (corneal thickness) mea-
surements with OCT have been shown to have

Figure 1. Definitions of SN–IT and
S–I corneal asymmetry indices ob-
tained by AS-OCT corneal 3-D pa-
chymetry maps (6.0 mm diameter)
(I Z inferior; IN Z inferonasal; IT
Z inferotemporal; Min-Max Z
thickness range, or global thinning,
defined as the minimum corneal
thickness minus the maximum
corneal thickness; Min-Median Z
focal thinning, defined as the mini-
mum corneal thickness minus the
median corneal thickness; SZ supe-
rior; S-I Z superior–inferior; SN-IT
Z superonasal–inferotemporal; ST Z
superotemporal; T Z temporal).
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values of corneal-thickness asymmetry alone may
lack specificity and sensitivity, they may serve for
screening large populations or for screening for ab-
normalities. Therefore, our study of OCT analysis of
the asymmetry and thinning indices in a large healthy
population might serve as a reference for future
studies comparing such data in eyes with pathologic
corneal disorders. One initial observation is that the
so-called “normal” corneal thickness range has a
wide distribution. The mean CCT in our study ranged
from 447.0 to 654.0 mm, with a mean of 537.17 mm
and an SD of G30.99 mm; these findings are in agree-
ment with those in previous studies.5,20 A similar large
spread in the minimum corneal thickness was
observed.

Our study established the inferior thinning and
inferior–nasal thinning of the normal cornea, which
was, on average, 25 mm. In a previous study of a
healthy population using Scheimpflug imaging,26 a
23.2 mm apical pachymetry difference was reported
in less than 5% of the population. The S–I asymmetry
reported in our study agrees with findings in other
studies showing that the thinnest corneal pachymetry
is slightly inferior in normal eyes. These studies used
Scheimpflug imaging7 or high-frequency scanning
ultrasound.27

The index measurements by AS-OCT as well as
the confidence interval (CI) analysis showed that the
Min–Med index had the lowest intraindividual SD
(1.75 G 1.51 mm), the smallest CI (0.50 mm), and the
highest coefficient of correlation (r2 Z 0.604).

There were no statistically significant differences in
the corneal asymmetry indices between the sex sub-
groups; these not significant differences were on the
order of G2.0% of the relative values. However,
when comparing the younger age group with the
entire sample, the SN–IT index and the S–I index
were reduced by!4.44 mmand!4.46 mm, respectively
(corresponding to approximately 17%), indicating an
overall trend toward a less asymmetric thickness pro-
file in the younger population. The same comparison
between the older age group and the entire sample
found that the SN–IT index and the S–I index were
elevated by C3.81 mm and C3.83 mm, respectively
(corresponding to approximately 15%), indicating an
overall corneal thickness increase in asymmetry with
advancing age. More important, the 2-paired analysis
of the same parameters comparing the older group
and the younger group showed statistically significant
differences. The regression analysis found that the
mean correlation coefficient between the corneal
asymmetry and focal thinning indices was in the range
of 0.5 to 0.6, indicating that age is a possible factor in
corneal asymmetry in a healthy population.

Figure 3.Optical coherence tomography–derived corneal asymmetry
and thinning indices for the 561 cases (Min-MaxZ thickness range, or
global thinning, defined as the minimum corneal thickness minus the
maximum corneal thickness; Min-Med Z focal thinning, defined as
the minimum corneal thickness minus the median corneal thickness;
S-I Z superior–inferior; SN-IT Z superonasal–inferotemporal).
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OCT-derived Comparison of Corneal Thickness 
Distribution and Asymmetry Differences between Normal

(175) and Keratoconic Eyes(175) 
 

Kanellopoulos et al  in press J Cornea 2014 
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 Kanellopoulos  et al: CORNEA-D-14-00356 (accepted for publication) 

OCT-derived Comparison of Corneal Thickness Distribution and 

Asymmetry Differences between Normal and Keratoconic Eyes 

What was Known 

Clinical investigation of corneal asymmetry and focal thinning in normal 
eyes with current AS-OCT. 

What this Paper Adds 
Investigation of distributions of OCT-derived corneal asymmetry and focal 

thinning parameters in a large pool of keratoconic patients . 

Correlate of the OCT indices with Scheimpflug-imaging derived 
keratoconus severity classification and anterior-surface irregularity 
indices. 

The OCT-derived corneal asymmetry and focal thinning indices correlate 
remarkably with established Scheimpflug imaging-derived anterior-
surface irregularity indices for keratoconus and keratoconus severity. 
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Key Kanellopoulos ectasia questions? 
1-Does the thickness change first or 

does curvature change first? 
2-Does anterior curvature change first 

or posterior? 
3-Are corneas with “weaker” 

biomechanics in risk for ectasia? - or 
is there a “break” point in 
biomechanics different for EACH 
cornea in de-stabilizing it? 
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“My Currently used  most sensitive criteria” 

•  Topometric asymmetry indices IHD and ISV 
 
•  Pachymetric asymmetry; Scheimpflug, OCT 
ART-Max=TP/PPI-Max(essentially “steep” cornea 
pachymetry change) 
 
•  Epithelial profiles 

•  In future: Biomechanical measurements-
Brillouin spectroscopy? 

 



Prof. A. John Kanellopoulos, MD	


“Healthy” second eye of a 34yoFdoctor with KCN in the left 
Vision unchanged 20/20, no Kmax change 
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Dramatic deterioration of topometric asymmetry 
indices and especially IHD and ISV  
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Qualitative pachymetry changes 
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Clinical Ophthalmology

Revisiting keratoconus diagnosis and progression 

imaging in keratoconic and suspect cases

Anastasios John 
Kanellopoulos1,2

George Asimellis1

1Laservision.gr Eye Institute, Athens, 
Greece; 2

Correspondence: Anastasios John 
Kanellopoulos 
Laservision.gr Institute,  
17 Tsocha str, Athens 11521, Greece 
Tel 30 210 747 2777 
Fax 30 210 747 2789 
Email ajk@brilliantvision.com

Purpose: To survey the standard keratoconus grading scale (Pentacam®-derived Amsler–
Krumeich stages) compared to corneal irregularity indices and best spectacle-corrected distance 
visual acuity (CDVA).
Patients and methods: Two-hundred and twelve keratoconus cases were evaluated for 
keratoconus grading, anterior surface irregularity indices (measured by Pentacam imaging), 
and subjective refraction (measured by CDVA). The correlations between CDVA, keratometry, 
and the Scheimpflug keratoconus grading and the seven anterior surface Pentacam-derived 
topometric indices – index of surface variance, index of vertical asymmetry, keratoconus index, 
central keratoconus index, index of height asymmetry, index of height decentration, and index 
of minimum radius of curvature – were analyzed using paired two-tailed t-tests, coefficient of 
determination (r2), and trendline linearity.
Results: The average  standard deviation CDVA (expressed decimally) was 0.626  0.244 
for all eyes (range 0.10–1.00). The average flat meridian keratometry was (K1) 46.7  5.89 D; 
the average steep keratometry (K2) was 51.05  6.59 D. The index of surface variance and the 
index of height decentration had the strongest correlation with topographic keratoconus grading 
(P  0.001). CDVA and keratometry correlated poorly with keratoconus severity.
Conclusion: It is reported here for the first time that the index of surface variance and the index 
of height decentration may be the most sensitive and specific criteria in the diagnosis, progres-
sion, and surgical follow-up of keratoconus. The classification proposed herein may present a 
novel benchmark in clinical work and future studies.
Keywords: diagnosis and classification, Pentacam topometric indices, Amsler–Krumeich 
 keratoconus grading, surface variance, vertical asymmetry, keratoconus index, central 
 keratoconus index, height asymmetry, height decentration, minimum radius of curvature

Introduction
Keratoconus is described as a degenerative bilateral, progressive, noninflammatory 
corneal disorder characterized by ectasia, thinning, and increased curvature.1,2 It is 
associated with loss of visual acuity particularly in relation to progressive cornea 
irregularity,3,4 and usually is manifested asymmetrically between the two eyes of the 
same patient.5,6 Occasionally, the patient may present with symptoms of photophobia, 
glare, and monocular diplopia.

The problem of specificity and sensitivity of keratoconus assessment, particularly 
the diagnosis of early signs of ectasia and/or subclinical keratoconus, and for monitor-
ing the progression of the disease, has been extensively studied.7 The commonly used 
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A simple case of Central Cloudy dystrophy (Francois) 
illustrates the possible discrepancy between different 

imaging modalities  
Kanellopoulos AJ, Asimellis G CRO in press 2014 
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“Currently my sensitive criteria” 
for KCN diagnosis and progression 

1-Topometric asymmetry indices IHD and 
ISV 

2-Pachymetric asymmetry; Scheimpflug, 
OCT 

ART-Max=TP/PPI-Max(essentially “steep” 
cornea pachymetry change) 

3-Epithelial profiles 
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Pachymetric maps 

ART Max = Thinnest / pachymetric index of progression	
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The other eye! 
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Does the epithelium tell the story here? 
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New 9mm beta software! 
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New 9mm beta software! 
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Cornea epithelium 
•  Essential tool in the evaluation of every 

eye patient 
•  Crucial in cornea refractive and 

refractive cataract surgery 
•  Important parameter in keratoconus 

diagnosis and potential progression 
assessment  


