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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

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
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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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O R I G I N A L  A R T I C L E

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).

169Journal of Refractive Surgery

Epithelial Thickness Profile Changes/Kanellopoulos & Asimellis

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

A. John Kanellopoulos, MD,*† and George Asimellis, PhD*

Purpose: The aim of this study was to evaluate via Fourier-domain
anterior-segment optical coherence tomography 3-dimensional cor-
neal, epithelial, and graft thickness changes after Descemet stripping
automated endothelial keratoplasty (DSAEK).

Methods: Sixteen eyes were investigated preoperatively and up to
6 months postoperatively for preoperative and postoperative central
corneal thickness (CCT), minimum corneal thickness, central graft
thickness (CGT), and for epithelial topographic thickness variability.
An age-matched and gender-matched control group of 32 healthy
eyes was used for comparison.

Results: In the DSAEK group, the preoperative CCT was 582.32 6
45.24 (550–615) mm. One-month postoperatively, the CCT was
736.26 6 34.52 (713–771) mm, and the CGT was 210.42 6 34.52
(145–243) mm. Three months postoperatively, the CCT was 641.39 6
38.75 (569–684) mm, and the CGT was 171.23 6 27.54 (119–
185) mm. The preoperative center epithelial thickness was 55.74 6
9.29 (45–74) mm, the minimum was 32.53 6 14.30 (13–53) mm, the
maximum was 76.00 6 11.32 (64–105) mm, and the topographic
thickness variability was 10.84 6 4.09 (5.90–18.80) mm. Three
months postoperatively, 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 vari-
ability was 4.77 6 1.48 (2.90–6.50) mm. The average differences
were 28.53, +4.53, and 217.89 mm for the center, minimum, and
maximum (P , 0.001, ,0.001, and ,0.001). Similar results were
obtained 3 and 6 months postoperatively.

Conclusions: We present a near-term postoperative investigation
of the corneal and epithelial thickness changes after DSAEK for
bullous keratopathy, by in vivo, clinical anterior-segment optical
coherence tomography. Epithelial thickness recovery and normali-

zation and corneal deturgescence were noted as early as in the !rst
postoperative month.

Key Words: anterior-segment optical coherence tomography, epi-
thelium imaging, epithelial thickness distribution, epithelial layer
topography, bullous keratopathy, Descemet stripping automated
endothelial keratoplasty, DSAEK, OCT

(Cornea 2014;33:340–348)

Since its introduction in 2002,1 Descemet stripping auto-
mated endothelial keratoplasty (DSAEK) is considered the

treatment of choice2 for endothelial dysfunction.3,4 In pene-
trating (full thickness) keratoplasty, all corneal layers are
replaced; however, in endothelial disorders, such as bullous
keratopathy (BK),5 the compromised clarity of the edematous
cornea can be restored6 by replacing only the endothelium
and Descemet membrane with a healthy donor endothelium
attached to the graft Descemet membrane and a thin layer of
posterior stroma.7,8 Because DSAEK thus involves the poste-
rior cornea in a closed-chamber procedure, it is considered
safer, provides faster visual recovery,9 it usually requires few
sutures and causes less astigmatic change,10 overcoming
some of the limitations of penetrating keratoplasty, such as
prolonged visual rehabilitation, unpredictable cylindrical
refractive changes (high postoperative astigmatism), suscep-
tibility to ocular surface complications (wound dehiscence),
and vulnerability to traumatic wound rupture.11,12

BK,13 a pathological condition often derived from
stage-2 Fuchs endothelial dysfunction, in which epithelial
microcysts (vesicles) coalesce and form bullae,14,15 represents
one of the most frequent indications for DSAEK, in addition
to endothelial trauma during a previous intraocular surgery.16

In BK, the epithelium is highly irregular, as the bullae rupture
(risking infectious keratitis), whereas areas of intense epithe-
lial edema are also present.

Since the !rst report of corneal optical coherence
tomography (OCT) imaging in 1994,17 continuous improve-
ments have led to the increased applicability of anterior-
segment OCT (AS-OCT) in corneal evaluation,18 including cases
with Fuchs dystrophy.19 OCT systems using Fourier-domain
OCT20,21 offering a higher speed and increased resolution have
recently enabled in vivo epithelial layer 3-dimensional thickness
mapping.22–24 Complementing epithelial layer thickness mea-
surement, corneal thickness pachymetry is also considered a very
important clinical investigative tool for corneal edema25 in cases
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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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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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oth excimer and femtosecond laser platforms have 
evolved significantly over the past 10 years. Today’s 
excimer lasers for refractive surgery have high pulse 

repetition (more than 400 Hz),1,2 operate with scanning spot,3 
and can provide customized ablation, including aspheric 
ablation profiles4 and wavefront-guided5,6 or topography-
guided7,8 treatments. These improvements have further ad-
vanced the applications of the LASIK procedure9,10 in cor-
recting not just the spherocylindrical refractive error, but also 
the higher-order aberrations.1,11,12

The Alcon-WaveLight EX500 excimer laser and the FS200 
femtosecond laser13 constitute the Alcon-WaveLight Refrac-
tive Suite (Alcon Laboratories, Fort Worth, TX). The Refrac-
tive Suite operates on its own Ethernet network and allows 
the importation of diagnostic data from several networked 
screening devices (including Vario Placido topography, Ocu-
lyzer II Scheimpflug tomography, Tscherning wavefront anal-
ysis, and the OB820 interferometric biometry system14) into 
the planning software tools of both lasers. 

Specifically for high myopia (refractive error ! -6.00 di-
opters [D] in the least minus meridian), although LASIK pro-
vides reliable outcomes,15 there are reports indicating that 
significant regression develops in the long term.16,17 This mat-
ter has been discussed in the past18,19 and gained new interest 
with the advent of femtosecond laser-assisted LASIK.20 Due 
to the large ablation depths required for the correction of high 
refractive error, obvious potential limitations of high myopic 
LASIK are risk for reduced accuracy, higher risk of ectasia, 
and potential for increased postoperative spherical aberra-
tion. To allow for thicker residual stroma, a thinner flap is 
preferable.

BABSTRACT

PURPOSE: To evaluate safety, efficacy, ergonomy, and 
refractive and keratometric stability in high myopia 
LASIK procedures using a novel femtosecond and ex-
cimer laser surgery platform.

METHODS: One hundred sixteen eyes in consecutive 
cases of high myopic LASIK (! -6.00 diopters [D]) with 
the Alcon-WaveLight FS200 femtosecond and EX500 
excimer lasers (Alcon Laboratories, Fort Worth, TX) were 
evaluated preoperatively and postoperatively for the fol-
lowing parameters: refractive error, corrected distance 
visual acuity, uncorrected distance visual acuity, spheri-
cal equivalent correction, keratometry (with Placido to-
pography and Scheimpflug tomography), and refractive 
astigmatism. Average follow-up time was 6.2 months 
(range: 3 to 12 months).

RESULTS: Postoperative average refractive error was 
-0.37, -0.43, and -0.25 D for the 3-, 6-, and 12-month 
period, compared to -7.67 ± 1.55 D preoperatively. At 
3, 6, and 12 months postoperatively 94%, 96.3%, and 
100% of eyes, respectively, were within 1.0 D defocus 
equivalent. Postoperative refractive astigmatism was 
-0.21, -0.21, -0.13 D for the 3-, 6-, and 12-month 
period compared to -1.07 ± 1.91 D preoperatively. The 
proportion of eyes with postoperative astigmatism within 
0.25 D was 85.3%, 81.5%, and 100%, for the 3-, 6-, 
and 12-month visit, respectively. Keratometric stability 
was within 0.22 D after the 12-month visit. There was 
no epithelial ingrowth or diffuse lamellar keratitis in any 
case.

CONCLUSIONS: Clinical outcomes with this technique 
and technology appear to be promising in high level un-
corrected visual rehabilitation of high myopia. There was 
small regression potential in the sample evaluated.

[J Refract Surg. 2013;29(12):832-837.]
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Figure 2 displays the postoperative refractive astigma-
tism within intervals of 0.50 D. Average preoperative 
and postoperative contrast sensitivity results are illus-
trated in Figure 3.

Tscherning aberrometry was attempted preopera-
tively and postoperatively in all cases. None of the 
cases was successfully measured preoperatively with 
the specific aberrometer due to inherent limitations of 

this architecture for high defocus such as the over -6 D 
in our sample. In the specific Tscherning aberrometry, 
only real retina data from 169 laser spots projected 
onto the retina are imaged and analyzed. By design, 
this process does not image well in high myopia, or 
even after successful correction due to projection dis-
tortion. Nevertheless, all patients were evaluated at the 
3- and 12-month visit with the above aberrometer. We 
were able to image 54 of the 116 eyes with mean aber-
rometric measurement of 0.38 ± 0.25 µm.

UNCORRECTED VISUAL ACUITY OUTCOME AND STABILITY
The uncorrected visual acuity (distance monocular) 

outcome and stability for the first 3 months (Figure 4) 
shows that 90.50% of the eyes had postoperative un-
corrected visual acuity better than 1.0 (20/20), whereas 
92.20% had better than 0.8 (20/25). Figure 4 also dis-
plays the preoperative corrected distance visual acuity 
for the same group of patients.

EFFICACY OF CORRECTED VISUAL ACUITY
As shown in Figure 5, the changes in corrected dis-

tance visual acuity at 3 months compared to preoperative 
corrected distance visual acuity and postoperative uncor-
rected distance visual acuity indicate that 30.4% of the 
eyes were unchanged, whereas 55.6% of the eyes gained 
one Snellen line and 12.2% gained two or more Snellen 
lines. Only 1.7% (2 eyes) lost one line. Even better results 
occurred at the 6- and 12-month visits, at which no eye 
had lost any Snellen line (also shown in Figure 5).

REFRACTIVE STABILITY AND PREDICTABILITY
The refractive stability is demonstrated by the spher-

ical equivalent correction over the 12-month postop-
erative visit (Figure 6). Defocus equivalent results are 
presented in Figure 7. At the 3-, 6-, and 12-month visit, 

Figure 1. Spherical equivalent correction at the 3-, 6-, and 12-month 
postoperative visit, respectively. UDVA = uncorrected distance visual acu-
ity; CDVA = corrected distance visual acuity

Figure 2. Refractive astigmatism preoperatively and at 3-, 6-, and 
12-month postoperative visits. Percentage of eyes (vertical axis) versus 
refractive astigmatism (diopters [D]) (horizontal axis).

Figure 3. Contrast sensitivity (average comparison between postopera-
tive (average) and 3-month postoperative visit (average) on the CSV-100 
Contrast Sensitivity Chart.
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94.0%, 96.3%, and 100% of eyes, respectively, were 
within 1.0 D defocus equivalent.

Predictability results are illustrated in Figure 8, 
where the achieved spherical equivalent versus at-
tempted spherical equivalent (in diopters) at the 
12-month visit is plotted. Of the 116 eyes at the 
3-month visit, 92 were available for the 12-month visit; 
3 eyes (3.2%) indicate slight overcorrection, 86 eyes 
(93.5%) are marked with green (indicating individu-
al outcomes where the achieved spherical correction 
was within 0.5 D of the attempted correction), and 3 
eyes (3.2%) indicate slight undercorrection. The data 
shown, corresponding to the 12-month visit, have a 
linearity of coefficient 0.95. These results are in agree-
ment with the spherical equivalent manifest refraction 
results (Figure 1), where spherical equivalent correc-
tion results recorded during the 3-, 6-, and 12-month 
postoperative follow-up visits are illustrated.

KERATOMETRIC AND ASTIGMATIC CHANGES AND STABILITY
The comparison between postoperative and preop-

erative refractive astigmatism is demonstrated by the 

percentage of eyes within 0.25 D of postoperative re-
fractive astigmatism. Figure 2 presents the 3-, 6-, and 
12-month refractive astigmatism. Astigmatism was 
within 0.5 D in 85.3% of the eyes at 3 months, 81.5% 
of the eyes at 6 months, and 100% of the eyes at 12 
months postoperatively.

The keratometric changes and stability are demon-
strated by the K-flat and K-steep average values as fol-
lowed during the 1-, 3-, 6-, and 12-month postopera-
tive visits (Figure 9.)

DISCUSSION
In our study of 116 cases, the 1-year high myopic 

LASIK evaluation of the the WaveLight Refractive Suite 
shows impressive refractive outcome, predictability, 
and stability. Regarding efficacy, the refractive results 
expressed in terms of spherical equivalent refraction, 
in agreement with the defocus equivalent results, indi-
cate that 83% and 93% of eyes were within 0.5 D at the 
3- and 12-month visits, respectively (Figure 7).

In terms of visual rehabilitation, 90.5% of the eyes 
achieved postoperative uncorrected distance visual 

Figure 4. Postoperative uncorrected distance visual acuity (UDVA) (blue 
columns) at 3 months versus preoperative corrected distance visual acu-
ity (CDVA) (orange line).

Figure 5. Percentage of eyes with gain/loss in Snellen lines of corrected 
distance visual acuity (CDVA), at the 3-, 6-, and 12-month visit, respec-
tively. SE = spherical equivalent

Figure 6. Stability of spherical equivalent, expressed in diopters (D) at 
the 3-, 6-, and 12-month visit, respectively.

Figure 7. Defocus equivalent results, at the 3-, 6-, and 12-month visit, 
respectively. D = diopters
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acuity better than 1.00 (20/20) (Figure 4) and a signifi-
cant percentage (53.5%) of the cases achieved better 
than 1.25 (20/16). This compares to only 72.5% of the 
eyes having corrected distance visual acuity of 1.00 
(20/20) preoperatively.

In terms of gained or lost Snellen lines, only 1.7% 
(2 cases) had a loss in Snellen lines and most gained at 
least one line. These visual outcomes are satisfactory.

The predictability of the outcome was extremely ac-
curate. As shown in Figure 8, only 3 of the 116 eyes 
(3%) were overcorrected. Regarding the cylinder cor-
rection (Figure 2), 85.3%, 81.50%, and 100% of eyes 
had residual cylinder power less than 0.25 D at the 
3-, 6-, and 12-month visits, respectively, compared to 
81% of the eyes preoperatively.

The stability of the outcome is evidenced by the 
strength of the spherical equivalent over the course of 
12 months, as shown in Figure 1 and Figure 6. The 
percentage of eyes achieving postoperative manifest 
refraction spherical equivalent in the -0.50 to 0.00 D 
range of emmetropia was more than 87.5% after the 
12-month visit (Figure 1). The cumulative percentage 
of eyes within ±1.0 D of emmetropia was 94% for 3 
months, 96.3% for 6 months, and 100% for 12 months 
postoperatively. These results compare favorably to 
other studies,24 in which the cumulative percentages 
were 98% within ±1.0 D25 and 84.3% of eyes had a 
postoperative spherical equivalent within ±0.50 D of 
emmetropia. More importantly, no cases in our study 
had hyperopic manifest refraction spherical equiva-
lent more than +0.50 D.

The slight positive slope in the keratometric read-
ings, similar for both the flat and the steep meridian, 
as illustrated in Figure 9, might indicate a mild pro-

gressive corneal steepening. The recorded changes 
correspond to +0.68 D for the flat meridian and +0.69 
D for the steep meridian. This is an indication that cor-
neal stiffening might be required for all LASIK cases, in 
the form of cross-linking applied at the corneal stroma 
prior to repositioning of the flap.26 The data clearly 
show a trend toward mild corneal steepening in the 
longer postoperative period, confirming our clinical ob-
servations of the potential need of a stabilizing adjunct 
procedure such as high fluence, short duration corneal 
cross-linking. We have introduced27 and reported28 us-
ing the employment of a high-fluence corneal cross-
linking within the high myopic LASIK procedure as a 
possible means to achieve better long-term stability.

A slight hyperopic shift of the total refractive error 
was observed comparing the 3- and 12-month postop-
erative results, which was on average from -0.31 to -0.19 
D, or a change of 0.12 D. In correlation with the finding 
of slight steepening of K-readings over the same post-
operative interval (+0.68 D), there is a slight contradic-
tion that might be explained by the subjective nature of 
refractive error measurement (manifest refraction) ver-
sus an objective (Scheimpflug imaging) measurement 
of the keratometry. Perhaps further study of epithelial 
behavior and/or dry eye related to the LASIK flaps and 
a possible change in the biomechanical behavior of the 
cornea may explain this small discrepancy.

Steepening of the K-reading (or regression of the 
myopic ablation) should manifest as myopic shift 
postoperatively and not a hyperopic shift. The long-
term trend as noted in this study is toward a myopic 
shift. It is possible that the transient early hyperopic 
shift represents a build-in factor created by our no-
mogram for high myopia developed over 20 years of 
LASIK experience. The long-term steepening of most 
cases studied herein is significant in our opinion and 
needs to be reported.

Figure 8. Predictability of spherical equivalent correction, measured at 
the 12-month visit, showing achieved spherical equivalent (SE) (vertical 
axis, in diopters [D]) versus attempted SE (horizontal axis, in D): green 
dots = postoperative SE within 0.50 D of target; red dots = cases 
overcorrected by or over 0.50 D; blue dots = cases undercorrected by 
or over 0.50 D

Figure 9. Keratometric (K) readings at the 3-, 6-, and 12-month visit, 
respectively.
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Purpose: To evaluate programmed versus achieved laser-assisted in situ keratomileusis 
(LASIK) flap central thickness and investigate topographic flap thickness variability, as well 
as the effect of potential epithelial remodeling interference on flap thickness variability.
Patients and methods: Flap thickness was investigated in 110 eyes that had had bilateral 
myopic LASIK several years ago (average 4.5  2.7 years; range 2–7 years). Three age-matched 
study groups were formed, based on the method of primary flap creation: Group A (flaps made 
by the Moria Surgical M2 microkeratome [Antony, France]), Group B (flaps made by the Abbott 
Medical Optics IntraLase™ FS60 femtosecond laser [Santa Ana, CA, USA]), and Group C (flaps 
made by the Alcon WaveLight® FS200 femtosecond laser [Fort Worth, TX, USA]). Whole-cornea 
topographic maps of flap and epithelial thickness were obtained by scanning high-frequency 
ultrasound biomicroscopy. On each eye, topographic flap and epithelial thickness variability 
was computed by the standard deviation of thickness corresponding to 21 equally spaced points 
over the entire corneal area imaged.
Results: The average central flap thickness for each group was 138.33  12.38 m (mean  stan-
dard deviation) in Group A, 128.46  5.72 m in Group B, and 122.00  5.64 m in Group C. 
Topographic flap thickness variability was 9.73  4.93 m for Group A, 8.48  4.23 m for 
Group B, and 4.84  1.88 m for Group C. The smaller topographic flap thickness variability of 
Group C (FS200) was statistically significant compared with that of Group A (M2) (P  0.004), 
indicating improved topographic flap thickness consistency – that is, improved precision – over 
the entire flap area affected.
Conclusions: The two femtosecond lasers produced a smaller flap thickness and reduced vari-
ability than the mechanical microkeratome. In addition, our study suggests that there may be a 
significant difference in topographic flap thickness variability between the results achieved by 
the two femtosecond lasers examined.
Keywords: Moria M2, IntraLase FS60, WaveLight® FS200, Allegretto Wave® Eye-Q, 400 Hz 
excimer, ultrasound biomicroscopy

Introduction
We have previously reported, in agreement with many others, on the safety and accu-
racy of flap making with mechanical keratomes for correction of myopia and myopic 
astigmatism1 as well as hyperopia.2
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Figure 3 Three 
created with the modalities studied in this paper: (A) M2 microkeratome (Moria 
Surgical, Antony, France), (B) Intralase™ FS60 femtosecond laser (Abbott Medical 
Optics, Santa Ana, CA, USA), (C) WaveLight® FS200 femtosecond laser (Alcon, Fort 
Worth, TX, USA).
Note: The 

Table 1 Flap thickness measurements, range, and topographic 

0–6 mm 0–3 mm 3–6 mm Flap thickness 
variability

Group A M2
Average 138.83 138.33 140.58 9.73
Maximum 159.00 159.00 159.00 17.05
Minimum 114.00 115.00 114.00 3.37
SD 12.38 12.85 12.09 4.93
Group B FS60

Average 128.46 130.31 128.15 8.48
Maximum 137.00 142.00 136.00 17.16
Minimum 119.00 120.00 119.00 2.94
SD 5.72 6.80 5.49 4.23
Group C FS200

Average 122.00 122.20 122.53 4.84
Maximum 135.00 137.00 136.00 7.96
Minimum 94.00 90.00 97.00 1.68
SD 5.64 6.11 5.47 1.88

Note: All values are expressed in micrometers ( m).
Abbreviation: SD, standard deviation.

the epithelium contribute to the flap thickness homogeneity 
differences found between the three groups.

Discussion

Flap parameter accuracy and homogeneity have been studied 
and debated at length by refractive surgeons globally over 

the last 10 years. There appear to be variable differences 
reported in the basic surgical outcomes when comparing 
procedures with flaps created either with a mechanical 
microkeratome or a femtosecond laser.16 For example, 
a study in hyperopic patients showed significantly better 
refractive results with femtosecond laser flaps than with 
microkeratome flaps.17 Another study showed that clinically 
significant epithelial ingrowth after femtosecond LASIK is 
an infrequent complication, the incidence being less than 
reported for microkeratome LASIK.18

Despite the fact that multiple generations of femtosecond 
lasers for refractive surgery have been introduced so far, 
and while the “perfect LASIK flap” is becoming increas-
ingly tangible, the field continues to welcome research on 
the comparative characteristics of the femtosecond laser 
versus mechanical microkeratome flap, including that on 
morphology, cut accuracy, flap thickness reproducibility, 
flap-edge quality, stromal-bed surface roughness, and 
histopathology.19–25

The femtosecond laser continues to be preferred for flap 
creation over the bladed mechanical microkeratome due to 
the increased safety, precision, and regularity this modality 
offers.26,27

Flap thickness is considered an important indicator of 
LASIK safety due to the critical importance of adequate 
residual stromal preservation, not only at the center of the 
cornea, but also for the overall area of the cornea affected. 
To ensure a thicker residual stroma, a thin flap is preferable 
in myopic treatments. A further benefit of a thin flap (in 
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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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Corneal Refractive Power and Symmetry Changes 
Following Normalization of Ectasias Treated With 
Partial Topography-Guided PTK Combined With 
Higher-Fluence CXL (The Athens Protocol)
Anastasios John Kanellopoulos, MD; George Asimellis, PhD

ABSTRACT

PURPOSE: To investigate preoperative and postopera-
tive anterior and posterior keratometry and simulated 
corneal astigmatism in keratoconic eyes treated with 
collagen cross-linking combined with anterior surface 
normalization by partial topography-guided excimer ab-
lation (the Athens Protocol).

METHODS: Anterior and posterior corneal keratom-
etry were measured by Scheimpflug imaging for 267 
untreated keratoconic eyes. Following treatment, they 
were assessed 1 year postoperatively.

RESULTS: Before treatment, average anterior kerato-
metric value was 47.06 ± 6.02 diopters (D) for flat 
and 51.24 ± 6.75 D for steep. The posterior kerato-
metric values were -6.70 ± 0.99 D (flat) and -7.67 
± 1.15 D (steep). Anterior astigmatism was on aver-
age with-the-rule (-1.97 ± 6.21 D), whereas posterior 
astigmatism was against-the-rule (+0.53 ± 1.02 D). 
The posterior and anterior astigmatism were highly cor-
related (r2 = 0.839). After treatment, anterior kerato-
metric values were 43.97 ± 5.81 D (flat) and 46.55 
± 6.82 D (steep). Posterior keratometric values were 
-6.58 ± 1.05 D (flat) and -7.69 ± 1.22 D (steep). An-
terior astigmatism was on average with-the-rule (-1.56 
± 3.80 D), whereas posterior astigmatism was against-
the-rule (+0.45 ± 1.29 D). The statistically significant 
(P < .05) keratometric changes indicated anterior sur-
face flattening -3.09 ± 2.67 D (flat) and -4.19 ± 2.96 
D (steep). The posterior keratometric changes were not 
statistically significant (P > .05).

CONCLUSIONS: Before treatment, there was a strong 
correlation between posterior and anterior corneal astig-
matism. After treatment, statistically significant anterior 
keratometric values flattened. The posterior surface 
keratometric values did not demonstrate statistically 
significant postoperative change: there was minimal 
posterior change, despite the significant anterior sur-
face normalization.

[J Refract Surg. 2014;30(5):342-346.]

eratoconus assessment employs indicators such as 
keratometric values, inferior-superior index, skew 
percentage, astigmatism, and the KISA% index.1 

Acceptable quantitative keratometric criteria include cen-
tral corneal refractive power larger than 47.2 diopters (D), 
inferior-superior dioptric asymmetry larger than 1.2 D, and 
simulated astigmatism, expressed as the difference between 
steep and flat keratometric values greater than 1.5 D.2 The 
steep and flat meridian keratometric values correspond to 
the smaller and larger anterior corneal curvature radius, 
respectively.

Corneal cross-linking (CXL) is an in vivo intrastromal pho-
to-oxidative technique with riboflavin and ultraviolet-A light 
aiming to address the advancing corneal ectasia and, conse-
quently, the keratoconus progression. With CXL, additional 
covalent bonding between stromal collagen can be achieved, 
which stabilizes the collagen framework structure.3 The re-
modeling effects of CXL on the cornea can be described by 
the reduction of mean anterior surface keratometric values.4 
Few studies have been published on the quantitative link be-
tween anterior and posterior keratometric values in kerato-
conic eyes or particularly on the postoperative effects of CXL 
on either corneal surface.

This study aims to investigate the distribution of and rela-
tionship between anterior and posterior corneal keratometric 
values and simulated anterior and posterior astigmatism on 
a large group of clinically diagnosed, untreated keratoconic 
eyes, and the 1-year postoperative effects on both anterior 
and posterior keratometric values and astigmatism induced 
by a combined procedure known as the Athens Protocol,5,6 
which intends to arrest the keratoconus progression and nor-
malize the anterior corneal surface.
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eratoconus is a degenerative bilateral, noninflam-
matory disorder characterized by ectasia, thinning, 
and irregular corneal topography.1 The disorder 

usually has onset at puberty and often progresses until the 
third decade of life, may manifest asymmetrically in the two 
eyes of the same patient, and can present with unpredictable 
visual acuity, particularly in relation to corneal irregularities.2 
One of the acceptable options3 for progressive keratoconus 
management is corneal collagen cross-linking (CXL) with ri-
boflavin and ultraviolet-A.4

To further improve the topographic and refractive out-
comes, CXL can be combined with customized anterior sur-
face normalization.5-7 Our team has developed a procedure8,9 
we have termed the Athens Protocol,10 involving sequentially 
excimer laser epithelial debridement (50 µm), partial topog-
raphy-guided excimer laser stromal ablation, and high-flu-
ence ultraviolet-A irradiation (10 mW/cm2), accelerated (10’, 
or minutes) CXL. Early results11 and anterior segment optical 
coherence tomography quantitative findings12 are indicative 
of the long-term stability of the procedure.

Detailed studies on postoperative visual rehabilitation and 
anterior surface topographic changes by such combined CXL 
procedures are rare,13-16 particularly those reporting results 
longer than 1 year. This study aims to investigate safety and 
efficacy of the Athens Protocol procedure by analysis of long-
term (3-year) refractive, topographic, pachymetric, and visual 
rehabilitation changes on clinical keratoconus management 
with the Athens Protocol in a large number of cases.

PATIENTS AND METHODS
This clinical study received approval by the Ethics Commit-

tee of our Institution and adhered to the tenets of the Declaration 

KABSTRACT

PURPOSE: To investigate refractive, topometric, pachy-
metric, and visual rehabilitation changes induced by an-
terior surface normalization for keratoconus by partial 
topography-guided excimer laser ablation in conjunction 
with accelerated, high-fluence cross-linking.

METHODS: Two hundred thirty-one keratoconic cases 
subjected to the Athens Protocol procedure were stud-
ied for visual acuity, keratometry, pachymetry, and an-
terior surface irregularity indices up to 3 years postop-
eratively by Scheimpflug imaging (Oculus Optikgeräte 
GmbH, Wetzlar, Germany). 

RESULTS: Mean visual acuity changes at 3 years 
postoperatively were +0.38 ± 0.31 (range: -0.34 
to +1.10) for uncorrected distance visual acuity and 
+0.20 ± 0.21 (range: -0.32 to +0.90) for corrected 
distance visual acuity. Mean K1 (flat meridian) kerato-
metric values were 46.56 ± 3.83 diopters (D) (range: 
39.75 to 58.30 D) preoperatively, 44.44 ± 3.97 D 
(range: 36.10 to 55.50 D) 1 month postoperatively, 
and 43.22 ± 3.80 D (range: 36.00 to 53.70 D) up to 
3 years postoperatively. The average Index of Surface 
Variance was 98.48 ± 43.47 (range: 17 to 208) pre-
operatively and 76.80 ± 38.41 (range: 7 to 190) up 
to 3 years postoperatively. The average Index of Height 
Decentration was 0.091 ± 0.053 µm (range: 0.006 
to 0.275 µm) preoperatively and 0.057 ± 0.040 µm 
(range: 0.001 to 0.208 µm) up to 3 years postopera-
tively. Mean thinnest corneal thickness was 451.91 
± 40.02 µm (range: 297 to 547 µm) preoperatively, 
353.95 ± 53.90 µm (range: 196 to 480 µm) 1 month 
postoperatively, and 370.52 ± 58.21 µm (range: 218 
to 500 µm) up to 3 years postoperatively. 

CONCLUSIONS: The Athens Protocol to arrest keratec-
tasia progression and improve corneal regularity dem-
onstrates safe and effective results as a keratoconus 
management option. Progressive potential for long-term 
flattening validates using caution in the surface normal-
ization to avoid overcorrection.

[J Refract Surg. 2014;30(2):88-92.]
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Initial clinical experience of topography 
customized CXL applications for 

myopic, hyperopic (presby) and toric 
refractive corneal change 

A. John Kanellopoulos, MD 1,2 

1:  New York University Medical School, Department of Ophthalmology, NY, NY 
2: LaserVision.gr Eye Institute, Athens, Greece 

 



Our Athens team’s CXL innovations: 
•  Combining high fluence CXL with topo-guided reshaping 

of  irregular corneas: 2005 

•  Higher fluence: 2006 
•  Intrastromal treatments through femto-pockets: 2007 
•  LASIK Xtra: 2008 (ESCRS) 
•  LASIK Xtra for hyperopia: 2011 (ASCRS) 
•  Creating CXL differentials within the cornea: 2013 (AAO) 



Massive Flattening with the Dresden 
protocol CXL (dextran diluted riboflavin and 

low fluence-3mW CXL for 30’) 
•  8 years later has flattened 12D!!! (without scarring) 



Kanellopoulos,MD 23

Prophylactic higher fluence CXL in LASIK 
a novel technique 

 

•  Henry Perry, MD and A. John Kanellopoulos, MD 
•  Clinical Associate Professor New York University Medical School 
•  Director, Laservision.gr Institute, Athens, Greece 

CXL meeting
Dresden 08 
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Hyperopic LASIK 
A drop of 0.1% riboflavin sodium phosphate 

solution, just prior to its spread over the exposed 
stromal bed  



Compelling clinical CXL evidence in  
the contralateral eye Hyperopic LASIK Xtra group 
CXL here appears to have a refrative effect through 

biomechanical stabilization in hypropic LASIK 

Published: Kanellopoulos and Cahn JRS Nov 2012 



CXL differential 

•  The creation of CXL differential 
within the cornea can have a 
refractive effect 
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Very High Fluence Collagen Cross-
linking as a Refractive Enhancement 
of a Regressed Previous Astigmatic 
Keratotomy

Anastasios John Kanellopoulos, MD

ABSTRACT

PURPOSE: To report a novel application of collagen cross-linking 
(CXL) in refractive astigmatic enhancement of previously per-
formed astigmatic keratotomy.

METHODS: A 28-year-old woman with prior history of bioptics 
correction of high myopic astigmatism with femtosecond laser-
assisted astigmatic keratotomy followed by topography-guided 
LASIK showed long-term regression of the astigmatism 4 years 
later. A novel CXL application was employed in an attempt to re-
verse the regression of the astigmatic keratotomy.

RESULTS: The high fluence CXL intervention resulted in correc-
tion of 2 diopters of topographic and refractive cylinder. Uncor-
rected distance visual acuity changed from 20/50 to 20/20 and 
refraction from -0.50 -2.00 @ 90 to +0.25 -0.25 @ 90 at the 
7-month follow-up.

CONCLUSIONS: A possible novel application of high fluence CXL 
with refractive cornea effect is introduced. It may offer rapid and 
simple rehabilitation and its effect may be tapered.

[J Refract Surg. 20XX;XX(X):XX-XX.]

Incisional corneal astigmatic keratotomy has been 
employed for many years to reduce corneal astig-
matism. Among other parameters, corneal healing 

may affect the intervention efficacy. We have observed 
significant regression from the initial effect in astig-
matic keratotomy, including femtosecond laser-assist-
ed astigmatic keratotomy (unpublished data).

CASE REPORT
A 28-year-old woman had undergone femtosecond 

laser-assisted paired astigmatic keratotomy 4 years 
previously followed by a topography-guided LASIK 
procedure 3 months later. Her initial refractive error 

was -8.00 sphere and -6.00 cylinder at 95°, and similar 
treatment was performed in her left eye. Her preopera-
tive corneal thickness of 530 µm did not permit full 
correction through a LASIK procedure because that 
would leave residual stroma less than 300 µm, which 
is the cut-off in our practice.

Postoperative uncorrected visual acuity was 20/20, 
with refraction +0.25 -0.50 @ 90. She was lost to fol-
low-up for 3 years but was then evaluated before cross-
linking treatment for her postoperative care, complain-
ing of reduction in her uncorrected visual acuity in the 
right eye from 20/20 to 20/50. Her refraction revealed 
-1/-2 diopters at 95°AQ1 and her corneal topographic 
measurement showed evidence of astigmatic keratot-
omy regression with 2 more diopters of with-the-rule 
astigmatism in the left eye on topography (Figure 1). 

We offered the patient the possibility of revising 
the astigmatic keratotomy incisions and performing 
high-fluence corneal collagen cross-linking (CXL) to 
enhance the astigmatic keratotomy effect without fur-
ther corneal thinning and/or astigmatic keratotomy in-
cision extension. We reopened the astigmatic keratot-
omy incisions with a blunt Sinskey hook and infused 
the riboflavin 0.3% solution (Vibex XtraAQ2; Avedro, 
Waltham, MA) within the incision gutters. We allowed 
the solution to soak within both reopened astigmatic 
incisions for 60 seconds, then removed all of the re-
sidual riboflavin from the corneal surface and the con-
junctiva with a dry Weck-cell sponge. We then applied 
high-fluence CXL 45 mW/cm2 with the KXL device 
(Avedro) for 2.5 minutes, for total ultraviolet energy 
delivered of 7 Joules.

We evaluated the patient 1 day, 1 week, and 1, 3, 
and 7 months postoperatively. Figure 1 demonstrates 
the correction of most of the regressed cylinder by 2 
diopters. 

DISCUSSION
We previously reported on high-fluence CXL1,2 and 

along with other investigators have alluded to its po-
tential application in influencing refractive change 
of the cornea.3,4 Regression of astigmatic keratotomy 
has been reported as a previously studied factor.5 We 
have described using anterior segment optical coher-
ence tomography imaging to assess the corneal CXL ef-
fect.6 We theorize that in the case reported herein the 
refractive effect is achieved by this exact CXL mecha-
nism. This intervention may create a significant “dif-
ferential” between cross-linked and non–cross-linked 
cornea stroma. As a result, the cross-linked stroma 
contraction may create a biomechanical tissue and 
refractive shift that may explain the clinical findings. 
There are reports of combining microwave technology7 
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Novel Avedro KXL-II Device 
 
CE Mark since October 2013 
Clinical Experience since July 2013 
Riboflavin penetration captured 
 by Build –in Scheimpflug image 



Methods 
A total of 30 cases (12 for myopic and 11 for 
hyperopic and 7 toric) were subjected to PiXL 
procedure using excimer laser epithelial 
removal, 0.25% riboflavin solution soaking and 
12Joules total UV energy applied for CXL.   
We evaluated pre-operatively and 1, 3, 6 
months postoperatively for visual acuity, 
keratometry, cornea clarity and scatter, 
topography (Placido disc, Scheimpflug), as well 
anterior segment OCT sections and epithelial 
maps  



Results 
•  At 8 months: in the myopic cases, an average of 

2.2 diopters of central corneal flattening was 
documented, with no endothelial or clarity 
changes.  In the hyperopic cases, an average of 
2.1 diopters of central corneal steepening was 
documented, and 2D in toric cases with no 
endothelial or clarity changes.   

•  There was a slight regression of 1 diopter 
regression of the effect within the first month, 
that appeared stable thereafter.   



“ profile Hyperopic” oz 6-9mm 
“hyperopic PTK” 6-9oz 30 microns 



The myopic shift  
(hyperopia-presby treatment) 



Placido topo data 



Myopic central profile  

•  central 4mm OZ  with 6mm PTK epi scrape 



8 weeks myopic treatments 4D 
flattening ! 



8 week PTK + myopic 
treatments 



Toric Customized Application 

•  4min Paracel + 6min VibexXtra 



Toric Customized Application 



Customized astigmatism 
correction 



Custom Keratoconic Treatment 

•  Custom CXL profile used in a KCN cornea:  
Inner ring: 12Joules, middle: 10J, outer 8J 



Topo-guided  changes achieved! 



Femto-assisted 
AK Xtra 



2 X 60 degrees at 6mm OZ plus flash CXL: 
45mW/cm2 for 3 min 
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Background: The purpose of this study is to report the safety and efficacy of a new application 
of collagen cross-linking using a novel device to achieve predictable refractive myopic changes 
in virgin corneas.
Methods: Four cases were treated with a novel device employing very high-fluence collagen 
cross-linking applied in a myopic pattern. Prior to treatment, riboflavin solution was applied to 
the intact epithelium. The collagen cross-linking device was then engaged for a total of 12 J/cm2, 
to be applied transepithelially in a predetermined pattern. Cornea clarity, corneal keratometry, 
and corneal topography were evaluated by both Placido disc and Scheimpflug imaging, along 
with cornea anterior segment optical coherence tomography and endothelial cell counts.
Results: An average of 2.3 diopters was achieved in the first week in all four cases treated 
with the very high-fluence myopic collagen cross-linking intervention. There was a slight 
regression to 1.44 diopters at 1 month, which remained stable at 6-month follow-up. The mean 
keratometry change was from 44.90 diopters to 43.46 diopters. There was no significant change 
in endothelial cell counts or corneal clarity. There was some mild change in epithelial thickness 
distribution, with the treated area showing a slight but homogeneous reduction in mean thick-
ness from 52 m to 44 m.
Conclusion: This report describes the novel application of very high-fluence collagen cross-
linking with a predictable well defined myopic refractive (flattening) corneal effect. This 
technique has the advantages of essentially no postoperative morbidity, immediate visual 
rehabilitation, and the potential for tapering until the desired result is achieved.
Keywords: myopia, refractive correction, high-fluence collagen cross-linking, clinical results

Introduction
Collagen cross-linking has been used for many years as a means of stabilizing cornea 
ectasia.1–5 Although a multitude of treatments and techniques are available, it has been 
well documented that the procedure almost invariably results in some central anterior 
corneal flattening,1–5 which has often been interpreted as “disease regression.” As our 
understanding and the technology available for collagen cross-linking has progressed, 
it has been theorized that differential application of collagen cross-linking in specific 
areas of the cornea may produce predictable refractive changes. Several aspects of 
this theory need further investigation. Is it possible to achieve predictable refractive 
changes? Can this be achieved through an intact epithelium? Can the human cornea 
tolerate higher fluence of ultraviolet light? This paper describes the use of a novel 
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 epithelial thickness over the treated area (Figure 3). The 
average epithelial thickness was 49 m preoperatively, which 
decreased to 44 m at 1 month postoperatively, and then 
increased to 48 m at 5 months postoperatively.

Discussion
A multitude of reports have established the significant 
refractive changes that accompany classic collagen 

cross-linking1–8 utilizing the classic Dresden protocol 
(3 mW/cm2 for 30 minutes), as well as collagen cross-
linking utilizing higher fluence,9 and even cross-linking 
delivered in eyes that have had riboflavin placed within a 
femtosecond laser-created pocket or intrastromal corneal 
ring segment channels.10,11 Over the years, most clinicians 
have referred to this process as “flattening,” which has often 
been interpreted as “disease regression.” We have long 

Figure 1 

Figure 2 
Abbreviations: D, diopters; OD, right eye.



Conclusions 
•  CXL differentials can provide 

predictable corneal refractive 
changes (as they always had!) 

•  Photorefractive Intra-stromal CXL 
treatments with the KXL II have 
proven safe and effective 

•  This initial very high fluence 
feasibility cases proved safe! (no 
scarring, haze) 
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Conclusions 
•  The novel PiXL procedure 

corrective changes without the need 
of corneal stroma tissue removal.  

•  In the case of hyperopic treatments, 
these changes may aid with 
presbyopic vision as well.    

•  Longer follow-up and further 
studies may be needed to refine the 
dose-effect nomogram and further 
validate these compelling findings. 
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