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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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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

836 Copyright © SLACK Incorporated
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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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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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XXXX.

From the *LaserVision.gr Eye Institute, Athens, Greece; andAU3 †NYU Medical
School, New York, NY.

A. J. Kanellopoulos is a consultant and holds advisory positions with Alcon/
WaveLight, Allegran, Avedro, and i-Optics. G. Asimellis has no funding
or con"icts of interest to disclose.

Design and conduct of the study (A.J.K.); collection (A.J.K. and G.A.),
management (A.J.K.), analysis (G.A.), and interpretation of the data (A.J.K.
and G.A.); manuscript preparation (G.A.), review (A.J.K. and G.A.), and
approval (A.J.K.).

ReprintsAU4 : Anastasios J. Kanellopoulos, LaserVision.gr Eye Institute, 17
Tsocha Street, Athens 115 21, Greece (e-mail: ajk@brilliantvision.com).

Copyright © 2014 by Lippincott Williams & Wilkins

Cornea ! Volume 0, Number 0, Month 2014 www.corneajrnl.com | 1

MS NO: CORNEA-D-13-00497

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

836 Copyright © SLACK Incorporated
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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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CXL evidence in Hyperopic LASIK Xtra group 
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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  
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Intra-stromal CXL: does it work? 
•  1.  Creation of  intralamellar pocket & 

button removal 
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Intra-stromal CXL: does it work? 
•  mounted cornea on the artificial chamber during the button creation 

procedure 
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Intra-stromal CXL: does it work? 
•  2. Corneal button removal (80 μm thick, 5 mm diameter) 
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Intra-stromal CXL: does it work? 
•  3.  Intra-stromal administration of  high-concentration riboflavin (0.25%) 
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Intra-stromal CXL: does it work? 
•  4.  Superficial CXL UVA 45 mW/cm2 for 2 minutes 

and 40 seconds (intended dose 7.2 J/cm2)  
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Intra-stromal CXL: does it work? 
•  Meridional cross-section of  a CXL cornea, indicating a 

clear hyper-reflection line along the cross-linked stroma.   
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Intra-stromal CXL: does it work? 
•  Corneal and epithelial pachymetry of  the 

same cornea.  
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Intra-stromal CXL: does it work? 
•  4. Transverse biaxial resistance measurements  
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Intra-stromal CXL: does it work? 
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Intra-stromal CXL: does it work? 
•  35% increase in corneal rigidity 
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35% increase in corneal rigidity 
•  Tensile strength measurements between the two groups.   
•  Units, kPa (mN/mm2). 
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Older AK + LASIK after enhanced 
with AK Xtra 
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High fluence CXL AK-enhancement 
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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.
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Our current CXL protocols 
 

• 1-Athens Protocol: topo PRK +10’x 10mw/cm2 

• 2-LASIK Xtra: 1’ (90”) 30mW/cm2 all HYPEROPES 
• 2-PRK Xtra: 1’ (90”) 30mW/cm2 

• 3- femtoAK Xtra: 3’ 30mw/cm2-no soaking! 
• 4-Cataract incision Xtra: 45mW/cm2 for 2.5 min 
• 5-TransepiCXL: 0.25% ribo +  45mW  X 4’ or pulsed 
8’  
• 6-Infection: 0.25% riboflavin + 45mW/cm2 x 5 ‘ 
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