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To evaluate safety, efficacy, and refractive, 
keratometric and epithelial stability of myopic 
femtosecond-LASIK with concurrent prophylactic 
CXL in comparison to standard femtosecond 
LASIK. 
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Methods 
140 eyes of consecutive patients with myopic LASIK 
were recruited.  Group-A represents 65 eyes treated 
additionally with concurrent prophylactic high fluence 
CXL (LASIK-CXL); group-B represents 75 eyes 
subjected to stand-alone procedure.   
The following parameters were evaluated pre-
operatively and one-year post-operatively: manifest 
refractive spherical error (MRSE), refractive 
astigmatism, spectacle-corrected distance 
visual acuity (CDVA), uncorrected distance 
visual acuity (UDVA), corneal keratometry via 
Scheimpflug imaging, autorefraction 
keratometry and epithelial mapping with 
anterior segment OCT.   
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Results 
Group-A (LASIK+CXL) post refraction average -0.25 
D at 12-months, compared to -6.75±1.75 D 
preoperatively. SteepK was 38.37 D at 12-months, 
compared to 45.15 D preoperatively.  Predictability had 
a correlation coefficient of 0.975. The mid-peripheral 
epithelial thickness increase was +3.79µm and +3.95µm 
for the (-8.00D to -9.00D) and (-7.00D to -8.00D) 
subgroups, which compare to increased thickness in 
group-B, of +9.75µm (p = 0.032) and +7.14µm (p = 
0.041), respectively.  
Group-B (standalone LASIK)post refraction 
average: -0.27 D at 12-months, compared to -5.33±2.34 
D preoperatively. SteepK was 38.66 D at 12-months, 
compared to 44.03 D preoperatively.  Predictability had 
a correlation coefficient of 0.968. 
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BASIC INVESTIGATION

Corneal Collagen Cross-linking CombinedWith Simulation
of Femtosecond Laser–Assisted Refractive Lens Extraction:

An Ex Vivo Biomechanical Effect Evaluation

Anastasios J. Kanellopoulos, MD,*† Mark A. Kontos, MD,‡ Shihao Chen, MD, OD, MSc,§
and George Asimellis, PhD*

Purpose: To evaluate biomechanical changes induced by in situ
corneal cross-linking (CXL) with stromal pocket delivered enhanced
concentration riboflavin and high-fluence, high-energy UV-A irradiation.

Methods: Eight human donor corneas were subjected to intrastromal
lamellar corneal tissue removal of anterior 140-mm deep, 80-mm thick
· 5-mm diameter central stromal buttons, extracted through a 3.5-mm
width tunnel, surfacing in the superior cornea periphery. Enhanced
concentration riboflavin solution (0.25%) was instilled in the pocket.
In study group A (CXL), superficial high-fluence UV-A irradiation
was applied, whereas in control group B (no CXL), none. To
comparatively assess changes in corneal rigidity, corneal specimens
were subjected to transverse biaxial resistance measurements by
application of a unidirectional tangential shear force. Biomechanical
differences were evaluated through stress and Young shear modulus.

Results: Stress at 10% strain was 305 6 24 kPa in study group A
versus 157 6 11 kPa in control group B (relative difference D =
107%, P = 0.021). Stress at 20% strain was 1284 6 34 kPa in study
group A versus 874 6 29 kPa in control group B (D = 47%, P =
0.043). Average shear modulus in study group A at 10% strain was
6.98 6 1.12 MPa versus 4.04 6 0.85 MPa in control group B (D =
73%, P = 0.036). Average shear modulus in study group A at 20%
strain was 11.46 6 0.75 MPa versus 8.80 6 0.72 MPa in group B
(D = 30%, P = 0.047).

Conclusions: Adjunct CXL in this ex vivo simulation refractive lens
extraction procedure seems to provide significant increase in corneal
rigidity, up to +107%. These findings also support our previous
reported work on laser in situ keratomileusis combined with CXL.

Key Words: femtosecond laser, refractive lens extraction, bio-
mechanical simulation, in situ CXL, epithelium on, high-fluence

CXL, high-energy CXL, higher riboflavin concentration CXL,
corneal biomechanics, Young shear modulus, corneal stress–strain

(Cornea 2015;0:1–7)

Corneal collagen cross-linking (CXL) has been clinically
used for stabilizing progressive keratectasia.1,2 A photo-

chemical reactive process induced by 365-nm UV-A light in
the presence of riboflavin, a photosensitive molecule, results
in increased intrafibrillar and interfibrillar covalent bonds3 and
stromal collagen resistance against enzymatic degradation.4,5

The increased stromal biomechanical strength and lamellar
compaction lead to corneal stabilization.6

The original protocol Dresden technique1 requires
corneal epithelium removal (epithelium off) and anterior
stromal saturation with riboflavin solution. Aiming to address
the significant morbidity and postoperative pain associated
with epithelial removal,7 several alternatives have been
proposed. One such alternative is to keep the epithelium in
place and attempt to loosen the epithelial tight junctions to
facilitate riboflavin diffusion with prolonged use of topical
anesthetics, in a procedure termed “epithelium-on” CXL.8

Our team has introduced alternative CXL techniques using
higher fluence, shorter duration UV-A irradiation, and
administration of riboflavin solution in an anterior intra-
stromal lamellar pocket created with a femtosecond laser.9

A subsequent CXL alternative application we also
presented (Kanellopoulos AJ Prophylactic, ultraviolet
a cross-linking combined at the completion of high risk
myopic LASIK cases. Subspecialty Day Paper presentation,
American Academy of Ophthalmology Annual Meeting, Nov
8, 2008, Atlanta, GA) aimed to proactively restore corneal
biomechanical stability10 in myopic laser in situ keratomi-
leusis (LASIK) corrections.11–13 Riboflavin is applied on the
exposed stromal bed afforded by the open LASIK flap; the
flap is then repositioned, followed by UV-A irradiation of
the riboflavin-soaked stroma through the flap.14,15

Recently reported refractive error correction procedures
involve intrastromal tissue dissection performed solely by
a femtosecond laser.16,17 Although the mechanism of stromal
tissue reduction in these procedures is different from LASIK,
the issue of potential biomechanical weakening, particularly
in attempted high myopic corrections has been modeled18 and
investigated clinically.19 The combination of CXL with such
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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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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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Cumulative 
Snellen acuity 2 y: 
LASIK Vs. LASIK 

+ CXL 
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Predictability LASIK Vs. LASIK + CXL 
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2 years MRSE:LASIK Vs. LASIK + CXL 
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2 years refractive astigmatism: 
LASIK Vs. LASIK + CXL 



Kanellopoulos	
  MD	

 1	



Spherical equivalent stability 2 y: 
LASIK Vs. LASIK + CXL 
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Keratometric stability 2 y: 
LASIK Vs. LASIK + CXL 
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Conclusions 

Application of prophylactic cross-l inking 
concurrently with high-myopic LASIK operation 
appears to: 
•  contribute to improved refractive,  
•  keratometric stability and  
•  epithelial profiles in comparison to the stand-

alone LASIK. 
We have shown that it may be a neccessity in 
hyperopic LASIK 
We have shown its biomechanical effect ex-vivo 


