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Abstract
Background: Femtosecond laser-assisted in situ keratomileusis (FS-LASIK) has gained widespread popularity as a safe, effective
and predictable treatment for correcting myopia and myopic astigmatism.However, complications such as biomechanical changes,
structural weakness, dry eye and induction of high-order aberrations (HOAs) have been associated with FS laser excision. The
induction of HOAs has been reported to reduce quality of vision, leading to increased glare, halos, starburst and deterioration of
contrast function corneal HOAs play a significant role in whole-eye aberration. Thus, it is necessary to investigate the changes of
corneal high-order aberrations after FS-LASIK.

Methods: One hundred thirty-four eyes from 68 consecutive patients with myopia or myopic astigmatism were enrolled in this
study. Corneal topography and visual acuity were measured preoperatively and at 1, 3, 6, and 12 months after FS-LASIK. Wavefront
errors from the whole cornea, anterior cornea, and posterior cornea were measured by Pentacam.

Results:Corneal aberrations on the posterior surface were less affected by FS-LASIK compared with those on the anterior surface
and the whole cornea. The high-order aberrations (HOAs) on the whole and anterior corneal surfaces increased significantly at 1
month after surgery (P= .000, P= .000), while HOAs on the posterior surface did not significantly change (P=1.000). The spherical
aberration on the whole corneal and anterior corneal surfaces were significantly increased at 1 and 3 months postoperatively
(P= .000 and P= .000, respectively), along with the vertical coma on the whole and anterior corneal surfaces at 1 and 3 months
(P= .000 and P= .000, respectively). There was no significant difference in horizontal coma or trefoil on the whole, anterior and
posterior corneal surfaces after surgery compared with preoperatively (all P=1.000).

Conclusion: After FS-LASIK changes in corneal aberration occurred mainly on the anterior surface, which may have a significant
effect on visual quality.

Abbreviations: CDVA = corrected distance visual acuity, FS = femtosecond, FS-LASIK = femtosecond laser-assisted in situ
keratomileusis, HOAs = the high-order aberrations, IOP = intraocular pressure, LASIK = laser-assisted in situ keratomileusis, MAR =
a logarithm of the minimum angle of resolution log, SE = spherical equivalent, UDVA = uncorrected distance visual acuity.

Keywords: femto-lasik, high-order aberration cornea, myopia

1. Introduction The femtosecond (FS) laser is a regulatory invention for flap
[6]
Femtosecond laser-assisted in situ keratomileusis (FS-LASIK) has
gained widespread popularity over the last several decades as[1–3]

a safe, effective, and predictable treatment for correcting myopia
and myopic astigmatism. With the progress of refractive surgery,
patients’ expectations for refractive surgery are limited to visual
acuity but to visual quality as well.[4,5]
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creation designed to improve patients’ quality of vision. The FS
laser allows the surgeon to more accurately cut tissue and create
stromal flaps for laser-assisted in situ keratomileusis (LASIK). The
accuracy of the FS laser also helps maintain the morphology of the
cornea. However, complications such as biomechanical changes,
structural weakness, dry eye, and induction of high-order
aberrations (HOAs) have been associatedwith FS laser excision.[7]

The induction of HOAs has been reported to reduce quality of
vision[8], leading to increased glare, halos, starbursts,[9,10] and
deterioration of contrast function.[11,12] It has been reported that
wavefront corneal aberrations are less likely with the FS laser
compared with the mechanical microkeratome,[13] which has led
to increased acceptance of FS-LASIK over recent years.
Gobbe et al[14] have reported that corneal HOAs play a

significant role in whole-eye aberrations. Thus, it is necessary to
investigate the changes of corneal high-order aberrations after
FS-LASIK. In this retrospective study, we use the rotating
Scheimpflug tomography system to measure HOAs on different
corneal surfaces before and after FS-LASIK.
2. Materials and methods

2.1. Subjects

One hundred thirty-four eyes from 68 patients (31 men and
37 women) with myopia and myopic astigmatism were analyzed
in this retrospective study. Patients attended the refractive surgery
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service at the Second affiliated Hospital of Anhui Medical
University in China from June 2013 to February 2015. The study
was approved by the investigational review board at the
university. All procedures complied with the tenets of the
Declaration of Helsinki, as revised in 2000. Informed consent
was obtained from each patient. Inclusion criteria included the
following: age 18 to 39 years, stable manifest refraction for the
past 24 months, gas-permeable contact lens use discontinued for
at least 4 weeks and soft contact lens use discontinued for at least
2 weeks. Exclusion criteria included the following: ophthalmic
disease including prior corneal abnormalities and trauma,
systemic disease including diabetes mellitus and connective tissue
disease known to affect the eye, and a known history of ocular
surgery.
Each patient had a rigorous screening examination that

included uncorrected distance visual acuity (UDVA), corrected
distance visual acuity (CDVA), slit-lamp examination, intraocu-
lar pressure (IOP), corneal topography, dynamic infrared
pupillography, ocular wavefront analysis, and dilated fundus
examination. The anterior, posterior, and total corneal aberra-
tions were measured using the rotating Scheimpflug tomography
system before surgery and at 1, 3, 6, and 12 months
postoperatively.
Before the refractive surgery, informed consent was obtained

for all patients after explaining the nature of the study and the
benefits and risks of FS-LASIK. The study adhered to the
Declaration of Helsinki and was approved by the Institutional
Review Board of the Second affiliated Hospital of Anhui Medical
University.

2.2. FS-LASIK procedure

All patients received FS-LASIK from an experienced surgeon. The
cornea was pre-anesthetized with oxybuprocaine eye drops, and
2% sodium hyaluronate solutionwas placed on the cornea before
applying the laser hand piece and suction ring. A 500kHz FS laser
system (Ziemer LDV, Switzerland) was used to create the flap. All
flaps had a superior hinge, and the intended flap diameter and
thickness were 8.5mm and 100mm, respectively. The patient was
asked to stare at the internal fixation light, and the surgeon
adjusted the position of the patient’s eye in relation to the patient
interface. Once the patient interface was focused on the pupil, the
surgeon activated the suction mechanism incorporated in the
patient interface. Ablation was then performed using the
AMARIS 500Hz excimer laser (SCHWIND AMARIS eye-
tech-solutions, Germany). The stromal bed was flushed with a
balanced salt solution, and the flap was then replaced.

2.3. Measurement of corneal wavefront aberrations

The aberrations of the whole, anterior and posterior cornea were
measured using the rotating Scheimpflug tomography system
(Pentacam, Oculus, Germany). This equipment includes a
Table 1

Mean sphere, cylinder, and SE data preoperatively and at 1, 3, 6, an

Pre 1 month 3 months

Sphere –5.06±2.07
∗

0.07±0.63
∗∗

0.02±0.23
∗∗

Cylinder –0.77±0.67
∗

–0.17±0.48
∗∗

–0.26±0.49
∗∗∗

SE –5.44±2.01
∗

–0.02±0.73
∗∗

–0.11±0.73
∗∗

SE= spherical equivalent.
∗
,
∗∗
, and

∗∗∗
each represents a group. There are statistical differences between the 3 groups.
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rotating camera that takes 50 images in 2seconds, and each
image contains 500 true elevation points. These elevation data
can produce a three-dimensional reconstruction of the cornea,
and the internal software can automatically transform the data
points into corneal wavefront data using Zernike polynomials.
All Zernike coefficients and root mean square values were
calculated for a pupil diameter of 6.0mm. Previous studies have
shown that the Pentacam offers accuracy and precision in
measuring corneal wavefront errors.[15,16] Each patient was
measured preoperatively and at 1, 3, 6, and 12 months
postoperatively. The images measured with the Scheimpflug
device were only used if the data quality statement was defined as
OK.
2.4. Statistical analysis

Statistical analysis was performed using SPSS 20.0 software (IBM
Singapore Pte Ltd, Singapore), and the Bonferroni test was used
to obtain the time-development changes in the corneal wavefront
aberrations preoperatively and at 1, 3, 6, and 12 months
postoperatively. Data were recorded as mean± standard devia-
tion, and visual acuity results were converted to a logarithm
of the minimum angle of resolution (logMAR). A P-value of
<.05 was considered statistically significant.
3. Results

This retrospective study contains a total of 134 eyes from
68 patients (31 men and 37 women with mean age 24.99±
5.24 years) with myopia and/or myopic astigmatism.
3.1. Visual and refractive data

As demonstrated in Table 1, there was a statistically significant
reduction of spherical equivalent (SE) at 1 month (P= .000),
with no significant reduction after the 1-month follow-up. As
demonstrated in Table 2, the logMAR UDVA improved
significantly from 1.17±0.35 preoperatively to –0.008±0.37
at 12 months postoperatively (P= .000).
3.2. Wavefront aberrations after FS-LASIK

As demonstrated in Fig. 1 and Tables 3–5, HOAs of the whole
and anterior corneal surfaces were significantly increased at 1
month compared with preoperatively (P= .000 and P= .000,
respectively). Meanwhile, there were no significant changes at 3,
6, and 12 months. The Pearson correlation coefficient of HOAs
between anterior and whole corneal aberrations was 0.995
(P= .000), while the Pearson correlation coefficient of HOAs
between posterior and whole corneal aberrations was 0.335
(P= .000). The posterior surface of the cornea did not signi-
ficantly change after surgery throughout the entire 12-month
follow-up (P=1.000). In the whole corneal surface high-order
d 12 months postoperatively.

6 months 12 months F P

0.03±0.71
∗∗

–0.02±0.63
∗∗

576.6 .000
–0.34±0.42

∗∗∗
–0.35±0.41

∗∗∗
28.56 .000

–0.14±0.74
∗∗

–0.19±0.55
∗∗

595 .000



Table 2

Uncorrected distance visual acuity (UDVA) and corrected distance visual acuity (CDVA) preoperatively and at 1, 3, 6, and 12 months
postoperatively.

UDVA CDVA 1 month 3 months 6 months 12 months F P

LogMAR 1.17±0.35
∗

–0.005±0.03
∗∗

0.006±0.052
∗∗

–0.016±0.042
∗∗

–0.019±0.47
∗∗

–0.008±0.37
∗∗

1397 .00
∗
and

∗∗
each represents a group. There are statistical differences between the 2 groups.

LogMAR= logarithm of the minimum angle of resolution.

Figure 1. Wavefront aberrations of the whole, anterior, and posterior corneal surfaces at 6mm in diameter preoperatively and at 1, 3, 6, and 12 months
postoperatively.
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aberrations, we found that the horizontal coma and trefoil o
before surgery and 1/3/6/12 months postoperatively were not
statistically different according to Post hoc test as demonstrated
in Table 5.
Table 3

Anterior corneal surface.

Pre–op 1 month 3 mont

HOAs 0.320±0.069
∗

0.656±0.305
∗∗

0.658±0.
Spherical aberration 0.193±0.064

∗
0.258±0.148

∗∗
0.249±0.

Vertical coma –0.032±0.146
∗

–0.320±0.326
∗∗

–0.298±0.
Horizontal coma 0.020±0.105

∗
0.050±0.359

∗
0.050±0.

Trefoil 0 0.014±0.089
∗

0.017±0.095
∗

0.023±0.
Trefoil 30 –0.025±0.087

∗
0.055±0.123

∗∗
0.038±0.

∗
and

∗∗
each represents a group. There are statistical differences between the 2 groups.

HOAs= the high-order aberrations.

Table 4

Posterior corneal surface.

Pre-op 1 month 3 month

HOAs 0.161±0.026
∗

0.175±0.050
∗

0.170±0.
Spherical aberration –0.121±0.020

∗
–0.127±0.022

∗
–0.126±0.

Vertical coma –0.10±0.034
∗

0.009±0.044
∗∗

0.007±0.
Horizontal coma 0.010±0.020

∗
0.006±0.033

∗
0.005±0.

Trefoil 0 0.009±0.041
∗

0.004±0.048
∗

0.015±0.
Trefoil 30 –0.010±0.049

∗
–0.006±0.064

∗
–0.008±0.

∗
and

∗∗
each represents a group. There are statistical differences between the 2 groups.

HOAs= the high-order aberrations.
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Regarding spherical aberration as demonstrated in Fig. 2, there
was a significant increase in the whole and anterior corneal
surfaces at 1 and 3 months, postoperatively (all P= .000).
However, there were no significant changes in the whole corneal
hs 6 months 12 months F P

294
∗∗

0.654±0.280
∗∗

0.648±0.275
∗∗

43.728 .000
129

∗∗
0.230±0.120

∗∗
0.232±0.122

∗∗
5.825 .000

327
∗∗

–0.305±0.312
∗∗

–0.281±0.311
∗∗

22.986 .000
378

∗
0.049±0.371

∗
0.036±0.382

∗
0.208 .934

109
∗

0.022±0.105
∗

0.013±0.110
∗

0.278 .892
128

∗∗
0.048±0.033

∗∗
–0.041±0.136

∗∗
9.289 .000

s 6 months 12 months F P

043
∗

0.645±0.280
∗∗

0.170±0.031
∗

359.819 .000
023

∗
–0.126±0.022

∗
–0.127±0.021

∗
1.643 .162

039
∗∗

0.008±0.041
∗∗

0.003±0.040
∗∗

4.903 .001
033

∗
0.006±0.034

∗
0.005±0.033

∗
0.592 .669

040
∗

0.012±0.044
∗

0.003±0.049
∗

1.922 .105
049

∗
–0.013±0.043

∗
–0.017±0.048

∗
0.989 .413
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Table 5

Whole corneal surface.

Pre–op 1 month 3 months 6 months 12 months F P

HOAs 0.327±0.075
∗

0.703±0.329
∗∗

0.707±0.322
∗∗

0.690±0.303
∗∗

0.695±0.297
∗∗

46.541 .000
Spherical aberration –0.149±0.069

∗
–0.215±0.264

∗∗
0.207±0.144

∗∗
0.185±0.133

∗∗
0.186±0.137

∗∗
5.024 .001

Vertical coma –0.039±0.148
∗

–0.351±0.349
∗∗

–0.326±0.352
∗∗

–0.332±0.334
∗∗

–0.310±0.332
∗∗

23.467 .000
Horizontal coma 0.032±0.105

∗
0.063±0.382

∗
0.062±0.405

∗
0.062±0.394

∗
0.046±0.408

∗
0.192 .943

Trefoil 0 0.022±0.107
∗

0.022±0.113
∗

0.039±0.135
∗

0.036±0.125
∗

0.016±0.134
∗

0.883 .474
Trefoil 30 –0.036±0.104

∗
0.056±0.143

∗∗
0.036±0.146

∗∗
0.041±0.044

∗∗
–0.031±0.154

∗∗
8.660 .000

∗
and

∗∗
each represents a group. There are statistical differences between the 2 groups.

HOAs= the high-order aberrations.
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surface at 6 and 12 months postoperatively (P= .263 and
P= .119, respectively) or the anterior corneal surface at 6 and 12
months postoperatively (P= .219 and P= .077, respectively).
Furthermore, the spherical aberration of the whole and anterior
corneal surfaces began to gradually decline after 6 months, while
the spherical aberration of the posterior corneal surface remained
constant over time. Notably, the Pearson correlation coefficient
Figure 2. Spherical aberration of the whole, anterior, and posterior corneal su
postoperatively.

Figure 3. Horizontal coma of the whole, anterior, and posterior corneal surfaces at

4

between the anterior andwhole corneal spherical aberrations was
0.990 (P= .000), and the Pearson correlation coefficient between
the posterior and whole corneal spherical aberrations was 0.039
(P= .000).
Regarding horizontal coma as demonstrated in Fig. 3, there

was not a significant difference in the whole anterior or posterior
corneal surfaces after surgery compared with preoperatively (all
rfaces at 6mm in diameter preoperatively and at 1, 3, 6, and 12 months

6mm in diameter preoperatively and at 1, 3, 6, and 12 months postoperatively.



Figure 4. Trefoil 0 of the whole, anterior, and posterior corneal surfaces at 6mm in diameter preoperatively and at 1, 3, 6, and 12 months postoperatively.
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P=1.000). In the anterior corneal surface high-order aberrations,
we found that the horizontal coma and trefoil 0 before surgery
and 1/3/6/12 months postoperatively were not statistically
different according to Post hoc test as demonstrated in Table 3
and Fig. 4. However, there was a statistically significant increase
in vertical coma on the whole and anterior corneal surfaces
compared with preoperatively at 1 and 3 months (P= .000 and
P= .000, respectively) as demonstrated in Table 3 and Fig. 5.
Various high-order aberrations other than vertical coma before
surgery and 1/3/6/12 months postoperatively on the posterior
corneal surface were not statistically different according to Post
hoc test as demonstrated in Table 4. And 6 months of higher-
order aberrations were significantly different from the rest of the
group. The Pearson correlation coefficient between anterior and
whole corneal vertical coma was 0.996 (P= .000). The Pearson
correlation coefficient between posterior and whole corneal
vertical coma was –0.503 (P= .000). There was no significant
difference in trefoil 0 on the whole, anterior and posterior corneal
surfaces after surgery compared with preoperatively (all P=
1.000) as demonstrated in Fig. 4. Compared with before surgery,
the trefoil 30 on the whole corneal surface at 1 month
Figure 5. Vertical coma of the whole, anterior, and posterior corneal surfaces at 6

5

postoperatively was increased to 0.0556, although this was
not statistically significant (P=1.000) as demonstrated in Fig. 6.

4. Discussion

After FS-LASIK surgery, most patients gained satisfactory visual
and refractive outcomes at 1 month postoperatively; 98% of eyes
achieved ≥20/20 vision, and all patients achieved a refractive
error within ±0.25 D of emmetropia, which remained constant
over 12 months. However, laser refractive surgery can lead to
significant visual disturbances, including double vision, glare,
halos, starbursts, and a decrease in contrast sensitivity,[17,18]

which are induced by high-order aberrations generated by the
cornea.[19–21] In this retrospective study, we investigated time-
dependent changes of high-order aberrations on the whole,
anterior and posterior corneal surface before and after FS-LASIK
surgery.
An aberration is the difference between an ideal image and a

real image. An aberration causes the point of an image to appear
as a fuzzy dispersion spot. The object of a flat image no longer
appears to be in an object plane but rather appears as a curved
mm in diameter preoperatively and at 1, 3, 6, and 12 months postoperatively.

http://www.md-journal.com


Figure 6. Trefoil 30 of the whole, anterior, and posterior corneal surfaces at 6mm in diameter preoperatively and at 1, 3, 6, and 12 months postoperatively.
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surface with a loss of contrast sensitivity. A Zernike analysis is
used to express ocular wavefront errors, and a root mean square
is the criterion used to measure the magnitude of the wavefront
aberration. Previous studies have reported a high correlation
between an increase in corneal wavefront aberrations and the
quality of vision after excimer laser surgery.[22,23]

For all patients in this study, we used an FS laser to create the
corneal flap, cut the corneal collagen lamella, and then lifted and
repositioned the corneal flap. This technique has been reported to
induce high-order aberrations.[24] Furthermore, the pupil offset
from the visual axis can also induce high-order aberrations.
Additional causes of high-order aberrations reported by other
authors include wound response of the cornea after FS-LASIK,
change in corneal shape after ablation, and individual differences
in corneal biomechanical response.[1,25]

In this study, corneal high-order aberrations were increased,
except in trefoil 0 and trefoil 30. According to our analysis, the
increased rate of spherical aberration and coma after surgery
were consistent with previous studies.[26] Spherical aberrations
and coma are the most important elements that affect vision
quality. Former studies have shown a correlation between
starburst and glare with spherical aberrations as well as a
correlation between diplopia and horizontal coma.[27] Thus, we
focused on the changes in spherical aberrations and coma.
Our results demonstrate that the Pearson correlation coeffi-

cient of HOAs between the whole and posterior corneal
aberrations was 0.335 (P= .000), while the Pearson correlation
coefficient of spherical aberrations between the whole and
posterior corneal surfaces was 0.039 (P= .000). However, there
was not a significant correlation betweenHOAs on the whole and
posterior corneal surfaces (P=1.000). Previous studies[28–31]

reported that there were no significant changes in the posterior
corneal elevation after FS-LASIK, which may correspond to our
results demonstrating that there is no significant change in HOAs
on the posterior corneal surface. However, the Pearson
correlation coefficient between posterior and whole corneal
vertical coma was –0.503 (P= .000), which may be explained by
following patients longer than 12 months.
On the contrary, the Pearson correlation coefficient between

anterior and whole corneal vertical coma was 0.996 (P= .000).
The Pearson correlation coefficient of HOAs between anterior
and whole corneal aberrations was 0.995 (P= .000). The Pearson
6

correlation coefficient between anterior and whole corneal
spherical aberrations was 0.990 (P= .000). The changes of
HOAs, spherical aberration and vertical coma before and after
surgery on the whole and anterior corneal surfaces increased at
nearly the same rate. However, HOAs on the posterior corneal
surface remained constant throughout the 12-month follow-up
period. Furthermore, there were no significant changes in HOAs
on the posterior corneal surface throughout the 12-month follow-
up period. Thus, FS-LASIK primarily induces HOAs on the
anterior corneal surface.
5. Conclusion

Our results extend our current understanding of the changes in
corneal HOAs after FS-LASIK. We demonstrated that corneal
HOAs mainly occurred on the anterior corneal surface. Since an
increase in HOAs after FS-LASIK is associated with lower visual
quality, it is important to investigate future solutions that will
decrease the risk of HOAs after FS-LASIK and thus improve
visual quality.
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