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Background. To investigate the correlation between corneal biomechanics and the surgically induced corneal high-order aberrations
(HOAs) after small incision lenticule extraction (SMILE) and femtosecond laser in situ keratomileusis (FS-LASIK). Methods. A total
of 150 right myopic eyes that underwent SMILE or FS-LASIK surgery were included in this retrospective study, 75 eyes in each group.
The corneal hysteresis (CH) and the corneal resistance factor (CRF) with the corneal HOAs of the anterior, posterior, and total
cornea were assessed preoperatively and three months postoperatively. Multivariate linear regression was applied to determine the
correlations. Results. The preoperative CRF was significantly correlated with the induced 3rd-6th-order HOAs and spherical aber-
ration of the anterior surface and the total cornea after SMILE and FS-LASIK surgeries (P < 0.05), postoperatively. The CRF was sig-
nificantly correlated with the induced vertical coma of the anterior and posterior surfaces and the total cornea after SMILE surgery
(P < 0.05). There was a significant correlation between the CRF and the induced posterior corneal horizontal coma after FS-LASIK
surgery (P = 0.013). Conclusions. The corneal biomechanics affect the surgically induced corneal HOAs after SMILE and FS-LASIK

surgery, which may be meaningful for screening the patients preoperatively and optimizing the visual qualities postoperatively.

1. Introduction

Currently, laser corneal refractive surgery has become an
effective and safe method to correct myopia and astigmatism,
especially by use of femtosecond laser in situ keratomileu-
sis (FS-LASIK) and the advanced femtosecond laser small
incision lenticule extraction (SMILE) [1, 2]. However, there
remain a significant number of corneal high-order aberra-
tions (HOASs) after surgery [3-5], leading to degraded visual
qualities and subsequent patient dissatisfaction [6]. Many
efforts have been made to investigate the resources of the
induced aberrations [3, 4].

Recently, the preoperative corneal biomechanics were
identified to play a significant role in the surgically induced
astigmatism after cataract surgery [7]. The corneal biome-
chanics are also closely associated with the corneal HOAs in
eyes after intracorneal ring segment implantation [8]. Hence,

we suppose that the surgically induced corneal HOAs after
SMILE and FS-LASIK surgery may be influenced by the
preoperative corneal biomechanics. However, to the best of
our knowledge, little study has been done to quantitatively
analyze the induced optical changes after SMILE and FS-
LASIK surgery from the corneal biomechanical perspective.
Hence, this study was performed to investigate the possi-
ble relationships between corneal biomechanical parameters
and the surgically induced corneal HOAs in myopic eyes after
SMILE and FS-LASIK surgery. Considering these correla-
tions may be important for optimizing the SMILE and FS-
LASIK surgeries to achieve satisfactory visual qualities.

2. Materials and Methods

2.1. Subjects and Examinations. This study enrolled one
hundred and fifty eyes of 150 myopic subjects, 75 right eyes
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TABLE 1: The characteristics of the subjects in the SMILE and FS-LASIK groups.

SMILE (n = 75 eyes FS-LASIK (n = 75 eyes

Parameters Mean 4_S SD (ran)ée)) Mean + éD (rangZ) : P
Female/male 41/34 38/37 0.744
Age (years) 24.25 + 5.38 (18 to 41) 24.28 + 5.24 (18 to 42) 0.959
Sphere (D) —5.12 +1.29 (-2.25 to —8.5) -5.22 +1.76 (-1.50 to —10.50) 0.700
Cylinder (D) -0.73 +0.70 (0 to —3.25) -0.67 + 0.52 (0 to —2.5) 0.507
MRSE (D) ~5.49 + 1.35 (—2.75 to —8.875) ~5.56 + 1.76 (—1.875 to —11.00) 0.808
CCT (um) 547,69 + 27.06 (503 to 620) 545.97 + 27.71 (500 to 639) 0.701
Km (D) 43.08 +1.25 (40.5 to 46.4) 43.32 +1.22 (41.2 to 46.0) 0.221
IOP (mmHg) 15.80 + 2.55 (10.1 to 20.1) 15.79 + 2.78 (9.4 t0 20.7) 0.988

MRSE: manifest refraction spherical equivalent, CCT: central corneal thickness, Km: mean corneal curvature, and IOP: intraocular pressure.

in the SMILE group and 75 right eyes in the FS-LASIK
group. We retrospectively reviewed the clinical charts of
patients who underwent SMILE or FS-LASIK surgery in our
department. The inclusion criteria were as follows: subjects
who had stable postoperative manifest refraction spherical
equivalent (MRSE) within +0.25D, together with reliable
corneal topographic evaluations and corneal biomechanical
examinations preoperatively and 3 months postoperatively.
Eyes with postoperative complications such as dry eye or
steroid-induced high intraocular pressure were excluded as
these complications may influence the corneal high-order
aberrations [9, 10]. Seventy-five subjects (38 female/37 male)
with the FS-LASIK surgery were included. Patients’ age was
24.28 + 5.24 years (mean + SD); the range was 18 to 42 years.
Spherical correction was —5.22 + 1.76 D, ranging from —1.50
to —10.50 D, and the cylinder was —0.67+0.52 D, ranging from
0.00 to —2.50 D. Seventy-five subjects (41 female/34 male)
who had myopic SMILE refractive surgery were matched
for the patient age, sphere, and cylinder. The patients’ age
was 24.25 + 5.38 years, ranging from 18 to 41 years. Myopic
spherical corrections were —5.12 + 1.29D, ranging from
—2.25 to —8.50 D. The cylinder was —0.73 + 0.70 D, ranging
from —0.00 to —3.25D. Detailed clinical data are shown in
Table 1. There were no statistically significant differences
between the SMILE and FS-LASIK groups in the patients’
gender, age, spherical diopter, cylindrical diopter, or MRSE
preoperatively.

The research adhered to the tenets of the Declaration of
Helsinki and received approval from the Institution Review
Board of Tianjin Eye Hospital, Tianjin Medical University.
Written informed consent was obtained from all participants
after explanations of possible consequences.

Corneal wavefront aberrations were obtained using a
rotating Scheimpflug Camera (Pentacam HR, Oculus, Wet-
zlar, Germany). The Pentacam HR has been used as a
noninvasive and reproducible method for the measurement
of corneal HOAs of the anterior and posterior surfaces and
the total cornea [11, 12]. To avoid misleading effects, the
corneas with preoperative scars were excluded from the
study, and experienced ophthalmic technicians measured the
corneal aberrations of the undilated eyes in low mesopic
conditions. In this study, the wavefront aberrations of the
anterior corneal surface, the posterior surface, and the total

cornea, including the 3rd- to 6th-order HOAs, vertical coma,
horizontal coma, and spherical aberration, were analyzed
over 6.0 mm central corneal zone with the sign. The qualified
readings preoperatively and at 3 months postoperatively were
accepted for statistical analysis.

Patients underwent corneal biomechanical examinations
through an Ocular Response Analyzer (ORA, Reichert Oph-
thalmic Instruments; Buffalo, NY, USA), which is the first
instrument that could quantify the corneal biomechanical
responses clinically [13]. This instrument used an air puff
to deform the cornea and generate two principal corneal
biomechanical parameters including the corneal hysteresis
(CH) and the corneal resistance factor (CRF). CH represents
the stiffness along the stromal lamellae; the CRF represents
the overall mechanical resistance of the cornea, which is an
indicator of the corneal elastic properties [13]. The ORA was
used to obtain three or four consecutive measurements in
each eye from every patient preoperatively and at 3 months
postoperatively. The readings for the qualified examinations
with the best waveform score were accepted for statistical
analysis.

2.2. Surgical Technique. A single experienced surgeon (Yan
Wang) performed all the SMILE and FS-LASIK surgeries.
The surgical procedure was performed with topical anesthesia
using 3 drops of oxybuprocaine hydrochloride (Benoxil,
Santen, Inc., Osaka, Japan) applied 3 minutes before surgery.
The same femtosecond laser system (VisuMax, Carl Zeiss
Meditec AG, Germany) with a 500 kHz repetition rate was
used for the SMILE procedure and the FS-LASIK procedure.

The SMILE procedure was performed with the VisuMax
femtosecond laser system. The patient’s eye was positioned
under the interface cone, and the subject was asked to look at
the blinking target light. The surgeon adjusted the position of
the eye close to the interface cone. Once an appropriate cen-
tration (i.e., center of pupil) had been achieved, suction was
applied [14-16]. Four cleavage planes were created, including
two surfaces of the refractive lenticule, the vertical edge of the
refractive lenticule, and a single side-cut incision peripherally
of the cornea at the 12 oclock position. The lenticule was
separated from the stromal bed and removed with forceps
through the small incision. The lenticule diameter was 6 mm.
The optical zone diameter was equal to the lenticule diameter
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in patients with purely spherical refractive error. If the patient
had astigmatism, the software added a transition zone to
convert the oval lenticule into a circle. Therefore, the lenticule
diameter was 6.0-6.1mm, depending on the presence or
absence of astigmatism [15, 17, 18]. The arc length of the small
incision ranged from 2 to 5mm. The target refraction was
within +0.25D. The predicted depth of the anterior surface
of the lenticule was 110 ym.

The VisuMax system was also used for flap creation
in the FS-LASIK procedure; a 400 Hz Allegretto excimer
laser system (WaveLight Laser Technologie AG, Germany)
was used for stromal ablation with the wavefront-optimized
ablation mode. The center of the ablation zone was aligned
with the center of the pupil. After stromal ablation, the
residual stromal bed was washed with the balanced salt
solution, and the flap was repositioned. The target refraction
was within +0.25D. The intended flap thickness was 100—
110 ym with the flap diameters of 7.9-8.0 mm. The hinge of the
corneal flap was in the nasal side. All eyes had ablations using
an optical zone diameter of 6 mm surrounded by a transition
zone of 1.0 mm.

2.3. Statistical Analysis. The normality of all data samples
was checked with the Kolmogorov-Smirnov test. Differences
between the preoperative and postoperative values were
compared by the paired t-test; differences between SMILE
and FS-LASIK were determined by two-tailed independent
t-test.

Stepwise multivariate linear regression analysis was
applied to investigate the determinants of corneal high-
order aberrations, using criteria of probability-of-F-to-enter
< 0.050 and probability-of-F-to-remove > 0.100. The depen-
dent variable was the changes of the corneal HOAs of the
anterior surface, the posterior surface, and the total cornea
in SMILE and FS-LASIK, respectively. The explanatory vari-
ables include the preoperative CH and the CRF and the
manifest refraction spherical equivalent (MRSE), the central
corneal thickness (CCT), the intraocular pressure (IOP), and
the mean corneal curvature. All regression analysis model
assumptions were evaluated by analyzing the condition index
in the collinearity diagnostics to exclude the collinearity
among the explanatory variables. The Durbin-Watson value
was also investigated to confirm the independence of the
residual errors. If the condition index was larger than thirty,
the last enrolled explanatory variable was excluded, and the
other variables were included in the regression analysis. Only
modes with the condition index larger than zero and less than
thirty and the value of Durbin-Watson tests near two were
included. A P value less than 0.05 was considered statistically
significant. Statistical analysis was performed using SPSS
statistical software (version 19.0, Chicago, USA).

3. Results

This study was comprised of seventy-five right eyes in
the SMILE group and seventy-five right eyes in the FS-
LASIK group. Detailed clinical data are shown in Table 1.
Preoperatively, there were no statistically significant differ-
ences (P > 0.05, Student’s t-test) between the two groups

in the patients’ gender, age, spherical diopter, cylindrical
diopter, manifest refraction spherical equivalent (MRSE),
central corneal thickness (CCT), mean corneal curvature, or
intraocular pressure (IOP).

3.1 Corneal Biomechanics. Figure lillustrates that the corneal
biomechanics significantly decreased after the SMILE (CH:
P < 0.001, CRF: P < 0.001, paired t-test) and FS-LASIK (CH:
P < 0.001, CRF: P < 0.001) surgeries. The postoperative CH
and the CRF were significantly higher after SMILE than after
FS-LASIK (P = 0.010, P = 0.019; Student’s ¢-test, Figures 1(a)
and 1(b)).

The CRF decreased 3.14 + 1.06 mmHg while CH
decreased 1.86 + 1.13 mmHg after the SMILE surgery; the
ratio of the CRF changes ((pre-CRF — post-CRF)/pre-CRF)
was larger than the reduction ratio of CH (P = 0.001,
Figure 1(c)) after the SMILE surgery. The CRF decreased
3.80+1.53 mmHg while CH reduced 2.23 + 1.33 mmHg after
the FS-LASIK surgery. The ratio of the CRF changes after the
FS-LASIK surgery was also larger than that of CH (P = 0.001,
Figure 1(c)).

3.2. Corneal High-Order Aberrations (HOAs). The corneal
HOAs of the anterior surface, the posterior surface, and the
total cornea before and after SMILE and FS-LASIK are shown
in Figure 2. The 3rd- to 6th-order HOAs and the spherical
aberration of the anterior surface and the total cornea exhibit
significant increases in both groups (P < 0.05).

There were significant differences between SMILE and
FS-LASIK groups in the changes of corneal HOAs after
surgeries (Figure 3). Specifically, the changes of the 3rd- to
6th-order HOAs, spherical aberration, and horizontal coma
of the anterior surface and the total cornea were significantly
lower after SMILE surgery than after FS-LASIK surgery (P <
0.05, Figure 3). The amounts of the induced vertical coma of
the anterior surface and the total cornea were significantly
higher after SMILE surgery (P = 0.042, P = 0.040,
Figure 2), whereas the horizontal coma of the anterior cornea
and the total cornea was significantly higher after FS-LASIK
surgery than SMILE surgery. The induced posterior corneal
horizontal coma was significantly lower after SMILE surgery
(P < 0.001, Figure 3).

3.3. Multivariate Analysis of the Relations between Corneal
Biomechanics and the Surgically Induced HOAs. The multi-
variable regression analyses of the surgically induced anterior
corneal HOAs, posterior corneal HOAs, and total corneal
HOAs are shown in Tables 2, 3, and 4, respectively. After both
the SMILE and FS-LASIK procedures, the preoperative CRF
showed significantly negative correlations with the induced
3rd- to 6th-order HOAs and the induced spherical aberration
of the anterior surface (P < 0.01, Figure 4, Table 2)
and the total cornea (P < 0.01, Figure 4, Table 4). The
preoperative CRF also showed significant correlations with
the induced vertical coma of the posterior cornea after the
SMILE procedure (P = 0.024, Table 3, Figure 5). There was
a significant correlation between the CRF and the induced
horizontal coma of the posterior cornea after FS-LASIK
surgery (P = 0.013, Table 3, Figure 5).
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FIGURE 1: Comparison of the corneal hysteresis (CH) and the corneal resistance factor (CRF) between SMILE and FS-LASIK surgery (a, b);
the ratio of CRF changes was significantly higher than that of CH after both the SMILE and the FS-LASIK surgeries (c). The ratio of CRF
changes after surgery = ((preoperative CRF — postoperative CRF)/preoperative CRF), **P < 0.01, “P < 0.05.

TABLE 2: Stepwise multivariate linear regression analyses of factors that correlated with the alterations of the anterior corneal aberrations after
SMILE and FS-LASIK.

Changes of anterior corneal HOAs SMILE Adjusted R? FS-LASIK Adjusted R
Priority Beta P Priority Beta P

3rd- to 6th-order HOAs MRSE —-0.487 <0.001 0303 MRSE -0.755 <0.001 0.574
CRF —-0.305 0.002 CRF -0.210 0.007

Spherical aberration MRSE -0.451 <0.001 0.279 MRSE -0.701 <0.001 0.530
CRF —-0.321 0.002 CRF -0.299 <0.001

Vertical coma MRSE 0.332 0.003 0.135 MRSE 0.302 0.009 0.079
CRF 0.229 0.037

Horizontal coma MRSE 0.237 0.040 0.043 MRSE 0.584 <0.001 0.332

HOAs: high-order aberrations, CRF: corneal resistance factor, MRSE: manifest refraction spherical equivalent, and beta: standardized coefficients.
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FIGURE 2: Comparison of the corneal HOAs of the anterior and posterior surfaces and the total cornea after SMILE and FS-LASIK surgeries.

*P < 0.05, ** P < 0.01. HOAs: high-order aberrations.
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TABLE 3: Stepwise multivariate linear regression analyses of factors that correlated with the alterations of the posterior corneal aberrations
after SMILE and FS-LASIK.

Changes of posterior corneal HOAs SMILE Adjusted R FS-LASIK Adjusted R
Priority Beta P Priority Beta P
Vertical coma CRF —-0.261 0.024 0.055 0.079
Horizontal coma CRE ~0.280° 0013 0.107
MRSE -0.257 0.023

HOAEs: high-order aberrations, CRF: corneal resistance factor, MRSE: manifest refraction spherical equivalent, and beta: standardized coefficients.
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FIGURE 4: Scatter plots show the significant relations between the preoperative corneal resistance factor (CRF) and the changes in the corneal
HOAs for the anterior cornea and the total cornea after SMILE and FS-LASIK surgeries.

TABLE 4: Stepwise multivariate linear regression analyses of factors that correlated with the alterations of the total corneal aberrations after
SMILE and FS-LASIK.

Changes of total corneal HOAs SMILE Adjusted R FS-LASIK Adjusted R
Priority Beta P Priority Beta

3rd- to 6th-order HOAs MRSE —-0.496 <0.001 0.298 MRSE -0.760 <0.001 0.579
CRF —-0.281 0.005 CRF -0.200 0.010

Spherical aberration MRSE —-0.442 <0.001 0.280 MRSE -0.697 <0.001 0.526
CRF -0.335 0.001 CRF -0.302 <0.001

Vertical coma MRSE 0.338 0.003 0.136 MRSE 0.304 0.008 0.080
CRF 0.223 0.043

Horizontal coma MRSE 0.289 0.012 0.084 MRSE 0.594 <0.001 0.344

HOAs: high-order aberrations, CRF: corneal resistance factor, MRSE: manifest refraction spherical equivalent, and beta: standardized coefficients.
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4. Discussion

The present study aims to identify new factors influencing
the corneal optical changes after corneal refractive surgeries
through corneal biomechanical analysis. We provide evi-
dence that the corneal biomechanics, especially the corneal
resistance factor, were significantly correlated with the sur-
gically induced corneal high-order aberrations (HOAs) after
the SMILE and FS-LASIK procedures. To the best of our
knowledge, this is the first study that investigates the corre-
lations between the CH, the CREF, and the surgically induced
corneal HOAs in myopic eyes after SMILE and FS-LASIK
surgeries.

We found that the SMILE procedure was superior to the
FS-LASIK surgery with respect to the corneal biomechanics.
Reinstein et al. [19] and Roy et al. [20] also found better post-
operative corneal biomechanics in the SMILE group through
the mathematical analyses. Hence, high myopic subjects with
lower corneal biomechanics preoperatively are suggested to
undergo the SMILE surgery for better postoperative corneal
biomechanics. Although some other studies found similar
biomechanical results [18, 21] between SMILE and FS-LASIK
surgery, the sample size is relative small (30 versus 30, 29
versus 35 eyes). Therefore, other randomized, prospective,
contralateral studies with large sample sizes are still needed
to confirm our results. Moreover, the present study also found
that the CRF was more sensitive to the biomechanical changes
after both the SMILE and FS-LASIK surgeries. Pifiero et
al. [22] also suggest that the CRF has more diagnostic
ability than CH for the pathological changes occurring
in keratoconic eyes that are characterized as disorganized
corneal collagen and weakened corneal biomechanics. This
may indicate that the CRF was more sensitive than CH to the
optical changes after SMILE and FS-LASIK surgeries.

We also found that the SMILE procedure was superior to
FS-LASIK with respect to the corneal high-order aberrations

(HOAs), which was in accordance with other studies [23,
24]. The optical advantages of the SMILE procedure may
be associated with the flapless surgical technique [5]. These
results may be important for those patients with larger pupil
size or higher myopia [6, 25]. The SMILE procedure could be
performed in these subjects to reduce the optical changes and
improve their visual qualities. In addition, we also found the
vertical coma was significantly increased after SMILE surgery,
whereas the horizontal coma was significantly increased after
FS-LASIK surgery. It might result from the superior incision
along the vertical axis in SMILE procedure and the nasal-
hinge flap in FS-LASIK surgery [5], which may cause imbal-
anced corneal healing responses and imbalanced optical
changes along the axis. Although some studies demonstrated
that decentrations [3, 4] play a role in the induction of coma
after the SMILE surgery, other studies are still needed to
investigate the resources of the vertical coma and horizontal
coma to optimize the postoperative visual qualities.

The main finding in the present study is that the pre-
operative corneal biomechanical parameter CRF was inde-
pendently correlated with the surgically induced corneal
optical changes whatever the spherical equivalent was. These
correlations indicated that the lower the CRE the larger
the induced corneal high-order aberrations after refractive
surgeries. In other words, corneas with weaker mechanical
and structural properties might be linked to more deformable
corneal surfaces and larger optical changes of the cornea
after surgeries. This might help explain why some subjects
are more predisposed to poor visual qualities than others.
In terms of correlations between corneal biomechanics and
corneal aberrations, previous studies found that the corneal
aberrations significantly increased in eyes that underwent
radial keratectomy with reduced corneal biomechanical
strengths [26, 27]. However, these studies did not investigate
the correlations between the preoperative corneal biome-
chanics and the surgically induced corneal HOAs in eyes
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after surgery. Recently, Denoyer et al. demonstrated that
the corneal biomechanical properties could influence the
induced astigmatism in cataract surgery [7]. Pifiero et al. also
found that the corneal biomechanical properties were corre-
lated with the corneal HOAs after intraocular ring segment
implantation [8]. All of these findings demonstrate that the
corneal biomechanical properties might be important factors
associated with the corneal optical changes after surgeries.
Our findings suggest that the clinical surgeons should pay
more attention to the corneal biomechanical parameters
preoperatively since patients with lower corneal structural
properties may suffer from higher corneal HOAs, limiting
the potential visual benefits of the SMILE and FS-LASIK
surgeries. The corneal biomechanical characteristics might be
included in the algorithm of corneal refractive surgeries to
optimize the postoperative visual qualities of the SMILE and
FS-LASIK surgeries.

There are some limitations in this study. Although this
study enrolled 150 subjects, future studies with larger sample
size would be needed to confirm our initial observations.
Moreover, the present study investigated the correlations
between corneal biomechanics and the surgically induced
corneal HOAs in the advanced SMILE surgery and the estab-
lished FS-LASIK surgery. Future studies may demonstrate
the possible associations between corneal biomechanics and
the surgically induced corneal HOAs in other corneal proce-
dures.

In summary, the changes of corneal high-order aberra-
tions after SMILE and FS-LASIK surgeries were associated
with corneal biomechanical properties. Corneal biomechan-
ics may be meaningful for screening patients preoperatively
and optimizing the visual qualities postoperatively.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This study was supported by research grants from the
National and Science Program Grant (no. 81470658), China,
and the Tianjin Research Program of Application Foundation
and Advanced Technology (14JCZDJC35900).

References

[1] W. Sekundo, K. S. Kunert, and M. Blum, “Small incision corneal
refractive surgery using the small incision lenticule extraction
(SMILE) procedure for the correction of myopia and myopic
astigmatism: results of a 6 month prospective study,” British
Journal of Ophthalmology, vol. 95, no. 3, pp. 335-339, 2011.

B. Pajic, I. Vastardis, B. Pajic-Eggspuehler, Z. Gatzioufas, and F.
Hafezi, “Femtosecond laser versus mechanical microkeratome-
assisted flap creation for lasik: a prospective, Randomized,
Paired-eye study;,” Clinical Ophthalmology, vol. 8, pp. 1883-1889,
2014.

[3] M. Li,J. Zhao, H. Miao et al., “Mild decentration measured by a
scheimpflug camera and its impact on visual quality following

S

(10]

(11]

(12]

[14

(15]

(16]

(17]

(18]

SMILE in the early learning curve,” Investigative Ophthalmology
& Visual Science, vol. 55, no. 6, pp. 3886-3892, 2014.

K. Kamiya, K. Umeda, A. Igarashi, W. Ando, and K. Shimizu,
“Factors influencing the changes in coma-like aberrations after
myopic laser in situ keratomileusis,” Current Eye Research, vol.
36, no. 10, pp. 905-909, 2011.

I. G. Pallikaris, G. D. Kymionis, S. I. Panagopoulou, C. S.
Siganos, M. A. Theodorakis, and A. I. Pallikaris, “Induced
optical aberrations following formation of a laser in situ

keratomileusis flap,” Journal of Cataract and Refractive Surgery,
vol. 28, no. 10, pp. 1737-1741, 2002.

C. Villa, R. Gutiérrez, J. R. Jiménez, and J. M. Gonzilez-
Méijome, “Night vision disturbances after successful LASIK
surgery, British Journal of Ophthalmology, vol. 91, no. 8, pp.
1031-1037, 2007.

A. Denoyer, X. Ricaud, C. Van Went, A. Labbé, and C.
Baudouin, “Influence of corneal biomechanical properties on
surgically induced astigmatism in cataract surgery, Journal of
Cataract & Refractive Surgery, vol. 39, no. 8, pp. 1204-1210, 2013.

D. P. Pifero, J. L. Alio, R. I. Barraquer, and R. Michael, “Corneal
biomechanical changes after intracorneal ring segment implan-
tation in Keratoconus,” Cornea, vol. 31, no. 5, pp. 491-499, 2012.
N. Deschamps, X. Ricaud, G. Rabut, A. Labbé, C. Baudouin, and
A. Denoyer, “The impact of dry eye disease on visual perfor-
mance while driving,” American Journal of Ophthalmology, vol.
156, no. 1, pp. 184.e3-189.e3, 2013.

J. Qu, E Lu, J. Wu et al., “Wavefront aberration and its associa-
tion with intraocular pressure and central corneal thickness in
myopic eyes,” Journal of Cataract and Refractive Surgery, vol. 33,
no. 8, pp. 1447-1454, 2007.

E. Juhasz, K. Kranitz, G. L. Sandor, A. Gyenes, G. Toth, and
Z. Z. Nagy, “Wavefront properties of the anterior and posterior
corneal surface after photorefractive keratectomy,” Cornea, vol.
33, no. 2, pp. 172-176, 2014.

S. Koh, N. Maeda, T. Nakagawa et al., “Characteristic higher-
order aberrations of the anterior and posterior corneal surfaces
in 3 corneal transplantation techniques,” The American Journal
of Ophthalmology, vol. 153, no. 2, pp. 284-290, 2012.

A. Plakitsi, C. O’Donnell, M. A. Miranda, W. N. Charman,
and H. Radhakrishnan, “Corneal biomechanical properties
measured with the Ocular Response Analyser in a myopic
population,” Ophthalmic and Physiological Optics, vol. 31, no. 4,
pp. 404-412, 2011.

J. Zhang, Y. Wang, W. Wu, L. Xu, X. Li, and R. Dou, “Vector
analysis of low to moderate astigmatism with small incision
lenticule extraction (SMILE): results of a 1-year follow-up,” BMC
Ophthalmology, vol. 15, article 8, 2015.

A. Agca, A. Demirok, K. 1. Cankaya et al., “Comparison of
visual acuity and higher-order aberrations after femtosecond
lenticule extraction and small-incision lenticule extraction,
Contact Lens and Anterior Eye, vol. 37, no. 4, pp. 292-296, 2014.

E Lin, Y. Xu, and Y. Yang, “Comparison of the visual results
after SMILE and femtosecond laser-assisted LASIK for myopia,”
Journal of Refractive Surgery, vol. 30, no. 4, pp. 248-254, 2014.

S. Weiand Y. Wang, “Comparison of corneal sensitivity between
FS-LASIK and femtosecond lenticule extraction (ReLEx flex)
or small-incision lenticule extraction (ReLEx smile) for myopic
eyes,” Graefe’s Archive for Clinical and Experimental Ophthal-
mology, vol. 251, no. 6, pp. 1645-1654, 2013.

A. Agca, E. B. Ozgurhan, A. Demirok et al., “Comparison
of corneal hysteresis and corneal resistance factor after small



10

(19

[20

[22

[25

[26

(27

J

]

]

]

incision lenticule extraction and femtosecond laser-assisted
LASIK: a prospective fellow eye study, Contact Lens and
Anterior Eye, vol. 37, no. 2, pp. 77-80, 2014.

D.Z.Reinstein, T.]. Archer, and J. B. Randleman, “Mathematical
model to compare the relative tensile strength of the cornea after
PRK, LASIK, and small incision lenticule extraction,” Journal of
Refractive Surgery, vol. 29, no. 7, pp. 454-460, 2013.

A. S. Roy, W. J. Dupps Jr,, and C. J. Roberts, “Comparison of
biomechanical effects of small-incision lenticule extraction and
laser in situ keratomileusis: finite-element analysis,” Journal of
Cataract and Refractive Surgery, vol. 40, no. 6, pp. 971-980, 2014.
I. B. Pedersen, S. Bak-Nielsen, A. H. Vestergaard, A. Ivarsen,
and J. Hjortdal, “Corneal biomechanical properties after LASIK,
ReLEx flex, and ReLEx smile by Scheimpflug-based dynamic
tonometry;, Graefe’s Archive for Clinical and Experimental Oph-
thalmology, vol. 252, no. 8, pp. 1329-1335, 2014.

D. P. Pifiero, J. L. Alio, R. I. Barraquer, R. Michael, and
R. Jiménez, “Corneal biomechanics, refraction, and corneal
aberrometry in keratoconus: an integrated study,” Investigative
Ophthalmology and Visual Science, vol. 51, no. 4, pp. 1948-1955,
2010.

S. Ganesh and R. Gupta, “Comparison of visual and refractive
outcomes following femtosecond laser—assisted LASIK with
SMILE in patients with myopia or myopic astigmatism,” Journal
of Refractive Surgery, vol. 30, no. 9, pp. 590-596, 2014.

A. Gyldenkerne, A. Ivarsen, and J. @. Hjortdal, “Comparison of
corneal shape changes and aberrations induced by FS-LASIK
and SMILE for myopia,” Journal of Refractive Surgery, vol. 31,
no. 4, pp. 223-229, 2015.

T. Oshika, S. D. Klyce, R. A. Applegate, H. C. Howland,
and M. A. El Danasoury, “Comparison of corneal wavefront
aberrations after photorefractive keratectomy and laser in situ
keratomileusis,” American Journal of Ophthalmology, vol. 127,
no. 1, pp. 1-7, 1999.

M. R. Bryant, K. Szerenyi, H. Schmotzer, and P. J. McDonnell,
“Corneal tensile strength in fully healed radial keratotomy
wounds,” Investigative Ophthalmology and Visual Science, vol.
35, no. 7, pp. 3022-3031, 1994.

R. A. Applegate, G. Hilmantel, and H. C. Howland, “Corneal
aberrations increase with the magnitude of radial keratotomy
refractive correction,” Optometry and Vision Science, vol. 73, no.
9, pp. 585-589, 1996.

Journal of Ophthalmology



