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Abstract
Purpose: The aim of this study was to compare the changes in corneal biomechanical properties following small-incision lenticule extraction
(SMILE) versus Q-valueeguided femtosecond laser-assisted in situ keratomileusis (Q-FS-LASIK).
Methods: In this prospective comparative study, patients with a sphere plus cylinder measurement of less than �10.00 D and cylinder mea-
surement of less than �5.00 D were included in the study. A total of 160 patients (160 eyes) with myopia and myopic astigmatism were divided
into the two groups, with 80 patients (80 eyes) allocated to SMILE and 80 patients (80 eyes) allocated to Q-FS-LASIK. Corneal hysteresis (CH)
and the corneal resistance factor (CRF) were quantitatively assessed using the Ocular Response Analyzer (ORA) preoperatively and at 1 day, 2
weeks, and 1 and 3 months postoperatively.
Results: Both types of surgery were associated with statistically significant decreases in CH and the CRF at postoperative day 1 (both P < 0.01).
In both groups, the decreases subsequently stabilized with no further deteriorations compared to postoperative day 1 (P > 0.05). Both groups
showed similar biomechanical changes at each time point (all P > 0.05).
Conclusions: Both SMILE and Q-FS-LASIK resulted in a decrease in CH and the CRF at postoperative 1 day, with the decreases stabilizing
after this point. There were no significant differences between the short term effects of SMILE and Q-FS-LASIK on corneal biomechanical
properties.
Copyright © 2016, Iranian Society of Ophthalmology. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

With the rapid and extensive development of modern
corneal refractive surgery, related technologies have been
promoted, and new surgical procedures have been developed.
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Q-valueeguided femtosecond laser-assisted in situ kerato-
mileusis (Q-FS-LASIK) is a safe surgical procedure in which
lower spherical aberration is introduced,1e4 and has been a
popular procedure for corneal refractive surgery. Small-
incision lenticular extraction (SMILE) is a new kind of sur-
gical procedure that avoids flap-related complications,5 and it
is gaining more attention. Both procedures have performed
well in studies in all measures of safety, efficacy, and pre-
dictability.6e8 Although some previous studies have compared
corneal biomechanical properties after SMILE and LASIK,
the results have been inconsistent.9,10 The aim of this study
was therefore to increase the sample number to provide a
better frame of reference. In addition, and different from
earlier research, we used Q-FS-LASIK, which has not previ-
ously been compared with SMILE.
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In the current study, we measured corneal hysteresis (CH)
and the corneal resistance factor (CRF) and evaluated the
changes in corneal biomechanical properties following
surgery.

Methods

The study and data accumulation were carried out with
approval from HangZhou Bright Vision Hospital Independent
Ethics Committee.

In this prospective, non-randomized study (patients were
allocated to each surgery through their own wishes), 160 pa-
tients (160 eyes) with myopia or myopia astigmatism were
treated with either SMILE or Q-FS-LASIK at HangZhou
Bright Vision Hospital between January and November 2015.
In patients in whom both eyes were eligible, one eye was
randomly chosen for inclusion. All participants were informed
about the risks and benefits of both procedures and provided
written informed consent. Patient inclusion criteria included a
sphere plus cylinder measurement of less than �10.00 D and a
cylinder measurement of less than �5.00 D.
Preoperative assessments
Preoperative assessments included a complete medical and
ophthalmologic history and a thorough ocular examination,
including measurement of uncorrected visual acuity, manifest
refraction, best corrected visual acuity, cycloplegic refraction,
slit-lamp examination, axial length, gonioscopy, funduscopy,
and intraocular pressure. In addition, corneal topography was
obtained using a tomography instrument (Sirius; CSO, Flor-
ence, Italy).
Measurement of biomechanical parameters
CH and CRF were determined using the Ocular Response
Analyzer (ORA, Technologies, Depew, NY, USA). The mean
value of three measurements with high signal quality was used
for statistical analysis. High signal quality was defined as a
device waveform signal score, based on the composite index
of five corneal deformation signals of more than 6.5.

ORA measures two applanation points during a single
process. The first applanation pressure point (P1) occurs as an
air puff pushes the cornea inward, while the second applana-
tion pressure point (P2) occurs as the cornea returns from the
applanated state to normal.11 CH is defined as the difference
between P1 and P2. CRF is defined as a linear function of
these two pressures: CRF ¼ k1 � (P1 e 0.7 � P2) þ k2,
where k1 and k2 are constants.
Surgical procedures
All surgical procedures were performed by a single surgeon
(L.Z.). Routine disinfection and surface anesthesia were per-
formed before surgery.
SMILE
A total of 80 eyes underwent SMILE (VisuMax; Carl Zeiss,
Oberkochen, Germany). During the procedure, a cap of
120 mm, a single side-cut incision with a circumferential
length of 2.0 mm at the 120-degree position, a side-cut angle
of 90�, a 3 � 3 mm point spacing of the lens surface, a
2.5 � 2.5 mm point spacing of the lens side, and a 2 � 2 mm
point spacing of the side cut were created. After a femto-
second laser scan, both the front and back surfaces of the lens
were separated using a micro-separator. The free lens was then
removed using micro-forceps.
Q-FS-LASIK
A total of 80 eyes underwent Q-FS-LASIK with the use of
the FS200 femtosecond laser and EX500 excimer laser (both
Alcon, Fort Worth, Texas, USA). During flap creation, settings
were adjusted to achieve a thickness of 100 mm, side-cut angle
of 90�, 8 � 8 mm point spacing of the flap, and 5 � 3 mm point
spacing of the side cut. After a femtosecond laser scan, the
corneal stroma was ablated with a 0.2 negative adjustment of
the Q value (6 mm).
Postoperative care and follow-up
After surgery, fluorometholone 0.1% and bromfenac so-
dium 0.1% were immediately administered topically, levo-
floxacin 0.3% (Cravit; Santen, Osaka, Japan) was administered
topically four times a day for 1 week, and fluorometholone
0.1% was administered topically six times a day for 3 weeks,
after which the frequency was steadily tapered. Patients were
followed up, and the ORA measurements were repeated at 1
day, 2 weeks, and 1 and 3 months postoperatively.
Statistical analysis
All statistical analyses were performed using SPSS 19.0
(SPSS Inc., Chicago, USA). Student's t test was used to
compare preoperative patient demographics between the two
groups. For the purpose of statistical comparisons, visual
acuity measurements were converted to logarithm of the
minimum angle of resolution (LogMAR) units. Repeated-
measures analysis of variance was used to assess the means
of CH and CRF at different examination points within and
between each group. The means of CH and CRF pre- and
postoperatively were confirmed to meet the homogeneity of
variance, and Fisher's least significant difference (LSD) test
was therefore used for multiple comparisons within each
group. The means of CH and CRF pre- and postoperatively did
not meet the assumption of sphericity, and multivariate sta-
tistical analysis and degree of freedom adjustment were
therefore used for comparisons between each group. Pearson
correlation coefficients were calculated to evaluate correla-
tions between 3-month changes in CH and CRF and multiple



Table 1

Preoperative patient demographics.

Parameter SMILE Q-FS-LASIK t value P value

Spherical (D) �5.12 ± 1.62 �4.87 ± 1.80 0.90 0.37

Cylinder (D) �0.77 ± 0.63 �0.84 ± 0.76 �0.68 0.50

BCVA �0.03 ± 0.06 �0.03 ± 0.05 0.43 0.67

UCVA 1.28 ± 0.27 1.22 ± 0.23 1.54 0.13

CCT (mm) 550.80 ± 25.77 547.06 ± 29.53 0.85 0.40

Optical zone (mm) 6.43 ± 0.15 6.40 ± 0.17 0.97 0.33

Values are means ± standard deviations.

BCVA ¼ best corrected visual acuity, CCT ¼ central corneal thickness,

UCVA ¼ uncorrected visual acuity.
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variables, including spherical, cylinder, and optical zone
measurements. The results are expressed as mean ± SD, and P
values of <0.05 were considered statistically significant.

Results

The study enrolled 160 patients (160 eyes), with the pa-
tients divided into two equal groups. The preoperative patient
Table 2

Corneal biomechanical parameters.

Parameter Preoperative Postoperative

1 day 2 weeks

Corneal hysteresis (mm Hg)

SMILE 10.64 ± 1.09 7.91 ± 1.06 7.94 ± 1.08

Q-FS-LASIK 10.83 ± 1.60 7.98 ± 1.17 8.07 ± 1.37

Corneal resistance factor (mm Hg)

SMILE 10.54 ± 1.53 6.88 ± 1.47 7.01 ± 1.38

Q-FS-LASIK 10.71 ± 1.74 6.85 ± 1.42 6.87 ± 1.45

Values are means ± standard deviations.

Fig. 1. CH changes following SMILE and Q-FS-LASIK. Changes in corneal hyster

between the SMILE and Q-FS-LASIK groups were not statistically significant.
demographics are summarized in Table 1. All operations were
successful, and no serious complications or iatrogenic corneal
ectasia were seen during the 3 months postoperatively.

The corneal biomechanical parameters are summarized in
Table 2. The changes in CH and CRF following SMILE and
Q-FS-LASIK are shown in Figs. 1 and 2, respectively.

In the SMILE group, the variation in CH was statistically
significant (P < 0.001). Fisher's LSD test showed that CH at
each postoperative time point was statistically significantly
lower than the preoperative value (P < 0.001). However, the
difference between each postoperative time point was not
significant (Table 3).

The variation in CRF in the SMILE group was also sta-
tistically significant (P < 0.001). Fisher's LSD test showed that
the CRF at each postoperative time point was statistically
significantly lower than the preoperative value (P < 0.001).
However, the difference between each postoperative time
point was not significant (Table 3).

In Q-FS-LASIK group, the variation in CH was again sta-
tistically significant (P < 0.001). Fisher's LSD test showed that
F value P value

1 month 3 months

8.00 ± 0.99 7.91 ± 0.92 109.84 0.001

8.17 ± 1.31 8.00 ± 1.32 66.38 0.001

7.08 ± 1.34 7.07 ± 1.27 102.30 0.001

6.88 ± 1.46 6.82 ± 1.40 105.83 0.001

esis (CH) over time. Bars represent standard deviations. The differences in CH



Fig. 2. CRF changes following SMILE and Q-FS-LASIK. Changes in the corneal resistance factor (CRF) over time. Bars represent standard deviations. The

differences in CRF between the SMILE and Q-FS-LASIK groups were not statistically significant.
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CH at each postoperative time point was statistically signifi-
cantly lower than the preoperative value (P < 0.001). However,
the difference between each postoperative time point was not
significant (Table 4).

The variation in the CRF in the Q-FS-LASIK group was
also statistically significant (P < 0.001). Fisher's LSD test
showed that the CRF at each postoperative time point was
statistically significantly lower than the preoperative value
Table 3

Multiple comparisons within SMILE group.

Parameter P value

Corneal hysteresis

Preoperative 1 day postoperative 0.001

2 weeks postoperative 0.001

1 month postoperative 0.001

3 months postoperative 0.001

1 day postoperative 2 weeks postoperative 0.84

1 month postoperative 0.60

3 months postoperative 0.99

2 weeks postoperative 1 month postoperative 0.74

3 months postoperative 0.86

1 month postoperative 3 months postoperative 0.61

Corneal resistance factor

Preoperative 1 day postoperative 0.001

2 weeks postoperative 0.001

1 month postoperative 0.001

3 months postoperative 0.001

1 day postoperative 2 weeks postoperative 0.55

1 month postoperative 0.37

3 months postoperative 0.40

2 weeks postoperative 1 month postoperative 0.77

3 months postoperative 0.81

1 month postoperative 3 months postoperative 0.96
(P < 0.001). However, the difference between each post-
operative time point was not significant (Table 4).

The differences in CH and CRF between the SMILE and Q-
FS-LASIK groups were not statistically significant (P ¼ 0.044
and P ¼ 0.64, respectively).

In the SMILE group, the 3-month changes in CH and CRF
were correlated with spherical measurements only (P ¼ 0.002
and P < 0.001, respectively) (Table 5, Fig. 3).
Table 4

Multiple comparisons within Q-FS-LASIK group.

Parameter P value

Corneal hysteresis

Preoperative 1 day postoperative 0.001

2 weeks postoperative 0.001

1 month postoperative 0.001

3 months postoperative 0.001

1 day postoperative 2 weeks postoperative 0.66

1 month postoperative 0.37

3 months postoperative 0.92

2 weeks postoperative 1 month postoperative 0.65

3 months postoperative 0.74

1 month postoperative 3 months postoperative 0.43

Corneal resistance factor

Preoperative 1 day postoperative 0.001

2 weeks postoperative 0.001

1 month postoperative 0.001

3 months postoperative 0.001

1 day postoperative 2 weeks postoperative 0.95

1 month postoperative 0.90

3 months postoperative 0.90

2 weeks postoperative 1 month postoperative 0.94

3 months postoperative 0.85

1 month postoperative 3 months postoperative 0.80



Table 5

Correlation analysis.

R value P value

SMILE

Change of Corneal hysteresis Spherical 0.34 0.002

Cylinder �0.16 0.17

Optical zone �0.03 0.76

Change of Corneal resistance factor Spherical 0.39 0.001

Cylinder 0.05 0.67

Optical zone �0.07 0.54

Q-FS-LASIK

Change of Corneal hysteresis Spherical 0.54 0.001

Cylinder 0.03 0.82

Optical zone �0.09 0.43

Change of Corneal resistance factor Spherical 0.49 0.001

Cylinder 0.17 0.13

Optical zone �0.13 0.27
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In the Q-FS-LASIK group, the 3-month changes in CH and
CRF were also correlated with spherical measurements only
(both P < 0.001) (Table 5, Fig. 4).

Discussion

Q-FS-LASIK, which is safe and associated with low
spherical aberrations, has been a popular procedure for corneal
refractive surgery. SMILE is a new kind of surgical procedure
that avoids flap-related complications and is gaining more
attention. Since the first case of corneal ectasia following
LASIK, published by Seiler et al,12 the biomechanical prop-
erties of the cornea have become an important indicator of
Fig. 3. Correlation analysis within the SMILE group. Scatterplot showing the correl

3-month CH and CRF following SMILE. The changes in CH and CRF were both
safety13e15 and are attracting more consideration. The ORA, a
dynamic bidirectional applanation device, has been used in
corneal refractive surgery to calculate the values of CH and the
CRF, allowing a quantitative description of the cornea's
biomechanical properties16 by measuring, recording, and
analyzing changes in corneal shape. CH represents the cornea's
absorption ability against external energy, while the CRF is an
indicator of the total reaction of the cornea, incorporating
corneal elastic resistance. Both CH and the CRF, as inherent
attributes of the cornea, can be used in the diagnosis of
keratoconus.17

The results of this study suggest that the cornea's absorption
ability against external energy and corneal elastic resistance
decreased by day 1 postoperatively following both SMILE and
Q-FS-LASIK. This shows that both procedures affect the
cornea's biomechanical properties, especially in highly myopic
patients in whom greater amounts of corneal tissue are
removed. This also indirectly shows that CH and the CRF are
inherent attributes of the cornea, and that postoperative heal-
ing and mild morphologic changes have little effect on them.
Consistent with other studies, highly myopic patients have
larger risk of corneal ectasia following LASIK.18,19

Corneal biomechanical properties are also affected by other
surgical parameters, in addition to the amount of corneal
stroma removed. Kirwan and O'Keefe reported that the
decrease in CH was not statistically significantly different after
LASIK or laser-assisted subepithelial keratectomy.20 Wu et al
reported that LASIK was associated with greater changes in
corneal biomechanical properties than SMILE.10 Furthermore,
Medeiros et al reported, using a porcine model, that CH and
ation of spherical measurements with the difference between pre-operation and

positively correlated with spherical measurements.



Fig. 4. Correlation analysis within the Q-FS-LASIK group. Scatterplot showing the correlation of spherical measurements with the difference between pre-

operation and 3-month CH and CRF following Q-FS-LASIK. The changes in CH and CRF were both positively correlated with spherical measurements.
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the CRF did not change significantly after the creation of a
100 mm thin flap, but significantly decreased after the creation
of a 300 mm thick flap.21

In the current study, we also found that CH and the CRF
were very stable at 1 day, 2 weeks, and 1 and 3 months
postoperatively following both SMILE and Q-FS-LASIK.
Furthermore, there were no significant differences in CH and
the CRF between the two groups at any postoperative time
point.

We followed patients for 3 months, because it has been
previously reported that there are no significant changes in
biomechanical properties between 3 and 6 months.22 However,
it is possible that further biomechanical changes might occur
over time, and long-term follow-up studies are therefore
required.

The observations from our study have several limitations.
First, the sample size of our study population was relatively
modest. Second, other surgical procedures were not consid-
ered as an independent factor or control group. Third, the non-
randomized method of treatment allocation resulted is a small
imbalance in some baseline patient characteristics between
both groups. Selected bias was at least partially offset by
having each patient select surgical procedure, however it could
not be completely ruled out. Fourth, the study follow-up was
limited to 3 months, which does not rule out the possibility of
subsequent regression. Further studies are needed to elucidate
long-term biomechanical changes.

In summary, both SMILE and Q-FS-LASIK were associ-
ated with decreases in corneal biomechanics. These changes
were seen on postoperative day 1 and were approximately
stable thereafter. In addition, there were no significant differ-
ences between SMILE and Q-FS-LASIK in their effects on the
biomechanical properties of the cornea.
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