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Abstract

Myopia is the most common refractive error. Surgical correction with laser is possible.
LASIK and SMILE are the techniques currently most used. Aim of the study was to compare
changes in corneal volume and thickness after the respective laser treatment. 104 eyes of
52 patients were matched based on refractive error into two equally sized groups, either
treated with LASIK or SMILE. Measurements were obtained from the Scheimpflug camera
(Pentacam) preoperatively and at 3 and 12 months postoperatively. 3 months postopera-
tively, the flapless SMILE procedure resulted in a significant overall greater loss of corneal
volume (P < 0.01) and corneal thickness (P < 0.01) compared to LASIK. No significant differ-
ence was found when comparing the 3 to 12-months values in each group. Within the cur-
rently used ranges of refractive error correction, loss in central corneal thickness and
corneal volume with SMILE is higher in comparison to LASIK. As greater loss in corneal vol-
ume and thickness might contribute to higher level of corneal instability maximum ranges of
refractive error correction with SMILE should not supersede those set currently for LASIK
until more long-term results on corneal ectasia are available for SMILE.

Introduction

Spending more time outdoors can reduce the risk of myopia and slow the myopic shift in refrac-
tive error [1]. Due to the fact that children spend more and more time indoors, the number of
patients with myopia is likely to increase in the future, and thus the number of patients needing
refractive surgery to obtain spectacle independence. Different procedures are in use today to cor-
rect myopia or myopic astigmatism in the long term, for example, the commonly used photore-
fractive keratectomy, laser—assisted in situ keratomileusis (LASIK), and the most recent small-
incision lenticule extraction (SMILE) procedure. The principles of LASIK and SMILE are simi-
lar. In both procedures, a certain part of the cornea is removed that leads to a flatter corneal cur-
vature, lower corneal thickness, and consequently, lower corneal refractive power.
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LASIK is normally used to correct myopia up to -8.00 D and astigmatism up to 5.00 D. In
this technique, a corneal flap is created with a microkeratome or femtosecond laser [2]. After
lifting and folding the hinged flap, ablations on the central part of the exposed stromal bed are
produced using an excimer laser. The flap is then repositioned and irrigated with physiologic
salt solution [3]. Since it is claimed that flap-based LASIK surgery reduces corneal biomechan-
ical properties [4], the perceived need for a less manipulating technique led to the development
of flapless SMILE. In this procedure, a stromal lenticule is produced using a femtosecond laser.
The lenticule is then extracted from the stroma through a small incision [5, 6].

To date, many studies have evaluated the visual outcomes of SMILE compared to LASIK. A
recent study [7] found lenticule extraction technology to be superior in postoperative visual
performance over a 2-year observation period compared to LASIK, whereas both techniques
were equal regarding efficacy and safety. Another study by Khalifa et al. [8] also found SMILE
to be safe and effective but the authors stated a trend toward under correction of astigmatic
myopia. These findings were congruous to those from Kanellopoulos [9] who obtained better
refractive results using topography-guided LASIK surgery. Regarding ultrastructural changes
of the cornea after refractive interventions, Luft et al. [10] observed that reactive fibrosis was
less marked after SMILE compared to LASIK in a human donor eye model, however after
LASIK the stromal bed exhibited a smoother surface texture.

It should be noted that none of these studies compared alterations in corneal volume (CV)
or corneal thickness (CT) between LASIK and SMILE. The purpose of our study was to inves-
tigate changes in these biomechanical parameters after correction of myopia or myopic astig-
matism. From our dataset of 104 eyes, we compared 3- and 12-month outcomes after both
procedures using Pentacam Scheimpflug measurements of the anterior eye segment.

Methods
Location, time and patient inclusion

The study protocol was reviewed and approved by the Institutional Review Board of the
Department of Ophthalmology at the Ludwig-Maximilians-University Munich (Ethikkom-
mission LMU Miinchen) and the tenets of the Declaration of Helsinki were followed through-
out the study. All patients participated in the study voluntarily and were informed of their
right to abandon it at any chosen time without having to provide a reason. Informed consent
was obtained in written form.

Medical records of 26 patients (52 eyes) who underwent myopia correction with LASIK and 26
patients (52 eyes) treated with SMILE were evaluated for this study. The LASIK group was com-
posed of 26 patients with preoperative refractive values that were comparable to those from the
SMILE group. Surgeries were performed by one experienced surgeon (D.K.) based at the SMILE
Eyes Eye Clinic Munich Airport, Germany. All eyes meeting the following criteria were included:
age over 18 years, complete preoperative and postoperative data, stable refraction, no additional
ocular diseases and corneal abnormalities such as keratoconus, no previous corneal surgery, and
no active infections. Our aim was to fully correct preoperative manifest refraction in all eyes.

Preoperative and postoperative assessment

The following preoperative measurements were all performed using the Scheimpflug camera
Pentacam (OCULUS Optikgerdte GmbH, Wetzlar, Germany): sphere, cylinder, partial CV of
regions with 3, 5, and 7 mm diameters from the apex and total CV for which a 10 mm diameter
was assumed, as well as pachymetry at the apex (central corneal thickness, CCT) and at per-
ipheric zones of 2, 4, 6, and 8 mm diameters. The examination process was standardized and
performed in a windowless clinical assessment room. The patients were instructed to blink
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repeatedly, then to focus and not to blink or move their eyes while the examination was in
progress. Our study relied exclusively on data with the quality label “ok” and without any
movement or blinking errors.

Postoperative assessment included measurements of CV and CT and was obtained at 3 and
12 months postoperatively.

Surgery and postoperative medication

Surgical techniques were the same for all patients of one group. In the LASIK group, a hinged
corneal flap with a thickness of 110 pm and a diameter of 8.4 to 8.5 mm was created with the
VisuMax®) femtosecond laser (Carl Zeiss Meditec, Jena, Germany). The Mel 80 excimer laser
(Carl Zeiss Meditec, Jena, Germany) with iris recognition software was used for photoablation
within a 6.5-6.75 treatment area. In contrast to LASIK, SMILE is a flapless procedure. Before
starting the surgery, the patient was asked to fixate on a blinking target. When adequate centra-
tion was achieved, the eye was fixated using a curved suction contact glass. A lenticule was pro-
duced using the VisuMax® femtosecond laser system (Carl Zeiss Meditec, Jena, Germany) that
was set at an intended cap thickness of 120 um and optical zone of 6.25-6.5 mm. The lenticule
was then grasped and removed through a small incision. All surgeries were uneventful and no
severe postoperative complications occurred.

Postoperatively, patients in both groups received polymyxin/ neomycin/ dexamethasone
eye-drops (Isopto-Max, Alcon) 4 times daily for 5 days. For 4 weeks, artificial tear supplements
were prescribed, starting hourly the first week and reduced to weekly as needed.

Evaluation

Assessment included changes in corneal volume (ACV) and corneal thickness (ACT). They
were calculated as differences of 3-month postoperative minus preoperative measurements
(ACV 30, ACT3y,,) and 12-month postoperative minus preoperative values (ACV 50,
ACT3m0). For each group, mean values and standard deviations of the evaluated outcomes
were calculated. Differences of ACV and ACT between both groups were compared.
Statistical analysis was performed with Stata software. Normality of all data samples was
checked with the Shapiro-Wilk test. Differences between the 2 groups were evaluated using
independent sample t-tests for data following normal distribution. Where normal distribution
criteria were not met, the Mann-Whitney U test was applied. Tests, for each group separately,
were employed as follows: the Mann-Whitney U test was performed to compare differences
between 3- and 12-month measurements; and the Pearson’s correlation coefficient (r) was
applied to assess the correlation between the preoperative spherical equivalent (SE) and
ACV 3, of the 7 mm diameter region, as well as the correlation between the SE and central
ACT;3p0. A P-value less than 0.05 was considered statistically significant.

Results

In our study, 104 eyes of 52 patients were analyzed. Table 1 shows the characteristics of the
study population. Preoperative measurements of cylinder and SE were similar in both groups
as well as corneal volumes and pachymetry values. The performed refractive corrections and
refractive outcomes were also equal in both groups.

Linear correlation between the SE refraction to be corrected and ACV3,,, of the 7 mm
diameter zone in the LASIK group (r = 0.67, P = .000) and in the SMILE group (r =0.31, P =
.025) was found. Fig 1 shows that there is a strong relationship between the preoperative SE
and apical ACTj,,, in the LASIK group (r = 0.80, P = .000) and the lenticule extraction group
(r=0.52,P =.001).
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Table 1. Study population characteristics (n = 104).

Parameter Mean * SD [Range] P-value
LASIK SMILE
Number of patients/ eyes 26/52 26/ 52
Gender: female/ male (%) 44.23 / 55.77 50.00 / 50.00
Age (y) 36.15+9.29 34.27 £7.22
[21 to 58] [24 to 50]
Eye used: right/ left (%) 50.00 / 50.00 51.92/48.08
Sphere (D) -3.32+1.87 -3.85+1.33
[-7-75 t0 0.00] [-6.50 to -1.00]
Cylinder (D) -0.96 + 1.08 -0.87 £ 0.61 460
[-4.50 to 0.00] [-2.25 t0 0.00]
SE (D) -3.96 + 1.67 -4.06 + 1.50 449
[-8.00 to -1.75] [-7.00 to -1.13]
Corneal volume (mm?)
3-mm diameter region 4.02£0.18 4.02+£0.22 .684
[3.7 to 4.4] [3.7 to 4.5]
5-mm diameter region 11.76 + 0.52 11.77 £ 0.62 .897
[10.9 to 12.8] [10.8 to 13.2]
7-mm diameter region 25.19+ 1.11 25.32 £ 1.30 .680
[23.3 t0 27.6] [23.1 to 28.0]
10-mm diameter region 61.36 + 2.82 62.59 + 3.43 114
[55.7 to 67.5] [56.2 to 69.7]
Corneal thickness (um)
Apex 557.57 + 24.54 556.75 + 30.97 .746
[516 to 604] [512 to 631]
2-mm diameter region 562.75 + 24.42 562.52 + 31.11 779
[520 to 609] [518 to 636]
4-mm diameter region 589.35 + 25.26 590.21 + 31.21 911
[548 to 641] [542 to 662]
6-mm diameter region 636.55 + 27.60 639.33 + 31.69 721
[593 to 692] [583 to 706]
8-mm diameter region 708.51 + 31.38 717.17 + 34.82 212
[653 to 773] [645 to 783]

LASIK = laser-assisted in situ keratomileusis; SD = standard deviation; SE = spherical equivalent; SMILE = small-incision lenticule extraction; y = years, D = diopter.

https://doi.org/10.1371/journal.pone.0250700.t001

Main outcomes and corresponding P-values are presented in Tables 2 and 3. Higher ACV
and ACT were seen using SMILE. Comparing differences between both techniques, ACV 3, of
the 3, 5, and 7 mm diameter regions (P = .001 respectively) and ACV,,,, of the 5 and 7 mm
diameter zones (P < .05) approached significance, as well as ACT,,,, and ACT 5., for the cen-
tral and 2, 4, and 6 mm diameter areas (P < .05).

Comparing total CV and CCT between 3 and 12 months postoperatively, we found no sta-
tistically significant difference in the LASIK group (P = .16 and .11, respectively) as well as in
the SMILE group (P = .10 and .09, respectively).
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Fig 1. Correlation between the preoperative spherical equivalent and the alteration in corneal thickness (3-month
postoperative minus preoperative values).

https://doi.org/10.1371/journal.pone.0250700.9001

Table 2. Differences of 3-month postoperative minus preoperative measurements.

Parameter Mean + SD [Range] P-value
LASIK (n = 52) |SMILE (n = 52)
A Corneal volume (mm?)
3-mm diameter region -0.40 £ 0.21 -0.50 £ 0.15 .001
[-0.9 to 0.0] [-0.7 to 0.0]
5-mm diameter region -0.95 +0.49 -1.21+0.34 .001
[-2.2t0 0.0] [-1.7 to -0.1]
7-mm diameter region -1.33 £ 0.81 -1.77 £ 0.55 .001
[-3.4t00.3] [-2.8t00.1]
10-mm diameter region -1.35+ 1.31 -1.78 £ 1.09 .066
[-4.2to 1.8] [-4.8 to 1.5]
A Corneal thickness (um)
Apex -62.00 + 30.54 -77.12 £ 20.92 .002
[-140 to -4] [-110 to -12]
2-mm diameter region -57.82 +£27.95 -70.69 + 19.81 .003
[-126 to -4] [-99 to -9]
4-mm diameter region -42.55 +22.26 -54.19 £ 15.94 .001
[-99 to 1] [-79 to -4]
6-mm diameter region -17.94 £ 15.06 -25.19 £ 11.17 .009
[-53 to 20] [-50 to 8]
8-mm diameter region -0.80 + 12.80 -3.13£12.05 418
[-7 to 30] [-31 to 28]

LASIK = laser-assisted in situ keratomileusis; SD = standard deviation; SMILE = small-incision lenticule extraction; A = 3-month postoperative minus preoperative.

https://doi.org/10.1371/journal.pone.0250700.t002
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Table 3. Differences of 12-month postoperative minus preoperative measurements.

Parameter

A Corneal volume (mm?)

3-mm diameter region

5-mm diameter region

7-mm diameter region

10-mm diameter region

A Corneal thickness (um)
Apex

2-mm diameter region

4-mm diameter region

6-mm diameter region

8-mm diameter region

Mean + SD [Range] P-value
LASIK (n=52) SMILE (n = 52)
-0.42 £ 0.22 0.49 +0.14 .053
[-1.0 to 0.0] [-0.7 to -0.1]
-0.99 £ 0.52 -1.17 £ 0.34 .023
[-2.5t00.1] [-1.7 to -0.2]
-1.41 £ 0.85 -1.69 £ 0.55 .020
[-4.0 to 0.7] [-2.9t0 -0.2]
-1.39+1.32 -1.62 + 1.10 333
[-5.2to 2.7] [-5.2t00.7]
-64.00 + 32.65 -75.62 £ 20.33 .013
[-154 to -5] [-108 to -18]
-59.59 + 30.15 -69.37 £ 18.96 .024
[-140 to -3] [-99 to -15]
-43.98 £ 24.12 -52.60 £ 15.58 .024
[-112 to 10] [-81 to -8]
-18.61 + 15.21 -23.79£11.48 .022
[-66 to 28] [-54 to 4]
-0.65+11.82 -2.33+12.43 .639
[-27 to 38] [-34 to 20]

LASIK = laser-assisted in situ keratomileusis; SD = standard deviation; SMILE = small-incision lenticule extraction; A = 12-month postoperative minus preoperative.

https://doi.org/10.1371/journal.pone.0250700.t003

Discussion
Changes of corneal volume and thickness

Significant differences in the statistics between both groups were found at ACV;,,,, and
ACT;30. Alterations in partial CV of regions with 3, 5, and 7 mm diameters were significantly
larger in the lenticule extraction group (P =.001). Changes in CT were comparatively higher
in the SMILE group than in the LASIK group. This was also found to be significant for the api-
cal pachymetry and the 2, 4, and 6 mm diameter zones (P < .01). Comparing total ACV 3,4
and ACTj3,,, in the 8 mm diameter area, no significant difference was found. Alterations
remained stable after 12 months postoperatively.

One possibility that explains why the SMILE technique achieves greater alterations in CV and
CT is the fact that the maximal depth in LASIK is ablated in the central treatment zone [11]. Due
to the laser beam being oval-shaped, less tissue ablation occurs towards the periphery [12].
Another possibility may be different wound healing processes. Between the flap stroma and the
ablated area keratocytes produce a lamellar corneal stromal scar [13]. The keratocyte-mediated
stromal production can be stated to increase towards the periphery as this process at the margin
is necessary to fixate the flap [13]. Therefore, a strong, hypercellular and fibrotic corneal stromal
scar is clinically seen in the periphery at flap wound margins, whereas the primitive hypocellular
scar in the center is not visible postoperatively [13, 14]. Since the corneal stroma is created post-
operatively, it seems like the intraoperative ablation volume is smaller. In contrast, Luft et al. [10]
found comparable levels of keratocyte apoptosis and proliferation in the ex vivo human corneas
after LASIK and SMILE. Similar findings were reported by Riau et al. in a rabbit model [15].
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Using the SMILE procedure, apical ACT}3,,, was higher than in the LASIK group (64.5 pm
versus 38.3 um) in the study by Kobashi et al. [7] which was congruent with our results.
Another study [16] reported central ACT;,,, to be larger using LASIK (89.3 um) compared to
SMILE (81.2 pm).

Furthermore, especially in correction of very low refractive errors there is a highly variabil-
ity in loss of corneal thickness as seen in Fig 1. We assume that this is due to the high level of
mechanical manipulation during SMILE which makes more likely that higher variations
occur. Future studies need to evaluate how good the flapless technique performs due to this
specifically for the correction of very low refractive errors around -1 dpt.

Impact on corneal biomechanical properties

The cornea is an anisotropic tissue with interlamellar branching collagen fibers that is stronger
in the periphery than in the center [17]. Moreover, the vital collagen bundles in the anterior
stroma are stiffer than in the posterior part and the interconnectivity of the lamellae in the
anterior stroma provides the main biomechanical strength to the cornea [17, 18]. These strong
anterior lamellae are preserved and remain intact during flapless surgery. In contrast, flap-
based LASIK effects the corneal biomechanics more than flapless SMILE as it impairs the
strong anterior stroma overlying the exposed stromal bed [19]. Besides lifting the flap before
excimer laser ablation, the stroma is exposed to hydration changes that fracture the stability
needed for exact refractive correction [7]. Overall, only considering the surgical procedure,
corneal biomechanical strength is better preserved after SMILE as it causes less disruption of
the corneal structural integrity [13].

Corneal hysteresis (CH) and corneal resistance factor (CRF), which can be obtained from
the Ocular Response Analyzer, illustrate viscoelastic properties of the cornea and thus are a
measure of stability. We did not analyze CH and CRF in our patients. However, we can draw
assumptions about the biomechanical properties based on the changes of CT and CV. The
more volume that is ablated with LASIK, the more CH and CRF are reduced [20]. Lower val-
ues stand for a biomechanically weaker cornea.

At short notice, LASIK is likely to show reduced CH and CRF due to wound healing pro-
cesses, whereas SMILE is supposed to have larger CH and CRF as the cornea is unimpaired.
We assessed our measurements at 3 months postoperatively. Hence, we expect the wound
healing processes not to have any influence on our results.

In general, a higher CCT results in a stiffer appearance of the cornea [21]. We found a lower
CCT after SMILE, significantly more reduced than after LASIK. Logically, we should expect
greater decrement of CH and CRF in the lenticule extraction group which means that bio-
mechanical properties have been more affected by the flapless technique. One possible explana-
tion for this finding is that the removed lenticule volume was larger than the ablation volume
with LASIK. Although less stromal collagen fibers are severed in SMILE, it does not mean that
corneal rigidity is unconditionally higher after flapless surgery. It must be pointed out that, after
having removed the lenticule, the length of the back of the anterior cap will be longer than the
corresponding arc length of the unaffected residual stroma. Hence, differences in arc lengths
contribute to a corrugated contact surface. Since a rearrangement of anterior collagen lamellae
is necessary, the unimpaired cap is not as strong as expected [21]. The more volume that is
removed, the greater the differences in arc lengths, and hence the corrugation. The more
decreased CCT after SMILE than after LASIK causes the necessity of augmented rearrangement
that may reduce corneal stability. To date, several studies have evaluated changes in CH and
CRF after LASIK and SMILE. Most studies report similar reductions of CH and CRF values in
both groups [19, 21, 22]. Wang et al. [19] found a greater reduction of CRF with flap-based
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surgery, but differences between the 2 groups were not statistically significant. It should be
remarked that collagen crosslinking modifies corneal strength significantly, whereas CH and
CRF might be unaffected [23]. Therefore, an absence of differences in CH and CRF between
both techniques is not equivalent to an absence of biomechanical alteration. Corneal properties
might be different after the two procedures even if CH and CRF remain similar.

With regard to our previous considerations, we cannot state definitively whether corneal
structural integrity is more affected by LASIK or SMILE.

Long-term examination of total CV and CCT

Comparing total CV and CCT measured at 3 and 12 months postoperatively, we found no sig-
nificant difference in each group which illustrates that alterations in volume and pachymetry
occurred during the first 3 months. We suppose that most of the measured ACV 3., corre-
spond with intraoperative ablation volume and lenticule volume, respectively. Except for
wound healing procedures, we did not expect the volume to change much postoperatively.
Later on, the CV and CCT stayed approximately constant and we do not expect them to alter
further. This was similar to the findings by Kobashi et al. [7] that stated CCT remain
unchanged during the postoperative period.

Limitations

Our study has several limitations. The main deficiency is that the study was not a prospective
and randomized controlled study. Results might have been different if we had matched the
patients preoperatively and referred them to a certain group by randomization.

One aspect that may have influenced the results is the difference between LASIK flap thick-
ness (110 um) and SMILE cap thickness (120 um). It is not clear whether extracting corneal
material from superficial or deeper stroma obtains better results. On one hand and as men-
tioned before, the deeper the intervention, the less influence on anterior corneal properties.
Generally, with SMILE, the excess tissue is removed from deeper corneal stroma. Since the
stronger anterior stroma stays untouched, it seems reasonable to assume greater biomechani-
cal strength after SMILE than after LASIK. On the other hand, the deeper the lenticule is
removed more volume has to be extracted to result in similar changes in the shape of the ante-
rior corneal surface. That means, removing a lenticule from deeper stroma, more material has
to be extracted to achieve the same refractive correction as with a superficial lenticule [22]. For
LASIK, increased flap thickness leads to decreased corneal stability owing to intensified
wound healing processes at the margin and lower residual stromal bed thickness [24]. In our
study, cap and flap thicknesses were intentionally not equally set in order to maintain standard
parameters usually used in the clinical setting.

We measured intraocular pressure before and after intervention, but as there were no pres-
sure spikes it was not noted in the patients’ files. Therefore, we were not able to analyse changes
in intraocular pressure (IOP) before and after intervention in our study, even though this is a
widely discussed issue after refractive surgery. SMILE is reported to be less sensitive to IOP
changes due to higher biomechanical stability [14]. We could not take a position on this issue.

Conclusions

Although as previous reports have shown the flapless technique has similar effect on corneal
stability in the short term we advise not to go beyond current limits of recommended ranges
for correction of refractive errors, as loss with CCT and corneal volume is higher with SMILE.
Long term studies are required to evaluate the potential higher incidence of corneal ectasia in
the flapless technique due to this.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250700 May 4, 2021 8/10


https://doi.org/10.1371/journal.pone.0250700

PLOS ONE

Corneal volume after LASIK and SMILE

Author Contributions

Conceptualization: Anna Schuh, Wolfgang J. Mayer, Efstathios Vounotrypidis, Thomas
Kreutzer, Thomas Kohnen, Siegfried Priglinger, Mehdi Shajari, Daniel Kook.

Data curation: Anna Schuh, Carolin M. Kolb, Mehdi Shajari, Daniel Kook.
Formal analysis: Anna Schuh, Carolin M. Kolb, Daniel Kook.

Investigation: Anna Schuh, Wolfgang J. Mayer, Efstathios Vounotrypidis, Mehdi Shajari,
Daniel Kook.

Methodology: Anna Schuh.
Project administration: Anna Schuh, Daniel Kook.
Supervision: Wolfgang J. Mayer, Mehdi Shajari, Daniel Kook.

Validation: Carolin M. Kolb, Wolfgang J. Mayer, Efstathios Vounotrypidis, Thomas Kreutzer,
Thomas Kohnen, Siegfried Priglinger, Mehdi Shajari, Daniel Kook.

Visualization: Carolin M. Kolb, Daniel Kook.
Writing - original draft: Anna Schuh.

Writing - review & editing: Anna Schuh, Wolfgang J. Mayer, Efstathios Vounotrypidis,
Thomas Kreutzer, Thomas Kohnen, Siegfried Priglinger, Mehdi Shajari, Daniel Kook.

References

1. Xiong S, Sankaridurg P, Naduvilath T, Zang J, Zou H, Zhu J, et al. Time spent in outdoor activities in
relation to myopia prevention and control: a meta-analysis and systematic review. Acta Ophthalmol.
2017; 95(6):551-66. Epub 2017/03/03. https://doi.org/10.1111/a0s.13403 PMID: 28251836; PubMed
Central PMCID: PMC5599950.

2. Pallikaris IG, Papatzanaki ME, Stathi EZ, Frenschock O, Georgiadis A. Laser in situ keratomileusis.
Lasers Surg Med. 1990; 10(5):463-8. Epub 1990/01/01. https://doi.org/10.1002/Ism.1900100511
PMID: 2233101.

3. KohnenT, Steinwender G. [Laser in situ keratomileusis with microkeratome or femtosecond laser].
Ophthalmologe. 2017; 114(7):661-5. Epub 2017/06/08. https://doi.org/10.1007/s00347-017-0517-8
PMID: 28589448.

4. QaziMA, Sanderson JP, Mahmoud AM, Yoon EY, Roberts CJ, Pepose JS. Postoperative changes in
intraocular pressure and corneal biomechanical metrics Laser in situ keratomileusis versus laser-assis-
ted subepithelial keratectomy. J Cataract Refract Surg. 2009; 35(10):1774—88. Epub 2009/09/29.
https://doi.org/10.1016/j.jcrs.2009.05.041 PMID: 19781475.

5. Sekundo W, Kunert KS, Blum M. Small incision corneal refractive surgery using the small incision lenti-
cule extraction (SMILE) procedure for the correction of myopia and myopic astigmatism: results of a 6
month prospective study. Br J Ophthalmol. 2011; 95(3):335-9. Epub 2010/07/06. https://doi.org/10.
1136/bj0.2009.174284 PMID: 20601657.

6. ShahR, Shah S, Sengupta S. Results of small incision lenticule extraction: All-in-one femtosecond
laser refractive surgery. J Cataract Refract Surg. 2011; 37(1):127-37. Epub 2010/12/25. https://doi.org/
10.1016/j.jcrs.2010.07.033 PMID: 21183108.

7. Kobashi H, Kamiya K, Igarashi A, Takahashi M, Shimizu K. Two-years results of small-incision lenticule
extraction and wavefront-guided laser in situ keratomileusis for Myopia. Acta Ophthalmol. 2018; 96(2):
e119-e26. Epub 2017/06/21. https://doi.org/10.1111/a0s.13470 PMID: 28631305.

8. Khalifa MA, Ghoneim AM, Shaheen MS, Pinero DP. Vector analysis of astigmatic changes after small-
incision lenticule extraction and wavefront-guided laser in situ keratomileusis. J Cataract Refract Surg.
2017; 43(6):819-24. Epub 2017/07/25. https://doi.org/10.1016/}.jcrs.2017.03.033 PMID: 28732617.

9. Kanellopoulos AJ. Topography-Guided LASIK Versus Small Incision Lenticule Extraction (SMILE) for
Myopia and Myopic Astigmatism: A Randomized, Prospective, Contralateral Eye Study. J Refract Surg.
2017; 33(5):306—12. Epub 2017/05/10. https://doi.org/10.3928/1081597X-20170221-01 PMID:
28486721.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250700 May 4, 2021 9/10


https://doi.org/10.1111/aos.13403
http://www.ncbi.nlm.nih.gov/pubmed/28251836
https://doi.org/10.1002/lsm.1900100511
http://www.ncbi.nlm.nih.gov/pubmed/2233101
https://doi.org/10.1007/s00347-017-0517-8
http://www.ncbi.nlm.nih.gov/pubmed/28589448
https://doi.org/10.1016/j.jcrs.2009.05.041
http://www.ncbi.nlm.nih.gov/pubmed/19781475
https://doi.org/10.1136/bjo.2009.174284
https://doi.org/10.1136/bjo.2009.174284
http://www.ncbi.nlm.nih.gov/pubmed/20601657
https://doi.org/10.1016/j.jcrs.2010.07.033
https://doi.org/10.1016/j.jcrs.2010.07.033
http://www.ncbi.nlm.nih.gov/pubmed/21183108
https://doi.org/10.1111/aos.13470
http://www.ncbi.nlm.nih.gov/pubmed/28631305
https://doi.org/10.1016/j.jcrs.2017.03.033
http://www.ncbi.nlm.nih.gov/pubmed/28732617
https://doi.org/10.3928/1081597X-20170221-01
http://www.ncbi.nlm.nih.gov/pubmed/28486721
https://doi.org/10.1371/journal.pone.0250700

PLOS ONE

Corneal volume after LASIK and SMILE

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Luft N, Schumann RG, Dirisamer M, Kook D, Siedlecki J, Wertheimer C, et al. Wound Healing, Inflam-
mation, and Corneal Ultrastructure After SMILE and Femtosecond Laser-Assisted LASIK: A Human Ex
Vivo Study. J Refract Surg. 2018; 34(6):393-9. Epub 2018/06/12. https://doi.org/10.3928/1081597X-
20180425-02 PMID: 29889292.

Munnerlyn CR, Koons SJ, Marshall J. Photorefractive keratectomy: a technique for laser refractive sur-
gery. J Cataract Refract Surg. 1988; 14(1):46-52. Epub 1988/01/01. https://doi.org/10.1016/s0886-
3350(88)80063-4 PMID: 3339547.

Gatinel D, Hoang-Xuan T, Azar DT. Volume estimation of excimer laser tissue ablation for correction of
spherical myopia and hyperopia. Invest Ophthalmol Vis Sci. 2002; 43(5):1445-9. Epub 2002/05/01.
PMID: 11980859.

Dawson DG, Kramer TR, Grossniklaus HE, Waring GO 3rd, Edelhauser HF. Histologic, ultrastructural,
and immunofluorescent evaluation of human laser-assisted in situ keratomileusis corneal wounds. Arch
Ophthalmol. 2005; 123(6):741-56. Epub 2005/06/16. https://doi.org/10.1001/archopht.123.6.741
PMID: 15955975.

Schmack I, Dawson DG, McCarey BE, Waring GO 3rd, Grossniklaus HE, Edelhauser HF. Cohesive
tensile strength of human LASIK wounds with histologic, ultrastructural, and clinical correlations. J
Refract Surg. 2005; 21(5):433—-45. Epub 2005/10/08. PMID: 16209440.

Riau AK, Angunawela RI, Chaurasia SS, Lee WS, Tan DT, Mehta JS. Early corneal wound healing and
inflammatory responses after refractive lenticule extraction (ReLEx). Invest Ophthalmol Vis Sci. 2011;
52(9):6213-21. Epub 2011/06/15. https://doi.org/10.1167/iovs.11-7439 PMID: 21666235.

LiH, Wang Y, Dou R, Wei P, Zhang J, Zhao W, et al. Intraocular Pressure Changes and Relationship
With Corneal Biomechanics After SMILE and FS-LASIK. Invest Ophthalmol Vis Sci. 2016; 57
(10):4180-6. Epub 2016/08/23. https://doi.org/10.1167/iovs.16-19615 PMID: 27548888.

Winkler M, Shoa G, Xie Y, Petsche SJ, Pinsky PM, Juhasz T, et al. Three-dimensional distribution of
transverse collagen fibers in the anterior human corneal stroma. Invest Ophthalmol Vis Sci. 2013; 54
(12):7293-301. Epub 2013/10/12. https://doi.org/10.1167/iovs.13-13150 PMID: 24114547; PubMed
Central PMCID: PMC4589141.

Petsche SJ, Chernyak D, Martiz J, Levenston ME, Pinsky PM. Depth-dependent transverse shear prop-
erties of the human corneal stroma. Invest Ophthalmol Vis Sci. 2012; 53(2):873-80. Epub 2011/12/30.
https://doi.org/10.1167/iovs.11-8611 PMID: 22205608; PubMed Central PMCID: PMC3317426.

Wang B, Zhang Z, Naidu RK, Chu R, Dai J, Qu X, et al. Comparison of the change in posterior corneal
elevation and corneal biomechanical parameters after small incision lenticule extraction and femtosec-
ond laser-assisted LASIK for high myopia correction. Cont Lens Anterior Eye. 2016; 39(3):191-6. Epub
2016/02/08. https://doi.org/10.1016/j.clae.2016.01.007 PMID: 26852167.

Chen MC, Lee N, Bourla N, Hamilton DR. Corneal biomechanical measurements before and after laser
in situ keratomileusis. J Cataract Refract Surg. 2008; 34(11):1886-91. Epub 2008/11/14. https://doi.
org/10.1016/j.jcrs.2008.06.035 PMID: 19006734.

Pedersen IB, Bak-Nielsen S, Vestergaard AH, Ivarsen A, Hjortdal J. Corneal biomechanical properties
after LASIK, ReLEx flex, and ReLEx smile by Scheimpflug-based dynamic tonometry. Graefes Arch
Clin Exp Ophthalmol. 2014; 252(8):1329-35. Epub 2014/05/28. https://doi.org/10.1007/s00417-014-
2667-6 PMID: 24862302.

Agca A, Ozgurhan EB, Demirok A, Bozkurt E, Celik U, Ozkaya A, et al. Comparison of corneal hystere-
sis and corneal resistance factor after small incision lenticule extraction and femtosecond laser-assisted
LASIK: a prospective fellow eye study. Cont Lens Anterior Eye. 2014; 37(2):77—-80. Epub 2013/07/09.
https://doi.org/10.1016/j.clae.2013.05.003 PMID: 23830802.

Greenstein SA, Fry KL, Hersh PS. In vivo biomechanical changes after corneal collagen cross-linking for
keratoconus and corneal ectasia: 1-year analysis of a randomized, controlled, clinical trial. Cornea.
2012; 31(1):21-5. Epub 2011/10/14. https://doi.org/10.1097/ICO.0b013e31821eeab6 PMID: 21993470.

Reinstein DZ, Archer TJ, Randleman JB. Mathematical model to compare the relative tensile strength
of the cornea after PRK, LASIK, and small incision lenticule extraction. J Refract Surg. 2013; 29
(7):454—60. Epub 2013/07/04. https://doi.org/10.3928/1081597X-20130617-03 PMID: 23820227 .

PLOS ONE | https://doi.org/10.1371/journal.pone.0250700 May 4, 2021 10/10


https://doi.org/10.3928/1081597X-20180425-02
https://doi.org/10.3928/1081597X-20180425-02
http://www.ncbi.nlm.nih.gov/pubmed/29889292
https://doi.org/10.1016/s0886-3350(88)80063-4
https://doi.org/10.1016/s0886-3350(88)80063-4
http://www.ncbi.nlm.nih.gov/pubmed/3339547
http://www.ncbi.nlm.nih.gov/pubmed/11980859
https://doi.org/10.1001/archopht.123.6.741
http://www.ncbi.nlm.nih.gov/pubmed/15955975
http://www.ncbi.nlm.nih.gov/pubmed/16209440
https://doi.org/10.1167/iovs.11-7439
http://www.ncbi.nlm.nih.gov/pubmed/21666235
https://doi.org/10.1167/iovs.16-19615
http://www.ncbi.nlm.nih.gov/pubmed/27548888
https://doi.org/10.1167/iovs.13-13150
http://www.ncbi.nlm.nih.gov/pubmed/24114547
https://doi.org/10.1167/iovs.11-8611
http://www.ncbi.nlm.nih.gov/pubmed/22205608
https://doi.org/10.1016/j.clae.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26852167
https://doi.org/10.1016/j.jcrs.2008.06.035
https://doi.org/10.1016/j.jcrs.2008.06.035
http://www.ncbi.nlm.nih.gov/pubmed/19006734
https://doi.org/10.1007/s00417-014-2667-6
https://doi.org/10.1007/s00417-014-2667-6
http://www.ncbi.nlm.nih.gov/pubmed/24862302
https://doi.org/10.1016/j.clae.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23830802
https://doi.org/10.1097/ICO.0b013e31821eea66
http://www.ncbi.nlm.nih.gov/pubmed/21993470
https://doi.org/10.3928/1081597X-20130617-03
http://www.ncbi.nlm.nih.gov/pubmed/23820227
https://doi.org/10.1371/journal.pone.0250700

