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Abstract
Background This study aimed to observe corneal and retinal thicknesses at 5 years after femtosecond laser-assisted 
in situ keratomileusis (FS-LASIK) and small incision lenticule extraction (SMILE) for myopia, investigate the effect 
of epithelial remodeling on refractive status and visual quality, and compare retinal thicknesses among fundus 
tessellation grades.

Methods Patients who received FS-LASIK or SMILE 5 years before were enrolled in this cross-sectional study. After 
1:1 propensity score matching, each surgical group obtained 177 patients (177 eyes). Examinations including visual 
acuity, refraction, corneal and retinal thicknesses, corneal higher-order aberrations (HOAs), and fundus photography 
were performed in this visit at 5 years after surgery. The Quality of Vision (QoV) questionnaire was used to assess visual 
symptoms and overall satisfaction. Corneal and retinal thicknesses between groups were compared, contributing 
factors were analyzed, and correlations with postoperative refractive status, HOAs, QoV scores and overall satisfaction 
were evaluated.

Results The discrepancy of epithelial thickness between central and pericentral zones in FS-LASIK group was larger 
than that in SMILE group, which was negatively correlated with postoperative spherical equivalent (SE), positively 
correlated with spherical aberration (all P < 0.05), but not correlated with QoV scores and overall satisfaction (all 
P > 0.05) in both surgical groups. There was no statistical difference in stromal thickness and total corneal thickness 
(all P > 0.05). Most annuluses of epithelial and stromal thicknesse were linearly related to preoperative SE (all P < 0.05). 
The macular thickness, ganglion cell complex thickness, and retinal nerve fiber layer thickness exhibited comparable 
values between two surgical groups and four fundus tessellation grades, with no significant association observed 
with postoperative SE (all P > 0.05).

Conclusion The tendency that epithelial thickness in central zone was thicker than peripheral zone was more 
obvious at 5 years after FS-LASIK compared to SMILE. This uneven distribution of epithelial thickness might play 
a role in myopic regression and the changes in HOAs, especially in patients with high myopia, but it had little 
effect on patients’ subjective visual quality and satisfaction. Retinal thicknesses were not affected by these two 
surgical methods, and they did not appear to be the clinical indicators for myopic regression or fundus tessellation 
progression.
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Background
Femtosecond laser-assisted in situ keratomileusis (FS-
LASIK) and small incision lenticule extraction (SMILE) 
have become the preferred surgical procedures for cor-
recting myopia and myopic astigmatism [1]. FS-LASIK 
has been in clinical practice for years, and its efficacy and 
safety also have been confirmed [2]. SMILE, in which the 
intrastromal lenticule is removed through a small inci-
sion of 2 mm in length so the side effects associated with 
the flap creation could be avoided, [3] gains popularity 
progressively [4]. Corneal epithelium has a potential to 
compensate the change of surface or irregular of stroma 
by altering its thickness [5]. After FS–LASIK and SMILE 
such remodeling has been observed in short-term follow-
up [6–11]. For the accuracy of myopic correction and the 
prevention of ectasia after surgery, precise prediction of 
stromal reduction is important. But previous studies have 
revealed the deviation between the amount of planed and 
achieved stroma reduction [12–14]. Thus, further studies 
with longer follow-up period are needed to describe the 
characteristics of epithelial and stromal distribution and 
analyze their influence. In addition, myopia with elonga-
tion of ocular axial length could bring a series of fundus 
changes, and the long-term safety of fundus after surgery 
is of concern.

This study aimed to observe epithelial and stromal 
thicknesses distribution at 5 years after these two dif-
ferent surgical methods by spectral domain optical 
coherence tomography (SD-OCT), explore their contrib-
uting factors, evaluate the effect of epithelial thickness on 
refractive status and visual quality, and compare retinal 
thicknesses among fundus tessellation grades.

Methods
This is a cross-sectional study. A visit at 5 years after sur-
gery was conducted for patients who received FS-LASIK 
and SMILE for myopia and myopic astigmatism in Bei-
jing Tongren Hospital from January 2015 to November 
2017. The inclusion criteria were as follows: over 18 years 
of age at surgery; preoperative spherical equivalent (SE) 
ranged from − 12.00D to -1.00D; stable refraction (alter-
nation of 1.00D or less) within 2 years; preoperative cor-
rected distance visual acuity (CDVA) was 20/20 or better; 
stopped wearing corneal contact lens for 2 weeks, rigid 
contact lenses for 1 month and orthokeratology lens 
for more than 3 months. The exclusion criteria were as 
follows: presence or history of ocular and systemic dis-
eases, or history of ocular surgery. All eligible patients 
participating in this study were divided into two surgical 
groups. According to preoperative SE, they were also sep-
arated into low-moderate myopia group (-6.00D < SE≤-
1.00D) and high myopia group (SE≤-6.00D). And their 
age at surgery, gender, preoperative flattest keratometry 
(Kf) and steepest keratometry (Ks) measured by TMS-4 

(Tomey Corporation, Nagoya, Japan), central corneal 
thickness measured by Lenstar LS 900 (Haag-Streit AG, 
Koeniz, Switzerland), and fundus examination using bin-
ocular indirect ophthalmoscopy were also consulted and 
recorded.

This study was approved by the Institutional Review 
Board of Beijing Tongren Hospital and adhered to the 
tenets of the Declaration of Helsinki. Written informed 
consent was obtained from all participants.

Surgical technique
Surgeries were performed by three experienced surgeons 
(FZ, CZ, YQ). In FS-LASIK VisuMax femtosecond laser 
system (Carl Zeiss Meditec AG, Jena, Germany) was used 
to create the corneal flap. The pulse energy was 130nJ. 
The intended flap thickness was 95–110 μm. The position 
of the hinge was set at the 12 o’clock. Lifting the flap, the 
VISX STAR S4 (VISX Inc, Santa Clara, California, Amer-
ica) excimer laser was used to perform stromal ablation, 
and the diameter of the optical zone was 6.0–6.5  mm. 
Then the flap was carefully repositioned over the stroma.

SMILE was performed using the VisuMax 500-kHz 
femtosecond laser system (Carl Zeiss Meditec AG, Jena, 
Germany). The pulse energy was 130nJ. The intended 
cap thickness was 110–130  μm and the diameter of the 
optical zone was 6.0–6.5  mm. A 2-mm incision was 
made at the position of 11 or 12 o’clock. When the upper 
and lower layers had been separated, the lenticule was 
removed through the incision.

Measurements
All patients received a complete clinical examination in 
this visit at 5 years after surgery, including uncorrected 
distance visual acuity (UDVA) and CDVA, noncon-
tact tonometry, slit-lamp evaluation, manifest refrac-
tion. Refractive data of early postoperative period were 
lacked in our cross-sectional study, so basing on the tar-
get refraction of 0.00D, myopic regression was defined as 
UDVA of < 20/20 and postoperative SE value of <-0.50D.

The Quality of Vision (QoV) questionnaire was used 
to assess 10 visual symptoms including glare, halos, hazy 
vision, starbursts, blurred vision, double or multiple 
images, distortion, fluctuation in vision, focusing difficul-
ties, and difficulty judging distance or depth perception. 
Each symptom has 3 rating scales: frequency (0 = never, 
1 = occasionally, 2 = quite often, 3 = very often), sever-
ity (0 = not at all, 1 = mild, 2 = moderate, 3 = severe), and 
bothersome (0 = not at all, 1 = a little, 2 = quite, 3 = very) 
[15]. Patients were also asked about their overall satisfac-
tion with the procedure (0 = very dissatisfied, 1 = dissat-
isfied, 2 = general, 3 = less satisfied, 4 = satisfied, 5 = very 
satisfied).

RTVue-100 (Optovue, Inc., Fremont, USA) was used to 
measure corneal and retinal thicknesses and performed 
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by a single trained investigator (JL). “Pachymetry” scan 
mode was selected to measure epithelial, stromal, and 
total corneal thicknesses. The scan was triggered manu-
ally when both horizontal and vertical reflection stripes 
were simultaneously observed. Maps were divided into 
17 sections: a central 2-mm diameter zone, 8 paracen-
tral sections within an annulus between the 2- and 5- 
mm diameter rings, and 8 pericentral sections within an 
annulus between the 5- and 6- mm diameter rings. △ET-
1, △ST-1 and △CT-1 were calculated as mean epithe-
lial, stromal, and total corneal thicknesses in central zone 
minus that in paracentral zone respectively. And △ET-2, 
△ST-2 and △CT-2 represented the differences between 
central and pericentral zones. “Retina” scan mode was 
selected to measure the macular thickness. The scan 
was manually triggered after aligning the fovea. Macular 
thickness maps were divided into 9 sections: fovea rep-
resenting the area within 1  mm diameter, 4 sections of 
parafovea within an annulus between the 1- and 3- mm 
diameter rings, 4 sections of perifovea within an annulus 
between the 3- and 5- mm diameter rings. “GCC” scan 
mode was selected to measure the ganglion cell complex 
thickness which contained internal limiting membrane to 
inner plexiform layer, centered 1 mm temporal to fovea 
and across 6-mm diameter area. Thicknesses in the supe-
rior and inferior zones were recorded. “ONH” scan mode 
was selected to measure the retinal nerve fiber layer 
thickness. Aligning the optic disc and the scan was trig-
gered manually. The diameter of the scan was 3.4  mm. 
And the retinal nerve fiber layer map included temporal, 
superior, nasal, and inferior zones. Data of patients’ right 
eyes were selected for statistics.

Whole corneal higher-order aberrations (HOAs) of 
central 6-mm zone were obtained using Pentacam (Ocu-
lus, Wetzlar, Germany). Measurements were performed 
by a single trained investigator (JQ) under standard 
scotopic ambience light condition when pupil size was 
6  mm. Zernike coefficients of vertical and horizontal 
coma, vertical and oblique trefoil, and spherical aberra-
tion, root mean square values of HOA (RMS. HOA) were 
automatically calculated by device’s software system.

Fundus images were collected by Daytona P200T 
(Optos, UK). Fundus tessellation was graded into four 
categories with the assistance of Early Treatment Dia-
betic Retinopathy Study (ETDRS) grid referring to 
previous study: grade 0 = without tessellation or no 
involvement of the outer circle, grade 1 = involvement 
of the outer circle, grade 2 = involvement of the middle 
circle, and grade 3 = involvement of the inner circle [16]. 
Two trained graders (DJ and ZY) completed grading 
independently in a masked manner. Final determination 
was made by the senior graders (ZY) if there was any dis-
agreement with the grade.

Statistical analysis
SPSS (version 26; SPSS Inc., Chicago, IL, USA) was used 
for statistical analysis. A descriptive statistic was used to 
calculate the mean and standard deviations. The normal-
ity of all data samples was checked using the Kolmogorov-
Smirnov test. Propensity score matching analysis was 
used to control age at surgery, gender, and preoperative 
SE between two surgical groups. The propensity score 
was estimated using logistical regression model without 
replacement. The matching algorithm was the nearest 
neighbor with a match ratio of 1:1 and a caliper value of 
0.02. When comparing, Independent-samples t test and 
One-way analysis of variance (ANOVA) were used for 
normally distributed thicknesses, and Mann-Whitney 
U test for non-normally distributed QoV scores. Paired 
t-test was used to detect the asymmetry of cornea. Linear 
regression analysis was used to identify the contributing 
factors. The selection of Pearson or Spearman correlation 
analysis was also based on the normality of data, aiming 
to evaluate the correlations between thicknesses, visual 
quality, and myopic regression. A P value of less than 0.05 
was considered significant.

Results
A total of 522 patients (522 eyes) completed postop-
erative OCT examination, comprising 339 patients (339 
eyes) undergoing FS-LASIK and 183 patients (183 eyes) 
undergoing SMILE 5 years prior. After propensity score 
matching, 177 patients (177 eyes) in FS-LASIK group and 
177 patients (177 eyes) in SMILE group were included 
in statistical analysis ultimately, and the baseline demo-
graphic and clinical characteristics were comparable 
between surgical groups (Table 1).

Corneal and retinal thickness profiles
The mean values of epithelial, stromal, and total corneal 
thicknesses at 5 years after surgery were shown in Fig. 1. 
In both groups epithelial thicknesses of the temporal and 
inferior sections were significantly thicker than nasal and 
superior sections (all P < 0.001), which was contrary to 
the stromal and total corneal thicknesses (all P < 0.001).

The average macular thicknesses of two groups were 
shown in Fig.  2. 119 patients of FS-LASIK group and 
175 patients of SMILE group completed ganglion cell 
complex and retinal nerve fiber layer thickness measure-
ments. The ganglion cell complex and retinal nerve fiber 
layer thickness profiles were also shown in Fig. 2.

Comparison of corneal and retinal thicknesses
Except supratemporal and superior sections of para-
central zone, all other sections demonstrated significant 
variations of epithelial thickness (P of central zone, tem-
poral, supratemporal, superior, supranasal and nasal sec-
tions of paracentral zone were 0.013, 0.013, 0.064, 0.128, 
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0.032, 0.003, other P < 0.001, Fig. 1). In FS-LASIK group 
epithelial thickness was thicker in the central and para-
central zones (P = 0.013, 0.001) and thinner in pericentral 
zone (P < 0.001) than that in SMILE group. And △ET-2 
was statistically different between groups (P < 0.001, 
Table  2; Fig.  3). There was no statistical difference of 
stromal and total corneal thicknesses in all sections (all 
P > 0.05, Fig. 1), same as the mean stromal and total cor-
neal thicknesses of 3 annuluses, △ST-1, △ST-2, △CT-1 
and △CT-2 (all P > 0.05, Table 2; Fig. 3).

There was no significant difference in macular thick-
ness between surgical groups, so as the ganglion cell 
complex and retinal nerve fiber layer thicknesses (all 
P > 0,05). 63 fundus images were reviewed and graded. 
19.05%, 15.87%, 30.16% and 34.92% of the eyes were clas-
sified into tessellation grade 0, 1, 2, and 3, respectively. 
No statistical difference in macular thickness, ganglion 
cell complex thickness and retinal nerve fiber layer thick-
ness among fundus tessellation grades was observed (all 
P > 0.05).

Correlations between thicknesses and myopic regression
The median and interquartile range of postoperative 
UDVA and postoperative SE were − 0.10 (-0.10, 0.00) log-
MAR and 0.000D (0.000, 0.000) D in FS-LASIK group, 
-0.10 (-0.10, 0.00) logMAR and 0.000D (-0.468, 0.000) 
D in SMILE group. epithelial thickness in the central 
zone of FS-LASIK group and △ET-1 and △ET-2 of two 
groups were negatively correlated with SE postoperative 
(P = 0.023, 0.001, < 0.001, 0.008 and 0.036). In addition, 
epithelial thickness in the central zone was negatively 
correlated with SE postoperative in patients with high 
myopia after both surgeries (P = 0.021 and 0.029), but not 
in those with low-moderate myopia (P = 0.570 and 0.113, 
Table 3). Only a weak positive correlation between macu-
lar thickness in fovea and SE postoperative was found in 
SMILE group (P = 0.014, Additional file 1).

Myopic regression occurred in 15.25% of patients in 
FS-LASIK group and 12.99% in SMILE group. Epithelial 

thickness in central zone and △ET-1 of FS-LASIK group 
and △ET-2 of two groups were correlated with myopic 
regression (P = 0.035, 0.001, < 0.001and 0.016). In patients 
with high myopia, such correlations between △ET-1, 
△ET-2 and myopic regression were only found after FS-
LASIK (P = 0.005 and 0.003, Table 3). There was no strong 
correlation between retinal thicknesses with myopic 
regression in neither group (P > 0.05, Additional file 1).

Correlation between epithelial thickness and visual quality
In FS-LASIK group, △ET-2 was positively corre-
lated with RMS. HOA and spherical aberration (both 
P < 0.001), and negatively correlated with vertical tre-
foil (P = 0.025). But these correlations were not statisti-
cally significant in low-moderate myopia subgroup (all 
P > 0.05). In SMILE group, epithelial thickness in cen-
tral zone and △ET-2 were positively correlated with 
RMS. HOA (P = 0.009 and 0.023) and spherical aberra-
tion (P = 0.023 and 0.014) in patients with low-moderate 
myopia. And in patients with high myopia these two 
parameters were positively correlated with vertical coma 
(P = 0.016 and 0.001, Table 4).

151 patients of FS-LASIK group and 142 patients of 
SMILE group completed the questionnaire. Main visual 
symptoms were fluctuation in vision (67.55%), glare 
(65.56%) and starbursts (58.28%) after FS-LASIK, and 
were glare (73.24%), fluctuation in vision (64.08%) and 
blurred vision (60.56%) after SMILE, though no signifi-
cant variation in the scoring of individual symptom or 
the summary was found between two surgical methods 
even among patients with low-moderate or high myo-
pia (all P > 0.05). Starbursts demonstrated correlations 
with pericentral epithelial thickness in FS-LASIK group 
(P = 0.011) and SMILE group (P = 0.036), but there was 
no relevance between total QoV scores, overall satisfac-
tion and epithelial thickness (mean epithelial thickness of 
annuluses, △ET-1 and △ET-2) in two surgical groups or 
any diopter subgroups (all P > 0.05, Table 5).

Table 1 Demographic and clinical characteristics of FS-LASIK Group and SMILE Groupa
Parameter FS-LASIK (n = 177) SMILE (n = 177) Pb

Male/Female 55/122 57/120 0.820
Age (y) 26.46 ± 5.77

(18∼46)
27.02 ± 5.11
(18∼43)

0.340

SE (D) -5.177 ± 1.632
(-9.500∼-1.000)

-5.248 ± 1.596
(-9.250∼-2.375)

0.681

Ks (D) 43.66 ± 1.48
(40.58∼47.40)

43.61 ± 1.41
(39.80∼47.16)

0.777

Kf (D) 42.56 ± 1.42
(38.95∼46.87)

42.63 ± 1.36
(38.81∼45.91)

0.646

CCT (µm) 537.10 ± 30.06
(473∼617)

541.19 ± 24.81
(481∼640)

0.163

FS-LASIK = femtosecond laser-assisted in situ keratomileusis; SMILE = small incision lenticule extraction; Age = age at surgery; SE = preoperative spherical equivalent; 
Ks = preoperative steepest keratometry; Kf = preoperative flattest keratometry; CCT = preoperative central corneal thickness; D = diopters; aAll values are presented 
as mean ± standard deviation (range); bIndependent-samples t test
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Fig. 1 Epithelial, stromal, and total corneal thicknesses at 5 years after surgery. A, B = epithelial thickness; C, D = stromal thickness; E, F = total corneal 
thickness; FS-LASIK = femtosecond laser-assisted in situ keratomileusis; SMILE = small incision lenticule extraction; S = superior; I = inferior; T = temporal; 
N = nasal; *P < 0.05

 



Page 6 of 15Li et al. BMC Ophthalmology          (2024) 24:396 

Fig. 2 Macular, ganglion cell complex, and retinal nerve fiber layer thicknesses at 5 years after surgery. A, B = macular thickness, C, D = ganglion cell 
complex thickness; E, F = retinal nerve fiber layer thickness; FS-LASIK = femtosecond laser-assisted in situ keratomileusis; SMILE = small incision lenticule 
extraction; S = superior; I = inferior; T = temporal; N = nasal
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Contributing factors of corneal and retinal thicknesses
Multiple linear regression analysis revealed that epithe-
lial thickness would be thicker in central and paracentral 
zones with higher degree of myopia, so as △ET-1 and 
△ET-2 (all P < 0.05). Mean epithelial thickness of annu-
luses would be thicker in males (P < 0.05). Age at surgery 
and corneal curvature only influenced on a few param-
eters in two surgical groups (P < 0.05) (Additional file 2).

Stromal thickness would be thinner with higher degree 
of myopia (P < 0.05). △ST-2 would be larger in males 
after two surgical methods (both P < 0.05). All parameters 
of FS-LASIK group were affected by corneal curvature 
(P < 0.05). And all parameters in both groups were not 
associated with age at surgery (all P > 0.05) (Additional 
file 3).

In all enrolled patients, macular thickness in perifo-
vea (P < 0.001), ganglion cell complex (P = 0.008, 0.010), 

and superior (P = 0.004), nasal, inferior retinal nerve fiber 
layer (both P < 0.001) were linearly positively correlated 
with SE preoperative.

Discussion
Using SD-OCT, our cross-sectional study revealed the 
distribution of epithelium at 5 years postoperatively. This 
is the longest visit from surgery as we know describing 
the differences of distribution patterns, and our result 
supported and complemented to the previous observa-
tion within 3 months postoperative [9]. Epithelial thick-
ness increases greater after FS-LASIK than SMILE in the 
central 5-mm diameter zone, and less in 5–6 mm diam-
eter zone. Reasons might account for this. These surgical 
methods have different effects on the stroma, and epi-
thelial remodeling as the compensation is also affected. 
In FS-LASIK, the actual ablation at the paracentral zone 

Table 2 Comparison of corneal thicknesses between FS-LASIK Group and SMILE Groupa
Parameter FS-LASIK (n = 177) SMILE (n = 177) Pb

Epithelial thickness (µm)
 Central 58.92 ± 3.90

(48.17 ∼ 73.96)
57.86 ± 4.14
(48.19 ∼ 70.25)

0.013*

 Paracentral 58.66 ± 3.20
(48.03 ∼ 69.45)

57.52 ± 3.37
(49.12 ∼ 66.17)

0.001*

 Pericentral 53.87 ± 3.11
(43.37 ∼ 60.99)

55.78 ± 2.71
(48.98 ∼ 63.11)

< 0.001*

 △ET-1 0.26 ± 2.10
(-5.29 ∼ 8.04)

0.33 ± 1.62
(-5.13 ∼ 5.75)

0.713

 △ET-2 5.05 ± 3.94
(-2.75 ∼ 17.74)

2.07 ± 3.17
(-4.87 ∼ 13.04)

< 0.001*

Stromal thickness (µm)
 Central 403.68 ± 31.90

(336.93 ∼ 500.50)
406.68 ± 22.34
(348.02 ∼ 482.05)

0.306

 Paracentral 447.38 ± 30.16
(380.61 ∼ 527.89)

449.81 ± 21.79
(395.41 ∼ 529.74)

0.385

 Pericentral 501.73 ± 29.81
(440.97 ∼ 583.88)

501.92 ± 22.87
(447.62 ∼ 560.47)

0.945

 △ST-1 -43.70 ± 7.27
(-63.86∼-25.68)

-43.13 ± 6.06
(-61.99∼-28.45)

0.427

 △ST-2 -98.05 ± 15.91
(-142.00∼-56.22)

-95.24 ± 13.21
(-138.58∼-58.04)

0.072

Total corneal thickness (µm)
 Central 462.60 ± 31.79

(394.70 ∼ 554.85)
464.54 ± 22.24
(404.47 ∼ 540.32)

0.507

 Paracentral 506.04 ± 30.11
(438.90 ∼ 585.18)

507.34 ± 21.85
(450.83 ∼ 589.21)

0.643

 Pericentral 555.60 ± 30.06
(493.31 ∼ 639.83)

557.71 ± 23.00
(505.81 ∼ 620.09)

0.458

 △CT-1 -43.44 ± 7.24
(-62.16∼-24.89)

-42.80 ± 6.08
(-61.39∼-29.14)

0.370

 △CT-2 -92.99 ± 15.06
(-132.39∼-51.51)

-93.17 ± 12.52
(-135.07∼-58.72)

0.904

FS-LASIK = femtosecond laser-assisted in situ keratomileusis; SMILE = small incision lenticule extraction; △ET-1 = the difference of mean epithelial thickness between 
central and paracentral zones; △ET-2 = the difference of mean epithelial thickness between central and pericentral zones; △ST-1 = the difference of mean stromal 
thickness between central and paracentral zones; △ST-2 = the difference of mean stromal thickness between central and pericentral zones; △CT-1 = the difference 
of mean total corneal thickness between central and paracentral zones; △CT-2 = the difference of mean total corneal thickness between central and pericentral 
zones; aAll values are presented as mean ± standard deviation (range); bIndependent-samples t test; *P < 0.05



Page 8 of 15Li et al. BMC Ophthalmology          (2024) 24:396 

might be deeper for compensation of the laser-induced 
spherical aberration, and the greatest epithelial thicken-
ing was observed in 3–4 mm diameter zones, [17] which 
was included in the paracentral zone of our study. Dif-
ferently, optical zone transits smoothly from the center 
to the periphery in SMILE. Centrifugal increase after 
SMILE was presumed to be related to biomechanical 
change and central stroma remodeling [9]. Moreover, dis-
tinct distribution patterns of epithelial thickness between 
these two surgeries became evidence at 1 month post-
operatively [9]. Then the remodeling was reported to 
continue for 1 to 3 months and tend to be stable up to 
2 years after surgery [6, 7, 10]. Throughout this period, 
the discrepancy of thickening between surgeries in 

paracentral and periphery regions exists persistently 
despite not always reaching statistical significance [7, 9, 
18, 19]. Therefore, we speculated that different distribu-
tion patterns of epithelium mainly develop in short term 
following surgery and persists up to 5 years. But fur-
ther investigation is required to determine whether the 
noticeable variation of thickness results from the calcula-
tion of subtle thickening, since this study only included 
one visit at 5 years after surgery.

To verify the different distribution patterns of epithe-
lial thickness and their impacts after two surgical meth-
ods, we analyzed that △ET-1 and △ET-2 were larger 
in FS-LASIK group, and the difference of △ET-2 was 
statistically significant. Central epithelium thickening 

Fig. 3 Comparison of epithelial, stromal, and total corneal thicknesses in two directions between surgical groups. A, B = epithelial thickness; C, D = stro-
mal thickness; E, F = total corneal thickness; FS-LASIK = femtosecond laser-assisted in situ keratomileusis; SMILE = small incision lenticule extraction; 
Peri = pericentral; Para = paracentral; Cen = central; S = superior; I = inferior; T = temporal; N = nasal; *P < 0.05
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greater than periphery can be regarded as a convex lens 
adding on the corneal surface, [20] and increasing epi-
thelial thickness might induce myopization of its refrac-
tive power [19]. △ET-1 and △ET-2 of two groups were 
negatively correlated with SE postoperative in our study, 
which was similar to the results after LASIK and SMILE 
[10, 11]. △ET-1 of FS-LASIK group and △ET-2 of two 
groups were also correlated with myopic regression. 

However, when patients were grouped based on preop-
erative SE, significant correlations between these two 
parameters and myopic regression were found only in 
high myopia subgroup of FS-LASIK group. Hence, in 
order to ensure the long-term stability of refractive sta-
tus, attention should be paid to the uneven distribution 
of epithelial thickness from the center to the periphery, 
especially in patients with high myopia and receiving 
FS-LASIK.

On the other hand, we investigated the correlations 
between epithelial thickness and objective and subjec-
tive visual quality. Previous studies have suggested that 
the inhomogeneity of epithelial thickness could elevate 
the HOAs of the anterior corneal surface, which could 
not be compensated by the posterior surface after sur-
gery [21]. And variability of epithelial thickness has been 
proposed as an objective assessment for dry eye cur-
rently, with the latter being regarded as another impor-
tant contributor to the increase of HOAs [22–24]. This 
study is the first to reveal different correlations between 
low-moderate and high myopia subgroups at 5 years after 
surgery. After FS-LASIK, corneal HOAs would be greater 
with higher degree of myopia, which could be explained 
by the increased risk of flap deflection and more laser-
induced spherical aberration [25], and the compensatory 
response of epithelium would be greater simultaneously. 
Correspondingly, statistical correlations appeared only in 
high myopia subgroup but not in low-moderate subgroup 
in our study. In SMILE group, epithelial thickness was 
also associated with coma in patients with high myopia, 
for whom imbalanced healing caused by ablation decen-
tration might be more obvious due to the lack of eye-
tracking system [25]. When considering subjective visual 
quality, relevance was found solely in pericentral epithe-
lial thickness and starburst which indicates the irregular-
ity of cornea, rather than total QoV scores and overall 
satisfaction. And the main visual symptoms including 
fluctuation in vision, glare and starbursts after FS-LASIK, 
and glare, fluctuation in vision and blurred vision after 
SMILE, seemed to match to the aforementioned correla-
tions with HOAs. Therefore, we emphasized the impor-
tance of monitoring of epithelial thickness and the use of 
drugs such as steroid and anti-glaucoma especially in the 
short term postoperative [20, 26, 27]. 

The remodeling induced by surgery did not alter the 
vertical distribution characteristic of epithelium at 5 
years postoperatively [28]. The asymmetry might be 
related to the gravity-dependent flow of tear film and 
mechanical force exerted by eyelid when blinking [29]. 
Especially after FS-LASIK, the reducing of corneal sen-
sitivity and lower blink rate increase the influence of 
incomplete blinks and result in epitheliopathy [30]. 
Although this change mostly occurred within 6 months 
after surgery, punctate stains were found in inferior area 

Table 3 Correlations between epithelial thickness, postoperative 
spherical equivalentand myopic regressiona
Group Postoperative SE Myopic Regression

r P r P
FS-LASIK
Total (n = 177)
 Central -0.171 0.023* 0.159 0.035*
 Paracentral -0.090 0.233 0.093 0.220
 Pericentral 0.138 0.066 -0.102 0.176
 △ET-1 -0.241 0.001* 0.256 0.001*
 △ET-2 -0.311 < 0.001* 0.306 < 0.001*
Low-moderate myopia (n = 123)
 Central -0.052 0.570 0.104 0.255
 Paracentral -0.007 0.937 0.073 0.420
 Pericentral 0.087 0.339 0.020 0.826
 △ET-1 -0.130 0.151 0.142 0.117
 △ET-2 -0.149 0.100 0.168 0.064
High myopia (n = 54)
 Central -0.313 0.021* 0.194 0.159
 Paracentral -0.176 0.203 0.089 0.524
 Pericentral 0.197 0.154 -0.229 0.096
 △ET-1 -0.386 0.004* 0.374 0.005*
 △ET-2 -0.436 0.001* 0.392 0.003*
SMILE
Total (n = 177)
 Central -0.092 0.225 0.134 0.075
 Paracentral -0.029 0.699 0.107 0.157
 Pericentral 0.079 0.294 -0.016 0.833
 △ET-1 -0.199 0.008* 0.147 0.051
 △ET-2 -0.158 0.036* 0.181 0.016*
Low-moderate myopia (n = 121)
 Central 0.145 0.113 -0.040 0.667
 Paracentral 0.269 0.003* -0.113 0.215
 Pericentral 0.307 0.001* -0.158 0.083
 △ET-1 -0.217 0.017* 0.088 0.339
 △ET-2 -0.086 0.347 0.086 0.349
High myopia (n = 56)
 Central -0.292 0.029* 0.251 0.062
 Paracentral -0.314 0.018* 0.256 0.057
 Pericentral -0.237 0.078 0.165 0.225
 △ET-1 -0.167 0.219 0.186 0.169
 △ET-2 -0.138 0.309 0.181 0.181
FS-LASIK = femtosecond laser-assisted in situ keratomileusis; SMILE = small 
incision lenticule extraction; SE = preoperative spherical equivalent; △ET-1 = the 
difference of mean epithelial thickness between central and paracentral zones; 
△ET-2 = the difference of mean epithelial thickness between central and 
pericentral zones; aSpearman correlation analysis; *P < 0.05
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among a small number of patients complaining of dry 
eye in our study. The horizontal asymmetry was opposite 
to that in primary eyes, but consistent with other stud-
ies after surgery [6, 10]. Large curvature gradient change 
caused by astigmatism correction might be the reason.

Various studies have shown that epithelial remodeling 
is related to the attempted myopic correction [6, 8, 10, 
17]. Moreover, △ET-1 and △ET-2 increased with higher 
degree of myopia in this long-term research. Regression 
analysis suggested the stability of epithelial thickness for 
young patients at 5 years after surgery. However, Luft et 
al. found that age diminished the effect of surgical refrac-
tive correction on epithelial remodeling [8]. The long-
term consequence of this interaction require further 
studies with a wider range of age. In both groups male 
patients had thicker epithelial thickness. According to 
the previous research, gender would not increase the pre-
diction of epithelium thickening [8], difference between 
gender was consistent with primary eyes, [28] and might 
result from the influence of gonadal hormones on ocular 
development [31]. Ks and Kf impacted on the mean epi-
thelial thickness in pericentral zone in FS-LASIK group, 
and they were also negatively associated with △ET-1 
and △ET-2 in SMILE group. It was reported that post-
operative curvatures would change greater in patients 
with flatter corneas, which was ascribed to the less eyelid 
pressure [32]. 

In terms of stromal thickness, Luft et al. observed the 
increase of central stroma until the end of their 1-year 
observation [14]. Our study showed the long-term results 
without interference of measurement, including wound 
healing mediated by keratocyte in interface and short-
term postoperative corneal edema. There were verti-
cal and horizontal asymmetries of stromal thickness in 
both surgical groups. Surgeries preserved the distri-
bution characteristics of primary eyes [33]. In current 
studies, when higher refractive error was corrected, the 
discrepancy between the planned and achieved lenticule 
thickness, or stromal reduction would be larger [12, 14]. 
Despite this mismatch, our study confirmed that residual 
stromal thickness was still linearly correlated to SE pre-
operative after these two surgical methods.

In this study there was no statistical difference of 
stromal thickness between groups. SMILE is consid-
ered to conduct more stromal ablation clinically. How-
ever, underestimation and overestimation of actual 
central stromal reduction after FS-LASIK and SMILE 
were reported in the follow-up of 6 months respectively 
[13]. For FS-LASIK, laser ablation increasing progres-
sively with depth would cause over ablation. In SMILE, 
the anterior-most stomal lamellae with high cohesive 
tensile strength can be preserved better and the posterior 
stroma thickening might be the major contributor to the 
discrepancy [34–36]. Clinically, FS-LASIK is commonly G
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recommended for patients with thin cornea or high 
myopia. We cannot completely attribute the result to 
over ablation and stromal remodeling. But the preopera-
tive central corneal thickness was comparable between 
groups, so our 5-year stromal thickness results were still 
valuable for reference. Alio et al. demonstrated that as the 
level of ametropias was greater, the misestimation would 

be higher, and actual stromal thickness changes became 
equivalent, which proved the reliability of our study [12]. 

Macular thickness, ganglion cell complex and retinal 
nerve fiber layer thicknesses at 5 years postoperatively 
were not significantly different between two surgical 
groups, which was consistent with studies conducted in 
the short period after surgery [37, 38]. No maculopathy 
was found in all patients participating. Macular thick-
ness in perifovea, ganglion cell complex thickness, and 
superior, nasal, inferior retinal nerve fiber layer thickness 
were positively correlated with SE preoperative, match-
ing the retinal alterations in myopia [39–41]. On the basis 
of these linear relations, a greater myopic shift of refrac-
tive power was anticipated in association with thinner 
retinal thicknesses. However, only macular thickness in 
fovea of SMILE group was detected to have a weak cor-
relation with SE postoperative in our study. Retinal thick-
nesses might not possess sufficient sensitivity to reflect 
the potential of myopic regression. The initial reduction 
in thicknesses primarily happened in the outer layer and 
petiphery region of the fovea, [42] which might be attrib-
uted to this observation. Besides, our results displayed 
no difference in macular thickness, ganglion cell complex 
thickness and retinal nerve fiber layer thickness among 
fundus tessellation grades. The previously constructed 
model of fundus tessellation progression excluded reti-
nal nerve fiber layer from the independent variables, [43, 
44] and the published literature of our research group 
had demonstrated that increased tessellation grades were 
associated with reduced contrast sensitivity 5 years after 
surgery, [45] which indicated that the change in retinal 
function might occur earlier than structure. It should 
be noted that postoperative aberration and changes of 
refractive properties will affect the measurement of reti-
nal nerve fiber layer, [46] and tilted optic disc might cause 
the displacement of OCT scan circle and overestimation 
of temporal retinal nerve fiber layer [47]. Hence, further 
studies of retinal structure are needed to explore more 
feasible follow-up indicators for early warning of myopic 
regression and pathologic myopia.

There are limitations to our study. OCT was not a rou-
tine preoperative examination 5 years before in our hos-
pital, so the baseline data of all patients were hard to be 
collected. Though the inherent defects of cross-sectional 
study could not be avoided, we focused on the character-
istics of corneal and retinal thicknesses at 5 years after 
two surgeries. Considering the relatively large number of 
patients included in this study, we did not specify the size 
of the optical zone and the thickness of the corneal flap 
or cap. Studies in early period postoperative have shown 
that epithelium thickens greater with smaller the optical 
zone, [10, 26] and long-term study is still lacking. And 
the thickness of corneal flap or cap might be associated 
with the anterior surface curvature and biomechanics 

Table 5 Correlations between epithelial thickness, QoV scores 
and overall satisfaciona

Group QoV Scores Overall Satisfacion
r P r P

FS-LASIK (n = 151)
Total (n = 151)
 Central 0.046 0.537 -0.088 0.283
 Paracentral 0.090 0.271 -0.073 0.370
 Pericentral 0.086 0.297 0.078 0.340
 △ET-1 -0.039 0.637 -0.079 0.334
 △ET-2 -0.017 0.837 -0.188 0.149
Low-moderate myopia (n = 107)
 Central 0.043 0.659 -0.072 0.459
 Paracentral 0.079 0.421 -0.072 0.463
 Pericentral 0.129 0.186 0.036 0.714
 △ET-1 -0.036 0.715 -0.008 0.936
 △ET-2 -0.070 0.472 -0.033 0.737
High myopia (n = 44)
 Central -0.016 0.916 -0.009 0.951
 Paracentral 0.091 0.556 -0.043 0.782
 Pericentral 0.066 0.671 0.093 0.546
 △ET-1 -0.088 0.571 -0.108 0.485
 △ET-2 -0.108 0.487 -0.032 0.835
SMILE
Total (n = 142)
 Central 0.091 0.280 -0.019 0.819
 Paracentral 0.099 0.239 -0.011 0.892
 Pericentral 0.054 0.522 -0.031 0.711
 △ET-1 -0.013 0.876 -0.002 0.984
 △ET-2 0.027 0.747 0.031 0.715
Low-moderate myopia (n = 95)
 Central 0.131 0.206 0.012 0.912
 Paracentral 0.123 0.235 0.032 0.761
 Pericentral 0.044 0.670 0.019 0.855
 △ET-1 0.042 0.684 -0.013 0.902
 △ET-2 0.112 0.281 0.017 0.868
High myopia (n = 47)
 Central -0.038 0.798 -0.200 0.177
 Paracentral -0.033 0.828 -0.195 0.188
 Pericentral 0.068 0.651 -0.158 0.289
 △ET-1 -0.130 0.382 -0.020 0.893
 △ET-2 -0.221 0.135 -0.019 0.902
QoV = Quality of Vision; FS-LASIK = femtosecond laser-assisted in situ 
keratomileusis; SMILE = small incision lenticule extraction; △ET-1 = the 
difference of mean epithelial thickness between central and paracentral zones; 
△ET-2 = the difference of mean epithelial thickness between central and 
pericentral zones; aSpearman correlation analysis
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[48–50]. But the different distribution patterns of epi-
thelial thickness in our study were similar to the obser-
vational research within 3 months postoperative, in 
which flap and cap thicknesses were set to 120 μm. The 
improved SD-OCT covering a 9-mm diameter range had 
already been applied in clinical research [6, 10]. How-
ever, the clinical significance of longer follow-up period 
beyond the 6-mm diameter range needs to be investi-
gated further.

Conclusion
In summary, the tendency that epithelial thickness in 
central zone was thicker than peripheral zone was more 
obvious at 5 years after FS-LASIK compared to SMILE. 
This uneven distribution of epithelial thickness might 
play a role in myopic regression and the changes in 
HOAs, especially in patients with high myopia, but it had 
little effect on patients’ subjective visual quality. More-
over, stromal thickness was affected by over ablation and 
stromal remodeling respectively. And there were asym-
metries of epithelial, stromal, and total corneal thick-
nesses after two surgeries. Attention should be paid to 
the corneal remodeling to ensure the accuracy and sta-
bility of surgery. Retinal thicknesses were not affected 
by these two surgeries, and they did not appear to be the 
clinical indicators for myopic regression or fundus tessel-
lation progression.

Abbreviaions
FS-LASIK  Femtosecond laser-assisted in situ keratomileusis
SMILE  Small incision lenticule extraction
OCT  Optical coherence tomography
△ET-1  Difference of epithelial thickness between central and 

paracentral zones
△ET-2  Difference of epithelial thickness between central and 

pericentral zones
△ST-1  Difference of stromal thickness between central and 

paracentral zones
△ST-2  Difference of stromal thickness between central and 

pericentral zones
△CT-1  Difference of corneal thickness between central and 

paracentral zones
△CT-2  Difference of corneal thickness between central and 

pericentral zones
SE  Spherical equivalent
UDVA  Uncorrected distance visual acuity
CDVA  Corrected distance visual acuity
HOAs  Higher-order aberrations
RMS.HOA  Root mean square values of higher-order aberration
QoV questionnaire  Quality of Vision questionnaire
Kf  flattest keratometry
Ks  steepest keratometry
CCT  Central corneal thickness
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