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Purpose: To investigate long-term changes in corneal densitometry (CD) following small

incision lenticule extraction (SMILE) vs. femtosecond laser-assisted LASIK (FS-LASIK) in

patients with myopia or myopic astigmatism.

Methods: Prospective analysis was performed in 66 eyes of 38 patients (13 males)

who underwent SMILE and 54 eyes of 29 patients (5 males) who underwent FS-LASIK.

In all patients, an ocular examination was performed preoperatively, and at 6–12 months

and 5 years postoperatively. CD was obtained with the Pentacam Scheimpflug imaging

system at the 0–2-mm, 2–6-mm, and 6–10-mm zones of the cornea at depth of anterior

120µm, midcornea, and posterior 60µm. Correlation analysis was performed between

postoperative change in CD and other variables such as age, type of surgery, central

corneal thickness, spherical equivalent, lenticule thickness/ablation depth, and changes

in wavefront aberrations.

Results: At postoperative 6–12 months, a significant reduction at several corneal zones

in the FS-LASIK cohort (P < 0.05) was observed. In the SMILE cohort, no significant

change in CD relative to baseline was observed. However, at 5 years postoperatively, in

both groups, a significant decrease in CD was observed in three zones of three layers

(all P < 0.001). The change in CD was similar between groups at postoperative 6–12

months, but at 5 years the magnitude of change was significantly smaller in SMILE than

FS-LASIK in the anterior and central layers (all P < 0.05).

Conclusion: CD with the Scheimpflug imaging system showed a significant decrease

at 5 years after SMILE or FS-LASIK, and the change was significantly less pronounced

after SMILE.

Keywords: corneal densitometry, small incision lenticule extraction (SMILE), femtosecond laser-assisted LASIK

(FS-LASIK), myopia, pentacam scheimpflug imaging

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2020.521078
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2020.521078&domain=pdf&date_stamp=2020-11-06
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:doctzhouxingtao@163.com
https://doi.org/10.3389/fmed.2020.521078
https://www.frontiersin.org/articles/10.3389/fmed.2020.521078/full


Wei et al. Corneal Densitometry After SMILE/FS-LASIK

INTRODUCTION

Corneal transparency is a crucial property of a healthy cornea
and can be determined by measuring corneal light backscatter. A
technique such as Scheimpflug photography provides objective
and quantitative measures of corneal clarity in the form of
the corneal densitometry (CD) value. Changes in the cornea,
such as edema or inflammation, can lead to opacification and
subsequently, an increase in the CD value. Thus, the CD is a
useful indicator of early changes in corneal pathologies and can
be used to monitor postsurgical stromal reactions, keratocyte
activation, or haze. It is also a good predictor of visual acuity (1)
and visual quality (2).

Femtosecond laser small incision lenticule extraction (SMILE)
is a new technique to correct myopia and myopic astigmatism
and is thought to change corneal transparency. CD value is
significantly increased during the early postoperative period,
as compared to the preoperative period (3–7), and gradually
returned to baseline (8–10). This may partly explain the transient
haze-like reaction and slower visual recovery after SMILE. Han
et al. (4) reported that the CD value was significantly lower than
baseline after 3 years; however, the authors did not provide a
detailed explanation. Studies to follow CD for a longer time
postoperatively are needed to clarify the effect of surgery in terms
of persistent corneal transparency in the long term.

This study aimed to objectively assess the changes in CD after
SMILE vs. femtosecond laser-assisted LASIK (FS-LASIK) and
examine the relationship between other clinical characteristics,
such as the type of surgery, patient age, preoperative spherical
equivalent (SE), central corneal thickness (CCT), and lenticule
thickness (LT)/ablation depth (AD). To the best of our
knowledge, this is the first report of a 5-year outcome of SMILE
and FS-LASIK for corneal transparency using the densitometry
module of the Pentacam Scheimpflug imaging system.

MATERIALS AND METHODS

Patients and Follow-Up
In this prospective study, 67 subjects with myopia and myopic
astigmatism who underwent refractive surgery of SMILE (31 left
and 35 right eyes of 38 patients) or FS-LASIK (28 left and 26 right
eyes of 29 patients) at Fudan University Eye and ENT Hospital
(Shanghai, China) from December 2011 to January 2013 were
recruited. Inclusion criteria were as follows: (1) age ≥ 18 years;
(2) stable refractive error with minimum calculated residual
corneal stromal bed thickness of ≥280µm; (3) preoperative
spherical error up to−10.0 D and cylinder up to−5.0 D. Patients
with other preexisting ocular diseases were excluded.

The study was approved by the Ethical Committee of Fudan
University EENT Hospital Review Board, and conducted in
accordance with the tenets of the Declaration of Helsinki. In all
patients, a detailed explanation of the risks and benefits of the
study was provided and signed informed consent was obtained.
Indication for surgery was according to the surgeon’s clinical
judgment and implemented after careful deliberation of choice
of the procedure by patients under the surgeon’s guidance.

In all patients, an ocular examination was conducted
preoperatively and postoperatively. The main assessments were
as follows: (1) Axial length (Zeiss Humphrey IOL Master),
intraocular pressure, and slit-lamp evaluation of the anterior
segment; (2) visual acuity, including uncorrected distance
visual acuity (UDVA), corrected distance visual acuity (CDVA),
and objective, manifest and cycloplegic refraction; (3) corneal
topography (Pentacam HR, version 1.21r43, Type 70900; Oculus
Optikgeräte GmbH, Wetzlar, Germany). The Pentacam scans
were taken in automatic release mode, and the CCT, CD
values, and wavefront aberrations of the anterior corneal surface
over a 6.0mm central diameter were collected from a single
measurement at each visit. All the preoperative measurement
was done by the same technician (LW), and all the follow-up
measurement was done by the same ophthalmologist (MYL).

Patients were followed for 5 years.

Surgical Technique
SMILE was performed using a 500 kHz VisuMax femtosecond
laser system (Carl Zeiss Meditec AG, Jena, Germany) in expert
mode at the following settings for all the eyes: pulse energy of 130
nJ, corneal cap thickness of 100µm, and optical zone diameter
of 6.2–6.8mm (depending on the preoperative corneal thickness
and the refractive error to be corrected). The side cuts were set
to 90◦ (12-o’clock position) with 2.0-mm circumferential width
at the superior position. The technical procedure was conducted
as previously described (11).

FS-LASIK was performed using a 500 kHz VisuMax
femtosecond laser (Carl Zeiss Meditec AG, Jena, Germany)
for flap creation and a 250Hz MEL-80 excimer laser (Carl
Zeiss Meditec AG, Jena, Germany) for stromal ablation at the
following settings for all the eyes: pulse energy of 185 nJ, flap
diameter of 8.0mm, flap thickness of 90µm, hinge length of
4.0mm, and optical zone diameter of 6.2–6.8mm. In all patients,
bandage soft contact lenses (ACUVE OASYS, Inc., FL, USA)
were applied for 1 day after surgery.

All surgeries were performed by the same skilled surgeon in
both procedures (XZ).

Both groups received the same postoperative topical
medications: levofloxacin 4 times per day for 7 days; 0.1%
fluorometholone 8 times per day tapered to 1 time per day over
24 days, and artificial tears 4 times per day for 1 month.

Corneal Densitometry Analysis
CD was quantified with the Pentacam HR (software version
1.21r43) (Figure 1). The device captures 25 images from 0◦ to
180◦ and automatically records 12,500 elevation points in 2 s,
and simultaneously collects corneal backscattered light in the
different regions of the cornea and transforms it into CD; the
CD values are recorded in standardized grayscale units (GSU)
at a range from 0 (maximum transparency) to 100 (minimum
transparency). The data are displayed on the CD map, which
is divided into three anatomical layers based on the depth:
The anterior layer (120µm anteriorly), posterior layer (60µm
posteriorly), and central layer (at mid-distance between the two
layers). In addition, four concentric radial zones are defined
around the corneal apex (0–2, 2–6, 6–10, and 10–12mm). In
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FIGURE 1 | Corneal densitometry map using the Pentacam Scheimpflug imaging system.

patients with white to white (WTW) diameter of <1mm, a part
of the limbus and sclera may be included in the measurement
(12); hence, values at the outermost zone of 10–12mm have the
weakest reliability and reproducibility and were excluded. An
annulus measuring 0–6mm is considered to be in the optic zone
and is most likely to affect visual outcomes.

Data and Statistical Analysis
Data were analyzed using R 3.5.3 (R Project for Statistical
Computing, http://cran.r-project.org). Continuous variables are
presented as mean ± standard deviation (SD), and categorical
variables, as frequency. For comparison studies between the
SMILE and FS-LASIK groups, two-sample t-test and Chi-square
test, respectively were used for the age and sex at baseline, and
linear mixed models were constructed for the other baseline
variables and changes of CD; the latter method was also used to
compare the change of CD with time in each group and assess
the relationship between the change of CD and type of surgery,
age, SE, CCT, and LT/AD. In linear mixed models, subject ID was

included as the random intercept to account for the relationship
between right and left eyes in one subject, and other variables of
interest were included as fixed effects. A P-value of <0.05 was
considered to be statistically significant.

RESULTS

In total, 67 patients with myopia and myopic astigmatism who
underwent SMILE (31 left and 35 right eyes of 38 patients) or FS-
LASIK (28 left and 26 right eyes of 29 patients) were included in
the prospective study. The preoperative baseline characteristics
and CD values are shown in Tables 1, 2. In total, 89.6% of
patients (33 SMILE patients and 27 FS-LASIK patients) were
available for the full 5-year duration of postoperative follow-up.
No complications or adverse events were observed.

Postoperative Refraction
At 5-year follow-up, 83.9% (47/56) of SMILE-treated eyes
and 89.6% (43/48) FS-LASIK-treated eyes had a postoperative
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TABLE 1 | Patient profiles.

Characteristics SMILE group

(n = 66 eyes)

FS-LASIK

group

(n = 54 eyes)

P value*

Age (mean ± SD, year) 29.2 ± 5.5 28.8 ± 7.0 0.78

Range of age (year) 22, 44 19, 47

Sex (male/female) 13/25 5/24 0.20

Axial length (mm) 26.33 ± 0.91 26.16 ± 1.04 0.55

Range of axial length (µm) 24.28, 28.22 24.51, 29.97

Preoperative spherical error (D) −6.48 ± 1.25 −6.95 ± 1.57 0.11

Range (D) −9.25, −3.50 −9.50, −3.00

Preoperative cylinder (D) −0.89 ± 0.72 −1.07 ± 0.74 0.25

Range (D) −3.00, 0 −3.25, 0

Preoperative SE (D) −6.98 ± 1.07 −7.48 ± 1.62 0.09

Range (D) −9.25, −5.00 −10.00, −3.38

Preoperative CCT (µm) 552.9 ± 28.5 545.9 ± 24.1 0.27

Range (µm) 502, 614 504, 592

LT/AD (µm) 136.4 ± 17.7 134.7 ± 22.9 0.89

Range (µm) 92, 170 72, 168

CDVA (logMAR) −0.03 ± 0.05 −0.01 ± 0.04 0.26

Range (logMAR) −0.18, 0.10 −0.08, 0.10

*Continuous variables were analyzed by t-test for subject-level variables or linear mixed

model for eye-level variables. Frequency data were analyzed by Chi-squared test;

P < 0.05.

LT, lenticule thickness for SMILE patients; AD, ablation depth for FS-LASIK patients; CCT,

central corneal thickness; UDVA, uncorrected distance visual acuity; CDVA, corrected

distance visual acuity; SE, spherical equivalent.

logMAR UDVA of 0 or better. The mean spherical error is−0.03
± 0.49 for SMILE and −0.29 ± 0.62 for FS-LASIK. The mean
cylinder is −0.26 ± 0.24 for SMILE and −0.28 ± 0.28 for FS-
LASIK. There were no significant differences between SMILE and
FS-LASIK for spherical error and cylinder.

Postoperative Outcomes on Corneal
Densitometry
In the SMILE group, the postoperative CD at 6–12 months was
similar to the preoperative values (P > 0.05); however, the CD
values at each of three annuli (0–2, 2–6, and 6–10mm) of all
three layers were significantly decreased at 5 years postoperatively
as compared with those at baseline (all P < 0.001) (Figures 2A,
3A–C, Table 2).

In the FS-LASIK group, the CD values at the 6–10-mm zone
(P = 0.007) of the anterior layer, 0–2-mm (P = 0.012) and 6–10-
mm zones (P = 0.031) of the central layer, 0–2-mm zone (P =

0.02) of the posterior layer, and 0–2mm (P = 0.026) and 6–10-
mm zones (P = 0.041) of the total thickness were significantly
reduced at 6–12 months postoperatively. The CD values at each
of the three annuli of all three layers at postoperative 5 years were
significantly reduced (all P < 0.001) (Figures 2B, 3D,E, Table 2).

In comparing the changes in CD between the SMILE and FS-
LASIK groups, there were no significant differences in the values
obtained at each of the annuli at the postoperative timepoint of
6–12months (P> 0.05). However, at the postoperative timepoint
of 5 years, the reduction was more apparent in the FS-LASIK

group at the anterior layer (P = 0.011 for 0–2mm; P = 0.017
for 2–6mm; P = 0.041 for the 6–10-mm zone of the annulus),
the central layer (P = 0.007 for 0–2mm; P = 0.018 for 2–6mm;
P = 0.032 for the 6–10-mm zone of the annulus), and total
thickness (P = 0.014 for 0–2mm; P = 0.021 for 2–6mm; P =

0.024 for the 6–10-mm zone of the annulus). Similarly, a greater
reduction in CD was observed in the FS-LASIK group compared
to the SMILE group at the 6–10-mm zone of the posterior layer
(P = 0.025) (Table 2).

Factors Associated With Corneal
Densitometry After Refractive Surgery
At a postoperative timepoint of 5 years, all CD values except
those at the 0–2-mm and 2–6-mm zones of the posterior corneal
layers, were significantly associated with the type of surgery
(P < 0.05) (Table 3). At an earlier postoperative timepoint
of 6–12 months, the CD value was not associated with the
type of surgery. Moreover, the CD value was not statistically
correlated with the other characteristics such as age, SE, CCT, and
LT/AD (Table 3).

Relationships Between Corneal
Densitometry and Corneal Wavefront
Aberrations
There was no difference in preoperative wavefront aberrations of
the cornea between the SMILE and FS-LASIK groups. However,
at 5 years after surgery, anterior corneal higher-order aberrations
(HOA) were significantly higher in the SMILE group as opposed
to FS-LASIK. In particular, the Z(3, −1), coma, spherical
aberration, third-order aberration, and total HOA were higher
(Supplementary Table 1). There was no detectable relationship
between changes in CD and changes in corneal wavefront
aberrations (Supplementary Table 2).

DISCUSSION

Characterizing the long-term changes to the corneal structure
after SMILE is critical for optimizing surgical outcomes. CD
is an objective measurement to assess corneal transparency.
It is increasingly being used to routinely monitor postsurgical
outcomes after corneal collagen crosslinking (13), keratoplasty
(1, 14), and corneal refractive surgery (15). However, the
investigations regarding postoperative changes in CD after
SMILE and FS-LASIK are relatively fewer and with inconsistent
results (Supplementary Table 3). To the best of our knowledge,
our study is the first 5-year prospective study that compares
CD values after two types of refractive surgeries, SMILE and
FS-LASIK, with Scheimpflug imaging.

In the present study, CD at all examined zones decreased
significantly at 5 years postoperatively compared with baseline
in both SMILE and FS-LASIK groups. Previous literature has
shown that CD was decreased at 3 months (16) and 1 year (17)
after photorefractive keratectomy (PRK). Lazaridis et al. (8) and
Han et al. (4) compared the changes in CD after SMILE and FS-
LASIK and reported a significant decrease at 3 months and 3
years after either procedure. The present study further explores
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TABLE 2 | Corneal densitometry (CD) after SMILE and FS-LASIK.

CD (GSU) Anterior layer Central layer Posterior layer Total thickness

0–2 mm 2–6 mm 6–10 mm 0–2 mm 2–6 mm 6–10 mm 0–2 mm 2–6 mm 6–10 mm 0–2 mm 2–6 mm 6–10 mm

Pre-op SMILE 25.24 ± 3.83 23.29 ± 3.48 23.49 ± 4.48 16.87 ± 2.13 15.49 ± 1.90 16.22 ± 2.62 14.46 ± 2.07 13.67 ± 1.89 15.21 ± 2.39 18.87 ± 2.61 17.49 ± 2.37 18.30 ± 3.07

FS-LASIK 27.26 ± 3.26 24.90 ± 2.80 24.22 ± 2.72 18.04 ± 1.80 16.43 ± 1.51 16.76 ± 1.43 15.30 ± 1.85 14.49 ± 1.60 16.16 ± 1.48 20.19 ± 2.22 18.60 ± 1.89 19.04 ± 1.71

P§ 0.051 0.09 0.50 0.04|| 0.06 0.42 0.13 0.12 0.12 0.06 0.08 0.33

Post-op

month 6–12

SMILE 25.85 ± 4.93 24.12 ± 4.40 23.08 ± 4.65 17.09 ± 2.78 15.71 ± 2.28 16.18 ± 2.83 14.36 ± 2.65 13.95 ± 2.35 15.70 ± 3.06 19.11 ± 3.42 17.93 ± 2.98 18.32 ± 3.45

Change 0.33 ± 4.31 0.57 ± 3.81 −0.91 ± 3.52 −0.02 ± 2.30 −0.01 ± 1.89 −0.40 ± 1.82 −0.36 ± 2.37 0.04 ± 2.10 0.20 ± 2.12 −0.02 ± 2.94 0.19 ± 2.58 −0.36 ± 2.41

FS-LASIK 26.23 ± 2.87 24.61 ± 2.80 22.97 ± 2.87 16.82 ± 1.79 15.81 ± 1.59 16.19 ± 1.62 13.99 ± 1.73 14.00 ± 1.47 15.96 ± 1.43 19.02 ± 1.98 18.15 ± 1.84 18.38 ± 1.82

Change −1.40 ± 4.39 −0.50 ± 3.77 −1.83 ± 3.73# −1.37 ± 2.48# −0.74 ± 2.02 −0.92 ± 2.09# −1.47 ± 2.52# −0.53 ± 2.13 −0.16 ± 2.03 −1.39 ± 3.03# −0.59 ± 2.56 −0.97 ± 2.48#

1Change§ −1.01 −0.48 −0.58 −0.99 −0.45 −0.35 −0.76 −0.26 −0.12 −0.90 −0.39 −0.36

95% CI§ (−4.32, 2.30) (−3.36, 2.39) (−3.04, 1.88) (−2.75, 0.76) (−1.86, 0.96) (−1.63, 0.93) (−2.57, 1.04) (−1.83, 1.31) (−1.58, 1.33) (−3.14, 1.35) (−2.32, 1.54) (−2.02, 1.30)

Post-op

year 5

SMILE 18.95 ± 5.10 17.69 ± 4.81 18.26 ± 5.48 12.28 ± 3.30 11.40 ± 2.95 12.60 ± 3.42 9.92 ± 2.78 9.77 ± 2.60 11.55 ± 2.90 13.71 ± 3.56 12.96 ± 3.34 14.13 ± 3.85

Change −5.85 ± 5.13* −5.17 ± 4.76* −5.22 ± 4.66* −4.32 ± 3.11* −3.84 ± 2.79* −3.60 ± 2.70* −4.38 ± 3.36* −3.74 ± 2.99* −3.57 ± 2.65* −4.86 ± 3.66* −4.25 ± 3.37* −4.12 ± 3.21*

FS-LASIK 18.49 ± 5.43 17.18 ± 4.89 16.82 ± 4.38 11.86 ± 3.49 11.13 ± 3.11 11.82 ± 2.99 9.80 ± 3.06 9.64 ± 2.78 11.18 ± 2.79 13.38 ± 3.83 12.65 ± 3.45 13.28 ± 3.27

Change −8.87 ± 5.61# −7.79 ± 5.09# −7.44 ± 4.72# −6.22 ± 3.72# −5.33 ± 3.35# −4.94 ± 3.11# −5.52 ± 3.54# −4.86 ± 3.24# −4.99 ± 3.04# −6.87 ± 4.15# −5.98 ± 3.77# −5.78 ± 3.51#

1Change§ −3.04† −2.66† −2.25† −1.90† −1.49† −1.35† −1.14 −1.10 −1.41† −2.01† −1.74† −1.66†

95% CI§ (−5.35, −0.73) (−4.83, −0.49) (−4.40, −0.10) (−3.25, −0.55) (−2.73, −0.26) (−2.57, −0.12) (−2.74, 0.46) (−2.51, 0.30) (−2.63, −0.19) (−3.61, −0.42) (−3.20, −0.28) (−3.10, −0.23)

||P < 0.05, significantly different in preoperative values between SMILE and FS-LASIK group.

*P < 0.05, significantly different from the preoperative values in the SMILE group.
#P < 0.05, significantly different from the preoperative values in the FS-LASIK group.
†
P < 0.05, a greater change in FS-LASIK group than SMILE group.

§Estimated from the linear mixed model with subject ID as the random intercept.

1Change = difference in the changes between the two groups; CI = confidence interval; GSU = grayscale units.

F
ro
n
tie
rs

in
M
e
d
ic
in
e
|
w
w
w
.fro

n
tie
rsin

.o
rg

5
N
o
ve
m
b
e
r
2
0
2
0
|
V
o
lu
m
e
7
|A

rtic
le
5
2
1
0
7
8

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Wei et al. Corneal Densitometry After SMILE/FS-LASIK

FIGURE 2 | Time course of corneal densitometry in the SMILE and FS-LASIK group. (A) SMILE group; (B) FS-LASIK group. *p < 0.05, significantly different from the

preoperative values.

the long-term changes in corneal transparency after these two
procedures. The decrease in CD could be a result of reduced
backscatter constituents, since the amount, size, and organization
of keratocytes and stromal collagen fibrils have an impact on the
optical properties of the cornea (18). Lazaridis et al. (8) reported
a weak negative association between the CD in the 0–6-mm
zone 3 months after SMILE/FS-LASIK and the amount of the
extracted or ablated stromal tissue. Besides, a decrease of the
keratocyte density after SMILE/FS-LASIK with in vivo confocal
microscopy (IVCM) was observed (19), which may increase the
corneal clarity. Decreased corneal hydration after laser refractive
surgery reported by Patel et al. (20) could also lead to the change

of CD. Admittedly, the manual operation of different surgeons
could affect the postoperative recovery and thus, the change of
CD values.

The decrease of CD in most zones was of no significance at
6–12 months after SMILE and FS-LASIK but significant at 5
years postoperatively, which indicated that corneal transparency
continues to improve over a long time. To explain the dynamic
change in CD, one possible contributing factor is the corneal
wound healing response. We found that bright particles at the
interface under the cap/flap diminished with time but were still
present at 5 years postoperatively (manuscript submitted for
publication). These small particles were thought to be transient
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FIGURE 3 | Changes of corneal densitometry (CD) at 6–12 months and 5 years after SMILE and FS-LASIK. (A) Diagram of the cornea; (B–E) Changes of CD relative

to baseline (blue for SMILE and red for FS-LASIK presents a statistically significant reduction); (B) SMILE at 6–12 months postoperatively; (C) SMILE at 5 years

postoperatively; (D) FS-LASIK at 6–12 months postoperatively; (E) FS-LASIK at 5 years postoperatively.

particles such as the ocular surface debris (lipid products), stress
fiber bundles in migratory keratocytes, or permanent interface
particles derived from surgical instruments (21), and may affect
the optical properties of the cornea.

Our analysis revealed that type of surgery, rather than age,
SE, or LT/AD, was associated with changes in CD values.
We also observed significantly smaller changes in CD in the
anterior (except 6–10mm) and central layer at long-term in
SMILE vs. FS-LASIK, which is in agreement with the findings
of a 3-month study (8). In a SMILE procedure, there may
be a misalignment of the cap and stroma interface (tent
effect) after lenticule extraction. This can cause structural
changes near the incision site and twisting of the Bowman’s
layer (microdistortions), which remain up to 3 years after
SMILE (22). These subtle structural changes may have a long-
standing impact on corneal optical properties and increase
the cornea backscatter. Besides the surgical approach, different
laser mechanisms may also lead to the differences in CD.
During the SMILE, the femtosecond laser photodisruption is
mainly applied, while in FS-LASIK, the cornea is burdened
with additional excimer laser photoablation. The distinction

may cause a different postoperative healing response. In animal
models, less tissue inflammation, keratocyte response, and early
extracellular matrix deposition was observed in the rabbit cornea
at early postoperative periods after SMILE than compared to FS-
LASIK (23), indicative of the differences in repair patterns of
the stroma after either procedure. Further studies are needed
to clarify whether it can cause the changes of CD observed.
Since the sample size was relatively small, caution should be
applied, as the findings might be caused by the individual patient
differences. Though reports indicate that CD was associated
with age (24, 25) and LT/AD (8), such relationships were not
detected here.

The reduced CD may affect visual quality after refractive
surgery though no relationship between changes in CD and
corneal wavefront aberrations was found here. There are few
studies regarding the relationship between CD and aberrations
after refractive surgery, but the correlations were reported in
children with vernal keratoconjunctivitis (26) and patients after
penetrating keratoplasty (27). One reason we did not detect it
could be that the effect of refractive surgery on the residual
cornea is uneven and the mean CD of each layer divided
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TABLE 3 | Univariate analysis between the change of corneal densitometry after refractive surgery and type of operation, age, SE, CCT, and planned ablation depth/lenticule thickness.

Variable Postoperative month 6–12 Postoperative year 5

Group† Age SE CCT LT/AD Group† Age SE CCT LT/AD

Coef P Coef P Coef P Coef P Coef P Coef P Coef P Coef P Coef P Coef P

ANTERIOR LAYER

0–2mm −1.012 0.54 0.048 0.74 0.263 0.77 0.011 0.61 −0.026 0.28 −3.043 0.01* 0.022 0.83 1.785 0.14 0.007 0.78 0.023 0.50

2–6mm −0.481 0.74 0.038 0.76 0.643 0.50 0.012 0.56 −0.025 0.30 −2.659 0.02* 0.008 0.93 1.753 0.11 0.007 0.74 0.021 0.50

6–10mm −0.58 0.64 −0.002 0.98 0.256 0.84 0.012 0.53 −0.035 0.20 −2.252 0.04* 0.021 0.81 0.98 0.34 0.022 0.31 0.004 0.89

CENTRAL LAYER

0–2mm −0.995 0.26 0.028 0.71 −0.037 0.94 0.004 0.75 −0.013 0.36 −1.903 0.007* −0.011 0.85 1.196 0.11 0.006 0.67 0.026 0.18

2–6mm −0.449 0.52 0.034 0.58 0.109 0.82 0.005 0.60 −0.01 0.48 −1.494 0.02* −0.007 0.89 0.937 0.16 0.005 0.71 0.026 0.14

6–10mm −0.35 0.59 −0.002 0.98 −0.182 0.77 0.006 0.55 −0.011 0.45 −1.347 0.03* −0.002 0.97 0.774 0.22 0.01 0.40 0.02 0.25

POSTERIOR LAYER

0–2mm −0.764 0.40 0.012 0.88 −0.182 0.71 0.004 0.77 −0.016 0.31 −1.138 0.16 0.001 0.99 0.802 0.28 0.02 0.21 0 1.00

2–6mm −0.255 0.74 0.024 0.72 0.161 0.72 0.005 0.68 −0.013 0.36 −1.102 0.12 −0.005 0.93 0.814 0.23 0.015 0.27 0.008 0.65

6–10mm −0.124 0.86 0.042 0.50 −0.028 0.97 0.004 0.75 −0.011 0.51 −1.408 0.03* −0.001 0.98 0.9 0.15 0.013 0.29 0.016 0.36

TOTAL THICKNESS

0–2mm −0.899 0.42 0.032 0.74 0.01 0.99 0.006 0.69 −0.019 0.29 −2.013 0.01* 0.007 0.92 1.291 0.13 0.009 0.57 0.015 0.52

2–6mm −0.391 0.68 0.031 0.71 0.293 0.64 0.007 0.62 −0.017 0.34 −1.737 0.02* −0.001 0.98 1.18 0.13 0.008 0.61 0.018 0.40

6–10mm −0.361 0.66 0.014 0.85 0.001 0.99 0.007 0.58 −0.019 0.33 −1.664 0.02* 0.007 0.91 0.898 0.22 0.014 0.33 0.012 0.55

*P < 0.05.
†
SMILE, 0; FS-LASIK, 1.

CCT, central corneal thickness; SE, spherical equivalent; LT, lenticule thickness; AD, ablation depth; Coef, univariate coefficient.
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by the Scheimpflug imaging system cannot fully represent
the change of corneal organization after surgery. The contrast
sensitivity may also be affected. Additionally, change in CD
may impact the subjective quality of vision and be related to
symptoms such as glare and halos. More-refined research could
be further undertaken to investigate the clinical correlations of
postoperative CD.

This study has some limitations. First, the sample size was
relatively small, and we were unable to determine the association
between the changes of CD and the other clinical characteristics.
Further studies with larger sample sizes are needed. Second,
CD values were obtained with Scheimpflug analysis which
is a non-contact method. This may cause greater reflection
at the interfaces between the layers and make it difficult to
distinguish between backscattered and reflected light (28, 29);
IVCM analysis can overcome this disadvantage. Studies that
use IVCM-generated densitometry to further characterize the
wound-healing response after SMILE are needed to validate the
current results and elucidate the mechanism of the decrease
of CD.

In summary, the present study found that the CD value as
measured by Scheimpflug imaging was significantly decreased
at 5 years after SMILE or FS-LASIK refractive surgery.
Postoperative changes in CD were smaller in the SMILE
group at long-term follow-up compared to FS-LASIK. Further
research can be undertaken to investigate the association
between postoperative CD and visual quality. Studies to
evaluate the long-term cellular and molecular changes in
the cornea after corneal refractive surgery are needed to
clarify the mechanism of reduction of CD and optimize
postoperative management.
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