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Abstract 

Background  Aim is to analyze alterations in third and fourth corneal higher-order aberrations using a ray tracing 
aberrometer (iTrace) induced by SMILE (small incision lenticule extraction) refractive surgery on Algerian patients; 
and also to investigate how corneal aberrations vary with spherical equivalent (SE), corneal central thickness (CCT), 
and age. Design Prospective, non-randomized case series that were carried out at the Chiali Smile Center, Algiers, 
Algeria.

Participants  A total of 219 eyes from 110 myopic patients, with and without astigmatism, successfully concluded 
the ultimate follow-up. Participants exhibited an average age of 32.48 years, with preoperative mean corneal high-
order aberrations (CHOA) measuring 0.005 ± 0.036 μm.

Methods  A tracking trend analysis of high-order aberrations (HOAs) was conducted on the three groups of patients, 
assessing total corneal high-order aberrations after SMILE over periods of two, six, and twelve months.

Results  A substantial increase in total corneal high-order aberrations following SMILE, with a P value < 0.05. Con-
versely, there was a noteworthy and significant decrease in vertical trefoil for all groups (P value = 0.000). Interestingly, 
the corneal higher-order aberrations were more pronounced after two months compared to the six and twelve-
month intervals. Spherical aberration demonstrated a significant increase with the extent of preoperative myopia 
and preoperative spherical equivalent both before and after SMILE surgery (P < 0.05), particularly in cases of high myo-
pia. Moreover, there were significant reductions in preoperative and postoperative vertical coma (P = 0.047, P = 0.004, 
respectively) corresponding to the degree of preoperative myopia, with a more substantial decrease in vertical coma 
observed in cases of low myopia.

Conclusion  In the post-SMILE period, a notable increase in vertical coma and spherical aberrations was observed, 
accompanied by a significant decrease in vertical trefoil across all eyes. These aberration changes were identified 
to be closely associated with the spherical equivalent.
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1 � Background
The aberrations inherent to the human eye, commonly 
denoted as high-order aberrations (HOAs), hold a cen-
tral significance in diminishing retinal image quality. 
HOAs include a range of complex distortions such as 
coma, trefoil, and spherical aberration that cannot be 
corrected with conventional lenses [1, 2]. Numerous 
studies have delved into the exploration of ocular aber-
rations, employing diverse methodologies such as Hart-
mann–Shack wavefront sensing, Tscherning aberroscopy, 
and ray tracing refractometry. These methods have their 
unique advantages and limitations, with the iTrace aber-
rometer, utilizing ray tracing, standing out by measuring 
both the objective accommodative response and wave-
front aberrations at varying distances [3–5].

Following corneal refractive surgeries, there is a doc-
umented increase in HOAs, significantly impacting 
patients’ visual quality. LASIK (Laser-Assisted In  Situ 
Keratomileusis) and PRK (Photorefractive Keratometry), 
for instance, have been shown to increase HOAs, which 
can lead to symptoms such as glare and halos, especially 
under low-light conditions. The assessment of alterations 
in wavefront aberrations serves as a critical measure for 
assessing the impact of refractive surgery on the quality 
of vision [6].

SMILE (small incision lenticule extraction), a recently 
devised corneal refractive correction technique, stands 
out as a minimally invasive alternative to LASIK and 
FS-LASIK (Femtosecond Laser-Assisted In  Situ Ker-
atomileusis), necessitating solely a minimal incision. 
This technique involves creating a lenticule within the 
corneal stroma, which is then extracted through a small 
incision, thus preserving the anterior corneal integrity 
[7–9]. Recent studies affirm the excellence of the SMILE 
procedure in terms of safety, predictability, efficacy, and 
postoperative ocular surface health. These studies high-
light the reduced incidence of dry eye syndrome and 
faster recovery of corneal sensitivity compared to LASIK 
[10–12].

While previous studies on corneal HOAs post-SMILE 
have predominantly focused on anterior or total cor-
neal HOAs, there is a scarcity of research comparing 
anterior, posterior, and total corneal HOAs concerning 
procedures addressing refractive errors. This gap in the 
literature suggests a need for comprehensive studies to 
understand the complete impact of SMILE on corneal 
HOAs [11–14].

In this prospective investigation, a comprehensive 
analysis of total corneal HOAs was undertaken both pre- 
and post-SMILE refractive surgery in eyes affected by 
myopia and myopic astigmatism. This study is significant 
because it aims to provide new insights into the impact 
of SMILE surgery on corneal HOAs, which are critical 

for understanding visual quality outcomes. Factors such 
as the degree of myopia, age, and corneal central thick-
ness (CCT) measured with a topographer Oculus Penta-
cam, were considered. This exploration into the changes 
induced by SMILE in corneal HOAs in myopic eyes is an 
original contribution within the Algerian population. It is 
a distinctive endeavor conducted solely by a specialized 
SMILE surgeon in Algeria.

2 � Methods
2.1 � Participants
A prospective observational study encompassed 110 
patients (219 eyes) who underwent SMILE at the Chiali 
Smile Center in Algiers, Algeria, between March 2018 
and August 2021. One eye was excluded because it had 
high myopia greater than -10.00 diopters, which exceeds 
the correction limit of SMILE surgery.

The study spanned an average follow-up period of 
6.26 ± 4.28 months. The time frame in this study is related 
to the postoperative follow-up of the cases. Patients were 
followed at different intervals after the SMILE surgery 
to assess both short-term and long-term outcomes. The 
follow-up periods were set at 2 months, 6 months, and 1 
year, allowing for a comprehensive evaluation of changes 
and visual outcomes post-surgery. This rigorous follow-
up schedule is essential to understanding the evolution 
of corneal HOAs and the overall visual quality in patients 
after the procedure.

Inclusion criteria comprised individuals aged 22 years 
or older dissatisfied with glasses or contact lenses, pos-
sessing a refraction spherical equivalent spanning from 
− 1.38 to − 11.50 D, a sphere of − 0.50 to − 10.00 D, and a 
cylinder of 0 to − 4.50 D. Furthermore, participants were 
required to have maintained stable refraction (where the 
patient’s refractive error did not change) for a minimum 
of two years, and abstain from using contact lenses in the 
preceding two weeks. Criteria for exclusion encompassed 
conditions like severe dry eyes, suspected keratoconus, 
retinal detachment, cataract, ocular disorders, and con-
nective tissue diseases. Comprehensive demographic and 
clinical profiles of patients in low, moderate, and high 
myopia groups are outlined in Table 1.

2.2 � Surgical procedure
Preceding the surgery, patients received surface anes-
thesia, and explicit instructions were given to focus on 
a target light for the initiation of suction. The VisuMax 
femtosecond laser (Carl Zeiss Meditec AG) with a fre-
quency of 500  kHz was employed for the procedure. 
Four precise cleavage planes were generated, covering 
the anterior and posterior surfaces of the refractive len-
ticule, the vertical edge of the refractive lenticule, and 
a singular sidecut incision. Following the femtosecond 
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laser cutting, lenticule extraction was carried out 
through a small incision. The optical zone diameter 
(lenticule diameter) for all myopic corrections ranged 
from 6.0 to 6.5 mm; while, the cap thickness was con-
sistently maintained at 110 µm. importantly, the proce-
dure was consistently conducted by the same proficient 
surgeon.

Postoperative medications encompassed anti-inflam-
matory (Fluconcoll or Optifjam), wetting and lubri-
cating gel (such as Liposic or Siccafluid gel), and an 
antibiotic (Tymercoll or Optiflox). Figure  1 illustrates 
the essential steps of the SMILE procedure, using an 
example from one of our patients.

2.3 � Measurement of corneal HOAs
The quantification of preoperative and postoperative 
high-order aberrations in our patients was carried out 
using the iTrace aberrometer which operates on the fun-
damental principle of ray tracing (Tracey Technologies 
Corp. 16,720 Hedgecroft Drive, Suite 208 Houston, Texas 
77,060 USA, version 6.1). This advanced device yielded 
comprehensive outcomes, encompassing all ocular aber-
rations. It differentiated between low order aberrations 
(LOAs) and HOAs, offering specific values for both cor-
neal and internal aberrations. All measurements were 
carried out in a subdued lighting environment without 
inducing pupillary dilation.

Table 1  Initial patient characteristics

Group 1 Group 2 Group 3

Parameters Mean ± SD (106 eyes) Mean ± SD (67 eyes) Mean ± SD (63 eyes)

Gender, female/male 75/31 43/24 51/12

Age (years) 33.32 ± 9.47 (22–57) 30.52 ± 8.3 (25–54) 31.84 ± 7.02 (23–57)

Sphere (D) − 5.00 ± 2.45 (− 0.50 to − 10.50) − 5.34 ± 2.96 (− 0.50 to − 10.00) − 4.93 ± 2.60 (− 1.25 to − 10.00)

Cylinder (D) − 1.58 ± 1.02 (0.00 to − 4.50) − 1.51 ± 1.03 (0 to − 4.25) − 1.39 ± 0.97 (0.00 to − 4.00)

SE (D) − 5.81 ± 2.63 (− 1.38 to − 11.75) − 5.77 ± 2.41 (− 1.88 to − 10.88) − 5.63 ± 2.81 (− 1.50 to − 12.00)

CCT (μm) 528 ± 34.38 (469–24) 524.82 ± 31.23 (468–622) 516.49 ± 36.71 (445–617)

Fig. 1  Essential steps of the SMILE refractive surgery. a Fixation and centering of the femtosecond laser point; b and c Creation of the lenticule 
and the incision; d Separation of the lenticule; e Removal of the lenticule; f Verification and hydration
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Subsequent to the surgical procedure, a comprehensive 
assessment of visual acuity for all cases was conducted on 
the initial postoperative day. Furthermore, the identical 
cases underwent categorization into three distinct groups 
based on the duration of aberrometric follow-up. Specifi-
cally, 53 patients (106 eyes) were observed for 2 months, 
34 patients (67 eyes) for 6 months, and 32 patients (63 
eyes) for a period of 1 year or more. Notably, 9 patients 
underwent two follow-ups, either at 2 and 6 months, or 
at 2 months and 1 year or more. This variation in follow-
up periods was designed to comprehensively evaluate the 
outcomes of SMILE surgery over different time frames. 
Short-term follow-ups at 2 and 6 months allowed for 
early assessment of postoperative changes, monitoring of 
healing progress, and timely detection of any immediate 
complications. In contrast, the longer-term follow-up at 
1 year or more provided insights into the stability of vis-
ual outcomes, the persistence of refractive changes, and 
the durability of the surgical intervention’s effectiveness.

A meticulous examination of ocular aberrations, com-
prising corneal HOAs, coma, spherical aberrations, 
secondary astigmatism, and trefoil, was performed sub-
sequent to SMILE surgery, utilizing the iTrace aber-
rometer consistently for accurate quantification of the 
observed changes. Figure  2 demonstrates an example 
from the left eye of one of our patients, showing changes 
in HOAs before and after the SMILE procedure.

2.4 � Sample size
The sample size for this study was determined through 
a power analysis conducted prior to the study to ensure 
adequate power to detect meaningful effects. Based on 
previous studies and expected effect sizes for changes in 
corneal HOAs, pre- and post-SMILE.

•	 Significance level (alpha): 0.05
•	 Power (1-beta): 0.80
•	 Expected effect size (d): 0.5 (based on previous litera-

ture)

Using these parameters, we calculated that a sample 
size of approximately 32 eyes per group would be suffi-
cient to detect significantly the changes of corneal HOAs 
postoperatively. To enhance the robustness of our study, 
we included 110 patients (219 eyes), which exceeds the 
initial estimate and provides a strong statistical basis for 
our findings.

2.5 � Statistical analysis
The analysis of measured outcomes and comparisons 
between preoperative and postoperative data employed 
IBM SPSS Statistics version 21.0 software. The Spearman 
rank correlation test assessed relationships, including 

corneal HOAs pre- and post-SMILE surgery. Analysis 
explored links between induced aberrations and preoper-
ative factors (spherical equivalent, sphere, cylinder, CCT, 
and age). Group comparisons utilized the ANOVA test, 
with significance set at P < 0.05.

2.6 � Ethical considerations
This study adhered to the ethical principles outlined in 
the Declaration of Helsinki. Prior to participation, all 
patients provided written informed consent after being 
thoroughly informed about the nature of the study, the 
surgical procedure, potential risks, and benefits. The 
study protocol was reviewed and approved by the Insti-
tutional Review Board (IRB) of our university for the 
doctoral thesis project in optometry to the scientific and 
ethical standards outlined in Ministerial Decree No.991 
dated May 12, 2023. Confidentiality and anonymity of 
the participants were strictly maintained throughout 
the study, with data being coded and securely stored to 
protect patient privacy. Only authorized personnel had 
access to the data, ensuring compliance with ethical 
standards for human research

3 � Results
3.1 � Preoperative data
All surgical procedures were executed successfully, 
devoid of intraoperative or postoperative complications, 
as detailed in Table  1. This table presents demographic 
data including gender distribution, age, and refractive 
parameters (sphere, cylinder, spherical equivalent) across 
three groups, along with CCT. Importantly, the absence 
of observed cases of corneal ectasia further supports the 
procedural success observed in this study. Statistical anal-
ysis revealed no significant variations in patient age, pre-
operative SE, sphere, cylinder, and CCT among the three 
groups. This lack of differences ensures a fair comparison 
of corneal HOA). Comprehensive preoperative corneal 
HOA values are detailed in Table  2. Mean preoperative 
corneal HOA measurements, including SA, coma, trefoil, 
secondary astigmatism, and tetrafoil, did not exhibit sig-
nificant differences between groups (F = 0.024, P = 0.878).

3.2 � Preoperative correlations
Table  3 presents the correlations between SE, sphere, 
cylinder, age, CCT, and preoperative corneal HOAs. SE 
demonstrated significant correlations with spherical 
aberration and secondary astigmatism in the first and 
third groups (P = 0.014, P = 0.027, P = 0.039, P = 0.046, 
respectively), as well as with vertical coma in the third 
group (P = 0.050). Only the first group’s cylindrical diop-
ter exhibited significant correlations with spherical 
aberration, vertical coma, and secondary astigmatism 
(P = 0.003, P = 0.045, P = 0.007, respectively). Additionally, 
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Fig. 2  Internal, corneal, and total higher-order aberrations (HOAs) for one of our patients, shown a before and b after SMILE refractive surgery. This 
figure demonstrates the changes in different components of HOAs preoperatively and postoperatively
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patient age showed significant correlations with spherical 
aberration, vertical coma, and vertical trefoil in the first 
group (P = 0.004, P = 0.009, P = 0.036, respectively), and 
with secondary astigmatism and vertical tetrafoil in the 
third group (P = 0.002, P = 0.017, respectively). CCT dis-
played a significant correlation only with vertical coma in 
the first group (P = 0.024). Notably, in the second group, 
there were no statistically significant correlations identi-
fied between the mentioned parameters and total corneal 
HOAs.

3.3 � Postoperative changes
Postoperative changes are detailed in Table 4, highlight-
ing significant increases in vertical and horizontal coma, 

horizontal trefoil, secondary astigmatism, spherical aber-
rations, and oblique tetrafoil of the total cornea across 
all groups (P1 < 0.016, P2 < 0.031, and P3 < 0.050, respec-
tively; Fig.  3A–C). However, no statistically significant 
correlations were observed for vertical tetrafoil in the 
second group (P2 = 0.112); while, significant decreases 
were noted in the third group (P3 = 0.047). Vertical trefoil 
exhibited significant decreases in all groups (P1 = 0.000, 
P2 = 0.015, P3 = 0.027), with values in Group 1 surpassing 
those in the other two groups, as illustrated in Fig. 4

3.4 � Postoperative correlations
Table  5 outlines the associations between SE, sphere, 
cylinder, age, CCT, and postoperative corneal HOAs. 

Table 2  Preoperative measures of corneal HOAs (third and fourth order) for all groups

Corneal aberrations Group 1 Group 2 Group 3

Vertical trefoil − 0.052 ± 0.069 − 0.043 ± 0.065 − 0.045 ± 0.068

Vertical coma 0.009 ± 0.092 0.005 ± 0.1 − 0.011 ± 0.084

Horizontal coma − 0.007 ± 0.067 0.004 ± 0.081 − 0.003 ± 0.066

Horizontal trefoil 0.014 ± 0.06 0.011 ± 0.053 0.011 ± 0.058

Oblique tetrafoil 0.003 ± 0.028 0.003 ± 0.028 0.006 ± 0.037

Oblique secondary astigmatism − 0.003 ± 0.022 − 0.003 ± 0.021 − 0.006 ± 0.022

Primary spherical aberration 0.092 ± 0.078 0.078 ± 0.073 0.071 ± 0.071

Secondary astigmatism − 0.014 ± 0.044 − 0.006 ± 0.043 − 0.001 ± 0.03

Vertical tetrafoil 0.004 ± 0.037 0.000 ± 0.037 − 0.006 ± 0.026

Table 3  Preoperative correlations between sphere, cylinder, spherical equivalent (SE), thickness, age, and induced corneal HOAs in 
three Patient groups

P1: Preoperative correlations in the first group;

P2: Preoperative correlations in the second group;

P3: Preoperative correlations in the third group

P value V Trefoil V Coma H Coma H Trefoil Obl S Ast Obl Tetrafoil SA Second Ast V Tetrafoil

Sphere P1 0.699 0.419 0.053 0.863 0.452 0.302 0.025 0.101 0.839

P2 0.166 0.853 0.651 0.284 0.907 0.512 0.194 0.678 0.073

P3 0.810 0.047 0.640 0.225 0.050 0.502 0.040 0.637 0.970

Cylinder P1 0.255 0.003 0.154 0.376 0.714 0.883 0.045 0.007 0.084

P2 0.830 0.079 0.824 0.686 0.166 0.833 0.544 0.407 0.912

P3 0.376 0.344 0.898 0.455 0.313 0.397 0.120 0.322 0.092

SE P1 0.548 0.898 0.033 0.746 0.474 0.318 0.014 0.039 0.857

P2 0.103 0.483 0.729 0.162 0.606 0.423 0.221 0.775 0.139

P3 0.739 0.050 0.712 0.222 0.046 0.434 0.027 0.497 0.753

Thickness P1 0.543 0.024 0.298 0.540 0.265 0.376 0.133 0.277 0.247

P2 0.292 0.467 0.734 0.659 0.657 0.447 0.900 0.073 0.308

P3 0.703 0.769 0.929 0.665 0.464 0.596 0.295 0.660 0.444

Age P1 0.004 0.009 0.704 0.716 0.860 0.317 0.036 0.650 0.170

P2 0.417 0.114 0.145 0.384 0.266 0.335 0.617 0.743 0.114

P3 0.118 0.650 0.704 0.949 0.416 0.546 0.703 0.002 0.017
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Preoperative SE displayed significant correlations with 
spherical aberration in the first group (P1 = 0.000) and 
vertical coma in the first and third groups (P1 = 0.002, 
P2 = 0.006, respectively). It also significantly corre-
lated with vertical tetrafoil in the first and third groups 
(P1 = 0.008, P3 = 0.033, respectively). Cylindrical diop-
ter exhibited significant correlations with secondary 
astigmatism across all groups (P1 = 0.000, P2 = 0.021, 
and P3 = 0.020, respectively), and with vertical tetrafoil 
in the first two groups (P1 = 0.008, P2 = 0.016, respec-
tively). Patient age was significantly correlated only 
with secondary astigmatism in the second and third 
groups (P2 = 0.010, P3 = 0.005, respectively). CCT 
showed significant correlations with vertical trefoil 
in the first two groups (P1 = 0.014, P2 = 0.003, respec-
tively), and with spherical aberration, horizontal coma, 

and vertical tetrafoil in the first group (P1 = 0.038, 
P1 = 0.001, P1 = 0.032, respectively).

3.5 � Comparison of preoperative and postoperative 
parameters

Upon comparing Tables 3 and 5, several notable findings 
emerged.

3.5.1 � Spherical aberration
In the first group, there was a substantial correlation 
between the degree of myopia and 4th-order spheri-
cal aberration (SA), with a notable increase in SA both 
preoperatively and postoperatively (P = 0.025, P = 0.000, 
respectively). High myopia was associated with signifi-
cantly higher SA values (Refer to Fig. 5A).

Table 4  Corneal HOAs pre- and post-SMILE refractive surgery across three patient groups

P1: Comparisons of corneal HOAs before and 2 months after surgery

P2: Comparisons of corneal HOAs before and 6 months after surgery

P3: Comparisons of corneal HOAs before and one year after surgery

Corneal HOAs Group 1 Group 2 Group 3 P value

Before Smile 2 months after Before Smile 6 months after Before Smile One year after

V trefoil − 0.052 ± 0.07 − 0.012 ± 0.15 − 0.043 ± 0.07 − 0.019 ± 0.11 − 0.045 ± 0.07 − 0.008 ± 0.11 P1 0.000

P2 0.015

P3 0.027

V coma 0.009 ± 0.09 − 0.139 ± 0.36 0.005 ± 0.1 − 0.107 ± 0.17 − 0.011 ± 0.08 − 0.045 ± 0.28 P1 0.011

P2 0.031

P3 0.001

H coma − 0.007 ± 0.07 − 0.024 ± 0.3 0.004 ± 0.08 − 0.033 ± 0.24 − 0.003 ± 0.07 − 0.02 ± 0.24 P1 0.016

P2 0.000

P3 0.007

H trefoil 0.014 ± 0.06 − 0.042 ± 0.14 0.011 ± 0.05 0.015 ± 0.1 0.011 ± 0.06 0.015 ± 0.11 P1 0.000

P2 0.012

P3 0.021

Oblique tetrafoil 0.003 ± 0.03 − 0.006 ± 0.08 0.003 ± 0.03 0.004 ± 0.05 0.006 ± 0.04 0.019 ± 0.05 P1 0.012

P2 0.027

P3 0.050

Oblique second ast − 0.003 ± 0.02 0.008 ± 0.06 − 0.003 ± 0.02 0.007 ± 0.06 − 0.006 ± 0.02 − 0.007 ± 0.04 P1 0.002

P2 0.027

P3 0.179

SA 0.092 ± 0.08 − 0.147 ± 0.21 0.077 ± 0.07 − 0.113 ± 0.17 0.071 ± 0.07 0.117 ± 0.14 P1 0.000

P2 0.000

P3 0.000

V/H second ast − 0.014 ± 0.04 − 0.037 ± 0.19 − 0.006 ± 0.04 − 0.015 ± 0.07 − 0.001 ± 0.03 − 0.006 ± 0.05 P1 0.002

P2 0.021

P3 0.026

V tetrafoil 0.004 ± 0.04 − 0.017 ± 1.67 0.000 ± 0.04 − 0.021 ± 0.04 − 0.006 ± 0.03 − 0.002 ± 0.04 P1 0.009

P2 0.112

P3 0.047
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3.5.2 � Vertical coma
In the third group, a significant correlation was detected 
between preoperative myopia and 3rd-order vertical 
coma. There was a significant decrease in both preop-
erative and postoperative vertical coma associated with 
preoperative myopia (P = 0.047, P = 0.004, respectively). 
The reduction in vertical coma was more pronounced in 
cases of low myopia (Refer to Fig. 5C).

No significant relationship was established between 
preoperative myopia and other high-order aberrations 
(HOAs) (P > 0.05).

3.5.3 � Preoperative spherical equivalent (SE)
Significant correlations were observed between preop-
erative SE and both preoperative and postoperative SA 
in group 1, as well as vertical coma in group 3:

Fig. 3  Changes in total corneal HOAs before and after SMILE refractive surgery. This figure highlights the differences in higher-order aberrations 
observed preoperatively and postoperatively
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•	 Postoperative SA demonstrated a significant 
increase with preoperative SE (P = 0.000, Refer to 
Fig. 6A).

•	 Postoperative vertical coma exhibited a lesser 
increase when preoperative SE was less than − 6.00 
D compared to cases with preoperative SE higher 
than − 6.00 D (P = 0.006, Refer to Fig. 6B).

•	 Both preoperative SA and vertical coma demon-
strated significant stability in relation to preoperative 
SE (P = 0.014 for SA, P = 0.050 for vertical coma)

3.5.4 � Impact of patient age
Figure 7 illustrates a significant increase in 4th-order sec-
ondary astigmatism with patient age, particularly in the 
third group. Specifically, the values of second astigma-
tism before and after Smile refractive surgery (P = 0.002, 
P = 0.005, respectively) were notably higher in middle-
aged individuals. No significant preoperative–postopera-
tive correlation was observed in the other two groups.

4 � Discussion
This study delves into the intricate correlations between 
preoperative refraction parameters (spherical and cylin-
drical diopters, and SE) and the consequent alterations 
induced by SMILE on corneal HOAs in myopic eyes. 
Notably, the investigation stands as an original contribu-
tion within the Algerian population, exclusively carried 
out by a seasoned surgeon.

Our findings illuminate a significant upswing in total 
corneal HOAs, specifically in coma and spherical aber-
ration, following SMILE surgery, as depicted in Fig.  3 
and Table 4. Moreover, our results uncover a noteworthy 
correlation between changes in total corneal coma and 
spherical aberration and preoperative spherical equiva-
lent (SE), aligning with previous studies’ outcomes [8, 11, 
12].

In exploring the surge in HOAs, insights from Liu et al. 
suggest that disparities in lenticule center positioning 
during SMILE surgery could impact postoperative cor-
neal HOA changes [15]. Prevailing research indicates 

Fig. 3  continued

Fig. 4  Root mean square (RMS) of total corneal HOAs 
before and after SMILE surgery (F = 5.23, P = 0.031). The figure 
illustrates the overall change in RMS values, indicating a significant 
alteration in corneal aberrations following the procedure
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that decentration significantly contributes to heightened 
coma and spherical aberrations following corneal refrac-
tive surgery [16–18]. In our analysis, we also contemplate 
additional factors influencing induced coma aberra-
tions in SMILE procedure. Our hypothesis posits that 
coma aberration could be linked to the single incision 
in SMILE, potentially leading disproportionate corneal 
healing responses and alterations in optics. Additionally, 
the induction of coma with SMILE may be attributed to 
the absence of iris alignment or an eye tracker [7, 19].

Furthermore, our data reveals a noteworthy rise in 
postoperative HOAs in cases of high myopia when com-
pared to moderate and low myopia. Aligning with the 
observations of Hou et  al. we extend this interpretation 
by highlighting the positive correlation between SMILE 
refractive surgery and preoperative spherical diopter 
and astigmatism. This implies that the foreseen degree 
of correction before surgery has a substantial impact on 
the outcomes. Particularly, with an increase in the antici-
pated correction degree, there is a corresponding rise in 
the thickness of the lens to be removed, requiring a more 
extensive cut of corneal tissue. Consequently, these alter-
ations in corneal surface morphology contribute to the 
observed escalation in postoperative HOAs [20, 21].

The introduction of spherical aberrations in refrac-
tive surgery results from the modification of the corneal 
shape, shifting from its inherent prolate aspheric opti-
cal architecture to an oblate surface, there by accentu-
ating spherical aberrations [20, 21]. The investigation 

conducted by Hassan Hashemi et  al. elucidated a posi-
tive correlation between the degree of correction, corneal 
aspheric change, ablation depth, and spherical aberration 
[7]. Hence, the resulting spherical aberration in cases of 
high myopia was notably higher than that observed in 
individuals with moderate and low myopia [7, 12, 22].

Contrary to prior studies [11, 12, 14, 23], Our results 
revealed a significant decrease in third-order vertical 
trefoil after SMILE refractive surgery in all eyes. This 
deviation from previous findings could be attributed to 
several specific geometric considerations and nuances 
of the SMILE technique. Firstly, the SMILE procedure 
involves creating a lenticule within the cornea, which is 
then removed through a small incision. The vertical cut 
of the lenticule, a critical step in the SMILE technique, 
may influence the corneal shape in a way that reduces 
vertical trefoil. The precision of this vertical cut is cru-
cial, as it can alter the distribution of corneal stress and 
reshape the corneal surface more symmetrically. Vertical 
trefoil is a complex geometric aberration that primarily 
affects the peripheral regions of the cornea. The SMILE 
technique, by centralizing the treatment, significantly 
modifies the central corneal curvature while minimizing 
disruptions in the peripheral zones. This centralization 
means that peripheral aberrations, such as vertical tre-
foil, are indirectly corrected by the changes in the central 
corneal shape. Additionally, the SMILE procedure uses 
micro-incisions that preserve the structural integrity of 
the cornea better than techniques with larger cuts, such 

Table 5  Correlations between sphere, cylinder, SE, thickness, age and induced corneal HOAs in three patient groups after SMILE 
surgery

P1: Postoperative correlations in the first group;

P2: Postoperative correlations in the second group;

P3: Postoperative correlations in the third group

P value V Trefoil V Coma H Coma H Trefoil Obl S Ast Obl Tetrafoil SA Second Ast V Tetrafoil

Sphere P1 0.329 0.002 0.180 0.107 0.107 0.000 0.000 0.074 0.021

P2 0.022 0.044 0.249 0.420 0.901 0.658 0.040 0.027 0.113

P3 0.157 0.004 0.078 0.690 0.263 0.749 0.447 0.275 0.871

Cylinder P1 0.291 0.201 0.640 0.070 0.343 0.218 0.840 0.000 0.008

P2 0.367 0.668 0.819 0.974 0.241 0.490 0.890 0.021 0.016

P3 0.266 0.677 0.454 0.542 0.637 0.009 0.772 0.020 0.373

SE P1 0.483 0.002 0.119 0.055 0.242 0.182 0.000 0.712 0.008

P2 0.048 0.063 0.315 0.396 0.903 0.548 0.063 0.129 0.033

P3 0.161 0.006 0.140 0.621 0.279 0.411 0.500 0.125 0.979

Thickness P1 0.014 0.857 0.038 0.834 0.593 0.439 0.001 0.801 0.032

P2 0.003 0.221 0.968 0.390 0.817 0.166 0.105 0.629 0.382

P3 0.303 0.194 0.609 0.815 0.548 0.820 0.931 0.980 0.500

Age P1 0.796 0.813 0.320 0.224 0.339 0.548 0.942 0.166 0.657

P2 0.597 0.344 0.973 0.817 0.401 0.562 0.963 0.010 0.576

P3 0.448 0.880 0.826 0.515 0.689 0.276 0.629 0.005 0.233



Page 11 of 14Belgacem et al. Beni-Suef Univ J Basic Appl Sci           (2024) 13:91 	

as LASIK. This preservation minimizes incision-induced 
side effects, which can also contribute to the reduction of 
third-order aberrations, including vertical trefoil. These 
considerations underscore the importance of account-
ing for the specific geometry of aberrations and the 

characteristics of the SMILE surgical procedure for accu-
rate result interpretation.

In our examination of the correlation between age and 
corneal HOAs in this investigation, we observed no sig-
nificant correlation of age with corneal HOAs, except 
for a positive correlation with fourth-order secondary 

Fig. 5  Relationship between preoperative myopia and spherical aberration (SA) and vertical coma values before and after SMILE refractive surgery. 
These figures demonstrate how the degree of myopia influences specific aberrations, both preoperatively and postoperatively. A first group; B 
second group; C third group
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astigmatism one year after Smile refractive surgery 
and a positive correlation with preoperative vertical 
coma. Interestingly, these outcomes diverge from the 
research by Amano et  al. exploring age-related changes 
in ocular and corneal higher-order aberrations, where a 
positive correlation between age and both corneal and 
ocular coma RMS was observed [24]. Additionally, these 
findings are also somewhat similar of another study 

indicating that corneal coma tends to escalate with age 
[25]. Our interpretation of why our results differ slightly 
suggests that the unique demographic composition of our 
dataset, where more than three-quarters of the patients 
were under 40 years old (with only 16.67% falling into the 
middle age category), may contribute to these distinctive 
findings. This aspect calls for careful consideration and 
underscores the need for a nuanced understanding of the 
interplay between age and corneal aberrations in the con-
text of SMILE refractive surgery.

Concerning the correlation between CCT and HOAs, 
we identified a postoperative (2 months) direct and sig-
nificant correlation between CCT and spherical aber-
ration, vertical trefoil, horizontal coma, and vertical 
tetrafoil (P < 0.038). Postoperative corneal HOAs val-
ues were found to be greater in normal CCT compared 
to thin CCT. However, our results diverge from those 
reported by Jia Qu et al. who indicated a very weak asso-
ciation between corneal central thickness and wavefront 
aberrations in myopic eyes [26]. Another investigation 
by Engy M. Mohamed et  al. revealed no relationship 
between central and peripheral corneal thickness (PCT) 
and ocular and corneal aberrations [27]. Our working 
hypothesis posits that the observed increase in corneal 
thickness may be linked to an elevated rate of wave-
front phase shift, providing a plausible rationale for the 
observed alterations in corneal high-order aberrations.

Nevertheless, this study has certain limitations. 
While we enrolled 110 subjects (219 eyes), the avail-
able data covered only 2 months for 106 eyes, 6 months 
for 67 eyes, and one year for 61 eyes. Consequently, 
these three groups were not of equal size, warrant-
ing caution in interpreting the results. To validate our 

Fig. 6  Relationship between preoperative spherical equivalent (SE) and: A Spherical aberration values before and 2 months after SMILE refractive 
surgery. B Vertical coma values before and one year after SMILE refractive surgery. This figure examines how SE affects specific corneal aberrations 
at different postoperative intervals

Fig. 7  Relationship between patient age and secondary astigmatism 
before and one year after SMILE refractive surgery. The figure 
shows how age correlates with changes in secondary astigmatism 
over a one year period post-surgery
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initial observations, it is imperative that future stud-
ies incorporate longer-term follow-up visits and larger 
sample sizes. Furthermore, a more comprehensive char-
acterization of ocular aberrations could be achieved by 
extending beyond the 4th order in Zernike terms. Addi-
tionally, for patients treated bilaterally, the correlation 
between the two eyes of each patient was not explored, 
necessitating further investigations to understand the 
impact on visual outcomes, particularly concerning 
corneal HOAs. This research also omitted corneal bio-
mechanical parameters, which could provide insights 
into the correlation among corneal biomechanics and 
surgically induced corneal HOAs in advanced SMILE 
surgery in Algerian patients. Recognizing the potential 
significance of corneal biomechanics for preoperative 
screening and optimizing postoperative visual qualities 
[28]. In future investigations, there is a scope to explore 
potential relationships between corneal biomechan-
ics and surgically induced corneal high HOAs in the 
SMILE procedure specifically in Algerian patients.

5 � Conclusion
This comprehensive exploration into the alterations in 
HOAs after SMILE surgery within the Algerian popu-
lation highlights several key findings. The primary 
outcome of assessing changes in total corneal HOAs 
revealed a significant elevation in spherical aberrations 
and vertical coma aberrations across the total cornea; 
while, there was a notable decrease in vertical trefoil. 
Secondary outcomes showed that these postoperative 
aberrations are intricately connected to the preopera-
tive SE.

Our findings suggest that SMILE is particularly 
advantageous in cases of low and moderate myopia. 
To enhance postoperative visual quality, minimizing 
decentration is crucial. Surgeons should strive to posi-
tion the center of the visual axis with utmost accuracy 
to mitigate the induced spherical aberration when 
employing SMILE surgery.
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