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Background: Corneal high-order aberrations (HOAs) are related to visual quality. However, the factors 
associated with corneal HOAs before and after femtosecond laser-assisted in situ keratomileusis (FS-LASIK) 
have not yet been elucidated. The aim of this study is to observe the factors related to corneal HOAs before 
and after FS-LASIK.
Methods: Prospective observational study was designed to measure corneal HOAs in 149 eyes of 75 
patients before and 6 months after FS-LASIK. The relationship between spherical diopter and corneal 
parameters, including K1 and K2 (horizontal and vertical refractive power of the cornea, respectively), the 
aspheric characteristics of the cornea (Q), mean radius of the curvature of the cornea (Rm), and central 
corneal thickness (CCT), with corneal HOAs were analyzed.
Results: The spherical diopter was correlated with trefoil at 30° before surgery and with vertical coma, 
four-order astigmatism at 0°, trefoil at 30°, spherical aberration, and six-order spherical aberration after 
surgery (P<0.05). CCT was correlated with vertical coma, four-order astigmatism at 0°, trefoil at 30°, and six-
order spherical aberration after surgery (P<0.05). K1 was correlated with spherical aberration and six-order 
astigmatism at 0° before surgery (P<0.05). K2 was correlated with spherical aberration, six-order astigmatism 
at 45°, astigmatism at 0°, six-order astigmatism at 0° before surgery, and trefoil at 30° after surgery (P<0.05). 
Q was correlated with spherical aberration, six-order spherical aberration, and six-order astigmatism at 45° 
(P<0.05). Rm was correlated with six-order astigmatism at 0°, spherical aberration, six-order astigmatism at 
45° before surgery, and astigmatism at 0° after surgery (P<0.05)
Conclusions: Corneal parameters and spherical diopter are related to the HOAs of the cornea before and 
after FS-LASIK.
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Introduction

Femtosecond laser-assisted in situ keratomileusis (FS-
LASIK) is a type of refractive surgery for the correction 
of myopia, hyperopia, and astigmatism, and is a safe, 
effective, and predictable treatment that is widely used 
to reshape the cornea (1-3). In the current era of corneal 
refractive surgeries, patients’ expectations of quantitative 
improvement of vision gave increased and “quality of 
vision” has become an important issue. Significant visual 
disturbances, such as double vision, halos, starbursts, glare, 
and a decrease in contrast sensitivity, are often reported by 
patients and in fact are the most notable complaints after 
laser refractive surgeries (4,5). Aberration is the difference 
between a real image and an ideal image, and occurs when 
the plane wavefront is refracted by Snell’s law. Parallel light 
ideally focuses on only one point, but the eye is often not a 
perfect circle for focusing incoming light on one point, and 
an aberration eventually occurs. If an aberration occurs, the 
quality of vision becomes poorer, and thus, its importance is 
now being emphasized as a measurement of visual quality. 

The cause of degraded visual quality is considered to be 
primarily high-order aberrations (HOA) induced when the 
magnitudes of low-order sphero-cylindrical aberrations 
are reduced during surgery (6). Increased HOAs after laser 
refractive surgery causes complications that degrade visual 
quality (7-11). However, complete knowledge of the sources 
of HOAs is far from established. Basic data regarding the 
distribution of HOAs of the human eye in normal myopic 
and post-FS-LASIK surgery populations are essential to 
gain a better understanding of HOAs and fully characterize 
optical function. As a dominant structure in determining 
the refractive power of the eye, the cornea was found to be 
a critical contributor to wavefront aberrations in the whole 
eye (12-14). Changes in corneal aberration after FS-LASIK 
surgery may have a significant effect on visual quality (15). 
Corneal high-order optical aberration has been found to be 
linked to contrast visual acuity, image quality, night myopia, 
and photic complaints (16). With the development of 
corneal refractive surgery, understanding the human corneal 
topography and investigating the factors influencing corneal 
HOAs before and after FS-LASIK is crucial for improving 
visual quality. 

Pentacam (Oculus Optikgeräte GmbH, Wetzlar, 
Germany) is a rotating Scheimpflug camera that measures 
Scheimpflug images of the anterior eye segment and 
provides sharp and crisp images that include information 
from the anterior corneal surface to the posterior crystalline 

lens capsule. In our study, Pentacam was used to analyze 
the parameters and the HOAs of the cornea. K1 and K2 
represent the horizontal and vertical refractive power of 
the cornea, respectively. The aspheric characteristics of the 
cornea (Q), central corneal thickness (CCT), and mean 
radius of the curvature of the cornea (Rm) are related to 
the shape of the cornea. The spherical diopter is related to 
the intraoperative cutting depth of the cornea. All of these 
parameters are characteristics of the cornea and may be 
related to corneal HOAs. However, up to now, no studies 
have reported the relationship between corneal parameters 
and spherical diopter with corneal HOAs before and after 
FS-LASIK. At present, there is no effective method to 
prevent postoperative high order corneal aberrations. 
Therefore, we explored the factors related to postoperative 
corneal high-order aberrations and expected to reduce or 
even prevent corneal high order aberrations after surgery. 
This study aimed to measure corneal HOAs before and 
after FS-LASIK, and clarify the factors influencing corneal 
HOAs using the rotating Scheimpflug tomography system.

We present the following article in accordance with the 
STROBE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-2367).

Methods

Patient population

In this study, 149 eyes from 75 patients with myopia and 
myopic astigmatism were randomly enrolled for analysis. 
The exclusion criteria were as follows: ocular disease 
(except myopia and myopic astigmatism), previous ocular 
surgery, and any systemic condition or medication that 
could have affected the study. All patients were admitted 
for the correction of myopia and astigmatism using FS-
LASIK refractive surgery. The surgery was performed in 
the First People’s Hospital of Foshan between July 2018 
and April 2020. The research protocol was approved by the 
Institutional Review Board of the First People’s Hospital 
of Foshan (No. L-2018-3) and adhered to the tenets of the 
Declaration of Helsinki (as revised in 2013). The study 
was commenced after obtaining approval from the Ethics 
Committee of the hospital, and signed informed consent 
was obtained from all participants. 

F S - L A S I K  s u r g e r y  p r e o p e r a t i v e  o p h t h a l m i c 
examinations were performed to exclude participants with 
systemic disease, ocular diseases (other than refractive 
errors), abnormal corneal topographies, or thin corneas 
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(≤450 μm). These ocular examinations included the best-
corrected visual acuity, subjective and objective refraction, 
corneal topography and high-order aberrations (HOAs), 
slit-lamp examination, fundus examination, and intraocular 
pressure measurement. Levofloxacin eye drops were used  
3 days before the surgery. In FS-LASIK, an 8.5-mm corneal 
flap was cut at 100-μm depth by an IntraLase FS 60-fs laser 
(IntraLase, Irvine, CA, USA), and the stroma was removed 
using an EX500 excimer laser (Alcon, USA) guided by the 
Custom-Q algorithm. The optical region was 6.5 mm, 
and the residual corneal stroma thickness was no less than 
300 µm. The flap was carefully repositioned after laser 
treatment. Patients were required to wear bandage contact 
lenses (Bausch, NY, USA) to avoid corneal flap displacement 
and to promote epithelial repair. The contact lenses were 
removed after 1 day, and the postoperative medication was 
initiated (tobramycin dexamethasone eye drops, four times 
daily for 1 week; levofloxacin eye drops, four times daily for 
1–2 weeks; sodium hyaluronate eye drops, four times daily 
for 2–3 months).

Measurement of corneal parameters and HOAs 

The aberrations of the whole cornea and corneal 
parameters, such as K1, K2, Rm, Q, and CCT, were 
measured using Pentacam. This equipment includes a 
rotating camera that takes 50 images in 2 seconds, and each 
image contains 500 true elevation points. The internal 
software can automatically transform the data points into 
corneal wavefront data using Zernike polynomials. Each 
patient was measured both preoperatively and at 6 months 
postoperatively. The images measured with the Scheimpflug 
device were only used if the data quality statement was 
defined as OK. We analyzed the corneal HOAs before and 
after surgery, which included astigmatism at 0° and 45°, 
vertical and horizontal coma, trefoil at 0° and 30°, spherical 
aberration, four-order astigmatism at 0° and 45°, five-order 
vertical and horizontal coma, six-order spherical aberration, 
and six-order astigmatism at 0° and 45°.

Statistical analysis

The SPSS statistical package (IBM Corp., Armonk, 
NY, USA) was used for analysis. The preoperative and 
postoperative corneal aberrations were described in 
Zernike terms and were compared with the preoperative 
parameters (i.e., spherical diopter, K1, K2, Rm, Q, and 
CCT). Linear regressions were performed to analyze the 

correlation between each term of corneal aberrations with 
the parameters. P<0.05 considered statistically significant, 
and only results with P<0.05 were presented in the analysis.

Results

Factors associated with corneal HOAs before FS-LASIK

All 75 patients completed preoperative and postoperative 
examinations and were followed up for 6 months. No 
patients were lost to follow-up. The average age of study 
participants was 28±6 years, and the preoperative spherical 
diopters ranged from −1.25 to −10.5 diopters. The spherical 
diopter was negatively correlated with trefoil at 30° (r=−0.32, 
P<0.01; Figure 1). CCT was independent of corneal HOAs 
(Figure 2). K1 was positively correlated with spherical 
aberration (r=0.32, P<0.01; Figure 3), and negatively 
correlated with six-order astigmatism at 0° (r=−0.18, 
P<0.05; Figure 3). K2 was positively correlated with 
spherical aberration (r=0.30, P<0.01; Figure 3) and six-order 
astigmatism at 45° (r=0.19, P<0.05; Figure 4), and negatively 
correlated with astigmatism at 0° (r=−0.31, P<0.01; Figure 4) 
and six-order astigmatism at 0° (r=−0.17, P<0.05; Figure 4).  
Q was positively correlated with spherical aberration 
(r=0.39, P<0.01; Figure 5) and six-order spherical aberration 
(r=0.25, P<0.05; Figure 5), and negatively correlated with 
six-order astigmatism at 45° (r=−0.17, P<0.05; Figure 5). 
Rm was positively correlated with six-order astigmatism 
at 0° (r=0.18, P<0.05; Figure 6), and negatively correlated 
with spherical aberration (r=−0.31, P<0.01; Figure 6) and 
six-order astigmatism at 45° (r=−0.16, P<0.05; Figure 6). 
K1, K2, and Q were positively correlated with spherical 
aberration, whereas Rm was negatively correlated with 
spherical aberration.

Factors associated with corneal HOAs after FS-LASIK

The spherical diopter was positively correlated with 
vertical coma (r=0.21, P<0.05; Figure 1) and four-order 
astigmatism at 0° (r=0.34, P<0.01; Figure 1), and negatively 
correlated with trefoil at 30° (r=−0.22, P<0.05; Figure 1), 
spherical aberration (r=−0.38, P<0.01; Figure 1), and six-
order spherical aberration (r=−0.66, P<0.01; Figure 1).  
CCT was positively correlated with vertical coma (r=0.21, 
P<0.05; Figure 2) and four-order astigmatism at 0° 
(r=0.23, P<0.05; Figure 2), and negatively correlated with 
trefoil at 30° (r=−0.22, P<0.05; Figure 2) and six-order 
spherical aberration (r=−0.35, P<0.01; Figure 2). K1 and 
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Figure 1 Relationship between spherical diopter and corneal high-order aberrations before and after surgery.

Figure 2 Relationship between central corneal thickness (CCT) and corneal high-order aberrations after surgery.
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Figure 3 Relationship between the horizontal refractive power of the cornea (K1) and corneal high-order aberrations before surgery.

Figure 4 Relationship between the vertical refractive power of the cornea (K2) and corneal high-order aberrations before and after surgery.

Q were not correlated with corneal HOAs after surgery. 
K2 was positively correlated positively with trefoil at 30° 
(r=0.16, P<0.05; Figure 4), and negatively correlated with 
astigmatism at 0° (r=−0.19, P<0.05; Figure 4). Rm was 
positively correlated with astigmatism at 0° (r=0.18, P<0.05; 
Figure 6).

Discussion

In FS-LASIK, HOA, spherical aberration, and vertical 

coma have significantly increased postoperatively (17). 
Therefore, it is necessary to explore the factors related 
to corneal aberration. The present study investigated the 
factors related to HOAs of the cornea before and after FS-
LASIK using Pentacam, and the results showed that corneal 
parameters K1, K2, Q, Rm, and CCT were correlated with 
preoperative and postoperative corneal HOAs. K1, K2, Q, 
and Rm were significantly correlated with corneal HOAs 
before surgery, whereas spherical diopter and CCT were 
significantly correlated with corneal HOAs after surgery. 
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Figure 5 Relationship between the aspheric characteristics of the cornea (Q) and corneal high-order aberrations before surgery.

Figure 6 Relationship between the mean radius of the curvature of the cornea (Rm) and corneal high-order aberrations before and after 
surgery.

K1 was only correlated with preoperative corneal HOAs, 
especially spherical aberration, but not with postoperative 
corneal HOAs. K2 was mainly associated with spherical 
aberration and astigmatism before surgery, and was 
associated with trefoil at 30° after surgery. Zhang et al. 
found that corneal spherical aberrations were correlated 
with K1 and K2 in myopia (18), which is consistent with 

our results. Rm is the mean radius of the curvature of the 
cornea. A weak negative correlation was found between 
corneal curvature radius and corneal spherical aberration in 
a Tanzanian population (19), which was consistent with our 
study in Chinese people. In our study, Rm was correlated 
with spherical aberration and astigmatism before surgery 
and with trefoil at 30° after surgery. 
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The corneal Q-value could reflect the change in corneal 
power from the center to the periphery, which represents 
the aspheric properties of the cornea. In the present study, 
Q was related to spherical aberration and astigmatism 
before surgery, but was not related to corneal HOAs after 
surgery. Jiménez et al. found that the change in corneal 
asphericity is related to visual quality after refractive 
surgery (20). Spherical aberration has been identified as a 
key contributor to the deterioration of image quality, night 
myopia, and photic complaints (21). In our study, K1, K2, Q, 
and Rm were associated with corneal spherical aberration 
before surgery, highlighting the crucial role of corneal 
curvature in visual quality. After surgery, CCT and spherical 
diopter were associated with spherical aberration, coma, 
trefoil, and astigmatism. Previous studies have shown that 
spherical aberration and coma have major effects on visual 
function (15,22). Therefore, we conclude that CCT and 
spherical diopter are closely related to postoperative visual 
quality, which may help us to predict the postoperative 
visual quality of patients.

T h e  m e a n  H O A  o f  p a t i e n t s  c o m p l a i n i n g  o f 
complications was 2.26-fold higher than that of patients 
without complications (11). Preoperative corneal parameters 
and spherical diopter associated with FS-LASIK surgery 
may help us predict postoperative corneal aberrations, 
which can in turn help in deciding the surgical approach 
that can reduce postoperative corneal HOAs, and thereby 
improve visual quality. In our study, we analyzed the corneal 
aberrations up to the sixth order. Zernike terms up to the 
sixth order might provide an incomplete characterization 
of ocular aberrations; however, the contribution of each 
order to the overall HOAs decreased with increasing order, 
suggesting that higher orders contributed even less to the 
aberrations. To the best of our knowledge, no other studies 
published to date have evaluated the relationship among 
spherical diopter and corneal parameters with corneal 
HOAs. This is potentially important for FS-LASIK because 
it may be beneficial in predicting and improving the 
postoperative visual quality of patients.

This study has some limitations that should be noted. 
Firstly, patients were only followed up for 6 months 
after surgery. Furthermore, only one method of surgery 
was used, which does not provide a sufficient basis to 
demonstrate that other types of surgery, such as small-
incision lenticule extraction and wavefront-guided laser 
in situ keratomileusis with iris registration, have the same 
effect. Further studies on other laser refractive surgery 
methods with larger sample sizes and longer follow-up 

periods are needed. Moreover, an increase in HOA after 
refractive surgery could degrade the quality of vision; 
hence, accurate analysis of the factors related to aberrations 
and the techniques to lower HOA is crucial to improving 
visual quality. At present, there is no surgical method that 
can effectively reduce the corneal HOAs, and different 
surgical methods may cause different HOAs (23,24). 
Some surgical modalities, such as small-incision lenticule 
extraction and wavefront-guided laser in situ keratomileusis 
with iris registration, have shown advantages in reducing 
postoperative high order corneal aberrations, but some of 
HOAs are still relatively obvious (24,25). In our study, we 
can only detect corneal HOAs by pentacam, there is no 
visual simulation device to simulate the visual field after 
the occurrence of HOA when explaining the risks and side 
effects before FS-LASIK. Therefore, future studies should 
aim to predict postoperative corneal HOAs and discover a 
surgical method that can reduce corneal HOAs after laser 
refractive surgery.

Conclusions

Our results expanded the present understanding of the 
factors associated with HOA of the cornea before and after 
FS-LASIK. We demonstrated that K1, K2, Q, Rm, and 
spherical diopter were related to corneal HOAs before 
surgery, whereas K2, spherical diopter, and CCT were 
related to corneal HOAs after surgery. Since an increase 
in HOAs after FS-LASIK is associated with lower visual 
quality, it is important to investigate potential solutions that 
will decrease the risk of corneal HOAs after FS-LASIK and 
thus improve visual quality.
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