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Purpose: To assess long term changes of the surgically induced astigmatism (SIA) and corneal higher-order aberrations (HOAs) after 
2.2 mm clear corneal incisions (CCIs) in femtosecond laser-assisted cataract surgery and compare them between 2 types of CCIs: 
temporal and superior approach.
Patients and Methods: Patients received the temporal CCIs (Group A) or the superior CCIs (Group B). Outcome measures included 
visual acuity, manifest refraction, corneal astigmatism, SIA, flattening effect, and corneal HOAs. Correlation between postoperative 
corneal HOA and SIA at each follow-up were analysed.
Results: This study assessed data from 106 eyes, of which 64 in Group A and 42 in Group B. The two groups had similar 
postoperative visual acuity of distance, intermediate and near (all P > 0.05). SIA and corneal HOAs were significantly lower in 
Group A than Group B in the early postoperative period, while there was no significant difference in the late postoperative period. At 6 
months after surgery, the arithmetic mean of SIA over corneal 4mm zone was 0.33 ± 0.19D for temporal incision, and 0.37 ± 0.25D for 
superior incision. For Group A, the correlations of HOAs and SIA persisted from 1 week to 6 months after surgery. For Group B, the 
changes in corneal HOAs were significantly related to the SIA at 1 week and 1 month postoperatively.
Conclusion: This study suggested the consistency of increasing and recovering process of corneal HOAs and SIA after surgery. 
Compared to the superior incisions, temporal incisions might induce quicker corneal recovery and less change in SIA and corneal 
HOAs.
Keywords: surgically induced astigmatism, higher-order aberrations, clear corneal incision, femtosecond laser-assisted, cataract 
surgery

Introduction
Surgically induced astigmatism (SIA) is defined as the difference between the postoperative and preoperative astigma-
tism, which is a form of astigmatism related to the process of healing and scar reshuffling that takes place at the surgical 
incision.1,2 The presence of corneal astigmatism may lead to suboptimum refractive outcomes and patient dissatisfaction 
after cataract surgery. Considering this, controlling surgically induced astigmatism (SIA) during cataract surgery plays 
a significant role in this surgery to reduce astigmatism to emmetropia, improve uncorrected visual acuity, and thereby 
increase patient satisfaction.3

To optimize visual performance with intraocular lens (IOLs), SIA should be one of the factors taken into account for 
IOL power selection. Nowadays, with the improvement of people’s living standards and the extension of working age, 
the demand for eye use is increasing. When people develop cataracts or presbyopia, they expect to achieve good vision 
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both in the far and near distances with spectacle independence after surgery. Cataract surgery has evolved from vision 
restoration surgery to a refractive procedure.4 In addition, an increasing number of younger patients decide to undergo 
refractive lens exchange to treat presbyopia and refractive errors such as myopia, hyperopia and astigmatism.5 The goal 
of cataract surgery is not limited to improving visual acuity only, but also to increase visual quality.6 However, the visual 
performance of MIOLs is more sensitive to even very small magnitudes of refractive error than monofocal IOLs, 
including spherical refractive error, preexisting astigmatism, and surgically induced astigmatism (SIA).7 Garzón’s study 
showed that a given refractive error results in a more pronounced drop in visual acuity and a worsening of visual quality 
for multifocal IOLs wearers than for those people implanted with monofocal IOLs.8 So, optimum management of SIA is 
important in today’s surgical practice of cataract extraction, especially in cases of multifocal IOL implantation.4

Now, the use of femtosecond lasers in cataract surgery is becoming more and more common. As we know, 
femtosecond lasers can control the parameters of clear corneal incisions (CCIs) including width, length, site, and incision 
architecture.9,10 It may potentially provide predictable and reproducible outcomes, inducing a predictable degree of 
astigmatism through CCIs.4 Previous studies about SIA of manually created clear corneal incisions (CCIs) demonstrate 
that temporal placement of the primary incision induces less corneal astigmatism in comparison to superior wounds since 
these incisions are usually farther from the visual axis (the horizontal axis of the cornea is larger than the vertical).11 It is 
necessary to study the SIA of CCIs created by femtosecond laser at different meridians.

Apart from astigmatism, the higher-order aberrations (HOAs) are also important for visual quality.12 The surgical 
procedures, including clear corneal incision (CCI), phacoemulsification, stromal hydration and intraoperative flushing, 
may all affect corneal regularity and consequently induce the HOAs.12 The effect of femtosecond laser CCIs on corneal 
HOAs is less well know and long-term changes of corneal HOAs has not been studied so far.

The objective of this study was to compare SIA and corneal HOA in patients who underwent phacoemulsification 
with CCIs created by femtosecond laser at two different meridians and to observe time-related changes of them. We hope 
our findings contribute to a better understanding of the effect of femtosecond laser CCIs on SIA and corneal HOAs. This 
work could contribute to the optimization of the CCI design.

Patients and Methods
This retrospective study included patients who underwent femtosecond laser-assisted cataract surgery between March 2021 
and March 2023 at Hangzhou MSK Eye Hospital, Hangzhou, China. The study was performed according to the tenets of the 
Declaration of Helsinki, and approved by the Medical Ethics Committee of Hangzhou MSK Eye Hospital.

Patients who met the following criteria were included: (1) a history of femtosecond laser-assisted cataract surgery; (2) 
preoperative corneal astigmatism less than 1.25 D; (3) pupil diameter >2.5 mm (Photopic) and <6 mm (Mesopic); (4) 
total corneal HOA ≤ 0.5 μm (undilated pupil, 4mm diameter). The exclusion criteria were as follows: (1) ocular surface 
disorders (severe dry eye, ectropion, entropion, trichiasis); (2) corneal disease, uveitis, glaucoma, retinopathy, neurolo-
gical lesions; (3) history of trauma or ocular surgery; (4) lack of 6 months follow-up data.

All patients were divided into group A and group B. Group A included 64 cases who had corneal astigmatism against 
the rule and underwent femtosecond laser-assisted phacoemulsification through temporal clear corneal approach, and 
group B had 42 cases who had corneal astigmatism with the rule and underwent the procedure through superior clear 
corneal approach. Patients with corneal oblique astigmatism were not studied due to their scarcity.

Clinical Data Measurement
All patients received a comprehensive ophthalmologic evaluation within 2 weeks before surgery, which included 
measurement of uncorrected distance visual acuity (UDVA), corrected distance visual acuity (CDVA), manifest and 
cycloplegic refractions, keratometry, slit-lamp microscopy, intraocular pressure (IOP) measurement, endothelial cell 
density (ECD) assessment, ultrasound A and B scan, dilated indirect fundoscopy, anterior segment tomography (Sirius; 
CSO, Florence, Italy), biometry (IOL Master 700; Carl Zeiss, Jena, Germany), and optical coherence tomography (OCT) 
(Cirrus HD-OCT 5000; Carl Zeiss, Jena, Germany).

Follow-up examinations were scheduled at 1 week, 1 month, 3 months and 6 months postoperatively. The study 
assessed the following outcome measures: (1) uncorrected distance visual acuity (UDVA) at 5 meters, uncorrected 
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intermediate visual acuity (UIVA) at 60 centimeters, and uncorrected near visual acuity (UNVA) at 40 centimeters; (2) 
corrected distance visual acuity (CDVA) at 5 meters, distance-corrected intermediate visual acuity (DCIVA) at 60 
centimeters, and distance-corrected near visual acuity (DCNVA) at 40 centimeters; (3) manifest refraction spherical 
equivalent (MRSE) and refractive astigmatism.

AS-OCT Assessments
The AS-OCT assessments were performed by the same experienced physician. Patients received measurements pre-
operatively and postoperatively at 1 week, 1 month, 3 months and 6 months, and the following data were extracted: (1) 
central corneal thickness (CCT), (2) central ketatomtry, (3) corneal astigmatism, (4) coefficients of Zernike polynomials 
on total corneal surface. Each eye had at least three measurements with good reproducibility.

Surgically induced astigmatism (SIA) vectors were calculated with the method described by Alpins & Goggin.13 The 
flattening effect was calculated with the method described by Alpins.14 The root-mean-square (RMS) of corneal HOAs 
were also calculated.

Surgical Procedures
Following topical anesthesia (Alcaine; Alcon, Fort Worth, TX, USA), femtosecond laser (LenSx; Alcon, Fort Worth, TX, 
USA) was used to perform capsulorhexis, lens fragmentation, and double incisions (main incision and lateral incision). 
Femtosecond Laser Clear Corneal Incisions After the suction ring was precisely docked onto the patient’s eye and centered 
over the limbus, the arc cuts of the primary incision and side-port incision were adjusted toward the limbus, just anterior to the 
conjunctival vascular arcades, guided by the femtosecond laser real-time imaging system. The 3-planar primary incision of 
2.2mm was made at temporal in the eye of Group A (180° for right eye, 0° for left eyes) and at superior in the eye of Group 
B (90° for right eye and left eye). Subsequently, the surgeon opened two incisions with a bladeless hook and injected 
ophthalmic viscoelastic devices (OVDs) (DisCoVisc; Alcon, Fort Worth, TX, USA) to maintain the anterior chamber. 
Following this, free-floating anterior capsule removal was carried out, followed by cortical-cleaving hydrodissection and 
the stop-and-chop technique for phacoemulsification. The irrigation-aspiration (I/A) probe was used for cortical removal and 
polishing, and a multifocal IOL (AcrySof IQ PanOptix, TNFT00, Alcon, Fort Worth, TX, USA) was implanted into the 
capsular pouch directly via the 2.2-mm main incision (Centurion; Alcon, Fort Worth, TX, USA). After OVDs removal with 
the I/A probe, stromal hydration was utilized to close the incisions. Postoperative eyedrops including topical antibiotics and 
corticosteroids (levofloxacin, Santen, Japan, and Tobradex, Alcon, Fort Worth, TX, USA) were used.

Statistical Analysis
Statistical analysis was conducted using SPSS software (version 22.0, SPSS, Inc, USA). Data with a normal distribution 
were presented as means ± standard deviations (SD). Visual acuity data were converted to logMAR values. Categorical 
variables were presented as numbers and percentages. A Kolmogorov–Smirnov test was used to test the normality of the 
data. The independent-sample t test was used to compare the data between Group A and Group B if the data had a normal 
distribution; otherwise, the Mann–Whitney U-test was applied. The One-way ANOVA test was used to compare one data 
with every other data within the same group. Spearman analysis was performed to determine the correlation between 
corneal total HOAs and SIA. A P value less than 0.05 was considered statistically significant.

Results
This study assessed data from 106 eyes, of which 64 had temporal clear corneal incision (Group A) and 42 had superior 
clear corneal incision (Group B). The patients’ baseline data were comparable between the two groups (P > 0.05) 
(Table 1). All surgical procedures were uneventful, and there were no serious intraoperative or postoperative 
complications.

Visual Acuity
Table 2 shows the visual outcomes at each follow-up for the two groups. The UDVA, UIVA, UNVA, CDVA, DCIVA and 
DCNVA in all cases were significantly better 1 week, 1 month, 3 months and 6 months postoperatively than 
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preoperatively (P < 0.05 for all). There was no significant difference in the postoperative visual acuity for distance, 
intermediate or near between group A and group B (P > 0.05 for all). Six months after surgery, the percentage of eyes 
achieving an uncorrected distance visual acuity of 20/20 was 75% for group A and 81% for group B, with all eyes 
achieved 20/40 or better. For intermediate distance, 92% of patients from group A reached an uncorrected visual acuity 
of 20/20 and 95% for group B, with all eyes achieved 20/40 or better. For uncorrected near visual acuity, all patients of 
both groups achieved 20/40 or better; 58% for group A and 62% for group B reached 20/20 (Figure 1).

Refraction
Table 3 illustrates the changes in the manifest refraction spherical equivalent (MRSE), refractive astigmatism, and 
corneal astigmatism over 4mm zone throughout the follow-up. There was no significant difference in MRSE or refractive 

Table 1 Patients’ Baseline Demographic Data

Parameter Group A Group B P

Eyes 64 42
Gender (male: female) 33:31 21:21 0.876

Age (years) 58.75±6.59 57.95±4.27 0.451

MRSE (D) –1.37±4.60 –0.54±3.22 0.276
Corneal astigmatism −0.52±0.24 −0.56±0.26 0.475

IOP (mm Hg) 14.10±2.23 14.02±2.80 0.868

Pupil diameter (mm) 4.62±0.81 4.70±0.71 0.588
Axial length (mm) 24.14± 1.87 23.68± 1.71 0.199

ACD (mm) 3.08±0.31 3.02±0.36 0.371
Lens thickness (mm) 4.49±0.28 4.51±0.31 0.694

White to white (mm) 11.91±0.39 11.91±0.37 0.994

Central corneal thickness (μm) 544.7±29.38 544.0±40.51 0.918
ECD (cells/mm2) 2799 ± 175 2824± 176 0.465

The independent-sample t test was used to compare the data between Group A and 
Group B. 
Abbreviations: MRSE, mean refractive spherical equivalent; IOP, intraocular pres-
sure; ACD, anterior chamber depth; ECD, endothelial cell count.

Table 2 Visual Assessment Results

Parameter Group A (n=64) Group B (n=42) P

Preoperative Postoperative Preoperative Postoperative

1 
Week

1 
Month

3 
Months

6 
Months

1 
Week

1 
Month

3 
Months

6 
Months

Mean UDVA 
(LogMAR)

0.61±0.61 −0.02 
±0.09

−0.01 
±0.09

−0.02 
±0.08

−0.01 
±0.09

0.45±0.52 −0.01 
±0.09

−0.02 
±0.08

−0.03 
±0.05

−0.02 
±0.06

0.429

Mean UIVA 

(LogMAR)

0.54±0.41 −0.02 

±0.06

−0.02 

±0.06

−0.02 

±0.05

−0.02 

±0.05

0.38±0.28 −0.02 

±0.05

−0.03 

±0.04

−0.02 

±0.04

−0.02 

±0.05

0.852

Mean UNVA 

(LogMAR)

0.66±0.37 0.03 

±0.07

0.01 

±0.06

0.02 

±0.06

0.03 

±0.06

0.60±0.38 0.03 

±0.06

0.02 

±0.05

0.03 

±0.04

0.03 

±0.05

0.911

Mean CDVA 
(LogMAR)

0.01±0.09 −0.04 
±0.06

−0.05 
±0.05

−0.04 
±0.05

−0.04 
±0.05

−0.04±0.04 −0.05 
±0.04

−0.05 
±0.04

−0.05 
±0.04

−0.04 
±0.04

0.885

Mean CIVA 

(LogMAR)

0.46±0.10 −0.02 

±0.05

−0.03 

±0.05

−0.02 

±0.04

−0.03 

±0.04

0.46±0.10 −0.03 

±0.04

−0.04 

±0.04

−0.03 

±0.04

−0.02 

±0.04

0.664

Mean CNVA 

(LogMAR)

0.75±0.18 0.01 

±0.06

0.00 

±0.05

0.01 

±0.04

0.02 

±0.04

0.72±0.16 0.01 

±0.05

0.01 

±0.04

0.01 

±0.03

0.02 

±0.03

0.931

The independent-sample t test was used to compare the data between Group A and Group B at 6 months after surgery. 
Abbreviations: UDVA, uncorrected distance visual acuity; UIVA, uncorrected intermediate visual acuity; UNVA, uncorrected near visual acuity; CDVA, corrected distance 
visual acuity; CIVA, corrected intermediate visual acuity; CNVA, corrected near visual acuity; logMAR, logarithm of the minimum angle of resolution.
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Figure 1 Uncorrected visual acuity for distance (A), intermediate (B) and near (C) at postoperative 6 months by group.
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astigmatism between group A and group B (P > 0.05 for all). For corneal astigmatism, there was a statistically significant 
difference between group A and group B at postoperative 1 week (p < 0.05), but no significant difference at other visits. 
Figure 2 shows the refractive accuracy 6 months after surgery. For spherical equivalent refraction, 72% of eyes for group 
A and 74% of eyes for group B were within ±0.50 D; 93% for group A and 98% for group B were within ±1.0 D of 
emmetropia. For refractive astigmatism, 56% of eyes were within ±0.50 D and 90% of eyes were within ±1.0 D for group 
A; 78% of eyes were within ±0.50 D and 98% of eyes were within ±1.0 D for group B. For corneal astigmatism over 
corneal 4mm zone, 48% of eyes were within ±0.50 D and 93% of eyes were within ±1.0 D for group A; 52% of eyes 
were within ±0.50 D and 98% of eyes were within ±1.0 D for group B.

Surgically Induced Astigmatism
Table 4 shows the values of surgically induced astigmatism over different corneal zones at each follow-up for the two 
groups. SIAs of group A and group B were significantly different at 1 week and 1 month postoperative follow-up (P < 
0.05). While at 3 months and 6 months after surgery, there was no difference between the two groups (P > 0.05). At 6 
months after surgery, there was no significant difference between SIAs of every two different corneal zones in group 
B (P < 0.05). However, comparing SIAs over different corneal zones in group A, SIAs of corneal 3mm and 4mm, 3mm 
and 5mm were significantly different (P < 0.05); but there was no significant difference among 4mm, 5mm and 6mm 
zones (P > 0.05). Figure 3 displays SIA over corneal 4 mm at each follow-up time by group. With the extension of time, 
the SIA values of two groups both gradually decreased (P < 0.05).

Flattening Effect
The results of flattening effect for each group are presented in Table 5. For right eyes, there was no significant difference 
between the temporal and superior incisions. However, flattening effect of the superior incision was larger than that of the 
temporal incision for left eyes (P < 0.05).

Corneal Higher-Order Aberration
Table 6 shows the values of corneal higher-order aberrations over different corneal zones at each follow-up for the two 
groups. At 1 week and 1 month after surgery, there were significant difference for HOAs over corneal 4mm, 5mm and 
6mm between the two groups (P < 0.05). The corneal HOAs of group A and group B were not different at 3 months and 6 

Table 3 Assessment of MRSE, Refractive Astigmatism, and Corneal 
Astigmatism Over 4mm Zone After Surgery

Parameter Group A (n=64) Group B (n=42) P

MRSE (D)

Postoperative 1 week 0.10±0.41 0.10±0.42 0.994

Postoperative 1 month 0.04±0.38 0.03±0.45 0.861
Postoperative 3 months 0.11±0.42 0.12±0.41 0.916

Postoperative 6 months 0.17±0.49 0.25±0.45 0.418

Refractive astigmatism (D)
Postoperative 1 week −0.57±0.31 −0.63±0.32 0.256

Postoperative 1 month −0.54±0.35 −0.66±0.30 0.076
Postoperative 3 months −0.57±0.34 −0.48±0.29 0.168

Postoperative 6 months −0.61±0.37 −0.49±0.26 0.070

Corneal Astigmatism (D)
Postoperative 1 week −0.56±0.33 −0.76±0.37 0.004*

Postoperative 1 month −0.56±0.31 −0.61±0.29 0.480

Postoperative 3 months −0.55±0.34 −0.53±0.29 0.766
Postoperative 6 months −0.56±0.30 −0.57±0.32 0.793

The independent-sample t test was used to compare the data between Group A and Group 
B. * Significant difference (P< 0.05). 
Abbreviations: MRSE, manifest refraction spherical equivalent; D, diopters.
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Figure 2 (A) Spherical equivalent refraction of both groups at 6 months after surgery. (B) Refractive cylinder of both groups at 6 months after surgery. (C) Corneal 
astigmatism over 4mm zone of both groups at 6 months after surgery.
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Table 4 SIA Assessment Results

Parameter Group A (n=64) Group B (n=42) P

Summated Vector Mean (Corneal 3mm)

Postoperative 1 week 0.18D Ax 103 0.47D Ax 6

Postoperative 1 month 0.24D Ax 108 0.41D Ax 3

Postoperative 3 months 0.12D Ax 92 0.18D Ax 14

Postoperative 6 months 0.09D Ax 59 0.12D Ax22

Arithmetic Mean (Corneal 3mm)

Postoperative 1 week 0.54±0.29 0.91±0.48 <0.000*

Postoperative 1 month 0.61±0.32 0.78±0.32 0.009*

Postoperative 3 months 0.47±0.25 0.49±0.38 0.728

Postoperative 6 months 0.42±0.24 0.43±0.27 0.916

Summated Vector Mean (Corneal 4mm)

Postoperative 1 week 0.24D Ax 101 0.60D Ax 7

Postoperative 1 month 0.29D Ax 105 0.45D Ax 2

Postoperative 3 months 0.15D Ax 94 0.24D Ax 10

Postoperative 6 months 0.07D Ax 83 0.14D Ax 16

Arithmetic Mean (Corneal 4mm)

Postoperative 1 week 0.51±0.27 1.01±0.49 <0.000*

Postoperative 1 month 0.55±0.29 0.77±0.31 0.001*

Postoperative 3 months 0.41±0.24 0.47±0.33 0.283

Postoperative 6 months 0.33±0.19 0.37±0.25 0.374

Summated Vector Mean (Corneal 5mm)

Postoperative 1 week 0.28D Ax 100 0.74D Ax 6

Postoperative 1 month 0.32D Ax 103 0.50D Ax 2

Postoperative 3 months 0.16D Ax 96 0.30D Ax 8

Postoperative 6 months 0.10D Ax 94 0.16D Ax 11

Arithmetic Mean (Corneal 5mm)

Postoperative 1 week 0.54±0.30 1.17±0.53 <0.000*

Postoperative 1 month 0.54±0.29 0.81±0.32 <0.000*

Postoperative 3 months 0.40±0.25 0.49±0.33 0.121

Postoperative 6 months 0.31±0.19 0.37±0.23 0.195

(Continued)
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months postoperative follow-up (P > 0.05). At 6 months after surgery, the HOAs of different corneal zones were 
significantly different among them (P < 0.05). Figure 4 shows corneal high-order aberrations over the 3mm, 4mm, 5mm, 
and 6 mm corneal zones at each follow-up by Group A and Group B. For group A, the HOAs over corneal 3mm, 4mm 
and 5mm at postoperative 6 months were significantly different from those of preoperative (P < 0.05). For group B, there 
were significant difference for HOAs over corneal 3mm, 4mm, 5mm and 6mm between postoperative 6 months and 
preoperative (P < 0.05).

Correlation Between Corneal HOA and SIA
Table 7 shows correlation analysis between postoperative corneal HOA and SIA at each follow-up. At corneal 3mm 
zone, there were positive correlations between HOA and SIA at 1 month, 3 months and 6 months after surgery in group 
A, whereas in group B the strong correlation was only present at 1 week (P < 0.05). At corneal 4mm zone, there were 
positive correlations between HOA and SIA at each follow-up in group A, whereas in group B the positive correlations 
were present at 1 week and 1 month (P < 0.05). At corneal 5mm zone, there were strong positive correlations between 
HOA and SIA at 1 month, 3 months and 6 months after surgery in group A, whereas in group B the positive correlations 
were present at 1 week and 1 month (P < 0.05). At corneal 6mm zone, there were strong positive correlations between 
HOA and SIA at each follow-up in group A, whereas in group B the positive correlations were present at 1 week, 1 
month and 3 months (P < 0.05).

Discussion
In this study, we assessed long-term changes of the surgically induced astigmatism (SIA) and corneal higher-order 
aberrations (HOAs) after 2.2 mm clear corneal incisions (CCIs) in femtosecond laser-assisted cataract surgery and 
compare them between 2 types of CCIs: temporal and superior approach. SIA and corneal HOAs were significantly lower 
for temporal incision than superior incision in the early postoperative period, while there was no significant difference in 
the late postoperative period. At 6 months after surgery, the arithmetic mean of SIA over corneal 4mm zone was 0.33 ± 
0.19D for temporal incision, and 0.37 ± 0.25D for superior incision. For Group A, the correlations of HOAs and SIA 
persisted from 1 week to 6 months after surgery. For Group B, the changes in corneal HOAs were significantly related to 
the SIA at 1 week and 1 month postoperatively. This suggested the consistency of increasing and recovering process of 

Table 4 (Continued). 

Parameter Group A (n=64) Group B (n=42) P

Summated Vector Mean (Corneal 6mm)

Postoperative 1 week 0.32D Ax 99 0.86D Ax 6

Postoperative 1 month 0.33D Ax 102 0.53D Ax 1

Postoperative 3 months 0.19D Ax 98 0.33D Ax 7

Postoperative 6 months 0.12D Ax 96 0.18D Ax 10

Arithmetic Mean (Corneal 6mm)

Postoperative 1 week 0.59±0.35 1.31±0.58 <0.000*

Postoperative 1 month 0.54±0.30 0.83±0.33 <0.000*

Postoperative 3 months 0.40±0.27 0.52±0.34 0.059

Postoperative 6 months 0.32±0.21 0.39±0.22 0.132

The independent-sample t test was used to compare the data between Group A and Group B. *Significant 
difference (P< 0.05). 
Abbreviation: SIA, surgically induced astigmatism.
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Figure 3 Polar graphical display of SIA over corneal 4 mm at each follow-up time by group. 
Abbreviations: SIA, surgically induced astigmatism; post-op, postoperative.
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Table 6 Corneal Higher-Order Aberrations Assessment Results

Parameter Group A (n=64) Group B (n=42) P

HOA (Corneal 3mm)

Preoperative 0.09±0.03 0.09±0.03 0.366

Postoperative 1 week 0.12±0.05 0.13±0.05 0.123

Postoperative 1 month 0.13±0.05 0.14±0.05 0.335

Postoperative 3 months 0.12±0.05 0.12±0.08 0.958

Postoperative 6 months 0.12±0.05 0.11±0.04 0.160

HOA (Corneal 4mm)

Preoperative 0.17±0.04 0.15±0.05 0.237

Postoperative 1 week 0.20±0.07 0.30±0.11 0.000*

Postoperative 1 month 0.21±0.07 0.26±0.08 0.006*

Postoperative 3 months 0.20±0.07 0.20±0.08 0.962

Postoperative 6 months 0.20±0.08 0.18±0.06 0.189

HOA (Corneal 5mm)

Preoperative 0.30±0.07 0.28±0.09 0.178

Postoperative 1 week 0.36±0.13 0.60±0.24 0.000*

Postoperative 1 month 0.36±0.09 0.47±0.13 0.000*

Postoperative 3 months 0.34±0.10 0.36±0.09 0.196

Postoperative 6 months 0.34±0.11 0.33±0.11 0.513

HOA (Corneal 6mm)

Preoperative 0.50±0.13 0.48±0.14 0.328

Postoperative 1 week 0.63±0.19 1.14±0.41 0.000*

Postoperative 1 month 0.60±0.13 0.82±0.23 0.000*

Postoperative 3 months 0.58±0.26 0.63±0.15 0.269

Postoperative 6 months 0.55±0.15 0.57±0.18 0.678

The independent-sample t test was used to compare the data between Group A and Group B. *Significant 
difference (P< 0.05). 
Abbreviation: HOA, higher-order aberrations.

Table 5 Flattenting Effects of Temporal and Superior Incisions (Mean ± SD)

Flattening Effect (D) P

Group A (temporal incision) Group B (superior incision)

Right eyes 0.13±0.27 −0.04±0.29 0.074

Left eyes 0.05±0.24 0.25±0.33 0.032*

The independent-sample t test was used to compare the data between Group A and Group B. *Significant 
difference (P< 0.05). 
Abbreviation: SD, standard deviations.
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corneal HOAs and SIA after surgery. Compared to the superior incisions, temporal incisions might induce quicker 
corneal recovery and less change in SIA and corneal HOAs.

In this study, femtosecond laser was used to make clear corneal incisions, capsulotomy creation and lens fragmenta-
tion. Since the femtosecond lasers are unable to cut through opaque tissues, the incisions should be located entirely on the 

Figure 4 Corneal high-order aberrations over the 3mm, 4mm, 5mm, and 6 mm corneal zones at each follow-up by Group (A) and Group (B). The P values show the 
difference between preoperative data and postoperative 6 months data. 
Abbreviations: HOA, high-order aberration; Postop, postoperative.

Table 7 Correlation Analysis (Spearman Correlation Coefficients) 
Between Postoperative Corneal HOA and SIA at Each Follow-Up

Corneal HOA SIA

Group A Group B

Corneal 3mm

Postoperative 1 week 0.224 0.405**

Postoperative 1 month 0.346** 0.288

Postoperative 3 months 0.283* −0.100

Postoperative 6 months 0.352** 0.155

(Continued)
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clear corneal.4 Compared with scleral tunnel or limbus incision, clear corneal incision has advantages of increased safety, 
decreased inflammation and pain, faster postoperative recovery, as well as reduced SIA.15 It is universally accepted that 
femtosecond lasers are able to create precisely shaped (internal contour: 3-plane incisions), optimally placed (on any 
axis), and perfectly sized (width and length of the incision) CCIs during femtosecond laser–assisted cataract surgery.4 

Therefore, femtosecond laser CCIs are highly precise, reproducible, and stable.2

Clear corneal incisions performed during cataract surgery induce changes on corneal astigmatism, whose magnitude 
depends on factors like location, width, length or incision shape.16 In this study, we select the same parameters of incision 
width, length and architecture for all the cases, just compare the two different locations of incision: temporal and 
superior. At 1 week and 1 month after surgery, SIA was higher in the superior group than in the temporal group with 
statistical significance. This result is in line with previous studies investigating manual incisions.14,17,18 Two possibilities 
may explain why temporal incisions induce less astigmatic change than superior incisions. One is the anatomical distance 
between the visual axis and the limbus, which is greater in the temporal quadrant than in the superior one. The shorter the 
distance from the center, the greater the effect on SIA.19 The other one is the continuous pressure of the upper eyelid 
putting on the superior wound.20 While as time goes on, the SIA values decreased gradually in both groups, and there was 
no significant difference between the two groups at 3 months and 6 months after surgery. This suggests that with the 
healing of the corneal incision, different incision locations do not result in different magnitude of SIA. Oshika et al19 

examined the effect of superior and temporal incisions on regular and irregular astigmatism, and demonstrated that 
incision site makes no difference in regular and irregular SIA after surgery.

Table 7 (Continued). 

Corneal HOA SIA

Group A Group B

Corneal 4mm

Postoperative 1 week 0.303* 0.553**

Postoperative 1 month 0.369** 0.351*

Postoperative 3 months 0.309* 0.110

Postoperative 6 months 0.335* 0.262

Corneal 5mm

Postoperative 1 week 0.229 0.636**

Postoperative 1 month 0.337** 0.346*

Postoperative 3 months 0.423** 0.108

Postoperative 6 months 0.376** 0.270

Corneal 6mm

Postoperative 1 week 0.418** 0.799**

Postoperative 1 month 0.378** 0.477**

Postoperative 3 months 0.443** 0.352*

Postoperative 6 months 0.424** 0.259

Spearman analysis was performed to determine the correlation between corneal total 
HOAs and SIA. *Significance level of correlation coefficient: P<0.05. **Significance level 
of correlation coefficient: P<0.01. 
Abbreviations: HOA, high-order aberration; SIA, surgically induced astigmatism.
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In our study, we assessed the flattening effect as a constituent of SIA acting along the incision meridian. We observed 
that the flattening effect associated with the superior incision was greater than that of the temporal incision for left eyes, 
with values of 0.05 ± 0.24D and 0.25 ± 0.33D, respectively. This finding aligns with previous research by Alpins et al14 

which reported a flattening effect of 0.17 ± 0.56D for temporal incisions and 0.54 ± 0.55D for superior incisions. 
Notably, the flattening effects observed in our study were smaller than those reported by Alpins et al. This variance could 
be attributed to differences in the methodology of incision creation. In our study, femtosecond laser technology was 
employed for clear corneal incisions, whereas Alpins et al utilized a diamond trapezoidal blade.14 Surgically induced 
astigmatism comprises two components: flattening effect and torque. Given that flattening effect represents the portion of 
SIA that mitigates corneal astigmatism, Alpins et al14 proposed incorporating historical flattening effects into toric 
calculators when determining toric power for intraocular lens selection prior to cataract surgery.

The current study has also evaluated SIAs over different corneal zones. In the early postoperative period, the larger 
the corneal zones, the higher the SIA values. This illustrates that the impact of clear corneal incision on the peripheral 
corneal tissue is likely greater than at the central area, especially the zone near the incision. While in the late 
postoperative period, there was no significant difference between SIAs of different corneal zones. At 6 months after 
surgery, the arithmetic mean of SIA over corneal 4mm zone was 0.33 ± 0.19D for temporal incision, and 0.37 ± 0.25D 
for superior incision. Our results in the temporal group seem to be consistent with those of Borasio et al17 (SIA = 
0.34D at 7 weeks) and Altan-Yaycioglu et al21 (SIA = 0.34D at 6 months). Our results in the superior group are similar to 
those obtained by Rho et al22 (SIA = 0.46D at 2 months), although the postoperative period was different. The results in 
Ferreira’s study2 showed that the SIA was 0.43 ± 0.35D in the temporal incision group, and 0.62 ± 0.46D in the superior 
incision group at 3 months, which were higher than our results. The reasons are likely to be larger incision (2.4mm vs 
2.2 mm) and shorter visit time (3 months vs 6 months).

As we know, HOAs are part of refractive errors, but they are not correctable with sphere or cylinder corrections. They 
can impair the quality of the retinal image and lead to symptoms such as glare, halos, starbursts, and ghosting, which 
were commonly called “GASH”. Thus, corneal HOAs have an impact on visual performance after cataract surgery.23 In 
this study, we found that the corneal HOAs of postoperative were significantly higher than preoperative. Because of the 
increased corneal HOAs, especially in the superior group, the optical performance of the cornea had deteriorated, 
compromising visual quality after surgery. There are several reasons inducing these changes. In the early postoperative 
period, it is reasonable to speculate that changes were associated with significant corneal edema at central cornea and 
incision site.12 Factors, including the surgical incision, intraoperative flushing, and eyedrop administration, can also 
cause short-term ocular surface damage and thus affect corneal HOAs.6 Meanwhile, the HOAs of the superior group were 
higher than those of the temporal group. Except for the different corneal incision position, other intraoperative parameters 
were the same in both groups. Therefore, the difference in HOA between the two groups is mainly due to the influence of 
the surgical incision location. In the late postoperative period, with corneal edema dissipating12 and corneal incision 
healing, corneal HOAs of the two groups became no significantly different. This pattern of change is consistent with the 
change of SIA. So, we analysed the correlation between corneal HOA and SIA at each follow-up.

We found that there were positive correlations between corneal HOA and posterior SIA. For the temporal group, the 
correlations persisted from 1 week to 6 months after surgery. For the superior group, the positive correlations between the 
two were strong at 1 week and 1 month postoperatively. In the study of He Q et al, the changes in posterior surface total 
HOAs were significantly related to the posterior SIA, especially 1 week postoperatively, suggesting the consistency of 
increasing and recovering process of total HOAs and SIA after surgery.6 In addition, Hayashi et al found that similar to 
SIA, corneal aberrations that developed after cataract surgery were closely related to the incision size. Specifically, the 
aberrations decreased with decreasing incision size.24 Therefore, in order to reduce postoperative corneal HOA, SIA 
needs to be controlled.

The current study has several limitations. First, there were some other often used incision locations not included, such 
as steep-axis incision and superotemporal incision. Second, corneal biomechanical properties and their changes were not 
analysed. Third, the same surgeon performed the procedures, and this introduces potential bias. Lastly, the effects and 
correlations of SIA and HOA on postoperative visual quality require more in-depth study.
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Conclusion
In summary, surgical induced astigmatism by femtosecond laser-created clear corneal incisions and corneal higher-order 
aberrations were significantly lower by the temporal approach than the superior approach in the early postoperative 
period, while there were no significant differences in the late postoperative period. The changes in corneal HOAs were 
significantly related to the SIA, especially 1 week and 1 month postoperatively, suggesting the consistency of increasing 
and recovering process of HOAs and SIA after surgery. Further studies are needed to calculate flattening effects on 
different incision meridians, which will be useful for surgeons to calculate the toric power when choosing intraocular lens 
before cataract surgery.
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