
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Meng et al. BMC Ophthalmology          (2025) 25:121 
https://doi.org/10.1186/s12886-025-03948-6

BMC Ophthalmology

*Correspondence:
Xingwu Zhong
zhongxwu@mail.sysu.edu.cn
1State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic 
Center, Guangdong Provincial Key Laboratory of Ophthalmology and 
Visual Science, Guangdong Provincial Clinical Research Center for Ocular 
Diseases, Sun Yat-sen University, Guangzhou 510060, China
2Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, 
Hainan Eye Hospital, Sun Yat-sen University, Haikou 570300, China

Abstract
Purpose  To compare the refractive outcomes and visual quality among different types of astigmatism following 
SMILE and evaluate effective optical zone (EOZ) features, decentration and their potential effects on visual quality.

Methods  This study included 101 left eyes of 101 patients who underwent SMILE. Patients were grouped according 
to astigmatism types (with-the-rule [WTR], against-the-rule [ATR] and oblique astigmatism) and decentered 
displacement (major axis > minor axis and major axis < minor axis). We compared the refractive outcomes, visual 
quality, EOZ and decentration 3 months postoperatively and analyzed correlations between corneal aberrations and 
EOZ parameters.

Results  The visual and refractive outcomes were favorable in different types of astigmatism. The induced corneal 
aberrations, EOZ and total decentration were comparable among three groups (all p >.05). There was a strong positive 
correlation (r =.828, p <.001) between preoperative cylinder axis and the angle of EOZ. The postoperative induced 
changes in spherical aberration (0.02 ± 0.15 vs. 0.08 ± 0.13, p =.037), coma (0.22 ± 0.27 vs. 0.36 ± 0.25, p =.010), total 
HOAs (0.28 ± 0.24 vs. 0.42 ± 0.31, p =.009) and LOAs (0.16 ± 0.62 vs. 0.49 ± 0.84, p =.023) were fewer in group with greater 
decentered displacement along the major axis than the minor axis.

Conclusions  Favorable outcomes were observed in different types of astigmatism. Postoperative refractive errors, 
visual acuity, and induced corneal aberrations showed no significant differences between groups with WTR, ATR, and 
oblique astigmatism. The angle of EOZ was closely associated with cylinder axis. EOZ provided greater tolerance to 
decentration, with fewer induced corneal aberrations along the major axis compared to the minor axis. The combined 
impacts of EOZ and decentration on visual quality should be noted.
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Introduction
Small incision lenticule extraction (SMILE), a minimally 
invasive refractive surgery, has been widely adopted for 
its promising refractive outcomes, rapid nerve recovery, 
and maintained corneal biomechanics [1–4]. However, 
SMILE presents challenges in treating astigmatism, with 
under-correction ranging from 11 to 16% per diopter 
[5, 6] and visual quality symptoms occurring in about 
50–70% of patients with high astigmatism [7]. Therefore, 
accurate astigmatic correction is crucial to ensuring the 
efficacy of refractive surgery and patient satisfaction.

Several factors have been identified to impact the effec-
tiveness of SMILE, including refractive correction, cyclo-
torsion, and optical zone, with the axis of astigmatism 
being a potential factor as well [8–10]. Oblique astig-
matism accounts for 10–18% of all astigmatism cases 
[11, 12]. Recent studies have reported that oblique astig-
matism exhibits more irregular astigmatism than ATR 
and with-the-rule (WTR) astigmatism [13], which may 
induce more higher-order aberrations after surgery. Pre-
vious studies have shown that WTR astigmatism exhib-
ited more undercorrection than against-the-rule (ATR) 
or oblique astigmatism [8, 10]. However, the sample size 
of oblique astigmatism was small in these studies. Addi-
tionally, little is known about the visual quality after 
SMILE for different types of astigmatism.

The effective optical zone (EOZ) is defined as the cor-
neal region that provides quality functional vision after 
treatment [14]. The area and centration of EOZ are 
closely related to the postoperative visual quality [15–17]. 
Notably, the EOZ exhibits an oval shape after myopic 
astigmatism correction [18, 19]. Given that a larger opti-
cal zone treatment may enhance tolerance to decentra-
tion, the oval-shaped EOZ may enhance tolerance to 
decentration along the major axis more than the minor 
axis. However, to our knowledge, there are no dedicated 
studies evaluating the EOZ, decentration, and their com-
bined effects on visual quality in patients with different 
types of astigmatism after SMILE.

Therefore, in the current study, we compared the 
refractive outcomes and visual quality among different 
types of astigmatism following SMILE. Additionally, we 
evaluated EOZ features and decentration using Image J 
software and analyzed their potential effects on visual 
quality across different types of astigmatism. Decentra-
tion were decomposed into decentered displacement 
along the major and minor axes, and the visual quality 
of patients with greater decentered displacement along 
the major axis was compared to those with greater dis-
placement along the minor axis. These findings have 
important implications for centration adjustment, pro-
gramming parameters, and evaluating surgical outcomes 
for astigmatism correction.

Patients and methods
Ethics approval
This retrospective study was approved by the Ethics 
Committee of Hainan Eye Hospital at Zhongshan Oph-
thalmic Center (Sun Yat-sen University, China) (eth-
ics acceptance number: 2023-041-01) and conducted in 
accordance with the Declaration of Helsinki. Informed 
consent was obtained from all patients prior to the study.

Patients examinations
This study included 101 left eyes from 101 patients 
who underwent SMILE surgery at Hainan Eye Hospi-
tal between March 2018 and October 2023. The study 
population comprised 35 eyes with WTR astigmatism 
(preoperative cylinder axis: 90° ± 30°), 33 eyes with ATR 
astigmatism (preoperative cylinder axis: 180° to 150° or 0° 
to 30°), and 33 eyes with oblique astigmatism (preopera-
tive cylinder axis: 31° to 59° or 121° to 149°). The inclusion 
criteria were preoperative manifest spheres of -0.50D 
to -10.00D, manifest cylinders of -0.75D to -3.00D, and 
stable refraction for more than 1 year. Patients with a 
history of other ocular conditions, such as keratoconus, 
cataract, uveitis, ocular trauma or surgery, and systemic 
diseases were excluded.

All patients underwent the following clinical exami-
nations preoperatively and 3 months postoperatively: 
slit-lamp examination, fundus examination, uncorrected 
distance visual acuity (UDVA), corrected distance visual 
acuity (CDVA), manifest refraction, pupil size (kera-
togragh 5  M, OCULUS Optikgeräte GmbH, Wetzlar, 
Germany), corneal tomography (Pentacam AXL, OCU-
LUS Optikgeräte GmbH, Wetzlar, Germany), and cor-
neal aberrations (Pentacam AXL, OCULUS Optikgeräte 
GmbH, Wetzlar, Germany).

Surgical technique
All SMILE standard procedures were performed using 
the VisuMax femtosecond laser (Carl Zeiss Meditec AG, 
Jena, Germany) with parameters as follows: pulse energy 
of 135–140 nJ; cap thickness of 120 μm; cap diameter of 
7.5 mm; programed optical zone of 6.5 mm and a tran-
sition zone of 0.1  mm for astigmatism; incision width 
of 2  mm; incision position at 140°. The details surgical 
procedure has been described by Taneri et al. [20]. All 
surgical procedures were performed by the same sur-
geon (XZ). A single nomogram was used for all types of 
astigmatism.

EOZ area and decentration measurements
EOZ was measured based on the difference map of the 
tangential curvature between preoperative and 3 months 
postoperative measurements in Pentacam. ImageJ soft-
ware (V 2.1.0) was used to automatically recognize the 
boundary and calculate the area of the EOZ, where the 
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tangential curvature difference was zero and shown in 
green [21]. The difference map was adjusted using “Color 
Threshold,” the area was measured, and the Fit Ellipse 
function was used to determine the center (X, Y), angle 
( θ ), and the major and minor axes of the best-fitted 
ellipse of the EOZ (Fig.  1A and B). To facilitate corre-
lation analysis between EOZ angle and cylinder axis, 
adjustments were made to ensure consistent ranges. 180° 
was added to the EOZ angle when it ranged from 0° to 
45° and the cylinder axis ranged from 135° to 180°. Simi-
larly, 180° was added to the cylinder axis when the EOZ 

angle ranged from 135° to 180° and the cylinder axis 
ranged from 0° to 45°.

The corneal vertex coordinates were measured as 
(X1, Y1). The horizontal decentered displacement was 
Xd = (X − X1), and the vertical decentered displace-
ment was Yd = (Y1 − Y). The total decentered displace-

ment was 
√

(X − X1)2 + (Y1 − Y )2. For convenience, 
the coordinate system was established based on the best-
fitted ellipse, with the ellipse’s center as the origin and the 
major and minor axes as the s and t axes, respectively. 
The corneal vertex coordinates ( S, T ) were calculated 
as follows: S = OA + AS = Ydsin (θ ) + Xdcos (θ ), 
T = AYd − BYd = Ydcos (θ ) − Xdsin (θ ) (Fig.  2). The 
decentered displacement along the major axis was S and 
along the minor axis was T .

Statistical analysis
All data were analyzed by SPSS (version 26.0; SPSS, Inc.). 
Data normality was defined by the Kolmogorov-Smirnov 
test. One-way ANOVA test, Kruskal–Wallis test, Wil-
coxon signed rank test, and independent-sample t-test 
were used for statistical analysis. Pearson correlation was 
used to detect the correlations of induced corneal aberra-
tions and EOZ area, major axis, and minor axis. Statisti-
cally significant was defined as a P value < 0.05. A sample 
size of 28 achieves 90% power to detect a difference of 
0.05 between the null hypothesis mean of 0.00 and the 
alternative hypothesis mean of 0.05 using a two-sided 
hypothesis test with a significance level of 0.0167 (0.05/3) 
for multiple testing. Sample size was calculated by soft-
ware PASS 16 (NCSS, LLC, USA).

Fig. 2  Measuring decentered displacements along the major (s) and 
minor (t) axes. The decentered displacement along the major axis was S 
and along the minor axis was T

 

Fig. 1  Illustration of postoperative effective optical zone (EOZ) measurements. (A) Original tangential corneal curvature difference map. (B) EOZ area, 
major axis (a), and minor axis (b) measured using ImageJ software
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Results
General data
This study included 101 eyes of 101 patients: 35 eyes in 
the WTR astigmatism group, 33 eyes in the ATR astig-
matism group, and 33 eyes in the oblique astigmatism 
group. The cohort comprised 38 men and 63 women, 
with a mean age of 26.95 years (range: 18 to 47 years). 
There were no significant differences in correction, pre-
operative visual acuity, pupil size, preoperative pupillary 
offset, programmed optical zone, ablation depth, and 
ablation ratio among the three groups (Table 1). No com-
plications were observed during or after the surgery.

Efficacy, safety and predictability
The refractive outcomes of 101 eyes after SMILE are 
shown in Fig.  3. At 3 months, 96 (95.1%) eyes achieved 
a UDVA of 20/20, and 97 (96.0%) eyes maintained or 
gained one or more lines of CDVA compared to preop-
erative UDVA (Fig. 3A and B). Only two eyes lost one line 
of CDVA compared to the preoperative value (Fig.  3C). 
Predictability is shown in Fig.  3D and E. All eyes were 
within ± 1.00 D and 97.0% of eyes were within ± 0.50 
D of the attempted postoperative SE (Fig.  3E). The cyl-
inder predictability was 82.2% (83 eyes) within ± 0.25 
D, 98.0% (99 eyes) within ± 0.50 D, and 100% (101 eyes) 
within ± 1.00 D of the attempted postoperative cylinder 
(Fig.  3G). The mean SIA was slightly undercorrected 
compared to the mean TIA (Fig. 3H).

Three months after the surgery, the efficacy indexes 
(postoperative UDVA/preoperative CDVA) were 
1.10 ± 0.11, 1.12 ± 0.11, and 1.11 ± 0.12, and the safety 
indexes (postoperative CDVA/ preoperative CDVA) were 
1.13 ± 0.10, 1.17 ± 0.11, and 1.13 ± 0.11 in the WTR, ATR 
and oblique astigmatism groups, respectively. There were 
no statistically significant differences in mean efficacy 
index (P =.727) or safety index (P =.205) among the three 
groups.

Refractive errors, visual outcomes, and induced corneal 
aberrations
Postoperative refractive errors, visual acuity, and induced 
corneal wavefront aberrations were shown in Table  2. 
There were no significant differences in postopera-
tive refractive errors, visual acuity, spherical aberration, 
coma, trefoil, total HOAs, and LOAs changes among 
groups of different astigmatism types (Table 2).

EOZ and decentration
The postoperative EOZ area, the major axis, and the 
minor axis showed no significant difference among 
WTR, ATR and oblique astigmatism groups (Table  3). 
The angle of the fit ellipse of EOZ was positively corre-
lated with the axis of preoperative astigmatism (r =.828, 
p <.001) (Figs. 4 and 5).

As summarized in Table  3, there was no significant 
difference in the total decentration, horizontal displace-
ment, vertical displacement, displacement along major 

Table 1  Preoperative and surgical parameters of patients in different astigmatism types
Parameter WTR ATR Oblique P value
Preoperative characteristic Patients’ eyes, n 35, 35 33, 33 33, 33
  Age, y 24.43 ± 7.16 29.03 ± 6.06 27.55 ± 5.87
  Sex, % women 57.1% 54.5% 75.7%
  Sphere, D -5.13 ± 1.83 (-8.75, -1.75) -4.53 ± 1.54 (-7.50, -1.00) -4.70 ± 1.63 (-8.00, -2.00) 0.317‡
  Cylinder, D -1.17 ± 0.34 (-1.75, -0.75) -1.07 ± 0.44 (-2.75, -0.75) -1.04 ± 0.41 (-2.50, -0.75) 0.078†
  Spherical equivalent, D -5.71 ± 1.83 (-9.25, -2.50) -5.06 ± 1.52 (-7.88, -1.63) -5.22 ± 1.65 (-8.50, -2.38) 0.249‡
  UDVA (logMAR) 1.25 ± 0.21 (0.60, 1.70) 1.28 ± 0.23 (0.70, 1.70) 1.30 ± 0.27 (0.70, 2.00) 0.490†
  CDVA (logMAR) 0.00 ± 0.00 (0.00, 0.00) 0.01 ± 0.03 (0.00, 0.10) 0.00 ± 0.01 (0.00, 0.05) 0.212†
  Scotopic pupil size 6.43 ± 0.73 (5.10, 8.10) 6.31 ± 0.62 (4.90, 7.30) 6.27 ± 0.77 (4.40, 7.90) 0.780†
  Mesopic pupil size 5.89 ± 0.76 (4.70, 7.60) 5.82 ± 0.66 (3.80, 6.80) 5.76 ± 0.76 (4.00, 7.50) 0.761‡
  Photopic pupil size 4.03 ± 0.71 (2.90, 5.50) 4.04 ± 0.66 (2.70, 5.60) 3.90 ± 0.73 (2.70, 5.40) 0.649‡
  Preoperative pupillary offset, mm 0.19 ± 0.10 (0.05, 0.49) 0.15 ± 0.10 (0.00, 0.43) 0.16 ± 0.07 (0.04, 0.36) 0.213‡
   |Preoperative pupillary offset (x-axis)|, mm 0.10 ± 0.06 (0.00, 0.23) 0.08 ± 0.09 (0.00, 0.36) 0.11 ± 0.07 (0.00, 0.33) 0.090†
   |Preoperative pupillary offset (y-axis)|, mm 0.14 ± 0.10 (0.00, 0.49) 0.11 ± 0.08 (0.00, 0.41) 0.09 ± 0.07 (0.01, 0.24) 0.154†
Surgical Parameter
  Programmed optical zone, mm 6.5 6.5 6.5
  Ablation depth, mm 108.54 ± 28.14 (56.00, 164.00) 100.30 ± 22.27 (52.00, 142.00) 103.52 ± 24.26 (60.00, 149.00) 0.396‡
  Ablation ratio (ablation depth/ CCT) 0.20 ± 0.05 (0.10, 0.32) 0.19 ± 0.04 (0.10, 0.28) 0.19 ± 0.04 (0.11, 0.27) 0.519‡
D, diopter; UDVA, uncorrected distance visual acuity; CDVA, corrected distance visual acuity; CCT, center corneal thickness

†Kruskal–Wallis test

‡One-way Anova test

§Values are presented as mean ± standard deviation (range)

*P values less than 0.05 indicating statistical significance are marked in bold
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Fig. 3  Visual and refractive outcomes of 101 eyes after small incision lenticule extraction. (A) Cumulative 3-month postoperative uncorrected distance 
visual acuity (UDVA) and preoperative corrected distance visual acuity (CDVA). (B) Difference of postoperative UDVA vs. preoperative CDVA in the Snellen 
lines. (C) Changes in Snellen lines of CDVA postoperatively. (D) Attempted vs. achieved changes in spherical equivalent refraction (SE) at 3 months post-
surgery. (E) Accuracy of SE to the intended target. (F) SEQ stability. (G) Distribution of cylinders preoperative and 3 months postoperatively. (H) Surgically 
induced astigmatism vs. target induced astigmatism. (I) Distribution of refractive astigmatism angle of error at 3 months postoperatively. D = diopters; 
SIA = surgically induced astigmatism; TIA = target induced astigmatism

 



Page 6 of 11Meng et al. BMC Ophthalmology          (2025) 25:121 

axis and minor axis among WTR, ATR and oblique astig-
matism groups.

We speculated that the oval shaped EOZ may enhance 
more tolerance to decentration along the major axis than 
along the minor axis. Therefore, the traditional horizontal 
and vertical decentered displacements were transformed 
into displacements along the major and minor axes of the 
EOZ (Figs.  2 and 6). For further analysis, patients were 
divided into two groups: group A (major axis displace-
ment > minor axis displacement) and group B (major axis 
displacement < minor axis displacement). The outcomes 
of these groups were compared.

There were no significant differences in preoperative 
refractive errors, decentration, decentered displacement 
differences between the major and minor axes, pupil 
size, pupillary offset, ablation depth and ablation ratio 
between group A and group B. As shown in Table 4, there 
were no significant difference in UDVA, CDVA, postop-
erative sphere, cylinder, and SE between the two groups. 
However, the significant differences were observed in 
induced spherical aberration, coma, total HOAs, and 
LOAs between two groups (P =.037, P =.010, P =.009, and 
P =.023, respectively).

Correlation analyses
The relationship between induced corneal aberrations 
and EOZ area, major axis, and minor axis in different 
astigmatism types was summarized in Table  5. Correla-
tion tests revealed that increases in spherical aberra-
tion correlated with EOZ area, major axis, and minor 
axis in the WTR, ATR, and oblique astigmatism groups. 
Additionally, in the WTR and ATR astigmatism groups, 
increases in coma and total HOAs correlated with EOZ 
area, major axis, and minor axis. In the ATR group, 
increases in LOAs correlated with EOZ area and major 
axis.

The correlations between induced corneal aberrations 
and total decentration, horizontal and vertical displace-
ment, and displacement along the major and minor axes 
was summarized in Table  6. Increased total decentra-
tion and vertical displacement correlated positively with 
coma and total HOAs. Increased horizontal displace-
ment correlated positively with spherical aberration and 
total HOAs. Displacement along the major axis showed 
a negative correlation with LOAs, while displacement 
along the minor axis correlated positively with spherical 
aberration, coma, total HOAs, and LOAs. No statistically 
significant correlation was observed between preopera-
tive astigmatism and any decentration component.

Discussion
This study demonstrates that SMILE surgery yielded 
favorable visual and refractive outcomes in myo-
pic astigmatism, exhibiting good efficacy, safety, and 

Table 2  Comparison of refractive errors, visual outcomes, and 
induced corneal aberrations
Parameter WTR ATR Oblique P 

value
Postoperative 
sphere (D)

-0.01 ± 0.23 
(-0.75, 0.50)

0.02 ± 0.22 
(-0.50, 0.50)

-0.03 ± 0.25 
(-0.75, 0.50)

0.810†

Postoperative 
cylinder (D)

-0.14 ± 0.20 
(-0.50, 0.00)

-0.20 ± 0.22 
(-0.75, 0.00)

-0.11 ± 0.20 
(-0.75, 0.00)

0.141†

Postoperative 
SE (D)

-0.10 ± 0.25 
(-1.00, 0.50)

-0.08 ± 0.23 
(-0.50, 0.50)

-0.09 ± 0.25 
(-0.75, 0.50)

0.953†

UDVA (logMAR) -0.04 ± 0.05 
(-0.08, 0.10)

-0.04 ± 0.04 
(-0.08, 0.00)

-0.04 ± 0.05 
(-0.08, 0.05)

0.973†

CDVA (logMAR) -0.05 ± 0.04 
(-0.08, 0.05)

-0.06 ± 0.03 
(-0.08, 0.00)

-0.05 ± 0.04 
(-0.08, 0.05)

0.324†

Spherical aberra-
tion (µm)

0.08 ± 0.15 
(-0.20, 0.42)

0.04 ± 0.13 
(-0.28, 0.37)

0.02 ± 0.15 
(-0.33, 0.34)

0.205‡

Coma (µm) 0.30 ± 0.29 
(-0.50, 0.96)

0.30 ± 0.24 
(-0.01, 1.25)

0.26 ± 0.27 
(-0.65, 0.82)

0.838‡

Trefoil (µm) 0.00 ± 0.07 
(-0.24, 0.20)

0.04 ± 0.11 
(-0.13, 0.41)

0.03 ± 0.08 
(-0.11, 0.23)

0.192‡

Total HOAs (µm) 0.37 ± 0.32 
(-0.34, 1.28)

0.34 ± 0.27 
(-0.10, 1.28)

0.31 ± 0.25 
(-0.38, 0.81)

0.655‡

LOAs (µm) 0.18 ± 0.77 
(-0.91, 2.36)

0.53 ± 0.76 
(-1.52, 1.80)

0.25 ± 0.68 
(-1.15, 1.68)

0.068†

SE, spherical equivalent; D, diopter; UDVA, uncorrected distance visual acuity; 
CDVA, corrected distance visual acuity

†Kruskal–Wallis test

‡One-way Anova test

§Values are presented as mean ± standard deviation (range)

*P values less than 0.05 indicating statistical significance are marked in bold

Table 3  EOZ area, major axis, minor axis, and decentration in 
subgroup analysis
Parameter WTR ATR Oblique P value
Area, mm2 23.87 ± 3.37 

(18.29, 33.91)
24.97 ± 3.03 
(18.07, 
33.97)

24.67 ± 3.17 
(21.04, 
33.73)

0.179†

Major axis, mm 5.80 ± 0.45 
(4.92, 7.11)

6.02 ± 0.49 
(4.82, 7.05)

5.86 ± 0.42 
(5.28, 6.90)

0.126†

Minor axis, mm 5.22 ± 0.38 
(4.66, 6.32)

5.27 ± 0.28 
(4.67, 6.14)

5.35 ± 0.33 
(5.05, 6.40)

0.336†

Decentered 
displacement 
(mm)
Total 0.35 ± 0.14 

(0.12, 0.69)
0.39 ± 0.17 
(0.07, 0.70)

0.39 ± 0.16 
(0.04, 0.67)

0.498‡

Horizontal 0.23 ± 0.14 
(0.01, 0.66)

0.24 ± 0.16 
(0.03, 0.58)

0.28 ± 0.17 
(0.02, 0.63)

0.413†

Vertical 0.23 ± 0.13 
(0.00, 0.52)

0.26 ± 0.17 
(0.03, 0.70)

0.22 ± 0.14 
(0.01, 0.53)

0.544‡

Along major axis 0.22 ± 0.12 
(0.01, 0.47)

0.24 ± 0.17 
(0.02, 0.69)

0.25 ± 0.17 
(0.00, 0.55)

0.818†

Along minor axis 0.23 ± 0.16 
(0.03, 0.55)

0.25 ± 0.18 
(0.01, 0.62)

0.23 ± 0.17 
(0.02, 0.60)

0.881†

†Kruskal–Wallis test

‡One-way Anova test

§Values are presented as mean ± standard deviation (range)

*P values less than 0.05 indicating statistical significance are marked in bold
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predictability. No significant differences were observed in 
postoperative refractive errors, visual acuity, or induced 
corneal aberrations between groups with WTR, ATR, 
and oblique astigmatism. These findings align with a pre-
vious study [10] suggesting that astigmatism correction 
with SMILE is predictable across different astigmatism 
types. Additionally, for astigmatism ≥ 0.5D, the resultant 
astigmatism was not associated with its preoperative 
classification. This study is the first to compare postop-
erative induced corneal aberrations across different astig-
matism types. While previous studies have suggested 
that oblique astigmatism is associated with more irregu-
lar astigmatism, including asymmetry and higher-order 
irregularities [13], our study did not find significant dif-
ferences in induced HOAs between the three groups.

Fig. 6  Scatterplot showing the distribution of decentered displacement. (A) Traditional horizontal and vertical decentered displacements. (B) Decen-
tered displacements along the major and minor axes

 

Fig. 5  The correlation between the angle of effective optical zone (EOZ) 
and cylinder axes

 

Fig. 4  The effective optical zone (EOZ) in different astigmatism types on tangential curvature difference map. The EOZ margin, where the tangential 
curvature difference was zero, was shown in green. (A) The EOZ of with-the-rule astigmatism was horizontally elliptical. (B) The EOZ of against-the-rule 
astigmatism was vertically elliptical. (C) The EOZ of oblique astigmatism was obliquely elliptical
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Moreover, we focused on the EOZ after SMILE for dif-
ferent types of astigmatism correction. EOZ was defined 
as the area of the corneal surface that provides quality 
functional vision after laser sculpting [14]. Several meth-
ods for assessing EOZ have been proposed, including 
region growing algorithms, ray-tracing approach, and 
corneal topography [22–24]. While these methods have 
their strengths, they are often computationally complex, 

limiting their widespread adoption, or they require man-
ual measurements that are both imprecise and time-con-
suming. In this study, we utilized the tangential curvature 
difference map from Scheimpflug tomography to deter-
mine the EOZ, based on previous studies [18, 21]. The 
margin of the EOZ was defined as the change in the zero-
diopter line on the subtractive map. Tangential curvature 
analysis is highly sensitive to localized alterations in the 
curvature of the anterior corneal surface. The repeatabil-
ity of EOZ measurement using this approach has been 
demonstrated by Hou et al. [21]. We further enhanced 
this by using ImageJ software to automatically delineate 
the EOZ boundary on the tangential curvature differ-
ence map, resulting in both accurate and efficient mea-
surements, and eliminating the subjectivity of manual 
assessment. For oval shaped EOZ in myopic astigmatism, 
the Fit Ellipse function in ImageJ provided multidimen-
sional parameters for EOZ evaluation, including area, 
major axis, minor axis, and angle. The area, major axis, 
and minor axis showed no significant differences among 
different types of astigmatism. However, the angle of the 
EOZ major axis was closely associated with the preopera-
tive cylinder axis, indicating that the EOZ diameter was 
larger on the flat axis than on the steep axis, regardless 
of the cylinder axis orientation. Similarly, previous stud-
ies have reported the EOZ was oval shaped after SMILE 
in myopic astigmatism [18, 19]. Wang et al. [16] reported 
that the corneal curvature change of steep keratometry 
was greater than that of flat keratometry in moderate 
and high astigmatism, indicating a smaller corneal curva-
ture change on the axis of the cylinder. According to the 
Munnerlyn’s formula, t = S2D

3 , we speculated that when 
the refractive correction of cornea ( D) on the flat axis is 
smaller than on the steep axis and the sculpting depth t 
is constant, the optical area S increases, resulting in a 
larger EOZ diameter on the flat axis.

Larger optical zone treatment may increase the toler-
ance of decentration [25]. Therefore, we speculated that 

Table 4  Comparison of visual and refractive outcomes 
and induced corneal aberrations according to decentered 
displacement along major and minor axes

Group A (n = 54) Group B (n = 47) P 
value

UDVA (logMAR) -0.04 ± 0.04 (-0.08, 
0.05)

-0.04 ± 0.05 (-0.08, 
0.10)

0.844†

CDVA (logMAR) -0.05 ± 0.04 (-0.08, 
0.05)

-0.06 ± 0.04 (-0.08, 
0.00)

0.763†

Postoperative sphere 
(D)

0.02 ± 0.21 (-0.50, 
0.50)

-0.04 ± 0.25 (-0.75, 
0.50)

0.230†

Postoperative cylinder 
(D)

-0.12 ± 0.19 (-0.75, 
0.00)

-0.18 ± 0.22 (-0.75, 
0.00)

0.190†

Postoperative SE (D) -0.05 ± 0.21 (-0.50, 
0.50)

-0.13 ± 0.28 (-1.00, 
0.50)

0.287†

Spherical aberration 
(µm)

0.02 ± 0.15 (-0.33, 
0.38)

0.08 ± 0.13 (-0.12, 
0.42)

0.037‡

   Coma (µm) 0.22 ± 0.27 (-0.65, 
0.96)

0.36 ± 0.25 (-0.01, 
1.25)

0.010‡

   Trefoil (µm) 0.01 ± 0.09 (-0.24, 
0.25)

0.05 ± 0.09 (-0.10, 
0.41)

0.070†

   Total HOAs (µm) 0.28 ± 0.24 (-0.34, 
0.92)

0.42 ± 0.31 (-0.38, 
1.28)

0.009‡

   LOAs (µm) 0.16 ± 0.62 (-1.15, 
1.47)

0.49 ± 0.84 (-1.52, 
2.36)

0.023‡

UDVA, uncorrected distance visual acuity; CDVA, corrected distance visual 
acuity; D, diopter; SE, spherical equivalent; HOAs, higher-order aberrations; 
LOAs, lower-order aberrations

†Wilcoxon Signed Rank Test

‡Independent-Sample t-test

§Values are presented as mean ± standard deviation (range)

*P values less than 0.05 indicating statistical significance are marked in bold

Table 5  Correlation between induced corneal aberrations and EOZarea, major axis, and minor axis in different astigmatism types
Induced corneal 
aberration (µm)

WTR ATR Oblique
Area, mm2 Major axis, 

mm
Minor axis, 
mm

Area, mm2 Major axis, 
mm

Minor axis, 
mm

Area, mm2 Major axis, 
mm

Minor 
axis, mm

Spherical 
aberration

-0.735 
(< 0.001)*

-0.722 
(< 0.001)*

-0.648 
(< 0.001)*

-0.667 
(< 0.001)*

-0.589 
(< 0.001)*

-0.602 
(< 0.001)*

-0.508 
(0.003)*

-0.427 
(0.013)*

-0.522 
(0.002)*

Coma -0.409 
(0.015)*

-0.404 
(0.016)*

-0.354 (0.037)* -0.501 
(0.003)*

-0.464 
(0.006)*

-0.460 
(0.007)*

-0.302 (0.088) -0.249 
(0.162)

-0.324 
(0.066)

Trefoil 0.048 (0.785) 0.206 (0.235) -0.126 (0.472) -0.008 (0.964) -0.075 
(0.677)

0.099 
(0.585)

0.209 (0.242) 0.260 
(0.144)

0.115 
(0.523)

Total HOAs -0.612 
(< 0.001)*

-0.577 
(< 0.001)*

-0.574 
(< 0.001)*

-0.505 
(0.003)*

-0.492 
(0.004)*

-0.417 
(0.016)*

-0.333 (0.058) -0.298 
(0.092)

-0.322 
(0.068)

LOAs -0.223 (0.197) -0.221 (0.202) -0.202 (0.244) -0.380 
(0.029)*

-0.418 
(0.015)*

-0.234 
(0.190)

-0.186 (0.300) -0.206 
(0.250)

-0.142 
(0.430)

EOZ, effective optical zone; WTR, with-the-rule astigmatism; ATR, against-the-rule astigmatism; HOAs, higher-order aberrations; LOAs, lower-order aberrations
*P value less than 0.05 showing statistical significance
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this tolerance may be further enhanced along the major 
axis in oval-shaped EOZ. In our study, subgroup analysis 
confirmed that induced spherical aberration, coma, total 
HOAs, and LOAs were higher in group B (with greater 
decentration along the minor axis than the major axis), 
despite no significant difference in decentration. In other 
words, decentration from 0° to 45°, 135° to 225°, and 315° 
to 360° yields more favorable outcomes than decentration 
from 45° to 135° and 225° to 315° in the coordinate sys-
tem along major and minor axes of EOZ. Previous stud-
ies have shown that decentration greater than 0.3  mm 
is associated with larger induced corneal aberrations in 
corneal refractive surgery [25, 26]. Our study is the first 
to find that not only the magnitude but also the direc-
tion of decentration can impact the postoperative out-
comes. Given the strong positive correlation between 
the EOZ major axis angle and the preoperative cylin-
der axis, we suggest that the combined impacts of EOZ 
and decentration on visual quality should be considered 
after surgery. Additionally, surgeons may not need to risk 
corneal edema and suction loss to re-suction in cases 
of slight decentration along the axis of the cylinder. The 
VISUMAX 800 femtosecond laser represents the lat-
est advancement in the SMILE platform, succeeding the 
VisuMax 500 used in our study. Its CentraLign assistant 
function provides real-time monitoring of treatment 
cone positioning relative to the corneal vertex, poten-
tially reducing postoperative decentration in all direc-
tions and thereby improving visual quality. Varman et al. 
[27] have reported that the VISUMAX 800 demonstrates 
improved accuracy when correcting cylinder greater than 
2 diopters compared to the VisuMax 500. However, fur-
ther research is needed to directly compare the decentra-
tion and visual quality outcomes between these two laser 
systems, particularly for myopic astigmatism.

Correlation analysis revealed a significant associa-
tion between increased spherical aberration and EOZ 

area, major axis, and minor axis across the WTR, ATR, 
and oblique astigmatism groups. Increases in coma and 
total HOAs were similarly correlated with EOZ param-
eters in both WTR and ATR groups. However, induced 
trefoil did not show a significant correlation with EOZ 
parameters in any group. These findings align with previ-
ous studies demonstrating a negative correlation between 
EOZ area and induced spherical aberration, coma, and 
total HOAs [18, 28]. Additionally, EOZ major and minor 
axes were correlated with induced spherical aberration 
[19]. Fu et al. [28]also reported a lack of significant asso-
ciation between trefoil and EOZ area, consistent with 
our results. Regarding the relationship between decen-
tration and induced corneal aberrations, the magnitude 
of decentration is known to influence visual quality. In 
our study, total decentration correlated positively with 
coma and total HOAs, consistent with the findings of 
Lee et al. [25]. Lee et al. [25] demonstrated that induced 
changes in total HOAs, coma, vertical coma, and spheri-
cal aberration were significantly larger in eyes with a total 
decentered displacement > 0.335 mm compared to those 
with ≤ 0.335 mm. However, our correlation analysis also 
revealed that decentration displacement along the minor 
axis had a more comprehensive and pronounced impact 
on visual quality than other decentration components in 
myopic astigmatism. This finding supports our hypothe-
sis that in myopic astigmatism with an oval-shaped EOZ, 
tolerance to decentration is reduced along the minor axis, 
underscoring the importance of minimizing decentration 
in this direction during SMILE procedures.

One limitation of this study is the lack of quantitative 
analysis regarding the relationship between EOZ and 
decentration tolerance, and its impact on visual quality 
warrants further investigation.

Table 6  Correlation between induced corneal aberrations and total decentration, horizontal and vertical displacement, and 
displacement along the major and minor axes
Induced corneal aberration 
(µm)

Decentration

Total Horizontal 
Displacement

Vertical Displacement Displacement Along 
the Major Axis

Displace-
ment Along 
the Minor 
Axis

Spherical aberration 0.136 (0.176) 0.229 (0.021)* -0.022 (0.831) -0.132 (0.190) 0.291 (0.003)*
Coma 0.282 (0.004)* 0.191 (0.056) 0.220 (0.027)* -0.106 (0.291) 0.434 

(< 0.001)*
Trefoil 0.100 (0.322) 0.162 (0.105) -0.094 (0.348) -0.020 (0.845) 0.085 (0.369)
Total HOAs 0.374 (< 0.001)* 0.302 (0.002)* 0.223 (0.025)* -0.006 (0.952) 0.453 

(< 0.001)*
LOAs 0.107 (0.286) 0.055 (0.583) 0.110 (0.237) -0.207 (0.038)* 0.256 (0.010)*
HOAs, higher-order aberrations; LOAs, lower-order aberrations
*P value less than 0.05 showing statistical significance
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Conclusions
This study demonstrates favorable outcomes after SMILE 
surgery for different astigmatism types. Postoperative 
refractive errors, visual acuity, and induced corneal aber-
rations showed no significant differences between groups 
with WTR, ATR, and oblique astigmatism. The angle 
of the EOZ major axis, measured using Image J, was 
closely associated with the preoperative cylinder axis. 
The visual quality was more favorable in patients with 
greater decentration along the major axis than the minor 
axis in oval shaped EOZ. These findings provide new 
insights into the evaluating methods and effects of EOZ 
and decentration in the treatment of myopic astigmatism 
after SMILE surgery.
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