
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, 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 changes were made. 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 http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Qian et al. BMC Ophthalmology          (2024) 24:110 
https://doi.org/10.1186/s12886-024-03352-6

BMC Ophthalmology

†Drs. Qian and Ding contributed equally to this work and should be 
considered equal first authors.

*Correspondence:
Yishan Qian
thronebird31@hotmail.com
Xingtao Zhou
doctzhouxingtao@163.com

Full list of author information is available at the end of the article

Abstract
Background  To investigate the change in the distance between corneal apex and pupil center after small-incision 
lenticule extraction (SMILE) or implantable collamer lens (ICL) implantation and its correlation with surgical-induced 
astigmatism (SIA).

Methods  This study included patients who had undergone SMILE (n = 112) or ICL implantation (n = 110) to 
correct myopia and myopic astigmatism. The angle kappa was measured using a Scheimpflug imaging device 
(Pentacam) and represented as Cartesian values between the pupil center and the corneal vertex (X, Y) and chord u 
(
√

X2 + Y 2@orientation), and was compared pre- and post-operative.

Results  Following SMILE, the magnitude of chord u(
√

X2 + Y 2 ) significantly increased in both eyes (Wilcoxon 
signed-rank test, OD: P<0.001; OS: P=0.007), while no significant change was observed in the orientation. A significant 
correlation was found between the J0 component of SIA and the change in the magnitude of chord u for both eyes 
(OD: R2=0.128, P<0.001; OS: R2=0.033, P=0.004). After ICL implantation, the orientation of the chord u was significantly 
different in the right eye (Wilcoxon signed-rank test, P = 0.008), and the Y-intercept significantly decreased in both 
eyes (Wilcoxon signed-rank test, P<0.001). A significant correlation was found between J0 of SIA and the change in the 
magnitude of chord u for the right eyes (R2=0.066, P=0.002). A significant correlation was found between J45 of SIA 
and the change in the magnitude of chord u for the left eyes (R2=0.037, P=0.044).
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Background
Angle kappa represents the angle between the visual 
axis (the line that connects the fixation point of the 
fovea and passes through the nodal point of the eye) 
and pupillary axis (the line passing through the cen-
ter of the pupil and perpendicular to the cornea) due 
to the displacement of the fovea to the pupillary axis 
[1]. As the visual axis is a theoretical assumption, 
clinically, the angle kappa is estimated as the angular 
distance between the line of sight (the line that con-
nects the fixation point and the entrance pupil) and 
the pupillary axis or as the X and Y Cartesian val-
ues of the chord u which represents the decentration 
between the pupil center and the corneal vertex [2, 3]. 
An accurate measurement of angle kappa is crucial in 
the preoperative assessment of kerato-refractive and 
cataract surgery. Previous studies have confirmed that 
the repeatability and reproducibility of the measure-
ments for angle kappa are high for the same device, 
whereas different devices could produce slightly differ-
ent results owing to different principles [4–7].

Although many studies exist on the measurement 
of angle kappa before refractive surgeries and on the 
influence of angle kappa on the visual outcomes of 
corneal refractive surgery, only a few studies have 
measured angle kappa following refractive surgeries [8, 
9]. A postoperative change in angle kappa may impact 
the enhancement procedures or multifocal intraocu-
lar lens (MIOL) implantations in eyes with a history 
of refractive surgery. This study employed a Pentacam 
tomography system (Oculus GmbH, Wetzlar, Ger-
many) to investigate the changes in the decentration 
between the pupil center and the corneal vertex after 
two types of most often performed refractive sur-
gery: small-incision lenticule extraction (SMILE) and 
implantable collamer lens (ICL) implantation.

Methods
This retrospective study included patients who under-
went SMILE or ICL implantation for myopia and myo-
pic astigmatism correction between December 2021 
and May 2022. Inclusion criteria were the following: 
patients between 18 and 45 years; the sum of sphere 
and astigmatism less than − 10.0D for SMILE or -18.0D 
for ICL; best-corrected distance visual acuity (BCVA) 
better than 20/25; stable refraction for 2 years before 
surgery; and the absence of other pathologic ocular 
conditions or relevant systemic diseases. Only patients 
with an anterior chamber depth of 2.8 mm or greater 

and a preoperative endothelial cell density of 2000 
cells/mm2 or greater were eligible for ICL implanta-
tion. This study followed the tenets of the Declaration 
of Helsinki and was approved by the Ethics Commit-
tee of the EENT Hospital of Fudan University. Written 
informed consent was obtained from all the patients.

All patients underwent a comprehensive ophthalmo-
logical examination, including uncorrected and BCVA, 
objective and subjective refraction, tomography, cor-
neal endothelial microscopy, pupil diameter (PD), 
intraocular pressure, slit-lamp anterior segment evalu-
ation, and fundus examination with dilated pupils.

Measurements of angle kappa and vector analysis for 
astigmatism
The angle kappa was measured using a Pentacam 
(Oculus GmbH, Wetzlar, Germany) by the same expe-
rienced examiner under the same darkened ambient 
light conditions. Patients were asked to look at the fix-
ation target, and an automatic release mode was used. 
Angle kappa was represented in Cartesian coordinates 
(X, Y), where X indicates the x coordinate of the pupil 
center relative to the corneal vertex, and Y indicates 
the y coordinate of the pupil center relative to the cor-
neal vertex. According to Chang et al., the displace-
ment between the corneal vertex and pupil center is 
termed chord u [3]. The chord length was calculated 
as 

√
X2 + Y 2 , and the orientation of chord u was cal-

culated on the basis of the X and Y with the range of 
0–360°. The postoperative change in the magnitude of 
chord u was calculated as 

√
(X1 − X2)

2 + (Y1 − Y2)
2 . 

Our previous study proved the reproducibility of angle 
kappa measurements made by the Pentacam with an 
intraclass correlation coefficient (ICC) value of 0.911 
[10]. Two consecutive measurements in each eye were 
performed preoperatively and 3 months postopera-
tively. Make sure that the difference in pupil diameter 
is within ± 0.5 mm at each measurement for the same 
eye. Eyes were grouped according to their preoperative 
coordinates (X and Y). Those with X and Y-intercepts 
smaller than 0.2 mm were defined as small angle kappa 
group (SAK group), and those with either X or Y-inter-
cepts larger than 0.2  mm were defined as large angle 
kappa group (LAK group).

Vector analysis for astigmatism was performed 
using the method developed by Alpins et al. [11] 
Surgical-induced astigmatism (SIA) is the amount 
and axis of astigmatic change caused by surgery. It 
was determined as the vector difference between the 

Conclusions  The magnitude of the chord u increased following the SMILE procedure, whereas the Y-intercept 
significantly decreased after ICL implantation. SIA was related to the change in the magnitude of chord u.
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pre- and postoperative astigmatism determined by 
manifest refraction. Two cross-cylinder components, 
J0 and J45, are defined as follows: J0=-C/2cos(2α) and 
J45=-C/2sin(2α), where C is the magnitude of cylinder 
power present and α is the axis in radians. J0 represents 
the horizontal/vertical component of astigmatism, and 
J45 represents astigmatism with axes at 45° and 135°.

Surgical technique
All SMILE procedures were performed by an expe-
rienced surgeon (YS, Qian) using a VisuMax femto-
second laser system (Carl Zeiss Meditec AG, Jena, 
Germany) with a repetition rate of 500 kHz and pulse 
energy of 130 nJ. We used the centration technique 
described by Liu et al. [12] Briefly, a centration map 
was drawn for each patient according to the angle 
kappa data from Pentacam. During surgery, the patient 
was asked to focus on the fixation light before the ini-
tiation of docking and suction. Centration is accepted 
when the desired corneal vertex location (shown in the 
centration map) superimposes the center of the “touch 
zone.” Following the incision, the refractive lenticule 
was dissected, separated through a 2  mm-side inci-
sion, and manually removed. All ICL surgeries were 
performed by an experienced surgeon using the same 
technique (XT, Zhou). Standard ICL surgery was per-
formed, and a 3-mm corneal incision was made using 
the procedure described in our previous report. For 
the toric implantable collamer lens (TICL), preopera-
tive corneal marking of the desired axis was performed 
by the surgeon using a slit lamp with two opposing 
marks placed using a marking pen. No intraopera-
tive or postoperative complications were observed in 
patients who underwent SMILE or ICL implantation.

Statistical analysis
Statistical analyses were performed using SPSS soft-
ware (version 23.0; SPSS Inc., Chicago, IL, USA). 
All data are reported as mean ± standard deviation. 

Statistical significance was set at P < 0.05. Data from 
the left and right eyes were analyzed separately. The 
Kolmogorov-Smirnov test was used to confirm the 
normality of the data. The paired t-test was used for 
normally distributed parameters to assess the dif-
ference between pre and postoperative data, and the 
Wilcoxon signed-rank test was used for non-normally 
distributed parameters. The relationship between SIA 
and changes in the magnitude of chord u was explored 
using Spearman’s correlation.

Results
The study included 444 eyes of 222 patients (SMILE, 
n = 112; ICL, n = 110). Data from the left and right eyes 
were analyzed and reported separately. The mean age 
was 32.9 ± 9.0 years for patients undergoing the SMILE 
procedure and 32.7 ± 6.9 years for patients undergo-
ing ICL implantation. The basic characteristics of the 
patients are summarized in Table 1. No significant dif-
ference was observed in PD after SMILE (Wilcoxon 
signed-rank test, P > 0.05), whereas PD was greater 
after ICL implantation (Wilcoxon signed-rank test, 
P < 0.001). The distribution of the pupil center relative 
to the corneal vertex is illustrated in Fig.  1 (SMILE) 
and Fig.  2 (ICL). For the SMILE eyes, the mean pre-
operative magnitude of chord u was 0.153 ± 0.086 mm 
for the right eye and 0.161 ± 0.103  mm for the left 
eye. A total of 76.8% (86/112) of the right eyes were 
classified as small angle kappa group (SAK group), 
and 23.2% (26/112) as large angle kappa group (LAK 
group); 80.4% (90/112) of the left eyes were classified 
as SAK group and 19.6% (22/112) as LAK group. The 
pupil centers were commonly located in the temporal-
superior (TS) quadrant of the corneal vertex. For the 
ICL patients, the mean preoperative magnitude of 
chord u was 0.205 ± 0.106  mm for the right eye and 
0.208 ± 0.113  mm for the left eye. Of the right eyes, 
62.7% (69/110) were classified as SAK group, and 
27.3% (31/110) were classified as LAK group; 65.5% 

Table 1  Basic characteristics of the patients
Preoperative Postoperative
SE (D) PD (mm) CDVA (LOGMAR) SE (D) PD (mm) UDVA (LOGMAR)

SMILE (n = 112)
Right -4.32 ± 1.56

(-1.25, -9.0)
3.27 ± 0.59
(2.2, 5.0)

-0.01 ± 0.04
(-0.08, 0.10)

0.05 ± 0.32
(-1.25, 1)

3.11 ± 0.51
(2.1, 4.6)

-0.004 ± 0.10
(-0.18, 0.2)

Left -4.25 ± 1.55
(-1.0, -8.5)

3.16 ± 0.54
(2.2, 4.8)

-0.02 ± 0.05
(-0.18, 0)

0.1 ± 0.27
(-0.75, 0.75)

3.23 ± 0.53
(2.1, 4.8)

-0.005 ± 0.07
(-0.18, 0.30)

ICL (n = 110)
Right -9.04 ± 2.75

(-17.0, -3.0)
3.09 ± 0.58
(1.9, 4.5)

0.04 ± 0.06
(-0.08, 0.30)

-0.20 ± 0.29
(-1.0, 0.25)

3.21 ± 0.59
(2.0, 4.8)

0.04 ± 0.12
(-0.08, 0.30)

Left -10.11 ± 3.10
(-17.5, -2.5)

3.02 ± 0.53
(1.8, 4.6)

0.05 ± 0.07
(-0.08, 0.30)

-0.08 ± 0.27
(-1.5, 0.75)

3.10 ± 0.59
(1.9, 4.6)

0.006 ± 0.13
(-0.18, 0.40)

CDVA = corrected distant vision acuity; ICL = implantable collamer lens; PD = pupil diameter; SE = spherical equivalent; SMILE = small-incision lenticule extraction; 
UDVA = uncorrected distant vision acuity
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(72/110) of the left eyes were classified as SAK group, 
and 34.5% (28/110) were classified as LAK group. The 
pupil centers were commonly located in the nasal-
superior (NS) quadrant of the corneal vertex.

Angle kappa measurements after small-incision lenticule 
extraction
The magnitude of the chord u significantly increased 
after SMILE procedures in both eyes (Wilcoxon 
signed-rank test, OD: P < 0.001; OS: P = 0.007, Table 2). 
No significant difference was found in the orienta-
tion of the chord u after SMILE (Wilcoxon signed-
rank test, P > 0.05, Fig. 1). The Y-intercept significantly 

increased in the right eye (Wilcoxon signed-rank test, 
P = 0.006). After SMILE, the pupil center remained in 
the same quadrant relative to the corneal vertex in 
63.4% (71/112) of the right eye and 68.8% (77/112) 
of the left eye. No significant difference was found 
in the quadrantal distributions before and after the 
SMILE procedure (Pearson Chi-square: OD:P = 0.646; 
OS:P = 0.563).

Figure 3 illustrates the distributions of the change in 
X-intercepts (ΔX=∣preoperative X-postoperative X∣) 
and Y-intercepts (ΔY=∣preoperative Y-postoperative 
Y∣) after SMILE. Approximately 22.4% of the ΔX were 
greater than 0.1 mm for the right eyes, 17% of the ΔX 

Fig. 1  Distribution of the pupil centers relative to the corneal vertex before and after small-incision lenticule extraction (SMILE) for the right eye (OD: A, 
C) and left eye (OS: B, D)
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were greater than 0.1 mm for the left eyes; 20.5% of the 
ΔY were greater than 0.1  mm for the right eyes, and 
16.1% of the ΔY were greater than 0.1 mm for the left 
eyes.

When the eyes were further grouped into the SAK 
group and LAK group, the magnitude of the chord u 
significantly increased after SMILE only in the SAK 
group for both eyes (Wilcoxon signed-rank test, OD: 
P < 0.001; OS: P = 0.001, Table  3) and the Y-intercept 
significantly increased in the SAK group for the right 
eye (Wilcoxon signed-rank test, OD: P = 0.006).

Angle kappa measurements following implantable 
collamer lens implantation
No significant difference was found in the magnitude 
of the chord u after ICL implantation in either eye 
(Table 4; Fig. 2). The orientation of chord u differed for 
the right eye (Wilcoxon signed-rank test, P = 0.008,). 
The Y-intercept significantly decreased in both eyes 
after ICL implantation (Wilcoxon signed-rank test, 
P < 0.001). After ICL implantation, the pupil center 
remained in the same quadrant relative to the cor-
neal vertex in 66.4% (73/110) of the right eye and 70% 
(77/110) of the left eye. The quadrantal distribution 

Fig. 2  Distribution of the pupil centers relative to the corneal vertex before and after implantable collamer lens (ICL) implantation for the right eye (OD: 
A, C) and left eye (OS: B, D)
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of the angle kappa differed after ICL implantation in 
the right eye (Pearson Chi-square: OD: P = 0.038; OS, 
P = 0.271).

Approximately 21.8% of the ΔX was greater than 
0.1 mm for the right eyes, 19.1% of the ΔX was greater 
than 0.1  mm for the left eyes; 30.9% of the ΔY was 
greater than 0.1  mm for the right eyes, and 27.3% 

of the ΔY was greater than 0.1  mm for the left eyes 
(Fig.  3). The orientation of the postoperative chord u 
differed after ICL implantation in the SAK group for 
the right eye (Wilcoxon signed-rank test, P = 0.015, 
Table  5). The magnitude of the chord u significantly 
decreased in the LAK group for the left eye (Wilcoxon 
signed-rank test, P = 0.007). The Y-intercepts signifi-
cantly decreased in both groups and eyes (Table 5).

Association between surgically-induced astigmatism and 
changes in the magnitude of chord u
After SMILE procedures, a significant correlation was 
found between the J0 of SIA and the postoperative 
change in the magnitude of chord u for both eyes (OD: 
R2 = 0.128, P < 0.001; OS: R2 = 0.033, P = 0.004, Fig.  4A 
and B). No significant correlation was found between 
the J45 of SIA and the postoperative change in the 
magnitude of chord u (OD: P = 0.321; OS: P = 0.192). 
Following ICL implantation, significant correlation 
was found between the J0 of SIA and the postopera-
tive change in the magnitude of chord u for the right 
eyes (OD: R2 = 0.066, P = 0.002, Fig. 4C; OS: R2 = 0.042, 
P = 0.203). A significant correlation was found between 
the J45 of SIA and the postoperative change in the 
magnitude of chord u for the left eyes (OD: R2 = 0.018, 
P = 0.289; OS: R2 = 0.037, P = 0.044, Fig. 4D).

Table 2  Comparison of chord u measurements before and after 
small-incision lenticule extraction (SMILE) surgery

Preoperative Postoperative P#

OD (n = 112)
Magnitude (mm) 0.153 ± 0.086

(0.01, 0.43)
0.188 ± 0.097
(0.01, 0.60)

< 0.001

Orientation (°) 152.9 ± 101.2
(13, 357)

141.0 ± 92.7
(0, 354)

0.111

X-intercept (mm) -0.003 ± 0.114
(-0.27, 0.27)

-0.009 ± 0.135
(-0.31, 0.31)

0.502

Y-intercept (mm) 0.06 ± 0.12
(-0.24, 0.41)

0.08 ± 0.14
(-0.22, 0.59)

0.006

OS (n = 112)
Magnitude (mm) 0.161 ± 0.103

(0.01, 0.74)
0.186 ± 0.107
(0.02, 0.62)

0.007

Orientation (°) 152.9 ± 101.7
(0, 357)

137.0 ± 98.3
(0, 342)

0.558

X-intercept (mm) 0.008 ± 0.129
(-0.60, 0.36)

0.005 ± 0.145
(-0.50, 0.40)

0.757

Y-intercept (mm) 0.055 ± 0.13
(-0.44, 0.44)

0.069 ± 0.143
(-0.36, 0.40)

0.092

# Wilcoxon signed-rank test

Fig. 3  The changes in the X (ΔX) or Y (ΔY) intercepts between pre and postoperative measurements for small-incision lenticule extraction (SMILE group: 
A, B) and implantable collamer lens (ICL group: C, D). OD = right eye; OS = left eye
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Discussion
This study found that the magnitude of the chord u 
significantly increased in both eyes following SMILE 
and significantly correlated with the J0 component of 
SIA. After ICL implantation, the orientation of the 
angle kappa was significantly different in the right 
eye. The Y-intercept decreased significantly in both 
eyes after ICL implantation. A significant correlation 
was found between the J0 component of SIA and the 
change in the magnitude of the chord u for the right 
eye. A significant correlation was found between the 
J45 component of SIA and the change in the magnitude 
of the chord u for the left eye.

A review of the literature revealed that few stud-
ies exist on postoperative changes in the angle kappa. 

Zarei-Ghanavati et al. evaluated the changes in the 
mean angle kappa after photorefractive keratectomy 
(PRK) for the correction of myopia. They found no dif-
ference in the magnitude of angle kappa or its corneal 
intercepts post-PRK [8]. Ding et al. investigated the 
angle kappa changes after sub-Bowman-keratomile-
usis (SBK) and found that the angle kappa decreased 
in patients with a large preoperative angle kappa and 
increased in patients with a small preoperative angle 
kappa [9]. Wang et al. employed iTrace to observe 
the distributions and changes of the angle kappa in 
patients undergoing cataract surgery. They found that 
the magnitude of angle kappa significantly decreased 
after phacoemulsification, whereas no significant dif-
ference was observed in the orientation of angle kappa 
[13]. In this study, we found that the magnitude of 
angle kappa significantly increased in patients with 
small angle kappa and decreased in patients with large 
angle kappa after SMILE. The visual axis has been 
reported to change in patients after surgeries for cor-
tical or localized subcapsular cataracts; however, no 
evidence supports that the visual axis could change 
following refractive surgeries. One possible reason for 
the change in angle kappa following refractive surgery 
could be a shift in the center of the pupil. The virtual 
image of the pupil (the entrance pupil) depends upon 
the anatomical and optical properties of the eye [14]. 
The pupil outline could be distorted or dislocated due 
to optical aberration of the cornea [15]. Moreover, the 
level of aberration in an eye has been reported to affect 
pupil size. The pupil size was adjusted to provide good 
image quality on the retina by controlling image sharp-
ness and illuminance [16].

Table 3  Comparison of chord u measurements before and after 
small-incision lenticule extraction (SMILE) surgery in the small 
and large angle kappa groups

Preoperative Postoperative P#

OD-small (n = 86)
Magnitude (mm) 0.118 ± 0.059

(0.01, 0.24)
0.163 ± 0.082
(0.01, 0.38)

< 0.001

Orientation (°) 160.5 ± 106.7
(13, 357)

145.6 ± 96.4
(0, 354)

0.155

X-intercept (mm) 0.004 ± 0.097
(-0.20, 0.20)

-0.008 ± 0.130
(-0.31, 0.29)

0.373

Y-intercept (mm) 0.029 ± 0.084
(-0.18, 0.20)

0.052 ± 0.119
(-0.22, 0.37)

0.006

OD-large (n = 26)
Magnitude (mm) 0.270 ± 0.055

(0.21, 0.43)
0.268 ± 0.101
(0.07, 0.60)

0.809

Orientation (°) 127.8 ± 76.9
(14, 355)

125.7 ± 78.9
(10, 349)

0.657

X-intercept (mm) -0.027 ± 0.157
(-0.27, 0.27)

-0.012 ± 0.152
(-0.26, 0.31)

0.423

Y-intercept (mm) 0.154 ± 0.169
(-0.24, 0.41)

0.169 ± 0.179
(-0.21, 0.59)

0.553

OS-small (n = 90)
Magnitude (mm) 0.126 ± 0.061

(0.01, 0.23)
0.160 ± 0.092
(0.02, 0.49)

0.001

Orientation (°) 160.2 ± 100.8
(0, 352)

145.8 ± 102.2
(0, 342)

0.323

X-intercept (mm) 0.001 ± 0.094
(-0.20, 0.20)

0.004 ± 0.131
(-0.34, 0.40)

0.628

Y-intercept (mm) 0.033 ± 0.099
(-0.20, 0.20)

0.044 ± 0.123
(-0.22, 0.31)

0.268

OS-large (n = 22)
Magnitude (mm) 0.305 ± 0.115

(0.22, 0.74)
0.293 ± 0.101
(0.16, 0.62)

0.527

Orientation (°) 123.2 ± 102.5
(8, 357)

100.9 ± 71.5
(3, 334)

0.322

X-intercept (mm) 0.038 ± 0.223
(-0.60, 0.36)

0.012 ± 0.196
(-0.50, 0.31)

0.119

Y-intercept (mm) 0.144 ± 0.193
(-0.44, 0.44)

0.171 ± 0.174
(-0.36, 0.40)

0.158

# Wilcoxon signed-rank test

Table 4  Comparison of chord u measurements before and after 
implantable collamer lens (ICL) implantation

Preoperative Postoperative P#

OD (n = 110)
Magnitude (mm) 0.205 ± 0.106

(0.04, 0.55)
0.208 ± 0.127
(0.02, 0.65)

0.972

Orientation (°) 100.5 ± 84.0
(0, 358)

133.1 ± 107.6
(0, 358)

0.008*

X-intercept (mm) 0.067 ± 0.136
(-0.23, 0.41)

0.052 ± 0.163
(-0.33, 0.54)

0.068

Y-intercept (mm) 0.118 ± 0.129
(-0.20, 0.53)

0.078 ± 0.155
(-0.29, 0.64)

< 0.001

OS (n = 110)
Magnitude (mm) 0.208 ± 0.113

(0.01, 0.55)
0.202 ± 0.121
(0.02, 0.59)

0.26

Orientation (°) 129.2 ± 65.2
(0, 333)

144.6 ± 80.5
(0, 351)

0.14

X-intercept (mm) -0.079 ± 0.138
(-0.44, 0.27)

-0.076 ± 0.153
(-0.42, 0.23)

0.333

Y-intercept (mm) 0.118 ± 0.131
(-0.26, 0.47)

0.081 ± 0.143
(-0.25, 0.52)

< 0.001

# Wilcoxon signed-rank test
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The effect of changes in angle kappa on postopera-
tive optical and visual performance remains unclear. 
The correlation between SIA and change in the mag-
nitude of chord u found in this study suggests that a 
reduction in refractive astigmatism following refrac-
tive surgery could have an impact on the relative 
locations of the corneal apex and pupil center. Tutch-
enko et al. found that changes in the location of the 
first Purkinje image relative to the pupil center after 
phacoemulsification correlated to changes in refrac-
tive astigmatism (the J45 vector), especially when the 
IOL is aspheric [17]. Although no studies exist on the 
relationship between angle kappa and visual func-
tion after ICL implantation, the change in angle kappa 
apart from ICL tilt or decentration could be one of the 

causes of photostress after ICL implantation [18, 19]. 
Further studies are needed to clarify this question. 
Moreover, the elevation maps obtained by the Penta-
cam system using the best-fit sphere (BFS) might be 
affected by large-angle kappa, which could confound 
the assessment of refractive surgery candidates [20]. 
Therefore, the change in angle kappa after corneal 
refractive surgery should be considered when evaluat-
ing postoperative ectasia.

The rapid growth of refractive surgery over the last 
few decades has created new challenges for ophthal-
mologists. For example, the main challenge of cataract 
surgery in patients with a history of refractive surgery 
is the optimization of intraocular lens (IOL) implanta-
tion to achieve the desired refractive outcome, espe-
cially for MIOL. Previous studies have found that 
ocular biometric measurements, such as axial length, 
anterior chamber depth, mean keratometry, white to 
white, and central corneal thickness, changed signifi-
cantly after ICL implantation [21–23]. The change in 
angle kappa found in this study should also be consid-
ered a parameter during planning for MIOL. Similarly, 
the change in angle kappa should be considered in 
enhancement procedures of refractive surgeries.

This study has limitations. First, the angle kappa was 
measured by Pentacam and represented as X–Y Car-
tesian coordinates between the corneal vertex and 
pupil center. Further study would use other devices 
such as iTrace, which displays X–Y Cartesian coor-
dinates between the visual axis and pupil center [24]. 
Second, the pupil center was located more commonly 
at the temporal side of the vertex in the SMILE group, 
which was consistent with those obtained by other 
studies [10, 24]. However, the pupil center was located 
more commonly at the nasal side of the corneal ver-
tex in the ICL group. This discrepancy may be related 
to the predominance of high myopia in the ICL group. 
Further studies investigating the distribution of the 
angle kappa in patients with high myopia using differ-
ent devices would help resolve this question. Third, 
there is no control group who did not undergo refrac-
tive surgeries in this study because two consecutive 
measurements of the angle kappa were performed 
preoperatively in each eye and demonstrated good 
reproducibility.

Conclusions
In summary, we found that the magnitude of the 
chord u increased following the SMILE procedure, 
whereas the Y-intercept significantly decreased after 
ICL implantation. The correlation between surgically 
induced astigmatism and change in the magnitude of 
chord u found in this study suggests that a reduction in 
refractive astigmatism following refractive surgery has 

Table 5  Comparison of chord u measurements before and after 
implantable collamer lens (ICL) implantation in the small and 
large angle kappa groups

Preoperative Postoperative P#

OD-small (n = 69)
Magnitude (mm) 0.140 ± 0.049

(0.04, 0.24)
0.146 ± 0.079
(0.02, 0.33)

0.754

Orientation (°) 114.0 ± 87.7
(4, 356)

151.6 ± 108.0
(0, 356)

0.015*

X-intercept (mm) 0.020 ± 0.096
(-0.20, 0.18)

0.005 ± 0.121
(-0.29, 0.30)

0.140

Y-intercept (mm) 0.063 ± 0.094
(-0.20, 0.20)

0.017 ± 0.115
(-0.29, 0.33)

< 0.001

OD-large (n = 41)
Magnitude (mm) 0.315 ± 0.085

(0.22, 0.55)
0.310 ± 0.126
(0.09, 0.65)

0.737

Orientation (°) 77.9 ± 72.9
(0, 358)

102.0 ± 100.7
(7, 358)

0.288

X-intercept (mm) 0.145 ± 0.159
(-0.23, 0.41)

0.132 ± 0.193
(-0.33, 0.54)

0.299

Y-intercept (mm) 0.212 ± 0.127
(-0.12, 0.53)

0.179 ± 0.163
(-0.18, 0.64)

0.016

OS-small (n = 72)
Magnitude (mm) 0.145 ± 0.064

(0.01, 0.27)
0.156 ± 0.087
(0.02, 0.40)

0.503

Orientation (°) 127.0 ± 70.7
(0, 333)

142.7 ± 88.2
(0, 351)

0.270

X-intercept (mm) -0.041 ± 0.099
(-0.20, 0.18)

0.040 ± 0.126
(-0.39, 0.19)

0.466

Y-intercept (mm) 0.083 ± 0.083
(-0.16, 0.20)

0.049 ± 0.112
(-0.23, 0.29)

< 0.001

OS-large (n = 38)
Magnitude (mm) 0.328 ± 0.085

(0.22, 0.55)
0.291 ± 0.128
(0.05, 0.59)

0.007

Orientation (°) 133.4 ± 53.8
(2, 316)

148.2 ± 64.2
(29, 345)

0.286

X-intercept (mm) -0.151 ± 0.171
(-0.44, 0.27)

-0.143 ± 0.176
(-0.42, 0.23)

0.519

Y-intercept ` 0.185 ± 0.174
(-0.26, 0.47)

0.142 ± 0.174
(-0.25, 0.52)

0.002

# Wilcoxon signed-rank test
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an impact on the distance between the corneal apex 
and pupil center.
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