
R E S E A R C H Open Access

© The Author(s) 2023. 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.

Chen et al. BMC Ophthalmology          (2023) 23:223 
https://doi.org/10.1186/s12886-023-02964-8

BMC Ophthalmology

*Correspondence:
Jinhui Dai
daijinhui8@126.com
1Department of Ophthalmology, Fujian Provincial Hospital, Fuzhou, 
Fujian, China
2Department of Ophthalmology, Zhongshan Hospital of Fudan University, 
No.180 Fenglin Road, Shanghai 200032, China

3Shengli Clinical Medical College of Fujian Medical University, Fuzhou, 
Fujian, China
4Department of Ophthalmology, Eye and ENT Hospital of Fudan 
University, Shanghai, China
5Department of Ophthalmology, Zhongshan Hospital of Fudan University 
(Xiamen Branch), Xiamen, Fujian, China

Abstract
Background  To investigate the dynamic changes and influencing factors of visual symptoms after small incision 
lenticule extraction (SMILE).

Methods  This was a prospective observational study. Visual symptoms including glare, haloes, starbursts, hazy 
vision, fluctuation, blurred vision, double vision and focusing difficulties were evaluated before and 1, 3, 6 months 
after SMILE using a questionnaire. Generalized linear mixed models were used to assess the effects of preoperative 
characteristics and objective visual quality parameters on postoperative visual symptoms.

Results  73 patients/146 eyes were enrolled. Preoperatively, the most common symptoms were glare (55% of eyes), 
haloes (48%), starbursts (44%) and blurred vision (37%). At 1 month postoperatively, the incidence and extent scores 
of glare, haloes, hazy vision and fluctuation rose significantly. At 3 months, the incidence and extent scores of glare, 
haloes and hazy vision restored to baseline. And at 6 months, the extent scores of fluctuation returned to baseline. 
Other symptoms (e.g., starbursts) did not change before and 1, 3, 6 months after SMILE. Preoperative visual symptoms 
were associated with postoperative symptoms, as patients with a symptom preoperatively had higher postoperative 
scores for that symptom. Age was related to postoperative extent of double vision (coefficient = 0.12, P = 0.046). There 
were no significant associations between postoperative visual symptoms and preoperative SE, scotopic pupil size, 
angle kappa (with intraoperative adjustment), postoperative HOAs or scattering indexes.

Conclusions  The incidence and extent scores of hazy vision, glare, haloes and fluctuation increased at the first 
month after SMILE, and recovered to baseline at 3 or 6 months. Preoperative visual symptoms were associated with 
the postoperative symptoms and should be fully considered before SMILE.

Keywords  Small incision lenticule extraction (SMILE), Subjective visual quality, Visual symptoms, Patient-reported 
outcome, Higher order aberrations
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Background
Small incision lenticule extraction (SMILE) is one of the 
most widely performed refractive surgery worldwide, 
which is minimally invasive, safe, effective and stable 
[1–4]. However, some patients still reported visual symp-
toms such as glare postoperatively, though their uncor-
rected distant visual acuity (UDVA) reached 20/20 [5].

Some scholars have investigated the patient-reported 
outcome of visual quality after SMILE, reporting that 
50-70% of patients experienced postoperative glare, 
vision fluctuation or haloes [5–8]. However, the lack of 
preoperative data on visual symptoms in these studies 
might lead to an overestimation and exaggeration of the 
actual SMILE-induced visual symptoms. For an accurate 
assessment of the subjective visual quality after SMILE, 
a sufficient evaluation of preoperative visual complaints 
was necessary.

To date, little is known about how visual symptoms 
dynamically change from preoperative to postoperative 
period of SMILE. Furthermore, no previous studies have 
investigated the impact of the preoperative visual symp-
toms on post-SMILE visual symptoms.

Also, controversy exists about other potential influ-
encing factors for postoperative visual symptoms. Sur-
gery-induced higher order aberrations (HOAs) were 
speculated to play roles in vision complaints after laser in 
situ keratomileusis (LASIK) [9, 10], but not SMILE [7, 8, 
11–13]. Age, preoperative refraction and pupil size were 
observed to be related to post-SMILE aberrations [5, 
11, 14], but it is unclear if they are also linked to visual 
symptoms.

This study demonstrated the dynamic changes in visual 
symptoms from pre-SMILE to 6-month post-SMILE, and 
revealed the associations between preoperative visual 
symptoms and postoperative symptoms. In addition, the 
effects of age, scotopic pupil size, preoperative spherical 
equivalent (SE), angle kappa, postoperative HOAs and 
scattering indexes on postoperative visual complaints 
were also analyzed.

Methods
Study population
This prospective study enrolled 73 myopic and astig-
matism patients (146 eyes) who underwent SMILE in 
Eye and ENT Hospital of Fudan University from July 
2020 to November 2020. Inclusion criteria were as fol-
lows: (1) age range between 18 and 45 years; (2) spheri-
cal diopters of -0.5 D ~ -10 D, and astigmatism diopters 
no greater than 5 D; (3) corrected distant visual acuity 
(CDVA) ≥ 20/25; (4) stable refractive status for at least 
2 years; (5) soft contact lenses discontinued for at least 
1 week and rigid gas permeable contact lens for at least 
3 weeks. Exclusion criteria were as follows: (1) central 
corneal thickness (CCT) less than 480 μm; (2) estimated 

postoperative residual stromal bed thickness less than 
280  μm; (3) patients with keratoconus, corneal scars, 
severe dry eye, glaucoma, retina detachment or other 
intraocular diseases; (4) patients with history of ophthal-
mic surgery or trauma; (5) patients with connective tissue 
diseases or other systemic chronic diseases.

Questionnaire on visual symptoms and comprehensive 
ophthalmic examinations were conducted preoperatively 
and 1, 3, 6 months postoperatively. Examinations con-
sisted of slit-lamp examination, measurements of UDVA, 
corrected distant visual acuity (CDVA), manifest refrac-
tion, corneal topography (Pentacam HR, Oculus), scoto-
pic pupil size, ocular HOAs and scattering indexes.

Questionnaire on visual symptoms
This questionnaire was designed to collect the informa-
tion on patients’ visual symptoms. Patients completed 
the questionnaire at preoperative and postoperative 1, 3 
and 6 months. The translated version of questionnaire is 
presented in the appendix. The questionnaire consisted 
of eight visual symptoms, including glare, haloes, star-
bursts, hazy vision, blurred vision, double vision, fluctua-
tion in vision and focusing difficulties. We explained the 
specific meaning of each visual symptom to the patients. 
For the first six symptoms, example pictures were 
attached for illustration. Patients were requested to grade 
the extent of visual symptoms for each eye (no symptom 
[0], mild [1], moderate [2], severe [3]). Before answering 
the questionnaire, patients were given sufficient time to 
recall the presence and severity of any visual symptoms 
they experienced in their daily life, and they were allowed 
to compare their eyes in a dimly lit examination room. 
The visual symptoms under correction with spectacles or 
contact lenses were examined before SMILE.

Scotopic pupil size and angle kappa
The scotopic pupil size, estimated from horizontal pupil 
diameter, was measured with ARK-1 auto refractometer 
(Nidek) in a dark room after an adaptation for 10 min.

Angle kappa, referring to the angle between visual axis 
and pupillary axis, was estimated using Pentacam HR in 
this study. The angle kappa measured by Pentacam HR 
was actually the distance between pupil center and cor-
neal apex, reported in a polar coordinate as a chord dis-
tance (mm).

Ocular HOAs and scattering indexes
Ocular HOAs were evaluated with OPD Scan III (Nidek). 
The pupil diameter was set to 5  mm. The root mean 
square (RMS) values of following ocular aberrations were 
documented, including coma, spherical aberration (SA), 
trefoil and total HOAs (order S3 to order S6).

Visual quality parameters including objective scatter-
ing indexes (OSI), modulation transfer function cut-off 
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frequency (MTFcutoff) and Strehl ratio (SR) was measured 
by OQAS II (Visiometrics S.L.), which was based on the 
double-pass technique. OSI was referred to the ratio of 
light intensity between the peripheral retina image (12’ ~ 
20’) and the central region (1’). MTFcutoff was the spatial 
frequency corresponding to the MTF value of 0.01. And 
SR was the ratio of the area under the MTF curve of the 
eye with aberration to the aberration-free eye.

Surgery procedure
SMILE surgery was performed by the same experienced 
surgeon (JD), using the VisuMax 500-kHz Femtosec-
ond Laser System (Carl Zeiss Meditec AG). The pulse 
energy was set to 130 nJ, cap thickness 120  μm, cap 
diameter 7.6 mm, side-cut angle 90°, and 2-mm incision 
at 10:30 o’clock position. Postoperative treatment regi-
men included 0.5% levofloxacin eye drops 4 times daily 
for a week, 0.1% sodium hyaluronate eye drops 4 times 
daily for 3 months, and 0.1% fluorometholone eye drops 
6 times daily and tapered within one month.

Of note, based on Pentacam HR scans and Hirsch-
berg corneal reflex tests, the magnitude and direction 
of apparent angle kappa were recorded preoperatively, 
in order to make the center of suction ring closer to the 
visual axis during operation.

Statistical analysis
The binocular data of each patient were included for 
analysis. Generalized estimating equation (GEE) with 
Sidak post hoc test was used to adjust the correlation 
between eyes from the same patient, and to compare 
the incidence and extent scores of visual symptoms, 
and repeatedly measured ophthalmic parameters at dif-
ferent time points. A generalized linear mixed model 
(GLMM) with multinomial distribution and logit link 
function was used to identify influencing factors for 
postoperative visual symptom scores. Each participant 

and every follow-up visit were treated as random effects 
in the GLMM analysis with eyes nested within partici-
pants. The GLMM analysis incorporated various factors, 
including preoperative visual symptoms, age, scotopic 
pupil size, preoperative SE, angle kappa, postoperative 
ocular HOAs (coma, SA and trefoil), OSI, MTFcutoff and 
SR. All data were analyzed using SPSS for macOS (v. 26.0, 
IBM). Statistical significance was defined as P value (two 
sided) less than 0.05.

Results
146 eyes from 73 patients (21 males [29%], 52 females 
[71%]) were enrolled. Table 1 presented the demographic 
characteristics. The refractive outcomes of SMILE, 
including safety, efficacy and predictability were depicted 
in Fig. 1 and Supplemental Table 1. There were no signifi-
cant differences in refractive outcomes between postop-
erative 6 months and 1 month.

Ocular HOAs and scattering indexes
Figure  2 summarized the ocular HOAs and scatter-
ing indexes before and after SMILE. At 6 months after 
SMILE, the ocular total HOAs, coma and SA were signif-
icantly higher than preoperative level (P = 0.02, P < 0.001 
and P = 0.001 respectively). The ocular trefoil increased 
slightly at 1 month, and experienced a decrease at 6 
months (P < 0.001). The OSI, MTFcutoff and SR all changed 
dramatically at 1 month after SMILE, and the changes 
were still significant at 6 months (P = 0.004, P < 0.001 and 
P < 0.001 respectively).

Dynamic changes in visual symptoms
Figure  3  A showed the incidence of visual symptoms 
at different time points, and Fig.  3B provided the mean 
extent scores of symptoms over time.

Before surgery, glare (80 eyes, 55%), haloes (70 eyes, 
48%), starbursts (64 eyes, 44%) and blurred vision (54 
eyes, 37%) were the four most prevalent symptoms 
(Fig. 3A). After SMILE, glare, haloes, starbursts and fluc-
tuation were the four most common symptoms from 1 
month to 6 months postoperatively (Fig.  3A). And at 6 
months, all patients with these four symptoms reported 
mild discomfort.

For glare, haloes and hazy vision, as shown in Fig. 3A, 
their incidence rose dramatically 1 month postopera-
tively compared to preoperative levels (glare: 55% vs. 
77%, P = 0.002; haloes: 48% vs. 69%, P = 0.01; hazy vision: 
18% vs. 48%, P < 0.001). And at 3 months postoperatively, 
their incidence returned to baseline (glare: 59%, P = 0.99; 
haloes: 55%, P = 0.90; hazy vision: 26%, P = 0.63). In addi-
tion, compared with 1 month, their incidence decreased 
significantly at 6 months postoperatively (glare: 43%, 
P < 0.001; haloes: 41%, P < 0.001; hazy vision: 30%, 
P = 0.016).

Table 1  Demographic characteristics
Characteristics Mean ± SD Range
Age (years) 25.63 ± 6.41 18, 44

CDVA (logMAR) -0.03 ± 0.03 -0.08, 
0.05

Spherical (D) -4.82 ± 1.86 -9.25, 
-0.50

Cylinder (D) -0.98 ± 0.73 -3.75, 0

SE (D) -5.31 ± 1.89 -10.13, 
-0.75

AL (mm) 25.78 ± 1.14 23.09, 
29.98

IOP (mmHg) 15.49 ± 2.89 9.8, 21.2

CCT (µm) 545.44 ± 26.49 480, 607

Scotopic pupil size (mm) 6.83 ± 0.71 4.7, 8.2
AL = ocular axil length; CCT = central corneal thickness; CDVA = corrected distant 
visual acuity; IOP = intraocular pressure; SE = spherical equivalent
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Fig. 1  Refractive outcomes after SMILE. A: cumulative corrected distant visual acuity (CDVA) before SMILE versus cumulative uncorrected distant visual 
acuity (UDVA) at 6 months after SMILE; B: changes in Snellen lines of CDVA; C: attempted spherical equivalent (SE) versus achieved SE at 6 months after 
SMILE; D: SE refraction at 6 months after SMILE; E: refractive astigmatism before SMILE versus 6 months after SMILE; F: the mean SE at different time points 
after surgery.
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Furthermore, the extent scores of glare, haloes and 
hazy vision increased significantly at 1 month com-
pared to baseline, as shown in Fig. 3B (glare: 0.59 ± 0.57 
vs. 0.82 ± 0.63, P = 0.014; haloes: 0.52 ± 0.58 vs. 0.77 ± 0.61, 
P = 0.015; hazy vision: 0.19 ± 0.43 vs. 0.51 ± 0.55, P < 0.001). 
And at 3 months postoperatively, their extent scores 
returned to preoperative level (glare: 0.63 ± 0.61, P = 0.998; 
haloes: 0.58 ± 0.55, P = 0.972; hazy vision: 0.27 ± 0.48, 
P = 0.683). Additionally, compared with 1 month, their 
extent scores decreased significantly at 6 months postop-
eratively (glare: 0.41 ± 0.49, P < 0.001; haloes: 0.41 ± 0.49, 
P < 0.001; hazy vision: 0.32 ± 0.49, P = 0.022).

Concerning fluctuation, its incidence rose signifi-
cantly 1, 3 and 6 months postoperatively, compared with 
baseline (Fig. 3A; 21%, 51%, 49% and 43% at baseline, 1, 
3 and 6 months; P < 0.001 for pre-op vs. 1-month post-
op and for pre-op vs. 3-month post-op, and P = 0.002 
for pre-op vs. 6-month post-op). In addition, its 
extent scores increased significantly at 1 and 3 months 
(Fig. 3B; 21 ± 0.41, 0.48 ± 0.53 and 0.48 ± 0.53 at baseline, 
1 and 3 months, respectively; P < 0.001 for pre-op vs. 
1-month post-op, and P = 0.001 for pre-op vs. 3-month 
post-op). And at 6 months postoperatively, its extent 
scores restored to baseline (0.34 ± 0.48 at 6 months; 
P = 0.195).

The incidence and extent scores of other four symp-
toms (starbursts, blurred vision, double vision and focus-
ing difficulties) remained unchanged at 1, 3 and 6 months 
after SMILE, compared with preoperative values (Fig. 3A 
and B).

Factors influencing postoperative visual symptoms
The potential influencing factors for postoperative visual 
symptoms, including preoperative visual symptoms, 
age, scotopic pupil size, preoperative SE, angle kappa, 
postoperative ocular HOAs (coma, SA and trefoil), OSI, 
MTFcutoff and SR were all included in GLMM analysis.

For all analyzed symptoms (glare, haloes, starbursts, 
hazy vision, blurred vision, double vision, fluctuation and 
focusing difficulties), the preoperative visual symptoms 
significantly associated with the extent of postoperative 
visual symptoms (Table  2). Patients reporting a certain 
visual symptom preoperatively tended to have higher 
postoperative scores for the corresponding symptom, 
compared to patients without that symptom preopera-
tively. Besides, older patients had higher postoperative 
scores for double vision than younger patients (Table 2).

However, the preoperative SE, angle kappa, scotopic 
pupil size, postoperative coma, SA, trefoil, OSI, MTFcutoff 
and SR did not present significant associations with the 
postoperative scores of above-mentioned visual symp-
toms (Fig. 4).

Discussion
Our results showed that glare, fluctuation in vision, star-
bursts and haloes were the four most prevalent visual 
symptoms from 1 to 6 months after SMILE. Agreeing 
with our study, glare was reported as the most common 
symptom at 3 and 6 months after SMILE [6, 7]. And 
Schmelter observed that fluctuation (73%) and glare 
(66%) were the most prevalent complaints after SMILE 
at a mean follow-up of 24.4 months [5]. However, these 
studies, like most previous studies, lacked data of visual 
symptoms before SMILE.

The measurements of baseline visual symptoms are 
critical, as their absence might lead to overestimation 
and exaggeration of the actual surgery-induced visual 
complaints. As a result, it would be unable to accurately 
assess the real conditions of visual symptoms brought on 
by SMILE. In our study, preoperative visual symptoms, 
such as glare, haloes and starbursts were quite common 
(55%, 48% and 44% respectively). It was also reported 
that myopic patients corrected with spectacles and con-
tact lenses had visual disturbances [15–17]. Eydelman 

Fig. 2  Ocular HOAs and scattering indexes before and after SMILE. The generalized estimating equation (GEE) with Sidak post hoc test was applied for 
comparing objective visual parameters between different time points; *, ** and *** indicated P < 0.05, P < 0.01 and P < 0.001, respectively (6 months post-
operatively versus preoperatively). MTFcutoff= modulation transfer function cut-off frequency; OSI = objective scattering index; SA = spherical aberration; 
SR = Strehl ratio; total HOAs = order S3 to order S6 ocular aberrations
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indicated 73% myopic patients had at least one symptom 
of double vision, glare, haloes or starbursts [18].

Therefore, this study combined postoperative and 
preoperative data, to demonstrate the actual dynamic 
changes of visual symptoms following SMILE. And 
our results revealed that most of the visual symptoms 
reported after SMILE also existed preoperatively, and 
the SMILE-induced visual symptoms were mild and 
reversible.

As for glare and haloes, their incidence and extent 
scores rose significantly at 1 month, and returned to 

baseline at 3 months. It indicated that SMILE-induced 
glare and haloes were much milder than expected, even 
though they were the two of the most common postop-
erative symptoms. Concerning hazy vision, there was a 
temporary worsening in its incidence and extent scores at 
1 month, followed by a recovery to preoperative level at 3 
months. The interface healing might explain the dynamic 
changing pattern of hazy vision in the early post-SMILE 
period [19]. In terms of fluctuation, its incidence and 
extent scores worsened significantly at 1 and 3 months. 
At 6 months, though its incidence was still higher than 

Fig. 3  A: The incidence of visual symptoms before and after SMILE; B: The mean extent scores of visual symptoms before and after SMILE. The generalized 
estimating equation (GEE) with Sidak post hoc test was applied to compare the incidence and extent scores of visual symptoms at different time points; 
*, ** and *** indicated P < 0.05, P < 0.01 and P < 0.001, respectively.
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baseline, the extent scores had restored to preoperative 
levels. Although SMILE was thought to have a less pro-
nounced impact on ocular surface and corneal inner-
vation [20], the effects of post-SMILE dry eye on vision 
fluctuation need to be further confirmed [21].

In addition, there were no significant changes in inci-
dence or extent scores of other four symptoms (includ-
ing starbursts, blurred vision, double vision and focusing 
difficulties) before and 1, 3, 6 months after SMILE. In 
the absence of preoperative data, starburst was usually 
thought to be more pronounced after SMILE. However, 
as demonstrated by our result, since the preoperative 
starburst was considerable, the actual starburst did not 
significantly increase compared to the preoperative one. 
Once again, the importance of baseline visual symp-
toms was highlighted. Recently, Reinstein et al. reported 
that there was a rise in visual complaints at 12 months 
after SMILE compared to baseline, mainly starbursts and 
haloes [22]. However, the mean attempted SE of their 
study population was − 10.55 ± 1.00 D, which was much 
higher than ours, and might explain the differences. 

Besides, their study focused solely on visual symptoms at 
two time points, but neglecting the transitional process 
within them.

Furthermore, it was worth noting that preoperative 
visual symptoms were associated with the postoperative 
extent of all analyzed symptoms. Patients reporting a 
certain visual symptom preoperatively were predisposed 
to having a more pronounced corresponding symptom 
after SMILE, compared to those who had no preoperative 
visual disturbance. The necessity of preoperative visual 
symptom evaluation was emphasized by this novel obser-
vation. We suggested that preoperative visual symptoms 
should be fully considered in patient counseling before 
SMILE.

Besides, our study suggested that the older individuals 
were more likely to reported more pronounced double 
vision after SMILE. The effects of age were discussed in 
Schmeltzer’s study as well, which proposed that patients 
over 40 years old were prone to more severe postopera-
tive visual disturbances [5]. The effects of age might be 
attributed to age-related increase in crystalline lens den-
sity [23–25], as well as age-related differences in corneal 
nerve regeneration after SMILE [26, 27]. Further research 
is needed to better understand the underlying mecha-
nisms behind this association.

For the greater visual result of refractive surgery, it is 
widely considered that treatment zone should be cen-
tered at the visual axis. Due to the lack of an eye track-
ing system in SMILE, precise centration was required, 
particularly in situations with apparent angle kappa. Pre-
viously, Shao argued that adjustment of angle kappa dur-
ing the SMILE procedure induced less vertical coma at 
5- and 6-mm pupils [28]. And in our study, angle kappa 
was not associated with postoperative visual symptoms, 
which might benefit from intraoperative adjustment for 
eyes with significant angle kappa. This further hinted that 
angle kappa correction during operation might not only 
improve the postoperative objective visual quality, but 
also the patient report outcome.

There were no associations between ocular HOAs 
and postoperative visual symptoms within 6 months 
after SMILE in our study. Similarly, postoperative ocular 
HOAs had no significant associations with haloes, glare, 
hazy vision, blurred vision and fluctuation at 6 months 
and 1 year after SMILE [7, 8]. Siedlecki also argued that 
the associations between postoperative corneal SA and 
starbursts were weak and clinical negligible [13]. It could 
be inferred that the interactions between HOAs and 
visual symptoms were complex, rather than one-to-one 
correspondences. Another possible explanation might 
be postoperative neural compensation for the surgery-
induced HOAs [29].

The role of pupil size in the visual outcomes of refrac-
tive surgery has long been debated. Previous studies 

Table 2  Impacts of preoperative visual symptoms and age on 
the postoperative visual symptom scores

With cor-
responding 
visual symptom 
preoperatively

Age

Glare coefficient (95%CI) 2.02 (0.67, 3.37) -0.07 
(-0.19, 0.04)

P 0.003* 0.19

Haloes coefficient (95%CI) 2.37 (1.06, 3.67) 0.05 (-0.06, 
0.16)

P < 0.001* 0.37

Starbursts coefficient (95%CI) 2.93 (1.60, 4.27) -0.07 
(-0.18, 0.04)

P < 0.001* 0.23

Hazy vision coefficient (95%CI) 2.89 (1.37, 4.42) 0.06 (-0.04, 
0.16)

P < 0.001* 0.22

Blurred vision coefficient (95%CI) 1.65 (0.41, 2.84) 0.08 (-0.03, 
0.19)

P 0.009* 0.13

Double vision coefficient (95%CI) 3.20 (1.71, 4.68) 0.12 (0.002, 
0.23)

P < 0.001* 0.046*

Fluctuation coefficient (95%CI) 1.85 (0.36, 3.34) 0.07 (-0.03, 
0.17)

P 0.02* 0.15

Focusing 
difficulties

coefficient (95%CI) 2.32 (1.01, 3.63) 0.03 (-0.08, 
0.14)

P 0.001* 0.56
The generalized linear mixed model (GLMM) was used to explore the influencing 
factors for postoperative visual symptom scores. The model incorporated 
various factors, including preoperative visual symptoms, age, scotopic pupil 
size, preoperative SE, angle kappa, postoperative HOAs, OSI, MTFcutoff and 
SR. Notably, this table exclusively presents the impacts of preoperative visual 
symptoms and age. * indicated P < 0.05.
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showed that a larger pupil size increased aberration, 
resulting in worse night vision [30]. However, pupil size 
was not associated with postoperative visual symptoms 
in our study. Similarly, Schmelter and Li reported there 
was no correlation between preoperative pupil size and 
visual quality questionnaire scores after SMILE [5, 11]. 
The possible reason was that the visual quality question-
naire evaluated patients’ perception in real daily life. And 
the night time pupil size in real life is smaller than the 
scotopic pupil size we measured, due to the widespread 
usage of lighting facilities. Besides, it was suggested that 
the effective optical zone of SMILE might be significantly 
larger than LASIK [31]. Thus, the discrepancy between 

optical zone and pupil diameter may be insufficient to 
influence visual results after SMILE.

Up to now, the relationship between preoperative SE 
and visual symptoms still remained controversial. Li 
reported that preoperative spherical diopters were corre-
lated to postoperative nighttime visual satisfaction [11]. 
However, our result showed that preoperative SE was 
not the risk factor for visual symptoms after SMILE. This 
is probably because when dealing with cases with high 
myopia, we made every effort to balance cutting depth, 
optical zone and pupil size, in order to avoid a too small 
optical zone. Besides, we adjusted kappa angle during 

Fig. 4  Impacts of preoperative SE, scotopic pupil size, angle kappa, ocular HOAs and scattering indexes on postoperative scores of visual symptoms. 
The generalized linear mixed model (GLMM) was used to identify the influencing factors for postoperative visual symptom scores. MTFcutoff= modulation 
transfer function cut-off frequency; OSI = objective scattering index; SA = spherical aberration; SE = spherical equivalent; SR = Strehl ratio
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operation, greatly reducing off-center cutting, which 
could be another reason.

There are several options available for correcting 
myopia and myopic astigmatism. In addition to SMILE, 
wavefront-optimized and topography-guided laser visual 
correction (LVC) can be utilized. Wavefront-optimized is 
aimed at reducing abnormal wavefronts, while topogra-
phy-guided targets optimal corneal curvatures [32]. Stud-
ies have shown that wavefront-optimized can improve 
low-contrast visual acuity and topography-guided LVC 
can effectively minimize surgically-induced HOAs [33, 
34]. Additionally, topography-guided LASIK has been 
found to significantly improve glare, starbursts and fluc-
tuation at 12 months postoperatively compared to pre-
operation [35]. Therefore, customized LVC is another 
viable choice for patients with significant preoperative 
visual symptoms.

The study has some limitations. We did not find signifi-
cant difference in the extent of some visual symptoms, 
such as starburst, between preoperative and postopera-
tive 1, 3 and 6 months. However, it is note worthy that 
there may be a temporary increase in these symptoms at 
the very early postoperative period (e.g., within the first 
week after SMILE), which was not evaluated in this study. 
Another limitation of this study is the lack of evaluation 
of dry eyes as a factor that may influence visual symp-
toms. Although the dry eye caused by SMILE is mild [20].

Conclusions
Most visual symptoms reported after SMILE existed 
preoperatively, and the lack of preoperative data would 
overestimate SMILE-induced visual symptoms. Actually, 
SMILE-induced symptoms were mild and reversible. At 
3 or 6 months after SMILE, hazy vision, glare, haloes and 
fluctuation would return to preoperative level. In addi-
tion, preoperative visual symptoms were associated with 
postoperative visual complaints, patients reporting visual 
symptoms preoperatively predisposed to more pro-
nounced symptoms after SMILE. Therefore, visual symp-
toms evaluation ought to be included in the preoperative 
counseling of SMILE. Furthermore, there were no signifi-
cant associations between postoperative visual symptoms 
and preoperative SE, scotopic pupil size, angle kappa 
(with intraoperative adjustment), postoperative HOAs or 
scattering indexes.

Abbreviations
GEE	� Generalized estimating equation
GLMM	� Generalized linear mixed model
HOAs	� Higher order aberrations
LASIK	� Laser in situ keratomileusis
LVC	� Laser visual correction
MTF	� Modulation transfer function cut-off frequency
OSI	� Objective scattering indexes
RMS	� Root mean square
SA	� Spherical aberration
SE	� Spherical equivalent

SMILE	� Small incision lenticule extraction
SR	� Strehl ratio

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12886-023-02964-8.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
None.

Author Contribution
HC: design, data collection, data analysis and manuscript writing; XM: data 
collection and data analysis; DX: data collection; CG: provided assistance with 
statistics; JD: design and critical revision of the manuscript.

Funding
The present work was supported by Startup Fund for Scientific Research of 
Fujian Province (No. 2021YJ06) and the National Natural Science Foundation 
of China (No. 81970831). The funding bodies did not participate in design of 
the study and collection, analysis, and interpretation of data and in writing the 
manuscript.

Data Availability
The data that support the findings of this study are available on request from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The study followed the tenets of Declaration of Helsinki and was approved 
by the ethics committee of Eye and ENT Hospital of Fudan University 
(No. 2019065-1). The written informed consents were obtained from all 
participants before surgery.

Consent for publication
Not applicable.

Competing interests
None of the authors have a financial or proprietary interest in any material or 
method mentioned.

Received: 14 January 2023 / Accepted: 8 May 2023

References
1.	 Sekundo W, Kunert K, Blum M. Small incision corneal refractive surgery using 

the small incision lenticule extraction (SMILE) procedure for the correction of 
myopia and myopic astigmatism: results of a 6 month prospective study. Br J 
Ophthalmol. 2011;95(3):335–9. https://doi.org/10.1136/bjo.2009.174284.

2.	 Miao H, Tian M, Xu Y, Chen Y, Zhou X. Visual outcomes and Optical Quality 
after Femtosecond Laser Small Incision Lenticule extraction: an 18-Month 
prospective study. J Refract Surg. 2015;31(11):726–31. https://doi.org/10.3928
/1081597x-20151021-01.

3.	 Blum M, Täubig K, Gruhn C, Sekundo W, Kunert K. Five-year results of 
small incision Lenticule extraction (ReLEx SMILE). Br J Ophthalmol. 
2016;100(9):1192–5. https://doi.org/10.1136/bjophthalmol-2015-306822.

4.	 Zhang Y, Shen Q, Jia Y, Zhou D, Zhou J. Clinical outcomes of SMILE and FS-
LASIK used to treat myopia: a Meta-analysis. J Refract Surg. 2016;32(4):256–65. 
https://doi.org/10.3928/1081597x-20151111-06.

5.	 Schmelter V, Dirisamer M, Siedlecki J, Shajari M, Kreutzer TC, Mayer WJ, 
et al. Determinants of subjective patient-reported quality of vision after 

http://dx.doi.org/10.1186/s12886-023-02964-8
http://dx.doi.org/10.1186/s12886-023-02964-8
http://dx.doi.org/10.1136/bjo.2009.174284
http://dx.doi.org/10.3928/1081597x-20151021-01
http://dx.doi.org/10.3928/1081597x-20151021-01
http://dx.doi.org/10.1136/bjophthalmol-2015-306822
http://dx.doi.org/10.3928/1081597x-20151111-06


Page 10 of 10Chen et al. BMC Ophthalmology          (2023) 23:223 

small-incision lenticule extraction. J Cataract Refract Surg. 2019;45(11):1575–
83. https://doi.org/10.1016/j.jcrs.2019.06.012.

6.	 Yu M, Chen M, Wang B, Zou L, Zhu X, Dai J. Comparison of visual qual-
ity after SMILE and LASEK for mild to moderate myopia. J Refract Surg. 
2015;31(12):795–800. https://doi.org/10.3928/1081597x-20151111-02.

7.	 Wei R, Li M, Zhang H, Aruma A, Miao H, Wang X, et al. Comparison of objec-
tive and subjective visual quality early after implantable collamer lens V4c 
(ICL V4c) and small incision lenticule extraction (SMILE) for high myopia 
correction. Acta Ophthalmol. 2020;98(8):e943–e50. https://doi.org/10.1111/
aos.14459.

8.	 Aruma A, Li M, Choi J, Miao H, Wei R, Yang D, et al. Visual outcomes after small 
incision lenticule extraction and implantable collamer lens V4c for moderate 
myopia: 1-year results. Graefes Arch Clin Exp Ophthalmol. 2021;259(8):2431–
40. https://doi.org/10.1007/s00417-020-04982-4.

9.	 Chalita M, Chavala S, Xu M, Krueger R. Wavefront analysis in post-x eyes and 
its correlation with visual symptoms, refraction, and topography. Ophthal-
mology. 2004;111(3):447–53. https://doi.org/10.1016/j.ophtha.2003.06.022.

10.	 Pop M, Payette Y. Risk factors for night vision complaints after LASIK for 
myopia. Ophthalmology. 2004;111(1):3–10. https://doi.org/10.1016/j.
ophtha.2003.09.022.

11.	 Li M, Zhang L, Song Y, Hao W, Zhao X, Zhang Y, et al. Effect of Wavefront 
Aberrations on night vision problems and mesopic contrast threshold after 
SMILE. J Refrac Surg. 2021;37(7):446–52. https://doi.org/10.3928/10815
97X-20210405-02.

12.	 Gyldenkerne A, Ivarsen A, Hjortdal J. Optical and visual quality after small-
incision lenticule extraction. J Cataract Refract Surg. 2019;45(1):54–61. https://
doi.org/10.1016/j.jcrs.2018.08.026.

13.	 Siedlecki J, Schmelter V, Schworm B, Mayer WJ, Priglinger SG, Dirisamer M, et 
al. Corneal wavefront aberrations and subjective quality of vision after small 
incision lenticule extraction. Acta Ophthalmol. 2020;98(7):e907–e13. https://
doi.org/10.1111/aos.14420.

14.	 Zhang F, Zhou Z, Yu F, Lu Z, Li T, Wang M. Comparison of age-related changes 
between corneal and ocular aberration in young and mid-age myopic 
patients. Int J Ophthalmol. 2011;4(3):286–92. https://doi.org/10.3980/j.
issn.2222-3959.2011.03.16.

15.	 Zhao F, Han T, Chen X, Chen Z, Zheng K, Wang X, et al. Minimum pupil 
in pupillary response to light and myopia affect disk halo size: a cross-
sectional study. BMJ Open. 2018;8(4):e019914. https://doi.org/10.1136/
bmjopen-2017-019914.

16.	 Luger MHA, McAlinden C, Buckhurst PJ, Wolffsohn JS, Verma S, Mosquera SA. 
Presbyopic LASIK using hybrid bi-aspheric micro-monovision ablation Profile 
for Presbyopic corneal treatments. Am J Ophthalmol. 2015;160(3):493–505. 
https://doi.org/10.1016/j.ajo.2015.05.021.

17.	 Kang P, McAlinden C, Wildsoet C. Effects of multifocal soft contact lenses 
used to slow myopia progression on quality of vision in young adults. Acta 
Ophthalmol. 2017;95(1):e43–e53. https://doi.org/10.1111/aos.13173.

18.	 Eydelman M, Hilmantel G, Tarver ME, Hofmeister EM, May J, Hammel K, et 
al. Symptoms and satisfaction of patients in the patient-reported outcomes 
with laser in situ keratomileusis (PROWL) studies. JAMA Ophthalmol. 
2017;135(1):13. https://doi.org/10.1001/jamaophthalmol.2016.4587.

19.	 Ganesh S, Brar S, Pandey R, Pawar A. Interface healing and its correlation 
with visual recovery and quality of vision following small incision lenticule 
extraction. Indian J Ophthalmol. 2018;66(2):212–8. https://doi.org/10.4103/
ijo.IJO_775_17.

20.	 Denoyer A, Landman E, Trinh L, Faure J, Auclin F, Baudouin C. Dry eye disease 
after refractive surgery: comparative outcomes of small incision lenticule 
extraction versus LASIK. Ophthalmology. 2015;122(4):669–76. https://doi.
org/10.1016/j.ophtha.2014.10.004.

21.	 Koh S. Mechanisms of visual disturbance in Dry Eye. Cornea. 2016;35(Suppl 
1):83–S8. https://doi.org/10.1097/ICO.0000000000000998.

22.	 Reinstein DZ, Archer TJ, Vida RS, Carp GI, Reinstein JFR, McAlinden C. 
Objective and subjective quality of Vision after SMILE for high myopia and 
astigmatism. J Refract Surg. 2022;38(7):404–13. https://doi.org/10.3928/10815
97x-20220516-03.

23.	 Pokorny J, Smith VC, Lutze M. Aging of the human lens. Appl Opt. 
1987;26(8):1437–40. https://doi.org/10.1364/ao.26.001437.

24.	 Kashima K, Trus BL, Unser M, Edwards PA, Datiles MB. Aging studies on normal 
lens using the Scheimpflug slit-lamp camera. Invest Ophthalmol Vis Sci. 
1993;34(1):263–9.

25.	 Bosem ME, Sample PA, Martinez GA, Lusky M, Weinreb RN. Age-related 
changes in the human lens: a comparison of Scheimpflug photography 
and lens density index. J Cataract Refract Surg. 1994;20(1):70–3. https://doi.
org/10.1016/s0886-3350(13)80047-8.

26.	 Li M, Liu L, Shi Y, Sun L, Ma X, Zou J. Age-related differences in corneal nerve 
regeneration after SMILE and the mechanism revealed by metabolomics. Exp 
Eye Res. 2021;209:108665. https://doi.org/10.1016/j.exer.2021.108665.

27.	 Wang L, Li Y. Regeneration of corneal nerve after SMILE, FS-LASIK and T-PRK 
surgery and study its relationship with subjective visual quality. Chin J Oph-
thalmol. 2018;54(10):737–43.

28.	 Shao T, Wang Y, Ng A, Chan T, Hao W, Zhang J, et al. The Effect of Intraopera-
tive Angle Kappa Adjustment on higher-order Aberrations before and after 
small incision Lenticule extraction. Cornea. 2020;39(5):609–14. https://doi.
org/10.1097/ico.0000000000002274.

29.	 Artal P, Chen L, Fernández EJ, Singer B, Manzanera S, Williams DR. Neural 
compensation for the eye’s optical aberrations. J Vis. 2004;4(4):4. https://doi.
org/10.1167/4.4.4.

30.	 Han T, Zhao F, Chen X, Miao H, Chen Z, Zhou X. Evaluation of disk halo size 
after small incision lenticule extraction (SMILE). Graefes Arch Clin Exp Oph-
thalmol. 2019;257(12):2789–93. https://doi.org/10.1007/s00417-019-04481-1.

31.	 Liu Q, Yang X, Lin L, Liu M, Lin H, Liu F, et al. Review on Centration, 
Astigmatic Axis Alignment, Pupil size and Optical Zone in SMILE. Asia 
Pac J Ophthalmol (Phila). 2019;8(5):385–90. https://doi.org/10.1097/01.
APO.0000580144.22353.46.

32.	 Cheng SM, Tu RX, Li X, Zhang JS, Tian Z, Zha ZW, et al. Topography-guided 
Versus Wavefront-Optimized LASIK for Myopia with and without astigmatism: 
a Meta-analysis. J Refract Surg. 2021;37(10):707–14. https://doi.org/10.3928/1
081597x-20210709-01.

33.	 Kang EM, Ryu IH, Lee IS, Kim JK, Kim SW, Ji YW. Comparison of corneal higher-
order aberrations following topography-guided LASIK and SMILE for myopic 
correction: a propensity score matching analysis. J Clin Med. 2022;11(20). 
https://doi.org/10.3390/jcm11206171.

34.	 Chiang B, Valerio GS, Manche EE, Prospective. Randomized Contralateral 
Eye comparison of Wavefront-Guided laser in situ Keratomileusis and 
Small Incision Lenticule extraction refractive surgeries. Am J Ophthalmol. 
2022;237:211–20. https://doi.org/10.1016/j.ajo.2021.11.013.

35.	 Stulting RD, Fant BS, Group TCS, Bond W, Chotiner B, Durrie D, et al. Results of 
topography-guided laser in situ keratomileusis custom ablation treatment 
with a refractive excimer laser. J Cataract Refract Surg. 2016;42(1):11–8. 
https://doi.org/10.1016/j.jcrs.2015.08.016.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

http://dx.doi.org/10.1016/j.jcrs.2019.06.012
http://dx.doi.org/10.3928/1081597x-20151111-02
http://dx.doi.org/10.1111/aos.14459
http://dx.doi.org/10.1111/aos.14459
http://dx.doi.org/10.1007/s00417-020-04982-4
http://dx.doi.org/10.1016/j.ophtha.2003.06.022
http://dx.doi.org/10.1016/j.ophtha.2003.09.022
http://dx.doi.org/10.1016/j.ophtha.2003.09.022
http://dx.doi.org/10.3928/1081597X-20210405-02
http://dx.doi.org/10.3928/1081597X-20210405-02
http://dx.doi.org/10.1016/j.jcrs.2018.08.026
http://dx.doi.org/10.1016/j.jcrs.2018.08.026
http://dx.doi.org/10.1111/aos.14420
http://dx.doi.org/10.1111/aos.14420
http://dx.doi.org/10.3980/j.issn.2222-3959.2011.03.16
http://dx.doi.org/10.3980/j.issn.2222-3959.2011.03.16
http://dx.doi.org/10.1136/bmjopen-2017-019914
http://dx.doi.org/10.1136/bmjopen-2017-019914
http://dx.doi.org/10.1016/j.ajo.2015.05.021
http://dx.doi.org/10.1111/aos.13173
http://dx.doi.org/10.1001/jamaophthalmol.2016.4587
http://dx.doi.org/10.4103/ijo.IJO_775_17
http://dx.doi.org/10.4103/ijo.IJO_775_17
http://dx.doi.org/10.1016/j.ophtha.2014.10.004
http://dx.doi.org/10.1016/j.ophtha.2014.10.004
http://dx.doi.org/10.1097/ICO.0000000000000998
http://dx.doi.org/10.3928/1081597x-20220516-03
http://dx.doi.org/10.3928/1081597x-20220516-03
http://dx.doi.org/10.1364/ao.26.001437
http://dx.doi.org/10.1016/s0886-3350(13)80047-8
http://dx.doi.org/10.1016/s0886-3350(13)80047-8
http://dx.doi.org/10.1016/j.exer.2021.108665
http://dx.doi.org/10.1097/ico.0000000000002274
http://dx.doi.org/10.1097/ico.0000000000002274
http://dx.doi.org/10.1167/4.4.4
http://dx.doi.org/10.1167/4.4.4
http://dx.doi.org/10.1007/s00417-019-04481-1
http://dx.doi.org/10.1097/01.APO.0000580144.22353.46
http://dx.doi.org/10.1097/01.APO.0000580144.22353.46
http://dx.doi.org/10.3928/1081597x-20210709-01
http://dx.doi.org/10.3928/1081597x-20210709-01
http://dx.doi.org/10.3390/jcm11206171
http://dx.doi.org/10.1016/j.ajo.2021.11.013
http://dx.doi.org/10.1016/j.jcrs.2015.08.016

	﻿The dynamic changes and influencing factors of visual symptoms after small incision lenticule extraction
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study population
	﻿Questionnaire on visual symptoms
	﻿Scotopic pupil size and angle kappa
	﻿Ocular HOAs and scattering indexes
	﻿Surgery procedure
	﻿Statistical analysis

	﻿Results
	﻿Dynamic changes in visual symptoms
	﻿Factors influencing postoperative visual symptoms

	﻿Discussion
	﻿Conclusions
	﻿References


