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Abstract

Purpose To investigate the postoperative straylight changes during the visual recovery phase after small incision lenticule
extraction (SMILE) and their association.

Methods Seventy consecutive eyes from 37 patients with a mean age of 30.92+7.26 years and a mean preoperative
spherical equivalent of —5.24 + 1.90 dioptres undergoing myopic or myopic astigmatism SMILE correction were included in
this prospective study. Patients were followed up at days 1, 3, 7, 14, 21 and 28 after standard SMILE. Straylight was
measured using the C-Quant straylight meter (Oculus GmbH, Germany) preoperatively and at each postoperative visit.
Results Preoperatively, the mean straylight measurement was 1.16 £0.16. After SMILE, the mean straylight values were
1.12+£0.14 and 1.13 £ 0.13 at days 7 and 14, which were significantly reduced compared to preoperative values (p < 0.028).
Straylight returned to baseline by week 3 (p = 0.160) and remained stable onwards (p = 0.651). A lower ablation ratio was
associated with less straylight level at days 1, 3, 14 and 21 (p <0.0497) in the multivariable regression model. Likewise,
better visual acuity was associated with lower straylight at days 7, 14 and 28 postoperatively (p < 0.038). A small proportion
of eyes (range: 0-12.86%) had >0.30 log(s) increase in postoperative straylight within the first month after SMILE.
Conclusions SMILE induced a temporary decrease in straylight. It gradually returned to the preoperative level, which could
be related to a number of dynamic processes during corneal healing. In the small proportion of patients with an increase in
straylight postoperatively, this can affect their visual recovery during the early postoperative period.

Introduction

Despite achieving a visual acuity of 20/20 after refractive
surgery, patient satisfaction is not guaranteed because
contrast sensitivity, aberration and scattering can all affect
retinal image quality [1-3]. The effect of glare sensitivity
resulting in visual impairment is called disability glare,
which is the result of straylight [4, 5]. Forward scattering
produces straylight, which represents the light that enters
the eye but does not reach the retina in a focused manner by
forming a veil of light scattered over the retina. Straylight

>< Tommy C. Y. Chan
tommychan.me @gmail.com

Department of Ophthalmology and Visual Sciences, The Chinese
University of Hong Kong, Hong Kong, Hong Kong
Hong Kong Eye Hospital, Kowloon, Hong Kong

Department of Ophthalmology, Hong Kong Sanatorium and
Hospital, Happy Valley, Hong Kong

SPRINGER NATURE

can affect retinal sensitivity to a larger extent than classic
parameters of visual function: visual acuity and contrast
sensitivity [6]. Studies have suggested that straylight mea-
surement is complementary to visual acuity to better
quantify visual acuity impairment and can be considered as
an ocular fitness criterion in demanding professions [7, 8].

Small incision lenticule extraction (SMILE) has gained
popularity as an option to correct myopia and myopic
astigmatism in recent years. The factors influencing stray-
light have not been thoroughly studied in SMILE. The
corneal maintains its transparency due to the organized
collagen fibre lattice arrangement to compensate for light
scattering. After laser refractive surgery, changes in the
corneal fibrils alignment can affect the optical clarity,
inducing an increase in scattering postoperatively [9]. The
femtosecond laser photodisruption in SMILE rather than
excimer laser photoablation may elicit less cytokine release
with less inflammatory reaction and corneal wound healing
[10]. Yet in terms of interface reflectivity, numerous
reflective particles are seen in the interface with moderate
light scattering on confocal microscopy after SMILE [11].
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The early recovery of visual function after SMILE con-
tinues to be debated; studies have reported that the visual
recovery was slightly slower in SMILE in the very early
postoperative period [12, 13]. Patients after SMILE also
experienced more visual fluctuation and episodic blurring
than those after laser in situ keratomileusis (LASIK) in the
early postoperative period [14].

Patients pay a great deal of attention to their visual
recovery after refractive surgery because nearly all of them
have a corrected distance visual acuity (CDVA) of 20/20 or
better preoperatively. Patient-reported quality of vision was
reported to be poorer 1 week following SMILE than LASIK
[15]. We would expect that the extraction of the lenticule,
which creates an intrastromal pocket, would inevitably
disturb the lattice arrangement of the fibres, resulting in
elevated levels of forward scattering. As patient’s expecta-
tion has increased over time, one challenge is to evaluate
factors other than visual acuity, such as straylight, that can
affect visual quality. It is important to evaluate how stray-
light would fluctuate during the visual recovery period and
to identify the factors associated with straylight. Despite
providing excellent efficacy and safety for myopic and
myopic correction corrections, the early recovery of visual
function after SMILE is not well described. To address
these issues, our study aims to analyse the straylight
changes and their associations during this very early post-
operative period by a prospective design to evaluate the
outcomes of SMILE at days 1, 3, 7, 14, 21 and 28 after
surgery.

Subjects and methods
Patients

This prospective case series included consecutive patients
undergoing SMILE for myopic or myopic astigmatism
correction with a target of plano between June 2017 to
September 2017 at the University Eye Center, the Chinese
University of Hong Kong. Preoperative evaluation included
uncorrected distance visual acuity (UDVA), CDVA, man-
ifest and cycloplegic refraction, intraocular pressure, slit-
lamp and fundal examinations, corneal topography using
Pentacam HR (Oculus GmbH, Germany) and straylight
measurement (described below). Inclusion criteria included
CDVA of 20/20 or better with stable refractions for at least
1 year before surgery and an absence of other ocular or
relevant systemic diseases. Eyes undergoing SMILE
monovision in presbyopia patients were excluded. Patients
were asked to withhold contact lens wear (2 weeks for soft
contact lens and 1 month for hard contact lens) prior to
preoperative evaluation. Written informed consent was
obtained; the study was approved by the Joint Chinese

University of Hong Kong-New Territories East Cluster
Clinical Research Ethics Committee and adhered to the
tenets of the Declaration of Helsinki.

Straylight measurement

Straylight was quantified using the C-Quant straylight meter
(Oculus GmbH, Germany), which is based on the com-
pensation comparison method. In brief, the meter compares
the intensity of a counterphase flickering that is required to
compensate an induced flickering, which is considered a
proxy of forward scattering [16]. The results were recorded
on a logarithmic scale as log(s). All measurements had an
estimated standard deviation and shape factor (Q) <0.08
and >1.00, respectively, which were considered reliable by
the instrument [17]. Measurements were performed under
low mesopic conditions by the same technician.

Surgical technique

All SMILE procedures were performed using a 500-kHz
Visumax femtosecond laser platform (Carl Zeiss Medite,
Germany) with pulse energy between 130 and 140 nJ by the
same surgeon (TC). The intended cap thickness was 120 to
140 pm with an intended diameter of 7.5 mm, while the
diameter of the lenticule was 6.5 mm with a transition zone
of 0.1 mm. A single side cut of 3 mm circumferential length
was created in the superior position. The lenticule was
dissected and separated through the side incision and
manually removed. The corneal interface was then flushed
with balanced salt solution (BSS). All patients received
topical levofloxacin 0.5% and prednisolone acetate 1%
ophthalmic suspension four times a day for 1 week post-
operatively. Preservative-free artificial teardrops were con-
tinued for 3 months postoperatively.

Statistical analysis

Statistical analyses were performed using Stata, version
14.0 (StataCorp). We compared the preoperative and post-
operative straylight values using a linear mixed-effect
model fitted with log(s) as a response over time. We used
random intercepts to account for the repeated measurements
over time, with eyes nested within the subject to account for
the fact that eyes from the same individual are more likely
to have similar measurements. A univariable linear regres-
sion model was built using the postoperative straylight
measurements as the dependent variable, a number of
procedure-related parameters and visual acuity were used as
the independent variables. Variables with statistically sig-
nificant association were then used to build the multi-
variable linear regression model. The regression models
accounted for multiple measurements per patient by
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calculating the standard errors clustered on the patient. P <
0.05 (two-tailed) was considered significant.

Results

Seventy eyes of 37 patients undergoing SMILE (11 males,
26 females) were included. The mean age of the patients
was 30.92 +7.26 years, the mean spherical refraction was
—4.88 + 1.68 dioptres (D) and mean cylindrical refraction
was —1.04 £0.86 D. The preoperative mean keratometry
and central corneal thickness were 43.71+1.22D and
562.13 +£34.96 um, respectively. The mean straylight value
was 1.16+0.16 preoperatively. The straylight measure-
ments remained stable on day 1 (1.19+0.19) and day 3
(1.17 £ 0.16) postoperatively (p <0.338). After SMILE, it
decreased to 1.12+0.14 at week 1 (p =0.017) and 1.13 =
0.13 at week 2 (p = 0.028) postoperatively. By week 3, the
straylight measurement raised to 1.196+0.18 and then
peaked at 1.204+0.17 at week 4; both were increased
compared to week 1 and week 2 (p <0.001 for all). These
measurements at weeks 3 and 4 were comparable (p =
0.651) and neither measurement was significantly different
from baseline (p = 0.160 and 0.058, respectively). Figure 1
shows the straylight measurements before and after SMILE.
No complications were observed during the follow-up
period, and all patients had a normal slit-lamp examination.
Figure 2a—c illustrates the UDVA, CDVA and spherical
equivalent from day 1 to 1 month after SMILE. A difference
of 0.3 in log(s) corresponds to a difference in straylight
intensity of a factor of 2 [18]. Thus, a 0.3 unit increase in
log(s) is indicative of an increase in straylight. The pro-
portion of eyes with more than 0.3 unit increase in log(s)
decreased from 5.71% at day 1 postoperatively to 0% at day
7; the proportion reached a maximum at 1 month post-
operatively with 12.86% (Fig. 2d). Less than half of the
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Fig. 1 Time course of straylight. * indicates significant difference
(p <0.05) compared to the preoperative value
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eyes had more than 0.05 unit increase in log(s) at any time
after SMILE (range 20.00-37.14%).

Table 1 shows the univariable regression model
between the postoperative straylight values and SMILE-
related parameters (cap thickness, ablation ratio, defined
as the ratio between the lenticule thickness and pre-
operative central corneal thickness), preoperative stray-
light measurement or visual acuity. A smaller ablation
ratio was associated with less postoperative straylight
measurement at the majority of follow-up visits (days 1, 3,
14 and 21, p<0.0497). A better UDVA or CDVA was
associated with lower postoperative straylight level at
most of the time points. No association was demonstrated
between the postoperative straylight values and the cap
thickness or the preoperative straylight level (except for
day 3 postoperatively in the latter). In the multivariable
regression model, after adjusting for the other variables,
the ablation ratio remained significantly associated with
the postoperative straylight measurements (Table 2).
When UDVA was used in the multivariable regression
model instead of CDVA (if both were significant in
the univariable regression model), the results remained
unchanged (data not shown).

Discussion

Visual perception is different from visual acuity; quality of
vision is not limited to visual acuity but other effects such as
straylight must be considered. Intraocular straylight is
caused by light scattered towards the retina (forward scat-
ter), the phenomenon is complex and occurs when light
passing through the ocular medium deviates from its ori-
ginal trajectory due to the inhomogeneity along its path.
Unlike backward scattering, forward scattering reaches the
retina; this scattering results in a veil of light known as
straylight, its influence on the retinal image is equated to a
superimposed veiling luminance [19]. Straylight is equiva-
lent to disability glare as defined by the Commission
Internationale de I’Eclairage and is expressed by its
equivalent luminance as the ratio of light scattered towards
the retina at a certain angular distance and the total amount
of light entering the eye [5]. The amount of straylight is
quantified logarithmically as log(s) and the effect on visual
performance by an increase of 0.1 log(s) is comparable to a
1 line loss of visual acuity on the logMAR scale [20]. Non-
cataractous straylight values increases with age as: log(s) =
constant 4 log(1 + (age/65) [4] as depicted in Fig. 3 [21].
The lens is the dominant factor accounting for the increase
in straylight with age, even in clearest old lens [22],
whereas corneal light scattering is constant with age [23].
Straylight can lead to patient’s dissatisfaction after refrac-
tive surgery. These deleterious visual effects include night
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a straylight increase of >0.30 log(s) after SMILE

vision disturbances, glare sensitivity, irritability to sunlight,
facial recognition problem, foggy vision, reduced in colour
and contrast sensitivity and so on [5, 24]. Since light scat-
tering causes contrast loss in the retinal image, under-
standing forward scattering becomes
refractive surgery.

Assessing optical quality after refractive surgery is
essential and correlates with patient’s satisfaction. Visual
recovery following SMILE was delayed compared with the
best results of modern refractive surgery [12, 13]. In addi-
tion to higher-order aberrations, forward scattering also
independently affects the retinal image quality [6]. We
found higher postoperative straylight was associated with a
larger ablation ratio, signifying a higher refractive correc-
tion and/or thinner preoperative corneal pachymetry; this
suggests a dose—response relationship between the amount
of postoperative scattering and the proportion of removed
corneal tissue. Since the density of the cornea decreases
progressively towards the deeper layer of the stroma [25],
photodisruption becomes more irregular, giving rise to
a higher straylight value in eyes with larger ablation
ratio. Using double-pass aberrometry, several studies also

important after

reported that the increase in postoperative objective scatter
index (OSI) was correlated with the preoperative spherical
equivalent [26, 27].

Straylight measurement using the C-Quant either
decreased or remained stable after corneal refractive surgery
[28-32]. Our findings agree with a previous study that
reported no significant increase in forward scattering after
SMILE in 1 month; [28] however, unlike the present study,
it did not report on the straylight observations within the
first month. Our study monitored the changes in forward
scattering with frequent follow-up during the first post-
operative month to better understand its impact on visual
quality. Chiche et al. [15] found that the OSI was inde-
pendently correlated with the UDVA in the SMILE group,
but not in the LASIK group, across all postoperative
timepoints, whereas Gyldenkerne et al. [26] failed to show a
statistically significant association between UDVA and OSI
following SMILE, which they attributed to the fluctuation
of an unstable tear film. We found that better UDVA and
CDVA was associated with lower postoperative straylight
measured using the C-Quant straylight meter for more than
half of the observation; this signifies the importance of
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0.001/0.026 (0.895)
*(.109/0.232 (0.019)
*(0.145/0.446 (0.013)

0.098/0.382 (0.074)
0.004/0.047 (0.612)
*0.023/0.157 (0.039)

0.066/0.245 (0.081)
0.078/0.195 (0.067)
*0.133/0.365 (0.005)

0.016/0.104 (0.517)
0.020/0.067 (0.160)
*0.181/0.382 (0.008)

*(0.194/0.435 (0.030)
*(0.092/0.165 (0.019)
*0.162/0.410 (0.003)

0.058/0.249 (0.087)
0.001/0.017 (0.697)
0.030/0.157 (0.088)

Preoperative straylight (log(s))

UDVA (LogMAR)
CDVA (LogMAR)

Values are represented as the coefficient of determination, R*/f-coefficient (p value)

Ablation ratio = Lenticule thickness:preoperative central corneal thickness

UDVA uncorrected distance visual acuity, CDVA corrected distance visual acuity, LogMar log of the minimum angle of resolution

*Significant association (p <0.05)

straylight changes on the visual function during the very
early postoperative period. Contrary to our hypothesis, the
mean straylight level did not increase compared to the
baseline at any time within 1 month after SMILE; instead,
it was lower than the preoperative level at weeks 1 and 2
after surgery. A similar trend was previously reported in a
study which found that straylight was reduced 15 days after
LASIK and returned to preoperative levels by 6 months
[33]. The measurable decrease in straylight could be can-
celled out by the effects of minor surface irregularity or the
microdistortions created during the learning curve phase in
SMILE [34], which could increase the straylight.

We hypothesize that the interplay between a number of
dynamic factors could explain the fluctuation of straylight
observed during the early postoperative phase following
SMILE: (1) neutralization of high preoperative straylight,
(2) cap-stroma interface coupling, (3) absorption of
intrastromal pocket fluid, (4) Bowman’s layer micro-
distortion and corneal lamellar wound healing. Lapid-
Gortzak et al. [29] reported a reduction in straylight values
3 months postoperatively after myopic LASIK and laser-
assisted subepithelial keratectomy (LASEK), whereas these
measurements remained stable after hyperopic correction
[32]. Since one-third of all straylight is derived from the
cornea [35], the authors hypothesized that removing a part
of the cornea would reduce the straylight due to its sub-
stantial contribution. They further attribute their observa-
tion to the workload of the corneal endothelium, where the
residual corneal stroma that otherwise must be kept dehy-
drated would become less hydrated after refractive surgery,
hence decreasing the straylight. To account for the differ-
ence in myopic and hyperopic correction, they speculated
that the more peripheral tissue in hyperopic correction
contributes less to straylight changes since the central
cornea over the pupillary margin contributes most to
straylight from the corneal sources [36]. Contact lens wear
can increase the straylight level even after they have not
been in use for some time [37]. The preoperative straylight
level of 1.16 £0.16 in our study was indeed higher than the
general population in other studies ranging from 0.870
to 0.931 [21, 38]. Therefore, the reduction in straylight
observed in the first 2 weeks postoperatively may suggest
that straylight is neutralized by SMILE. Rozema et al. [30]
reported that after LASEK, the straylight level was reduced
6 months after the procedure and was correlated with the
preoperative level. Similarly, they postulated that LASEK
might neutralize the preoperative straylight. In the current
study, we only found a significant association between the
preoperative straylight level and the straylight level on day
3 postoperatively.

After the myopic correction in SMILE, the posterior
surface of the cap no longer matches the underlying resi-
dual stromal bed. The residual stromal bed becomes flatter
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Table 2 Multivariable regression model between the postoperative straylight measurements (log(s)) with various parameters

Day 1 Day 3 Day 7 Day 14 Day 21 Day 28
Ablation ratio *1.083 (0.0497)  *1.207 (0.013) / *1.052 (0.034)  *1.460 (0.031) /
Preoperative straylight (log(s)) / *0.379 (0.036) / / / /

CDVA (LogMAR) / 0.139 (0.181)

#0.382 (0.008)  *0.253 (0.038)  0.060 (0.362)  *0.446 (0.013)

Values are represented as f-coefficient (p value)

Ablation ratio = Lenticule thickness:preoperative central corneal thickness

CDVA corrected distance visual acuity, LogMar log of the minimum angle of resolution

/ indicates the variable was not used in the regression model because it was not significant (p > 0.05) in the univariable model

* indicates significant association (p <0.05)

Straylight value (log(s))
1.5

20 40 60 80
Age (year)

Fig. 3 Graph showing straylight values as a function of age
based on the van den Berg age reference of log(s) = 0.931 + log(1 +
(age/65) [4]

than the posterior surface of the cap, which follows the
curvature of the anterior corneal surface. The cap becomes
too large because, for the same chord length, the steeper
surface has a larger area. During wound healing, the quasi-
spherical posterior cap surface must change its shape to
conform to the underlying stroma to match the larger area of
the posterior surface of the cap to the smaller area of the
residual stromal bed. This process involves compression of
the corneal cap with possible segmental shrinking or by
overlapping the cap with the residual stroma. Astigmatism
correction further complicates the situation because the
lenticule is thicker in the meridian perpendicular to the
astigmatism axis. Theoretical modelling in LASIK revealed
that the mismatch between the apposition of the LASIK flap
and the residual stroma after ablation increases with the
magnitude of the attempted refractive correction [39]. This
interface mismatch would be higher in high myopic eyes
with the steep corneal surface. This could account for the
significant association between the ablation ratio and the
straylight up to 3 weeks postoperatively demonstrated in
our study. We speculate that over time, the apposition

becomes more regular and the cap can better adhere to the
stroma, which in turn improves the congruity and reduces
forward scattering.

Most surgeons, including the authors, flush the intras-
tromal pocket with BSS or saline. This is under the pre-
sumptive belief that flushing can reduce the inflammatory
cytokines generated from the photodisruption/surgical
manipulation, contaminants and epithelial cells that could
lead to epithelial ingrowth. Histological analysis of rabbit
eyes at 24 h after SMILE found that in the eyes with irri-
gation with BSS, there were undulated but undisrupted
stromal collagen bundles in the anterior and posterior
stroma compared to those without irrigation. Furthermore,
the majority of the cornea in the irrigation group had small
pockets with fluid retention along the extracted lenticule
plane [40]. The resorption of this fluid layer over time could
reflect the reduction of forward scattering within the first
2 weeks postoperatively in our study.

Bowman’s layer microdistortions, detected by optical
coherence tomography (OCT), were observed following
SMILE with greater numbers in the high myopia group
[34, 41, 42]. These Bowman’s layer microdistortions are
thought to originate from remodelling of the mismatched
cap-stroma interface. Luo et al. [42] observed that the
number of microdistortions remained the same after
1 month, thus they hypothesized that this phenomenon is
not caused by tissue oedema in the early stage after SMILE.
By quantitatively mapping these microdistortions as an
index using OCT, Shetty et al. [43] showed that these
microdistortions returned to the preoperative levels by
3 months postoperatively. Haze formation and anterior
keratocyte loss have been implicated as the main culprit of
scattering after excimer laser surgery [44]. Confocal
microscopy revealed a network of activated keratocytes and
increased reflectivity from the extracellular matrix after
SMILE [45], and extracellular matrix reformation was
reported to peak at 1 month postoperatively [9]. Mas-
tropasqua et al. [11] postulated that the increased reflectivity
was attributed by two different elements: the activated
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keratocytes and the reflective particles in the extracellular
matrix. The reflective active keratocytes were believed to be
related to the tissue inflammatory response, whereas the
reflective particles could represent the residual organic
cellular constituents subsequent to the femtosecond laser
photodisruption action. Scanning electronic microscopy of
the human donor cornea lenticule bed revealed that the
surface texture of the stromal lenticule bed following
SMILE had a more irregular appearance with more fringed
collagen lamellae when compared to stromal beds after FS-
LASIK; the authors hypothesized that these concavities
represent the site of the cavitation gas bubble formation
from the photodisruption [46]. Thus, the increase in the
forward scattering after 2 weeks postoperatively in the
current study could be associated with the corneal lamellar
wound healing process, which continues to occur after
2 weeks and peaked at 1 month.

Corneal wound healing is a complex cascade involving
different cytokines and growth factors; they undermine the
predictability and stability of refractive surgeries and account
for the discrepancies between the attempted and achieved
visual outcomes [47]. A number of dynamic processes occur
during the early postoperative period; the interplay between
these mechanisms and their relative contribution during the
different phases of early recovery could account for the
fluctuation in forward scattering. Our study is limited by the
small sample size; more observations might have increased
the power of the linear regression model. Further studies
using confocal microscopy, OCT and histological examina-
tion may help better our understanding of these factors con-
tributing to straylight changes after SMILE.

Straylight is an essential functional parameter to consider
in evaluating the outcomes after SMILE. Our findings indi-
cate an initial drop in straylight following SMILE followed by
a gradual return to preoperative values from 3 weeks onwards.
A lower postoperative straylight level is associated with better
visual acuity and a smaller ablation ratio. A number of
dynamic processes occur during the early postoperative per-
iod: cap—stroma interface coupling, absorption of intrastromal
pocket fluid, Bowman’s layer microdistortion and corneal
remodelling. The interplay between these mechanisms and
their relative contribution during the different phases of
recovery accounts for the fluctuation in forward scattering.
Further studies are needed to investigate the aetiologies
accounting for these fluctuations in straylight during the very
early postoperative period.

Summary
What was known before

e Forward scattering independently affects the retinal
image quality and correlates with patient’s satisfaction.

SPRINGER NATURE

e Visual recovery following SMILE was delayed com-
pared to other corneal refractive surgeries.

What this study adds

e An initial drop in straylight following SMILE occurred
at 1 and 2 weeks postoperatively, followed by a return to
preoperative values at 1 month.

e Lower postoperative straylight level is associated with
better visual acuity and a smaller ablation ratio.
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