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Purpose: To assess a single site’s initial experience with SMILE for the treatment of myopic
astigmatism and compare outcomes and vector analysis results with the US Food and Drug
Administration (FDA) results and published literature.

Patients and Methods: Forty-eight eyes (29 patients) with mean preoperative sphere of
—5.11 + 1.31 diopters (D) and cylinder of —1.12 + 0.60 D underwent SMILE. Visual acuity,
refractive, and vector analysis outcomes as well as subjective measures were reported at
three and twelve months postoperatively and compared with FDA results and the published
literature between 2014 and 2020 involving treatment of patients with mean cylinders of >
—0.50 to <=3.00 D.

Results: At three and twelve months, 43 and 32 eyes were evaluated, respectively. At twelve
months, mean cylinder power was reduced to —0.38 + 0.38 D with 78.1% achieving <+0.50
D. Uncorrected distance visual acuity (UDVA) >20/20 was achieved in 77.4% of eyes by
twelve months with 100% achieving >20/30 UDVA. No loss of corrected distance visual
acuity was observed in eyes seen at twelve months. Correction index (CI) at twelve months
was 0.90 indicating overall undercorrection of 10%. Twelve-month CI was 0.96, 0.90, and
0.83 in eyes with preoperative cylinders of <—1.00 D, >—1.00 to <-2.00 D, and >-2.00 D,
respectively. Mean angle of error was —1.58 £ 11.61° ranging from —24.22° to 37.75°.
Conclusion: We found SMILE to be an effective and safe means of achieving spectacle
independence and improving visual acuity in patients with myopic astigmatism. SMILE has
the potential for improved clinical outcomes with better nomogram guidance and advance-
ments in technique. However, surgeons must be aware of the potential for undercorrection in
with-the-rule astigmatism and at higher preoperative cylinders and as well as the potential for
overcorrection in against-the-rule and lower preoperative cylinder astigmatism.

Keywords: SMILE, myopia, astigmatism, vector analysis, ReLEXx, toric

Introduction

Femtosecond lenticule extraction (FLEx) was introduced by Sekundo et al using
a femtosecond laser (VisuMax, Carl Zeiss Meditec, Jena, Germany) with the ability
to create both an intrastromal refractive lenticule and a corneal flap for lenticule
removal." By 2011, refinement of this technique led to small-incision lenticule
extraction (SMILE) which removes the lenticule via a small 2-3 mm incision for
the treatment of myopia and myopic astigmatism.>* SMILE was approved by the
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US Food and Drug Administration (FDA) for the treat-
ment of simple myopia in 2016, and has been used to
effectively treat mild to moderate myopia with comparable
efficacy, safety, and predictability to femtosecond laser-
assisted in situ keratomileusis (FS-LASIK).> In 2018, the
US FDA approved SMILE for the treatment of myopic
astigmatism from >-0.50 to <—3.00 diopters (D),” and the
use of SMILE for this indication has since been further
investigated.®>* Previous studies on the treatment of astig-
matism with SMILE have found that it is safe and effec-
tive, but these studies were conducted outside of the
United States. Our study will assess a single site’s initial
experience with SMILE for the treatment of myopic astig-
matism and compare outcomes with FDA results and
published literature.

Materials and Methods
A non-randomized retrospective study was conducted
using de-identified data from the medical records of 29
patients (48 eyes). Ten patients underwent unilateral
SMILE for correction of myopic astigmatism, and 19
underwent this procedure bilaterally resulting in 48 total
eyes. Procedures were performed between October 2018
and June 2020 at a refractive surgery center in Draper, UT,
USA. All procedures and methods followed the ethical
standards of the Helsinki Declaration and later amend-
ments, and the study was approved by the Hoopes Vision
Research Review Board. All patients were fully informed
and consented to treatment. Participants underwent refrac-
tive screening consultation, and any patients with an ocu-
lar history of glaucoma, herpes zoster ophthalmicus,
herpes simplex keratitis, prior cataract surgery, or abnor-
mal topography were excluded.

Postoperative visits occurred at one day, one week,
months, and twelve months.

three months, six

Postoperative measurements and complications were
reported, and vector analysis was performed. These out-
comes were compared with those found on the 2018 FDA
Summary of Safety and Effectiveness Data report obtained
from FDA.gov as well as the twelve month results of this
same premarket approval trial as reported by Dishler et al.-
711 Results were also compared with other studies between
2014 and 2020 that involved treatment of patients with
preoperative cylinders of >—0.50 D or <-3.00 D and
reported visual acuity, refractive, or vector analysis out-
comes at three or twelve months postoperatively.
Postoperative complications were assessed by slit lamp

examination and physician interview, and three- and

twelve-month results were reported. Dry eye symptoms
were categorized as either mild (intermittent symptoms),
moderate (daily symptoms relieved by lubricating eye
drops), or severe (refractory symptoms requiring lifitegrast
or cyclosporine) dry eye disease (DED). The presence of
superficial punctate keratitis (SPK) was reported and
graded via a nominal scale with 0, 1+, 2+, and 3+ denoting
no, mild, moderate, and significant corneal staining,
respectively.

Surgical Procedure

SMILE was performed using the Visumax 500 kHz fem-
tosecond laser (Carl Zeiss Meditec, Jena, Germany).
A surgical marking pen was used to mark the limbus at 3
and 9 o’clock preoperatively while the patient was seated
in an upright position. The patient was then taken to the
operating room and placed in a supine position. Using
a caliper set at 8mm, the cornea was marked inside the
limbus at the corresponding 3 and 9 o’clock limbal mark-
ings. If any cyclotorsion was noted after application of the
vacuum, the interface cone was gently rotated manually
clockwise or counter-clockwise to align the corresponding
marks on the cornea with the horizontal reticule on the
laser scope. Surgical parameters were set with a cap thick-
ness of 120 um and cap diameter of 7.5 mm. Hinge
placement was superior with hinge angle at 60 degrees
and side-cut angle of 90 degrees. Lenticule diameter was
6.5 mm. Spot separation was 4.4 pm for the lenticule, 2.0
um for the lenticule side-cut, 3.0 pm for the flap, and 2.0
um for the flap side cut. Laser-bed energy was set at 130
nJ. Postoperatively, patients were prescribed fluoroquino-
lone antibiotic drops to be used 4 times daily for one week
and a 1% prednisolone taper of 4, 3, 2, and 1 drops per day
for one week each.

Vector Analysis

Astigmatic vector analysis was performed following the
Alpins method and terminology.>> %’ Manifest refraction
data were converted to the corneal plane with a back-
vertex distance of 12 mm. Target induced astigmatism
(TIA) and surgically induced astigmatism (SIA) are
defined as intended and actual astigmatic change with the
goal of emmetropia. The difference vector (DV) is the
difference between TIA and SIA vectors and represents
the residual uncorrected astigmatism, whereas the magni-
tude of error (ME) is the arithmetic difference between
TIA and SIA. Angle of error is the angle between TIA and
SIA. The corrective index (CI) is the ratio of SIA to TIA
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and is ideally equal to one. The percentage of astigmatism
corrected may also be calculated by CI x 100%.%
Averaged CI values may be found by calculating the geo-
metric mean. Of note, the corresponding geometric stan-
dard deviation (SD) is a unitless value and must multiply
or divide the geometric mean to describe the 68% con-
fidence interval.*®

Results

Patient Demographics

SMILE was performed on 48 eyes, 24 left and right, from 29
patients. At three-month and twelve-month visits, 43 eyes
(89.6%) and 32 eyes (66.7%) were seen, respectively. Out of
the 29 patients, 11 (16 eyes) have not yet completed their
twelve-month visit. Three patients (5 eyes), who were not
seen at an approximately three-month visit, had completed
twelve-month visits. Preoperative manifest sphere and cylin-
der ranged from —6.75 to —2.50 D and —2.50 to —0.50 D,
respectively. All patients had 20/20 or better corrected dis-
tance visual acuity (CDVA) before surgery. With-the-rule
(WTR) astigmatism was found in 27 eyes (56%), and 11
eyes (23%) had against-the-rule (ATR) astigmatism. Pre- and
postoperative measurements obtained at three months and
twelve months are displayed in Table 1. Visual acuity and
manifest refraction were obtained preoperatively and post-
operatively, and data were summarized with standard out-
come reporting (Figure 1).%°

Efficacy and Visual Acuity

Only eyes with a plano target were included in visual
acuity reporting. At twelve months, 77.4% of eyes
achieved 20/20 or better uncorrected distance visual acuity
(UDVA) and 100% had 20/30 or better UDVA (Figure
1A). At three months, UDVA of 20/20 and 20/30 or better
was achieved in 84.2% and 100% of eyes, respectively.
Comparisons of postoperative UDVA and CDVA values
are depicted in Figure 2B. At three months, 7.0% of eyes
had a loss of one Snellen line in CDVA, but there was no
loss of CDVA in any eyes seen at 12 months (Figure 1C).
No change in CDVA was demonstrated in most eyes seen
at three months (67.4%) and twelve months (87.5%) while
25.6% and 12.5% of eyes gained one line at three and
twelve months, respectively.

Accuracy and Stability
Postoperative manifest spherical equivalent (MSE) within
+1.00 D of target was seen in 97.7% of eyes at three

months and 100% of eyes at twelve months. MSE within
+0.50 D of intended target were demonstrated in 88.4%
and 84.4% of eyes at three and twelve months, respec-
tively (Figure 1D). The mean MSE was relatively stable
from six months to twelve months with a change of >0.50
D observed in only 9 eyes (19.0%) (Figure 1E).

Astigmatism Analysis

Refractive astigmatism at three and twelve months is pre-
sented in Figure 1F. Mean cylinder refraction showed
refractive regression after one week (Figure 1G). By
twelve months, mean cylinder refractive error was —0.38
+0.38 D.

Vector analysis was performed on refractive measure-
ments adjusted to a back-vertex distance of 12 mm. The
overall mean TIA, which corresponds to preoperative
astigmatism, of the eyes seen at three-month visits was
0.92 £0.48 D ranging from 1.69 to 2.14 D. Three months
after surgery, the overall mean SIA was close to TIA at
0.92 +0.43 D (0.33 to 2.21 D). For twelve-month visits,
overall TIA was 1.08 £0.54 D (0.44 to 2.14 D) and overall
SIA was 1.01 £0.51 D (0.22 to 2.12 D). The geometric
mean of CI at three months was 1.00 (0.41 to 2.38), and at
twelve months, it was 0.90 (0.18 to 2.27). This means no
overall astigmatism undercorrection was seen at three
months, and 10% undercorrection was seen at twelve
months. However, with data stratified by preoperative
cylinder power (Table 2), higher amounts of preoperative
astigmatism tended to be undercorrected, whereas lower
amounts of astigmatism tended to be overcorrected.
Scatter plot analysis with regression lines of three- and
twelve-month TIAs and SIAs are displayed in Figure 1H.
For both time points, overall absolute overcorrection is
evident on the regression line equations seen as
a positive y-intercept. The slopes for both time points are
less than one which represents overall relative undercor-
rection per diopter of target induced astigmatism of 32%
(R* = 0.564) for three months and 33% (R? = 0.513) for
twelve months. Analysis of the angle of error for twelve-
month results showed overall arithmetic mean of —1.58 +
11.61° (—24.22° to 37.75°) with absolute mean of 7.04 +
9.28° (Figure 1I).

Double angle vector diagrams (DAVD) were created
using the ASSORT® Group Analysis Calculator in plus
cylinder power. Angles were doubled, so TIA vectors
between 120° and 240° represent treatment of ATR astig-
matism, and between 60° and 300° signify treatment of

WTR astigmatism. Postoperative changes equate to
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Table | Preoperative Data and Outcomes at Three and Twelve Months

Outcomes Preoperative 3 Months 12 Months
CDVA (logMAR) n=43" n=38" n=31"
Mean+SD —0.02+0.04 —0.03+0.05 —0.03+0.04
Range (0.1 to 0) (=0.12 to +0.10) (-0.12, 0.00)
UDVA (logMAR) - n=38" n=31"
Mean+SD - 0.04+0.12 0.11+0.08
Range - (=0.10 to +0.60) (=0.12 to +0.20)
Sphere (D) n=48 n=43 n=32
Mean+SD =5.11x1.31 0.06+0.52 0.20+0.40
Range (—6.75 to —2.50) (—1.50 to +1.00) (—0.75 to +1.00)
Cylinder (D) n=48 n=43 n=32
Mean+SD —1.12%0.60 —0.44+0.39 —0.38+0.38
Range (—2.5 to —0.50) (—2.00 to 0.00) (-1.25 to 0)
< 0.50D (%) - 8l.4 78.1
< 1.00D (%) - 97.7 93.8
MSE (D) n=48 n=43 n=32
Mean+SD —5.67%1.40 —0.16%0.55 0.01+0.42
Range (-7.62 to —2.87) (—1.75 to +0.75) (—0.88 to +0.88)
+0.50D of Intended (%) - 88.4 84.4
+1.00D of Intended (%) - 97.7 100
Efficacy index
Mean+SD - 1.1240.53 1.05£0.25
Safety index
Mean = SD - 0.95+0.12 0.97+0.07
Ocular Diseases n=48 n=43 n=32
DED", no. (%) 21 (44%) 20 (47%) 10 (38%)
Mild, no. (%) 0 Il (26%) 8 (25%)
Moderate, no. (%) 0 9 (21%) 2 (6%)
Severe, no. (%) 0 0 2 (6%)
SPK¢, no (%) 5 (10%) 7 (16%) 3 (9%)
Haze, no. (%) 0 7 (16%) 5 (16%)

Notes: *Only eyes with plano refractive targets were considered for visual acuity calculations. "DED was categorized as either mild (intermittent symptoms), moderate
(daily symptoms relieved by lubricating eye drops), or severe (refractory symptoms requiring lifitegrast or cyclosporine). ““Incidences of any SPK or haze noted on slit lamp

examination at respective time points are listed.

Abbreviations: CDVA, corrected distance visual acuity; SD, standard deviation; UDVA, uncorrected distance visual acuity; D, diopter; MSE, manifest spherical equivalent;

DED, dry eye disease; SPK, superficial punctate keratitis.

corneal flattening at the power meridian as described by
Holliday et al.?’ Vector means, also known as centroids,
are displayed as red diamonds on the DAVD. Three- and
twelve-month TIA and difference vectors are displayed
with confidence ellipses (Figure 2). With more vectors
appearing between 60° and 300°, attempted correction of
eyes with WTR astigmatism appears to predominate.
Smaller confidence ellipse and centroid mean magnitude
in the DV compared to TIA DVAD represents correction
being achieved. The difference vector centroid magnitude
at twelve months was 0.21 D with an axis of 5°.

Subjective Measures and Clinical Findings
Mild to moderate DED was observed in 44% of eyes
preoperatively and remained relatively unchanged by
three months at 47%. By twelve months, total DED inci-
dence was even lower at 38%. Two eyes (6%) from one
patient required lifitegrast for severe DED. Some degree of
haze was noted on slit lamp examination in 16% of eyes at
twelve-month visits, but these findings were not visually
significant as there was no loss of CDVA lines. Grade 1+
to 2+ SPK was seen in 10% of eyes preoperatively and
appears to have increased in prevalence at three months
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(16%) but was closer to preoperative rates by twelve
months (9%) with no change in grade ranges. No intrao-
perative events were noted other than minor corneal abra-
sions and epithelial defects which resolved immediately.

Discussion

Preoperative patient characteristics were comparable to
those in the FDA clinical trial of myopic astigmatic

accurate correction were observed

SMILE in terms of age, mean cylinder, and mean
MSE;”!'! however, the FDA study involved substantially
more eyes (304) and reported the treatment of larger
refractive ranges (Table 3). Narrow MSE stability and

in both studies.

A smaller postoperative spherical equivalent was seen at

twelve months in the FDA study with 17.3% more eyes
within +£0.50 D of target. A greater degree of UDVA
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Figure 2 Double angle vector diagrams for three- and twelve-month target induced astigmatism and difference vector.

Notes: (A) Three-month DAVD; (B) Twelve-month DAVD. Vector magnitudes represent plus cylinder power in diopters. Angles have been doubled. Target induced
astigmatism vectors are perpendicular to patient astigmatism, so vectors with angles between 60° and 300° in the blue field represent the treatment of with-the-rule

astigmatism.
Abbreviations: DAVD, double angle vector diagram; D, diopter; Ax, axis.

improvement was achieved in the FDA study with 59.3%
of eyes achieving 20/16 or better, but both studies had
comparable rates of 20/25 or better. Of note, visual acuity = 0.865).
in our study was evaluated using the Snellen chart rather
than the ETDRS chart. Our results showed 19.4% of eyes
achieved 20/15 at one year, and patients were not routinely
asked to read below 20/15. In the FDA study, 10% more
eyes gained one line in CDVA compared to ours (12.5%).

Better mean cylinder correction was achieved in the
FDA study, —1.53 £ 0.70 D decreasing to —0.18 + 0.31 D,
with 91.7% achieving <+0.50 D versus 84% in this study.
Stability was considerably better as well with less final
residual astigmatism. Mean TIA and SIA were larger in the
FDA study meaning higher amounts of astigmatism were

corrected. Analysis of scatter plot regression lines of TIA  factor influencing result.

versus SIA shows the FDA study achieved better and more
consistent astigmatic correction with a slope of 0.856 (R*

The difference in results achieved in the FDA study
and this study may be due to several reasons. The FDA
study had a much larger sample size and therefore less
potential influence by outliers. Patient follow-up was
higher in the FDA study as well. The authors of the
FDA study attributed the use of wavefront refractions to
obtain accurate astigmatism and axis measurements as
a potential factor for improved results as well."" Our
study only utilized manifest refraction values. The FDA
study does not mention preoperative adjustment or use of
nomogram values, so it is unclear if this was an additional
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Figure 3 Comparison of vector analysis outcomes with other studies.
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Dashed lines represent a correction index of |.
Abbreviations: Cl, correction index; D, diopter.

Upon vector analysis, undercorrection becomes evi-
dent when attempting to treat high astigmatism (>—1.00
D) and overcorrection when attempting to treat low
astigmatism (<—1.00 D), and similar trends of under-
correcting higher amounts of astigmatism and overcor-
recting lower amounts have been reported in other
studies (Figure 3).>'? When stratified by preoperative
cylinder at twelve months, there was 4% undercorrec-
tion for eyes with <—1.00D of astigmatism (n=11), 10%
in eyes with >—1.00 D to —2.00 D (n=14), and 17% in
eyes with >-2.00 D (n=7). At twelve months, the FDA
reported overall astigmatism undercorrection of 4% ver-
sus this study’s finding of 10%."" Undercorrection

reported in previous studies ranges from around

10-15% which is in agreement with our study.®
10,12,31-34

A benefit of vector analysis over the use of MSE in
astigmatic outcomes is appreciating the changes in the axis
of astigmatism. Inadequate adjustment for cyclotorsion
leads to increasing angles of error and potentially poorer
visual outcomes.** Unlike other devices used in LASIK or
PRK, the current Visumax platform for SMILE does not
have robust, built-in cyclotorsion control. However,
image-guided systems and surgical techniques for centra-
tion and axis alignment have been used in SMILE with

promising results.>*-’
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An association between with-the-rule (WTR) astigma-
tism and undercorrection, when compared to against-the-
rule (ATR) or oblique astigmatism, has been well
described.®'*? This was also observed in our study as
geometric means of CI in eyes with WTR astigmatism
(0.85 at three months and 0.78 at twelve) were lower
than those seen in eyes with ATR (1.15 and 1.36) or
oblique (1.25 and 1.05) astigmatism. This signifies that at
twelve months, WTR eyes (n=21) were undercorrected by
22% and ATR eyes (n=5) were overcorrected by 36%.
This finding may also be seen on the double angle vector
diagram (DAVD) of the difference vectors (DV) for three
and twelve months as the centroid vectors have angles
near or at 0° representing further correction is required
for plus cylinder astigmatisms between 60° and 120°
(Figure 2). A potential confounder is that mean preopera-
tive cylinder for ATR, —0.80 £ 0.27 D, was smaller than
WTR, —1.48 + 0.68 D. However, when only similar pre-
operative cylinders are considered, mean preoperative
cylinder for WTR was —0.88 + 0.13 D at twelve months,
and the geometric mean of CI for these eyes showed
undercorrection of 13%. The preponderance of WTR
astigmatism in this study may provide some explanation
as to the overall undercorrection seen in these results.
Iversen et al found a difference of around 0.35 D in post-
operative cylinder between WTR and ATR correction, and
suggested adding 0.125 D per diopter of WTR astigmatism

and a constant 0.25 D undercorrection of ATR

astigmatism.>'

Without the need for flap creation, SMILE appears to
have decreased risk of inducing or worsening DED when
compared to LASIK.*® In our study, DED incidence was
below baseline by twelve months. Only one patient seen in
this study required more than daily lubricating eye drops
for symptomatic relief after surgery, and one patient com-
plaining of “moderate” symptoms had received punctal
plugs. Of note, dry eye analysis did not use objective
measures making these findings difficult to compare with
other studies.

This study was limited as a non-randomized retrospec-
tive study. There was also a small patient cohort with
a low rate of twelve-month follow up and resulting vulner-
ability to outliers. For example, the mean twelve-month CI
for preoperative cylinders ranging from >-0.50 D to
<—1.00 D is 0.86 rather than 0.66 when one outlier is
removed. Most patients in this study had preoperative
astigmatism less than —2.00 D, so the overall results may
be over-estimated when compared to other studies

performing treatments on higher levels of astigmatism.
Intra-operative cyclotorsion requiring manual compensa-
tion was also not recorded in this study. Although opera-
tions were carried out by experienced surgeons, SMILE
techniques are different from that of routine flap based
refractive surgeries, so results in this study may be influ-
enced by an initial phase learning curve.*”

Nomograms rely on data gathered from previous cases
to determine which modifications to target refraction are
required to meet desired outcomes and are therefore of
limited aid during initial experiences with new surgical
techniques. As nomogram adjustments were available for
the treatment of simple myopia at the time of this study,
but not for the treatment of astigmatism, it is reasonable to
expect an improvement in refractive outcomes as more
postoperative data is gathered. The coefficient of adjust-
ment (CA), defined as is the ratio of TIA to SIA, may help
to increase refractive accuracy.” For this study, the CA for
eyes with preoperative cylinders >—1.00 D was 10% for
twelve-month results. Ganesh et al showed improved
refractive accuracy with manual cyclotorsion compensa-
tion and a similar 10% increase in correction when they
compared with previous results.'® However, further adjust-
ment may be necessary based upon whether a patient has
WTR or ATR astigmatism.

Conclusion

Although our results differ from some recent studies, out-
comes achieved were promising with 77.4% of eyes
achieving UDVA equal to or better than preoperative
CDVA with 19.4% of eyes achieving UDVA of 20/15.
These results are comparable to others in the literature
and surpass the FDA guidance recommended targets for
visual acuity and refractive outcomes. After this initial
experience, nomogram adjustments are possible. Better
cyclotorsion control may also lead to a decrease in angles
of error and improved visual outcomes. In conclusion, this
study finds SMILE to be a safe and effective method of
correction for myopic astigmatism, but surgeons must be
cognizant of the potential for undercorrection in WTR
astigmatism at higher preoperative cylinders as well as
the potential for overcorrection in ATR astigmatism and

at lower preoperative cylinders.
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