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ABSTRACT

Introduction: Laser-assisted in-situ ker-
atomileusis (LASIK) for the correction of
hyperopia and hyperopic astigmatism is chal-
lenging and has been less studied than for the
correction of myopia and myopic astigmatism.
The aim of this study was to analyze the
refractive outcomes of LASIK in hyperopia and
hyperopic astigmatic eyes using a wave-front
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optimized laser platform (the Allegretto EX500
laser) and perform a historical comparison with
other excimer lasers within the past two
decades.

Methods: A one-center (Tertiary Refractive
Center, Draper, Utah), retrospective, non-com-
parative study was conducted on 379 eyes
treated with LASIK for hyperopia and hyperopic
astigmatism. The data retrieved on these eyes
were analyzed using uncorrected distance visual
acuity (UDVA), corrected distance visual acuity
(CDVA), and spherical equivalents. A literature
search of excimer platforms in use in the past
20 years and a comparison of US Federal Drug
Administration-approved platforms for hyper-
opia were performed.

Results: At 3 and 12 months postoperatively,
142 (66%) and 81 (69%) eyes had a UDVA of
20/20 or better and 207 (96%) and 114 (97%)
eyes had a UDVA of 20/40 or better, respec-
tively. The mean refractive spherical equivalent
was —0.52+0.78 D at 3months and
— 0.46 &+ 0.79 D at 12 months. At 12 months,
181 (96%) eyes achieved a spherical equivalent
within 4+ 1.00 D of the intended target. Studies
published before 2005 reported lower rates of
UDVA 20/20 or better (32%) compared to those
published after (68%); however, this discrep-
ancy was less evident for UDVA 20/40 or better.
A similar trend towards improved accuracy was
noted in the literature with postoperative
manifest refractive  spherical equivalent
within + 0.50 D before and after 2005.
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Conclusion: There has been significant
improvement in safety, efficacy, stability, and
accuracy of LASIK treatment for hyperopia and
hyperopic astigmatism within the past two
decades. Newer excimer lasers meet industry
standards and in particular, the Allegretto
EX500 used in this study exceeded industry
standards.

Keywords: LASIK; Hyperopic astigmatism;
Allegretto EX500 laser; Wave-front optimized
laser platform

Key Summary Points

Laser-assisted in-situ keratomileusis
(LASIK) treatment and outcomes of
hyperopia and hyperopic astigmatism is
not as fully studied as LASIK outcomes for
myopia and myopic astigmatic patients.

Various modern-day excimer laser
platforms, not including the wavefront-
optimized platform (Allegretto EX500),
have been individually studied and found
to have varying degrees of safety and
efficacy.

After performing a literature review on
existing excimer lasers, we report a
noteworthy shift in 2005 towards
improved safety, efficacy, predictability,
and rates of regression in eyes treated with
LASIK.

In this single-center study, the Allegretto
EXS500 excimer laser exceeds industry
standards of safety and efficacy and has
significantly improved the refractive
outcomes of LASIK for hyperopic patients
when compared to other platforms.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features

for this article go to https://doi.org/10.6084/
m9.figshare.14393708.

INTRODUCTION

While the current literature on the safety and
efficacy of laser-assisted in-situ keratomileusis
(LASIK) surgery contains abundant information
on myopic patients, there is a relative scarcity of
data on LASIK surgery for hyperopia and
hyperopic astigmatism. Over the past few dec-
ades, new surgical techniques have been devel-
oped and continually refined to make refractive
surgery on hyperopic eyes safer and more pre-
dictable. However, the treatment of hyperopia
continues to pose a challenge to many surgeons
due to reports of unfavorable outcomes,
including refractive regression, undercorrec-
tion, and loss of corrected distance visual acuity
(CDVA) [1, 2]. The correction of hyperopia is
considered more difficult because excimer laser
photoablation must induce flattening in the
corneal periphery with concomitant steepening
of the central optical zone, in comparison to
direct flattening in the center of the cornea for
myopic patients. The technique requires larger
ablation zones and accurate centration for uni-
form delivery of energy onto the cornea.

Advancements in refractive surgery have
made various lasers safer and more effective for
the treatment of hyperopia [3-7]. Excimer lasers
allow for a larger optical zone of ablation, more
rapid ablation rates, and faster eye scanners.
These factors have also been complemented by
the use of nomograms to help achieve a more
accurate and predictable refractive correction.
In the study reported here, we performed vector
analysis and evaluated the safety and efficacy of
LASIK in hyperopic and hyperopic astigmatic
eyes using the Allegretto EXS00 excimer laser
(Alcon, Fort Worth, TX, USA) equipped with a
well-refined nomogram. We also conducted
historical analysis to compare our study results
to those of existing LASIK platforms based on a
literature search from 1998 to 2020 in addition
to all excimer modalities approved for hyper-
opic LASIK by the US Food and Drug
Administration.
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METHODS

Patients

This retrospective non-comparative study ana-
lyzed 379 eyes (181 and 198 right and left eyes,
respectively) in 265 consecutive patients with
hyperopia or hyperopic astigmatism treated
with LASIK using the Allegretto EX500 excimer
laser between 1 January 2013 and 24 Apri 2020.
The average age (+ standard deviation [SD]) of
the patients was 46.1 £ 11.7 (range 18-72)
years, and the female to male ratio was 48:52.
All surgeries were performed at a single site
(Hoopes Vision, Draper, Utah, USA) by four
surgeons. Data were collected from Hoopes
Vision and retrieved from the SurgiVision
DataLink (SurgiVision Consultants Inc, Scotts-
dale, AR, USA). Patients gave broad consent for
the use of de-identified clinical data for research
purposes. The study and consent procedure
were approved by the Hoopes Vision Ethics
Committee and adhered to the tenets of the
Declaration of Helsinki. The Biomedical
Research Alliance of New York (BRANY) Insti-
tutional Review Board approved this retrospec-
tive study involving de-identified data (#A20-
12-547-823).

Eyes with a stable refraction in which
hyperopic correction was performed were
included. Eyes with a negative sphere at base-
line but which underwent hyperopic astigmatic
ablation were also included. The target spherical
correction for these cases was near vision.
Exclusion criteria were unstable hyperopia,
patient age younger than 18 years, dry eye dis-
ease, abnormal topography, history of ocular
trauma, keratitis, keratoconus, lens opacities,
uveitis, glaucoma, and retinal diseases. All
patients in the study had a goal of either full
correction (refraction of O for both sphere and
cylinder) or monovision correction ranging
from — 0.5 to — 2.0 D.

A full ophthalmic preoperative examination
was performed on all patients, including ocular
history, CDVA, slit-lamp examination, manifest
refraction, cycloplegic refraction, manual ker-
atometry, and fundus examination.

Postoperative follow-up examinations were
performed at 1, 3, 6, 9, and 12 months.

Surgical Protocol

LASIK was performed using a standard tech-
nique. A corneal flap was created using the
Intralase iFS femtosecond laser (Johnson and
Johnson, New Brunswick, NJ, USA). Corneal
ablation was performed using the Allegretto
EX500 excimer laser with an optical zone of
6.00-8.90 mm. Flap creation with the iFS
Advanced Femtosecond laser was performed at
150 kHz in a raster pattern with bed energy of
0.85 p and side cut energy of 0.6 . Spot and
line separations were 6.0 and 6.0 um, respec-
tively, for the bed cut and 4.0 and 4.0 um,
respectively, for the side cut. A hinge position of
90°, hinge angle of 50°, and hinge width of
3.8mm were used. A targeted flap size of
9.0mm and thickness of 100 pm were pro-
grammed with a 130° side cut angle. The eye
was then irrigated, and the corneal flap was
repositioned. Postoperative therapy included
moxifloxacin 0.5% and prednisolone acetate
1% drops four times daily for 1 week.

Statistical Analysis

Refractive outcome was analyzed according to
the Standard Graphs for Reporting Refractive
Surgery designed by London Vision Clinic
(London, UK). Refractive data were analyzed
during consecutive follow-up intervals at 1, 3, 6,
9, and 12 months. The main parameters mea-
sured were the uncorrected distance visual
acuity (UDVA), CDVA, manifest refractive
spherical equivalent (MRSE), manifest refractive
cylinder, refractive axis, target-induced astig-
matism, and surgically induced astigmatism.
The data were plotted on nine standardized
graphs that summarized the safety, efficacy,
accuracy, and stability using Microsoft Excel
templates (Microsoft Corp., Redmond, WA,
USA). Vector analysis was performed based on
the methodology provided by Alpins [8] and
Eydelman et al. [9].

Statistical comparison between quantitative
data was conducted using a f-test, and a Fisher
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exact test was used for categorical data. Meta-
analysis was conducted on 28 published studies
and a summary effect was generated for each
analysis. The studies were grouped according to
time period based on a noted difference: those
before 2005 (1998-2005) and those after 2005
(2005-2020). Articles presenting data on
refractive outcomes following LASIK for hyper-
opic astigmatism were included. Papers that did
not present any specific data for refractive out-
comes, either within the text or using the
standard 9 graphs for reporting refractive out-
comes, were excluded. R statistics (version 3.5.0;
R Core Team 2018, R Foundation for Statistical
Computing, Vienna, Austria) was used to cal-
culate the estimated incidence proportions and
variance. The R package meta was used to cal-
culate pooled estimates for all groups and sub-
groups. A random-effects model was used
without transformation for all analyses. To
describe heterogeneity between studies, I and
72 statistics were used, where I? is an index of
heterogeneity that represents the percentage of
the total variance due to variation between
studies and t* expresses variance between stud-
ies in a random-effects meta-analysis.

Devices approved by the US Food and Drug
Administration (FDA) and their corresponding

reported clinical trials were obtained from the
FDA.gov website using the Summary of Safety
and Effectiveness Data report, and the premar-
ket approval (PMA) numbers are included. A
thorough literature search was performed on
Pubmed (National Institute of Health, Bethesda,
MD, USA) and Elsevier (Relx, Amsterdam, the
Netherlands).

RESULTS

Study Population

The mean (£ SD) preoperative MRSE was +
1.33 £ 1.10 D (range — 1.13 to + 4.38 D) and
the mean sphere was 1.82 & 1.28 D (range
— 0.75to 6.25 D). Eyes with a negative sphere at
baseline that were included in the study
received a hyperopic astigmatic ablation and
were treated for the purposes of monovision
and the induction of additional myopia. Patient
demographics and refractive outcomes at 3 and
12 months postoperatively are given in Table 1.

Table 1 Patient demographics for eyes that received LASIK for hyperopia and hyperopic astigmatism

Preoperative (n = 379)

3 months Postop (7 = 334)

12 months Postop (z = 189)

Mean £ SD Range

Mean £ SD  Range

Mean £ SD  Range

Refractive sphere + 1.82 + — 075 to — 032 — 2.50 to — 025 + — 2.00 to
(D) 1.28 + 6.25 + 2.25 0.80 + 2.00
Refractive cylinder  — 0.98 &+ — 575t 0 — 040 £ — 200t 0 — 044 £ — 1510
(D) 1.06 0.34
MRSE £ SD (D) + 133+ — 113 o - 052 % — 250 to — 046 £ — 213 w0
1.10 + 4.38 + 1.50 0.79 + 1.25
CDVA (log MAR) 0.01 £006 — 0.12t0 048 0.00 4+ 0.09 — 0.12t0 078 — 001+ — 0.12 to 0.30
0.06
UDVA (log MAR)* - - 0.04 £ 0.15 — 0.12t0 090 0.03 £ 0.11 — 0.12 to 0.48

D Diopters, SD standard deviation, MRSE manifest refractive spherical equivalent, UDVA uncorrected distance visual

acuity, CDVA corrected distance visual acuity
*Average excludes eyes with monovision
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Efficacy and Safety

At 3 months postoperatively, 142 (66%) and
207 (96%) of 216 eyes, excluding monovision,
had a UDVA better than 20/20 and 20/40,
respectively. At 12 months, 81 (69%) and 114
(97%) of 117 eyes, excluding monovision, had a
postoperative UDVA 20/20 and 20/40 or better,
respectively (Fig. 1a). At 3 months, 145 (67%)
eyes had a postoperative UDVA the same as or
better than the preoperative CDVA on Snellen
lines, and 189 (88%) were within one line of the
CDVA. Eighty-six (74%) eyes had a UDVA the
same or better on Snellen lines at 1 year and 108
(92%) were within one line of CDVA (Fig. 1b).
The efficacy index, defined as the ratio between
the mean postoperative and preoperative
3 months UDVA, was 0.87 at 3 months and 0.93
at 12 months. Of 334 eyes, 226 (68%) had no
change in Snellen lines, and only five eyes lost
two or more lines at 3 months. Only two of 189
eyes lost two or more Snellen lines of CDVA
1 year postoperatively, while 178 (94%) had
either no change or a gain of lines of CDVA
(Fig. 1¢). The safety index at 12 months, defined
as the ratio of the mean postoperative and pre-
operative CDVA, was 1.03.

Accuracy and Stability

When evaluating the attempted and achieved
spherical equivalents postoperatively, there was
a strong correlation at both 3 months (0.90) and
12 months (0.86) postoperatively (Fig. 1d). At 3
and 12 months postoperatively, 317 (95%) and
181 (96%) of eyes were within 4+ 1.00 D of the
intended target, respectively (Fig.1le). Over
12 months, only 19% of eyes had a > 0.50 D
change (Fig. 1f).

Correction of Astigmatism

We found that 261 (78%) eyes had < 0.50 D
and 316 (95%) of 334 eyes had < 1.00 D of
astigmatism at 3 months. Similarly, at
12 months postoperatively, 143 (76%) eyes
had < 0.50 D, and 183 (97%) of 189 eyes had
< 1.00 D of astigmatism. There was a strong
correlation between the target and surgically

induced astigmatism vectors according to linear
regression analysis (Fig. 1g, h). The angle of
error was within + 15° of the target angle in 221
(77%) and 107 (66%) eyes at 3 and 12 months,
respectively (Fig. 11).

Review of Current Literature

A compilation of studies dating back to 1998
and FDA published clinical trials for LASIK
platforms approved for the treatment of hyper-
opia and hyperopic astigmatism are listed in
Tables 2 and 3, respectively. We performed a
meta-analysis using these data to assess for
changes in efficacy over time. Literature pub-
lished before 2005 reported a postoperative
UDVA of 20/20 or better in 32% of eyes, com-
pared to 68% of eyes in those published after
2005 (Fig. 2a). A similar trend was present to a
smaller degree in studies published by the FDA
(Fig. 2b). In the literature, studies prior to 2005
reported achieving 20/40 or better with an
average of 85%, whereas those after 2005
reported 98% (Fig. 3a). In the FDA published
data, this difference was only 1% between the
two time points (Fig. 3b).

We present a meta-analysis of the accuracy
outcomes defined as a MRSE within + 0.50 D of
the intended target (Fig. 4a, b). Notably, pub-
lished studies reported 45% versus 76% of eyes
that achieved an MRSE within + 0.50 D before
and after 2005, respectively. In the FDA data,
this discrepancy was absent between the two
time points as the percent change was 1%.

DISCUSSION

In our historical analysis and overview of vari-
ous platforms approved for the treatment of
hyperopic astigmatism, we were able to high-
light the advancements over time, most notably
before and after 2005. A trend towards better
efficacy was uncovered from our meta-analysis,
as shown in Figs. 2-4. Figure 5 displays a his-
torical trend of efficacy data from FDA-ap-
proved lasers in comparison to our current
study.

Despite recent advancements and the use of
refined nomograms, when we compare our
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Fig. 1 Nine standard graphs for reporting refractive
surgery outcomes for hyperopic treatments utilizing the
Allegretto EXS00 excimer laser at 3 and 12 months
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results to existing platforms for topography and
wavefront-guided LASIK for the treatment of
myopia, it is evident that the treatment of
hyperopia lags behind and has not reached its
peak [10]. The efficacy of myopic treatment is
near 90% for eyes, achieving a UDVA 20/20 or
better after surgery, significantly higher than

D diopters, Postop postoperative, Presp preoperative, SI4A
surgically induced astigmatism, 714 target induced astig-
matism, UDVA uncorrected distance visual acuity, VA
visual acuity

the average 68 and 64% we obtained for
hyperopic treatment from our meta-analysis for
the published literature and FDA clinical trials,
respectively. A significant limitation in hyper-
opic treatment is the angle x, which is the angle
formed between the visual axis and the pupil-
lary axis, identified clinically by the
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Table 3 Comparison of different lasers from FDA clinical studies for the treatment of hyperopic astigmatism

Study Year Device No. Follow- Percentage of eyes (%)
cves up (M) ypyA UDVA CDVA MRSE  MRSE
20/20  20/40  loss of within £ within +
or Or =2 050D 1.00D
Better  Better lines of of
intended intended
FDA Summit 1999 SVS Apex Plus 165 12 45.8 91.7 2.8 55.8 84.2
Technology Excimer Laser (144)
PMA: P930034/S12 Workstation,
- - PRK Empbhasis discs
(Hyperopic up (K and L), and
to +4D) .
axicon
Ladar FDA: PMA 2000 LADARVision 121 9 47.6 95.1 3.4 67.5 88.3
970043/S7 Excimer Laser (103)
(Hyperopic Cohort) System
Ladar FDA: 2000 LADARVision 94 9 51.8 95.2 4.4 70.2 91.5
PMA 970043/S7 Excimer Laser —(g3)
System
(Hyperopic
Astigmatic
Cobhort)
VISX FDA 2001 VISX STAR 144 6 48.1 97.0 3.8 76.4 91.0
PMA: P930016/512 Excimer Laser  (133)
System Models
$2 and S3
Allegretto FDA 2003 Wavelight 98 (80) 12 67.5 98.8 1.0 65.3 90.8
PMA: P030008 Allegretto
Wave
(200-400 Hz)
VISX FDA 2004 VISX STAR S4 27 12 77.8 92.6 ND 81.5 92.6
PMA: 930016/S17
Ladar FDA 2006 LADARVision 138 9 58.7 94.2 31.9 65.2 89.1
PMA: P970043/520 4000 and (128)
LADARG000
Excimer Laser
Systems
NIDEK FDA 2006 Nidek EC-5000 279 12 60.9 99.3 20.1 63.08 90.3
PMA: P970053/S9
MEL 80 FDA 2011 MEDITEC 153 12 66.7 96.7 52 78.4 922
MEL 80

PMA: P060004/S1
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Table 3 continued
Study Year Device No. Follow- Percentage of eyes (%)
eyes (M) UpvA UDVA CDVA MRSE  MRSE
20/20 20/40 loss of within £ within &
or Or =2 0.50 D 1.00 D
Better  Better  lines of of
intended intended
VISX FDA 2017 STAR S$4 IR 131 65.6 93.9 3.1 63.4 83.2

PMA P930016/548 Excimer Laser
and iDesign
Advanced
Wavescan

Studio System

ND no detail, MRSE manifest refractive spherical equivalent, UDVA uncorrected distance visual acuity, CDVA corrected
distance visual acuity, M months, FDA U.S. Food and Drug Administration, PMA premarket approval
*Numbers in parenthesis specify eyes without monovision for efficacy data (20/20 and 20/40 or better)

displacement of the corneal light reflex from
the center of the pupil. The larger this angle, the
more nasal the light reflex falls. This limits
treatment since ablation is performed around
the pupil instead of around the angle x, poten-
tially explaining why some patients lose Snellen
lines postoperatively. Visual regression may also
be attributed to the thickening of the epithe-
lium and stromal remodeling after surgery once
the periphery has been ablated.

While more modern lasers appear to increase
safety and efficacy in the treatment of hyper-
opia, with MRSE up to 6.0 D, it is important to
acknowledge the persistent limitations in these
systems [5, 11-13]. For example, Cobo-Soriano
et al. found a significant decline in predictabil-
ity beyond 4.0 D [14], and Esquenazi and
Mendoza concluded that safety and pre-
dictability reduced over 5.0 D [1]. In the 2000
study by Zadok et al.,, a prominent drop in
predictability from 88.9% in the low hyperopic
group (< 3.00 D) to 51.8% in the moderate
hyperopic (> 3.00 D) group can be seen [15].
Similarly, Choi et al. reported that in eyes
ranging from + 5.00 to 8.75 D, 50% of eyes lost
two lines on CDVA postoperatively [16]. In our
study, the preoperative sphere of those eyes
followed up to 12 months ranged from — 0.75
to + 4.25 D, and the MRSE ranged from — 0.88

to + 4.38 D. We stratified these data into low
(n=174, 0-2.99 D) and moderate (n =15,
3.00-5.00 D) degrees of hyperopia to further
assess the 1-year refractive outcomes after LASIK
(Table 4). Although the statistical analysis
revealed no significant difference between the
two groups, the results seemed to be trending
towards significance (p = 0.07 for 20/20 or bet-
ter). This outcome may have been affected by
the small sample size of the group with a
moderate degree of hyperopia; therefore, a lar-
ger sample size may have revealed that safety
and efficacy were indeed better in eyes
under + 2.99 D.

Even modern excimer lasers equipped with
extended optical zones and enhanced ablation
profiles are limited in terms of efficacy in the
treatment of moderate to high degrees of
hyperopia. In the FDA study which led to the
approval of the Allegretto Wavelight for treat-
ment of hyperopia, only 24 eyes between +
3.00 and + 4.00 D and 16 eyes between + 4.01
and + 5.00 D were assessed for efficacy.
Although the study approved the reduction or
elimination of hyperopic refractive errors with a
maximum MRSE of + 6.00 D, only seven eyes
between + 5.00 and + 6.00 D were included in
the study at the 6-month time point in which
the stratification was presented. Table 5
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A Source Proportion (95% CI)
Before 2005 1 Source Proportion (95% CI)
Goker etal. 1998 0.15[0.05; 0.24] —_— 1
Esquenazi et al. 1999 0.38 [0.26; 0.50] - T ) Before 2005
Lindstrom etal. 1999 021[0.03;039] ———— 0 FDA Summit Technology 1999 (Hyperopic PRK) 0.46(0.38;0.54] ———
Barraquer et al. 1999 0.39[0.28; 0.51] —— ! Ladar FDA 2000 (Hyperopic) 0.48(0.38;0.57) R S—
Zadok et al. 2000 (Low Hyperopia) 0.42[0.28; 0.57] =0 U Ladar FDA - 2000 (Hyperopic astigmatic) 0.52[0.41; 0.63] —_—
Zadok et al. 2000 (Moderate Hyperopia) 0.26 [0.09; 0.42] H VISX FDA 2001 0.48 [0.40; 0.57) o
Jaycock et al. 2005 0.43[0.28; 0.57] — Allegretto FDA 2003 0.68[0.57; 0.78] - ———
Total (fixed effect) 0.31[0.26; 0.36] - ! VISX FDA 2004 0.78[0.62; 0.93] —_—
Total (random effects) 0.32[0.24; 0.40) — 1 Total (fixed effect) 0.53[0.49; 0.57] -
Heterogenety: 7 = 20.7 (P = .002), Pa71% Total (random effects) 0.55[0.48; 0.61] ——
Heterogenety: 75 = 22.77 (P <.001), I = 78%
After 2005
Alid et al. 2006 (Low hyperopia) 0.78[0.67; 0.90] —— After 2005
Ali6 et al. 2006 (Moderate Hyperopia)  0.75[0.63; 0.86] —— Ladar FDA 2006 0.59(0.50; 0.67) ——
Waring etal. 2008 0.61[0.56; 0.67) - NIDEK FDA 2006 0.61[0.55; 0.67] ——
Kanellopoulos etal. 2012 0.59(0.52; 0.66] —— MEL 80 FDA 2011 0.67[0.59: 0.74] = g =
Alié etal. 2013 0.44[0.26;0.63] VISX FDA 2017 0.66{0.58; 0.74] -
Plaza-Puche 2015 0.75[0.65; 0.86] = Current Study 2020 0.69 [0.61; 0.78] ——
Reinstein et al. 2017 0.76[0.71,0.81] —— Total (fixed effect) 0.64 [0.60; 0.67) -
Reinstein etal. 2018 0.75[0.72;0.78] = Total (random effects) 0.64[0.58;0.71] B ——=—
Gauthier-Fournet et al. 2019 0.60[0.52; 0.68] - Heterogenety: 7 = 4.78 (P = .31), I = 16%
Current Study 2020 0.69 [0.61; 0.78] —_— ¢
Total (fixed effect) 0.70[0.68; 0.72] - Total (fixed effect) 0.59[0.57; 0.62) <
Total (random effects) 0.68[0.62; 0.74] ‘|’~'> Total (random eﬂects) 0.59[0.55; 0.64] e
Heterogeneity: 7, = 51.53 (P <.001), 1= 83% ! Heterogenetty: 7, = 44.34 (P <.001), P= =77%, f T T T T 1
| Residual heterogeneity: 75 = 27.55 (P = .001), P=67% 04 05 06 07 08 09
Total (fixed effect) 65[0.63; 0.67] - (95% CI)
Total (random effects) 0 56 [0.51; 0.60] -
Heterogenety: 73, = 288.42 (P <.001), 1% = 94%
Residual heterogeneity: /‘s =7222 (P <.001), 1" =79% 02 04 0.6 08
(95% CI)

Fig. 2 Meta-analysis of the published literature (a) and of U.S. Food and Drug Administration (FDA) clinical studies
(b) for postoperative UDVA 20/20 or better. CI Confidence interval

A Source

Proportion (95% Cl)

Before 2005 ;
Goker et al. 1998 0.67 [0.54; 0.79] —— '
Ditzen et al. 1998 (Low Hyperopia) 0.95[0.85; 1.00]
Ditzen et al. 1998 (Moderate Hyperopia) 0.91[0.80; 1.00]
Esquenazi et al. 1999 0.82[0.72;0.92] e —
Lindstrom et al. 1999 0.79[0.61;0.97] ———r
Barraquer et al. 1999 0.71[0.60; 0.82] e
Zadok et al. 2000 (Low Hyperopia) 0.96 [0.90; 1.00) —
Zadok et al. 2000 (Moderate Hyperopia) 0.78 [0.62; 0.93]
Choi etal. 2001 0.66 [0.49; 0.82] — !
Jaycock et al. 2005 0.87[0.78, 0.97) il |
Total (fixed effect) 0.86 [0.83; 0.89] -
Total (random effects) 0.85[0.82; 0.89] -
Heterogenety: 13 = 38.27 (P <.001), I* = 76%
After 2005
Waring et al. 2008 0.99[0.98; 1.00] -
Kanellopoulos etal. 2012 0.96 (0.93; 0.99] —
Ali6 etal. 2013 0.93[0.83; 1.00] —_——
Plaza-Puche 2015 0.98[0.95; 1.00] T
Reinstein etal. 2017 0.98 [0.96; 1.00] 8-
Reinstein etal. 2018 0.99 [0.98; 1.00) H
Gauthier-Fournet et al. 2019 0.97 [0.95; 1.00] -
Current Study 2020 0.97 [0.93; 1.00] —-L
Total (fixed effect) 0.99[0.98; 0.99] 4
Total (random gffects) 0.98 [0.96; 0.99] <
Heterogenety: 7; = 9.68 (P = 21), I* = 28% '

|
Total (fixed effect) 0.98 [0.98; 0.99] o
Total (random elleds) 0.96[0.94; 0.97] <
Heterogenety: 77, = 104.23 (P <.001), 1% = 84%_ T T T T T 1
Residual heterogenety: 73 = 47.96 (P < 001), I* = 67% 05 06 07 08 09 1

(95% CI)

Source Proportion (95% CI)
Before 2005 |
FDA Summit Technology 1999 (Hyperopic PRK) 0.92 [0.87; 0.96] —
Ladar FDA 2000 (Hyperopic) 0.95(0.91; 0.99]
Ladar FDA - 2000 (Hyperopic astigmatic) 0.95[0.91; 1.00]
VISX FDA 2001 0.97[0.94; 1.00]
Allegretto FDA 2003 0.99[0.96; 1.00] T o
VISX FDA 2004 0.93(0.83; 1.00]
Total (fixed effect) 0.97 [0.95; 0.98] o
Total (random effects) 0.96 [0.94; 0.98] —T
Heterogenetty: 73 = 9.12 (P = 10), I = 45%
After 2005
Ladar FDA 2006 0.95([0.91;0.98]
NIDEK FDA 2006 0.99[0.98; 1.00] -
MEL 80 FDA 2011 0.97[0.94; 1.00]
VISXFDA 2017 0.94[0.90; 0.98]
Current Study 2020 0.97 [0.93; 1.00] e
Total (fixed effect) 0.980.98; 0.99] <>
Total (random effects) 0.97[0.94; 0.99] -:r.l——
Heterogenetty: 7; = 13.92 (P =.008), I = T1% '

I
Total (fixed effect) 0.98[0.97; 0.99] <

Total (random eﬂeds) 0.96 [0.95; 0.98] -
Heterogenetty: 7, = 27.55 (P = .002), I = 64% _
Residual heterogeneity: /1 =23.04 (P =.006), I =61% 0.85 0.9 0.95 1

(95% CI)

Fig. 3 Meta-analysis of the published literature (a) and of U.S. FDA clinical studies (b) for postoperative UDVA 20/40 or

better

illustrates a comparison of the efficacy and
accuracy between our study and FDA-approved
platforms while accounting for the preoperative
MRSE. Better visual outcomes are observed in
most instances in eyes with a preoperative
MRSE < + 4.00 D.

Our results were similar to those reported by
Kanellopoulos et al. [17] and Motwani and Pei
[5] who included an assessment of the Alle-
gretto excimer laser platform using both 400 Hz
and EX500 systems. Motwani and Pei reported
that although the rate of regression was low in
both lasers, it was significantly less in the EX500

system. In our study, only 1.6% of patients
experienced a loss of two or more lines of CDVA
at 12 months postoperatively. This rate of
regression was among the lowest in the pub-
lished studies we analyzed. In fact, a trend
towards less regression can be appreciated in
studies after 2005 with the exception of 9.6%
reported by Alio et al. in 2013 (Table 2).

Our results also agree with reports by Waring
et al., Reinstein et al., Plaza-Puche et al., as well
as the FDA clinical trial that approved the
Allegretto EX500 platform [11-13, 18]. In our
study, we achieved a UDVA of 20/20 or better in
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A Source Proportion (95% Cl)
Before 2005 i
Goker et al. 1998 0.39[0.26; 0.52] !
Arbelaez et al. 1999 0.46[0.32; 0.60] = i
Lindstrom et al. 1999 0.47[0.25; 0.70]
Barraquer etal. 1999 0.55[0.43; 0.67] ——
Choi et al. 2001 0.34[0.18;0.51] E——
Kermani et al. 2005 0.60[0.49;0.71]
Jaycock et al. 2005 0.32[0.19; 0.45]
Total (fixed effect) 0.46[0.41; 0.51] -
Total (random el’eds) 0. 45 [0.38;0.53] —

Heterogenety: 1‘- 15.03 (P = .02), 12=60%

After 2005

Alid etal. 2006 0.90[0.82; 0.98] —
Alié etal. 2006 0.85[0.76; 0.95) —_—
Kezirian et al. 2008 0.75[0.67;0.82] R

Waring et al. 2008 0.63[0.58; 0.69] —=

Kanellopoulos etal. 2012 0.76 [0.70; 0.82] T

Ali etal. 2013 0.93[0.83; 1.00] —
Plaza-Puche 2015 0.71[0.60; 0.82)

Motwani et al. 2017 0.78[0.72; 0.84] (e
Reinstein et al. 2017 0.67 [0.64; 0.70] B

Reinstein etal. 2018 0.73(0.710.75] | ]
Gauthier-Fournet et al. 2019 0.66 [0.58; 0.73] —

Current Study 2020
Total (fixed effect) 0.73[0.71,0.74] K>
Total (random eﬂects) 0. 7640 .71; 0.80]
Heterogenety: -, = 73.4 (P <.001), I = 85%

0.78[0.72; 0.84]

Total (fixed effect) 0.71[0.70; 0.72)

Total (random effects) 0.68[0,64;0.72] -~

Heterogenety: 72 = 182.99 (P < .001), I* = 90%, ! ¥ y ¥ L
Residual heterogeneity: 7;, = 83.43 (P < .001), 1*=81%0.2 0.4 0.6 08 1

(95% CI)

Source Proportion (95% CI)
Before 2005
FDA Summit Technology 1999 (Hyperopic PRK) 0.56 [0.48;
Ladar FDA 2000 (Hyperopic) 0.68[0.59; 0.
Ladar FDA- 2000 (Hyperopic astigmatic) 0.70 0. —
VISX FDA 2001 0.76 (0.
Allegretto FDA 2003 0.65[0. —
VISX FDA 2004 0.8110. . -
Total (fixed effect) 0.68[0.65; 0.72] -
Total (random effects) 0.69[0.62; 0.76] —_—
Heterogenety: 1; = 19.42 (P = .002), I = 74%
After 2005
Ladar FDA 2006 0.65[0.57; 0 73] ———
NIDEK FDA 2006 7; ——
MEL 80 FDA 2011 0.78 (0. 85] —a—
VISXFDA 2017 0.63 [0.55; 0,72] ——
Current Study 2020 0.78 [0.72; .084] >+
Total (fixed effect) 0.70[0.67;0.73] -
Total (random effects) 0.70[0.63; 0.77) qlﬁ—
Heterogenety: 75 = 22.63 (P <.001), I* = 82% i
i
Total (fixed effect) 0.69[0.67,0.72) <>
Total (random effects) 0.69[0.64; 0.74] _—
Heterogeneity: 1, = 42.82 (P < 001), P=71%
Residual heterogenetty: 13 = 42.05 (P < .001), I = 79% 05 06 07 08 0.9
(95% ClI)

Fig. 4 Meta-analysis of the published literature (a) and of the FDA clinical studies (b) for manifest refractive spherical
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Fig. 5 A historical trend of efficacy data (20/20 or better) from FDA-approved lasers for laser-assisted in-situ keratomileusis

treatment of hyperopia and hyperopic astigmatism from 1999 to 2017 versus current study

69% of eyes at 12 months; however, our sur-
geons believe that this value underestimates the
true results seen in our patient population.
Within the past two decades, the literature
reveals that various lasers were sufficient in
correcting the spherical equivalent to within +
1.00 D in 51.8-98% of eyes (Table 2). Our cur-
rent study found that the Allegretto EXS500
excimer laser successfully achieved an MRSE

correction to within + 1.00 D of target in 96%
of eyes, supporting the accuracy of this plat-
form. To our best knowledge, supported by our
literature review, the FDA trial concerning the
approval of the Allegretto EXS00 (PMA#:
P030008) was simply an extension of the trial
that utilized the 200 Hz excimer laser. Similarly,
the study published by Kezirian et al. as an
extension of the FDA report utilized the
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Table 4 Refractive outcome parameters for each diopter bin

Preop MRSE 0Oto+299D  +300t0+500D  p value
Eyes 174 15 -

Preop MRSE £ SD +1.16 £ 0.92 +3.63 + 0.47 < 0.00001
Postop spherical equivalent (D) — 0544076  +0.38 % 055 < 0.00001
Post-operative UDVA (logMAR) 0.02 £ 0.10 0.07 + 0.14 0.20
Post-operative CDVA (logMAR) — 0.02 £+ 0.06 0.02 £ 0.10 0.13
UDVA 20/20 or better, n/N (%) 74/102 (73%) 7/15 (47%) 0.07
UDVA 20/40 or better, n/N (%) 100/102 (98%)  14/15 (100%) 0.34

Loss of one line CDVA, n/N (%) 7/174 (4%) 2/15 (13%) 0.15

Loss of two or more lines CDVA, n/N (%) 1/174 (0.6%) 1/15 (6.7%) 0.15
Postop spherical equivalent within 0.50 D of target (%) 139/174 (80%) 9/15 (60%) 0.10
Postop spherical equivalent within 1.00 D of target (%) 167/174 (96%) 14/15 (93%) 0.49

Postoperative period: 1 year

SD standard deviation, MRSE manifest refractive spherical equivalent, UDVA uncorrected distance visual acuity, CDVA

corrected distance visual acuity

Allegretto WAVE (400 Hz) [28]. Our study is the
first to assess the Allegretto EX500 excimer laser
with a large sample size at 12 months.

Modern excimer laser refractive surgery is an
exciting field in ophthalmology given its
advancing technology and trend towards
improved visual outcomes. Other excimer
lasers, such as the Schwind Amaris laser (Sch-
wind eye-tech-solutions, Kleinostheim, Ger-
many), a flying-spot excimer laser similar to the
Wavelight Allegretto with a pulse repetition rate
of 500-1050 Hz, have also shown promising
results [13, 19, 20]. The wavefront-guided Visx
iDesign (VISX Inc., Santa Clara, CA, USA) is
another modern technology that Moshirfar
et al. found to achieve a postoperative UDVA
equal to or better than the preoperative CDVA
in 69 and 65% of eyes at 3 and 12 months,
postoperatively [10]. These outcomes were
consistent with those of our current study on
the Allegretto EX500. However, Moshirfar et al.
found that when comparing the two platforms,
the Allegretto system had a mean postoperative
UDVA significantly better than that of the Visx
[20].

The retrospective nature and the loss to fol-
low-up of some of our patients are limitations of
the study. We recommend the use of a long-
term, prospective study to determine the
refractive outcomes of LASIK on hyperopic
astigmatism. This would be especially useful in
measuring the long-term trajectory of refractive
regression. Additionally, the inclusion of both
eyes in patients with bilateral treatments may
introduce additional underlying confounding
factors that could be limited by using outcome
data from a single, randomized eye in these
patients.

In 2003, the FDA approved the Allegretto
platform for LASIK surgery. In 2011, they
approved an increased pulse frequency of the
Wavelight Allegretto laser system from 400 to
500 Hz for the reduction or elimination of
hyperopic refractive errors up to + 6.00 D of
sphere with and without astigmatic refractive
errors up to 5.00 D. Since then, the Allegretto
EX500 excimer laser has seen further
improvement.
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Table S Comparison of efficacy variables stratified by preoperative MRSE for FDA data vs. current study
MRSE +3.01 to +4.00 D MRSE +4.01 to +5.00 D
No. UDVA UDVA MRSE MRSE No. UDVA UDVA MRSE MRSE
eyes 20/20 or  20/40 or eyes 20/20 or 20/40 or
better (%) better (%) +050 +1.00 better (%) better (%) +050 +1.00
D (%) D (%) D (%) D (%)
Allegretto 24 37.5 91.7 71.4 85.7 16 50.0 93.8 62.5 100
wavelight
(6 m.)
MEL 80 32 75.0 100 78.1 96.9 24 50.0 100 66.7 87.5
(9 m.)
LADAR 39 359 87.2 513 744 36 27.8 91.7 52.8 72.2
4000 and
6000
(6 m.)*
VISX STAR 22 54.5 95.5 68.2 81.8 23 435 73.9 39.1 56.5
4 with
IDesign
(12 m.)
Current 11 55.0 100 63.6 90.9 4 25.0 75.0 50.0 100
study
(12 m.)

MRSE manifest refractive spherical equivalent, UDVA uncorrected distance visual acuity, 7 months

*MRSE range is from 43.00 to +3.99 D and + 4.00 to 4+5.00 D

CONCLUSION

Our historical analysis of various excimer laser
platforms has revealed significant advance-
ments in safety, efficacy, predictability, and
rates of regression over the past two decades,
including a noteworthy shift after 2005. Per-
haps the optimized ablation profiles, enhanced
repetition rates, and advanced tracking systems
to keep up with the fastest eye movements have
contributed to this positive trend. Nonetheless,
a deficiency in the treatment of hyperopic
astigmatism remains evident compared to the
treatment of myopia which may be due to the
surgical technique involving ablation of the
corneal periphery and the induction of central
steepening. Although the refractive treatment
of hyperopia has limitations, our study—as well
as the scientific literature—demonstrate the

significant improvements seen over the past
15 years.
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