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Purpose: To compare the postoperative higher-order-aberrations (HOAs) after
hyperopic small incision lenticule extraction (SMILE), hyperopic laser-assisted in situ
keratomileusis (LASIK), and lenticule implantation for correction of hyperopia.

Methods: Eighteen monkeys were divided to six groups: þ2.00 D and þ4.00 D
hyperopic SMILE, þ2.00 D and þ4.00 D hyperopic LASIK (n ¼ 6 eyes for each), and
lenticule implantation with a �2.00 D and �4.00 D lenticule (n ¼ 3 eyes for each). The
corneal HOAs were evaluated preoperatively and 3-month postoperatively.

Results: At 3-month postoperatively, the spherical aberrations significantly increased
toward negative direction in all þ4.00 D groups (all P , 0.05). There was a significant
change toward more negative values in the third-order vertical coma in the SMILE
þ4.00 D and LASIK þ4.00 D groups (P ¼ 0.026 and P ¼ 0.036, respectively). There
were also significant changes in the third-order horizontal trefoil (P ¼ 0.034) and
oblique secondary astigmatism (P ¼ 0.012) in the LASIK þ4.00 D group. In the eyes
that underwent þ4.00 D lenticule implantation, the fourth-order horizontal quatrefoil
significantly increased (P ¼ 0.029). In low hyperopia correction (þ2.00 D), treatment
with lenticule implantation tended to have less changes in HOAs, compared to the
other two groups.

Conclusions: In hyperopic SMILE, hyperopic LASIK or lenticule implantation surgery,
significant induction of third- and fourth-order HOAs were seen in moderate
hyperopia correction but not in low hyperopia correction. In low hyperopia treatment,
lenticule implantation might offer a favorable trend in the aspect of HOAs.

Translational Relevance: The results provided the knowledge of surgically induced
HOAs and understanding of the effects of surgery in different types of hyperopic
correction.

Introduction

Hyperopia is a common refractive error with a
reported prevalence of 25.2% to 31.8% in adults.1,2

There are a variety of surgical treatments available for
hyperopia, aiming to modify either the lens or cornea.
These surgical options include laser-assisted in situ
keratomileusis (LASIK), photorefractive keratecto-
my, or phakic intraocular lens implantation.3 Femto-

second lenticule extraction (FLEx) is a relatively new
refractive surgery procedure in which a femtosecond
laser is used to create an intrastromal lenticule that is
removed after lifting the flap, as first described in
2006.4,5 The FLEx procedure was further modified by
eliminating the need for a flap by dissecting and
extracting the lenticule through a small incision,
known as a small incision lenticule extraction
(SMILE).4,5 In 2016, we reported the feasibility and
effects of hyperopic SMILE in an animal model,
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showing that hyperopic SMILE effectively steepened
the central cornea, and it had less postoperative
wound healing response and stromal interface reac-
tion compared to hyperopic LASIK, especially in
higher refractive correction.6 Sekundo et al.5 also
reported acceptable 9-month refractive and visual
outcomes in their first pilot study on the use of FLEx
for the treatment of spherical hyperopia. Hence,
refractive lenticule extraction (ReLEx), either FLEx
or SMILE, provides new treatment options for
hyperopia.

Higher-order-aberrations (HOAs) following re-
fractive surgery, both naturally existing and surgically
induced, affect postoperative visual optical quality.
Postoperative HOAs have been examined following
myopic-SMILE. Studies have shown that most third-
order and fourth-order HOAs, mainly coma and
spherical aberrations, increased after myopic
SMILE.4,7–9 However, compared to femtosecond-
LASIK, the induction of HOAs was significantly
lower in SMILE patients.10,11 Hyperopic SMILE has
several differences in the lenticule profiles from
myopic-SMILE and therefore the postoperative
HOAs changes are expected to be different. In
hyperopic SMILE, the lenticule is thinnest in the
central area, and there is the presence of a transition
zone of at least 2 mm,5,6 in the mid periphery outside
the optical zone (OZ), to reduce the curvature
gradient of the stromal surface in the region of the
maximum tissue removal and therefore reduce the
amount of epithelial thickness compensation, one of
the major drivers of regression in hyperopic correc-
tions.12 Kohnen et al.13 conducted a retrospective
comparative study comparing the corneal HOAs
induced by myopic and hyperopic LASIK. All
surgeries were performed under similar environmental
and surgical conditions, and the authors reported that
myopic LASIK induced more positive spherical
aberrations and positive secondary astigmatism,
whereas hyperopic LASIK induced more negative
spherical aberrations and negative secondary astig-
matism. Hyperopic LASIK also induced more third-
and fifth-order coma-like aberrations than myopic
LASIK.13 More recently, Plaza-Puche et al.14 also
reported that a significant increase of root mean
square (RMS) spherical-like, coma-like, and higher-
order aberration was observed after hyperopic LA-
SIK using an Amaris excimer. However, the data on
the changes in HOAs following hyperopic SMILE are
very limited.

The extracted stromal lenticule from a SMILE
procedure can be used for other purposes based on

the concept of intrastromal tissue addition. It has
been described to be used as a corneal patch graft for
the management of corneal micro-perforation or
partial-thickness corneal defect,15 and for the treat-
ment of keratoconus, by transplanting the lenticule
into stroma.16,17 The lenticule implantation can also
be used for the correction of hyperopia as implanting
a convex-shaped lenticule obtained from a myopic
SMILE procedure results in steeper central cor-
nea.18,19

In the present study, we aimed to evaluate and
compare the postoperative HOA profiles after hyper-
opic SMILE, hyperopic LASIK, and lenticule im-
plantation for correction of hyperopia, by using a
nonhuman primate monkey model.

Methods

Study Animals and Experimental Groups

A total of 18 Macaca fascicularis monkeys, aged 2
to 5, were used. Among the 36 eyes, 24 eyes were
randomly divided to four groups: þ2.00 dioptres (D)
hyperopic SMILE,þ2.00 D hyperopic LASIK,þ4.00
D hyperopic SMILE, andþ4.00 D hyperopic LASIK
(n ¼ 6 eyes for each group). The other 12 eyes were
used for the lenticule implantation experiments, with
the right eyes having�2.00 D (n¼3 eyes) and�4.00 D
(n ¼ 3 eyes) SMILE performed to obtain lenticules,
and the left eyes having corresponding�2.00 D (n¼ 3
eyes) and�4.00 D (n¼ 3 eyes) lenticule implantation.
The study was approved by the Institutional Animal
Care and Use Committee (IACUC) of SingHealth,
Singapore. All animals are treated according to the
guidelines of the Association for Research in Vision
and Ophthalmology’s Statement for the Use of
Animals in Ophthalmic and Vision Research. During
surgical and examination procedures, the animals
were tranquilized intramuscularly with ketamine
hydrochloride 10 mg/kg or medetomidine 0.02 mg/
kg. Additionally, anesthesia was induced with 2% to
3% inhaled isoflurane and maintained with 1% to 2%
inhaled isoflurane.

Hyperopic SMILE Procedure

Hyperopic SMILE procedures were performed as
described previously.6 Correction ofþ2.00 D orþ4.00
D was performed using a 500-kHz femtosecond laser
(Visumax; Carl Zeiss Meditec, Germany). The eye
was docked on a small curved interface suction cone.
Once suction was applied, laser incisions were made in
the following automated sequence: (1) a spiral-in
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pattern on the posterior surface of the lenticule with a
5.5-mm diameter, equating the OZ, (2) a spiral-out
pattern on the posterior surface of the lenticule, from
the edge of the OZ for 2.0 mm, corresponding to the
transition zone, (3) a vertical 908 lenticule side cuts,
(4) a spiral-out anterior surface of the lenticule,
cutting 7.9 mm diameter cap (5) followed by a
superiorly placed 2.5-mm wide incision at 1208. The
femtosecond laser parameters were as follows: 120-
lm cap thickness, 7.9-mm cap diameter, 170 nJ
power, and side cut angles at 908. The spot distance
and tracking spacing were set respectively at 3 lm for
the lenticule, 1 lm for the lenticule side, 3 lm for the
cap, and 2 lm for the cap side cut. The diameter of
the lenticule was 7.5 mm, which is equal to the 5.5-
mm OZ plus the 2-mm transition zone. After
completion of the laser firing, the anterior surface of
the lenticule was bluntly dissected with a SMILE
dissector, followed by the posterior surface. The
lenticule was then grasped and removed by a Tan
DSAEK forceps (ASICO, Westmont, IL).

Hyperopic LASIK Procedure

LASIK flaps were created with the Visumax
femtosecond laser. The laser parameters were as
follows: 120-lm flap thickness, 7.9-mm flap diame-
ter, 170 nJ power, spot distance and tracking spacing
of 4.8 lm for lamellar flap and 2 lm for flap side cut,
flap side cut at 908, hinge position at 908, hinge angle
of 508, and spiral in scanning pattern direction. After
the flap was lifted, the underlying stroma underwent
a hyperopic ablation of þ2.00 D or þ4.00 D with a
10.0 3 10.0 mm and 10.1 3 10.1 mm treated zone,
respectively, and with a 7.5-mm OZ using an excimer
laser (Technolas; Bausch & Lomb, Rochester, NY).
The excimer laser parameters were as follows: spot
size of 2.0 lm diameter, fluence of 120 mJ/cm2, and
repetition rate of 100 Hz. The flaps were subse-
quently repositioned, a bandaged contact lens was
immediately applied, and temporary tarsorrhaphy
was used to close the eyelids.

Lenticule Implantation

One eye of each animal was randomly selected for
myopic SMILE procedure. Refraction correction of
�2.00 D (n¼ 3) and�4.00 D (n¼ 3) were performed
using a previously described technique20,21 with the
use of the Visumax femtosecond laser. The laser
parameters were as follows: 120-lm cap thickness,
7.5-mm cap diameter, and 6.5-mm lenticule diameter,
with the laser energy at 170 nJ. The lenticule was

grasped and removed by Tan DSAEK forceps and
then implanted into the contralateral eye, in a 7.9-mm
intrastromal pocket created by the Visumax femto-
second laser, at the depth of 160 lm and over the
pupillary center.

All the procedures were performed by an experi-
enced corneal surgeon (J.S.M). A subconjunctival
injection of dexamethasone and gentamicin was given
immediately after surgery. After removal of sutures of
tarsorrhaphy on day 3, 0.3% tobramycin and 0.1%
dexamethasone eye drops were administrated four
times daily for 1 week.

Assessment of Corneal Thickness and
Higher-Order Aberrations

The preoperative and postoperative corneal HOAs
at 3 months were evaluated by the ATLAS 9000
Corneal Topography System with corneal wavefront
Zernike analysis (Carl Zeiss Meditec) with a 4.5-mm
pupil without topical pharmacological intervention.
Slit lamp examination was also performed with the
instillation of 1% mydriacyl eye drops for the lenticule
implantation group to better visualize the margin of
implanted lenticule. The preoperative and 3-month
central corneal thickness (CCT) were measured using
the in-built ruler of the anterior segment optical
coherence tomography (ASOCT; RTVue; Optovue,
Inc, Fremont, CA). For each eye at each time point,
three high-resolution corneal cross-sectional scans (8-
mm scan length, single scan mode) were obtained, and
the average was taken. All examinations were
performed by an experienced technician (N.L.C).

Statistical Analysis

All data were expressed as mean 6 standard
deviation. The Wilcoxon signed rank test was used
for the comparison of preoperative and postoperative
HOAs. The Mann-Whitney U test was applied to
compare the HOAs between þ2.00 D and þ4.00 D.
Kruskal-Wallis rank test with pairwise Mann-Whitney
U tests and Bonferroni corrections were used to
compare the HOAs across the three or six groups. P
values less than 0.05 were considered statistically
significant. All the statistical analyses were performed
using STATA software (version 13; StataCorp,
College Station, TX).

Results

On the slit lamp evaluation, all corneas were clear
throughout the study period. There was no haze
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formation, flap dislocation, wound tear, or other
complications. The implanted lenticule was visible
and well-centered, and had integrated with the
surrounding stroma at 3 months (Fig. 1). The
preoperative CCT was 438.8 6 34.4, 458.2 6 28.4,
464.7 6 30.5, 428.5 6 32.9, 442.9 6 19.2, and 452.2
6 24.8 lm (P ¼ 0.62), and 3-month CCT was 420.2
6 28.9, 444.0 6 21.8, 480.3 6 31.6, 398.9 6 25.8,
417.2 6 23.7, and 471.5 6 30.0 lm (P¼ 0.54), for the
SMILE þ2.00 D, LASIK þ2.00 D, lenticule þ2.00 D

implantation, SMILEþ4.00 D, LASIKþ4.00 D, and
lenticuleþ4.00 D implantation groups. The CCT was
458.0 and 449.7 lm for the control group preopera-
tively and at 3 months.

The preoperative and postoperative values of
HOAs for all the groups are summarized in Table
1, and the changes of HOAs 3 months after surgery
for different groups are summarized in Table 2 and
Figure 2. The values of all parameters across the six
groups preoperatively were comparable (P . 0.05

Figure 1. Slit-lamp biomicroscopy of corneas at 3 months after hyperopic SMILE (þ4.00 D; A), hyperopic LASIK (þ4.00 D; B), and lenticule
implantation (þ4.00 D; C). All corneas remained clear. The arrow indicated the margin of implanted lenticule.

Figure 2. Bar graph showing the induction of RMS, spherical aberrations, vertical coma, and horizontal coma 3 months after different
types of surgery. The HOA induction was more significant in theþ4.00 D correction thanþ2.00 D correction, regardless of the surgical
types. In lower hyperopic treatment, the lenticule implantation group had less HOA induction than the other two groups. Error bars:
standard errors.
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for all parameters). At 3 months’ postoperatively,
the RMS of total HOAs increased after surgery in all
eyes, and the amount of increase was greater in the
þ4.00 D than in þ2.00 D treatment in all types of
surgery. The spherical aberrations significantly
increased toward negative direction for the SMILE
þ4.00 D, LASIK þ4.00 D, and lenticule þ4.00 D
implantation eyes (P ¼ 0.046, P ¼ 0.022, and P ¼
0.048, respectively). There was a significant change
toward more negative values in the third-order
vertical coma for the SMILE þ4.00 D and LASIK
þ4.00 D groups (P ¼ 0.026 and P ¼ 0.036,
respectively). There were also significant changes in
the third-order horizontal trefoil (toward more
positive values; P ¼ 0.034) and oblique secondary
astigmatism (toward more negative values; P ¼
0.012) in the eyes treated with LASIK þ4.00 D. In
the eyes that underwent þ4.00 D lenticule implanta-
tion, the fourth-order horizontal quatrefoil signifi-
cantly increased (P¼ 0.029; Table 2). Of note, in the

eyes with a lower refractive correction (SMILE
þ2.00 D, LASIKþ2.00 D, and lenticule implantation
þ2.00 D groups), there were no significant changes
in the HOAs parameters after surgery. The eyes
treated with þ2.00 D lenticule implantation tended
to have less changes in the majority of HOA
parameters, compared to the SMILE þ2.00 D and
LASIK þ2.00 D groups.

Table 3 compares the postoperative HOA induc-
tion between any two groups. At 3 months, there was
no significant difference in the HOA induction
between any two of the three groups.

Discussion

In the present study, we reported that the RMS of
total HOAs increased, and the spherical aberrations
became more negative after hyperopic treatments,
regardless of the treatment options (SMILE, LASIK,
or lenticule implantation) and with no significant

Table 1. Preoperative and Postoperative Values of HOAs

SMILE þ2.00 D SMILE þ4.00 D LASIK þ2.00 D

Preoperative
Total RMS 0.360 6 0.047 0.458 6 0.093 0.515 6 0.031
Z (3,�3) oblique trefoil �0.880 6 0.396 �0.259 6 0.401 �0.894 6 0.482
Z (3,�1) vertical coma �0.157 6 0.316 �0.256 6 0.411 �0.874 6 0.355
Z (3,1) horizontal coma 0.601 6 0.236 0.327 6 0.259 �0.167 6 0.702
Z (3,3) horizontal trefoil 0.301 6 0.102 0.537 6 0.422 �0.106 6 0.443
Z (4,�4) oblique quatrefoil 0.063 6 0.355 �0.174 6 0.215 �0.150 6 0.248
Z (4,�2) oblique secondary astigmatism �0.069 6 0.124 �0.041 6 0.275 0.174 6 0.142
Z (4,0) spherical aberrations 0.656 6 0.138 0.523 6 0.146 0.709 6 0.062
Z (4,2) WTR/ATR 2nd astigmatisma �0.077 6 0.056 �0.038 6 0.034 �0.375 6 0.181
Z (4,4) horizontal quatrefoil �0.068 6 0.125 �0.068 6 0.013 0.030 6 0.065

Postoperative 3 months
Total RMS 0.431 6 0.053 0.540 6 0.890 0.555 6 0.203
Z (3,�3) oblique trefoil 0.202 6 0.328 0.244 6 0.398 0.235 6 0.568
Z (3,�1) vertical coma �1.166 6 0.536 �1.495 6 0.578 �1.016 6 0.486
Z (3,1) horizontal coma 0.127 6 0.408 �0.029 6 0.557 �0.218 6 0.389
Z (3,3) horizontal trefoil 0.401 6 0.175 0.368 6 0.366 �0.074 6 0.303
Z (4,�4) oblique quatrefoil 0.028 6 0.202 0.004 6 0.142 �0.104 6 0.299
Z (4,�2) oblique 2nd astigmatism �0.071 6 0.248 0.028 6 0.159 �0.152 6 0.142
Z (4,0) spherical aberrations 0.105 6 0.168 �0.310 6 0.084 �0.278 6 0.441
Z (4,2) WTR/ATR 2nd astigmatisma �0.270 6 0.190 �0.023 6 0.026 �0.348 6 0.302
Z (4,4) horizontal quatrefoil 0.169 6 0.115 �0.122 6 0.186 0.353 6 0.127
a WTR/ATR: with-the-rule/against-the-rule.
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differences among the treatment options. In lower
refractive correction, there were no significant chang-
es in the HOA parameters after surgery in all groups,
and the eyes treated with þ2.00 D lenticule implan-
tation tended to have less changes in postoperative
HOAs, compared to the SMILEþ2.00 D and LASIK
þ2.00 D groups. Significant induction of third- and
fourth-order HOAs, including that of spherical
aberrations, was seen in higher refractive correction
(þ4.00 D) in all three groups.

The change in corneal shape following refractive
surgery, and consequently the induction of HOAs,
may affect visual quality despite good visual
outcomes.22 The laser ablation profiles on corneas
for hyperopic treatment are different from those for
myopic correction. In hyperopic LASIK, the excimer
laser ablates a ring of tissue in the midperipheral
zone, generating central corneal steepening, making
the cornea more prolate and decreasing corneal
asphericity. It is known that after hyperopic laser
vision correction, HOAs increase even more than

they do in myopic eyes but in the opposite direction
(i.e., toward negative values).22 Hyperopic LASIK
has been reported to induce negative spherical
aberrations and negative secondary astigmatism,
and it induced more third- and fifth-order coma-like
aberrations compared to myopic LASIK.14 Hyper-
opic SMILE is a new treatment option for hyper-
opia, and there is limited published literature.6,23 In
hyperopic SMILE, the lenticule to be extracted is
thinnest in the central area (preset to 25–30 microns),
and there is the presence of a transition zone, in the
mid periphery outside the OZ. These lenticule
profiles are different from those in a myopic SMILE
procedure. A myopic SMILE procedure has been
reported to have less induction of postoperative
HOAs than femtosecond-LASIK.23 In the present
study, we did not observe significant difference in the
postoperative HOAs induced between the hyperopic
SMILE (OZ ¼ 5.5 mm) and hyperopic LASIK
groups (OZ ¼ 7.5 mm). In a recent study reporting
the postoperative spherical aberrations on 60 hyper-

Table 1. Extended

LASIK þ4.00 D

Lenticule
Implantation
þ2.00D

Lenticule
Implantation
þ4.00 D

Preoperative
Total RMS 0.236 6 0.031 0.370 6 0.120 0.310 6 0.210
Z (3,�3) oblique trefoil �0.015 6 0.153 �0.471 6 0.046 0.371 6 0.240
Z (3,�1) vertical coma �0.059 6 0.282 �0.371 6 0.069 �0.977 6 0.824
Z (3,1) horizontal coma �0.256 6 0.152 0.530 6 0.188 0.437 6 0.382
Z (3,3) horizontal trefoil �0.066 6 0.064 0.206 6 0.292 �0.187 6 0.135
Z (4,�4) oblique quatrefoil 0.008 6 0.058 0.043 6 0.025 0.243 6 0.214
Z (4,�2) oblique secondary astigmatism 0.156 6 0.048 0.261 6 0.264 �0.052 6 0.065
Z (4,0) spherical aberrations 0.759 6 0.036 0.694 6 0.426 0.766 6 0.461
Z (4,2) WTR/ATR 2nd astigmatisma �0.121 6 0.074 0.195 6 0.107 0.369 6 0.359
Z (4,4) horizontal quatrefoil 0.121 6 0.100 0.136 6 0.126 �0.103 6 0.107

Postoperative 3 months
Total RMS 0.500 6 0.087 0.413 6 0.155 0.520 6 0.090
Z (3,�3) oblique trefoil 0.030 6 0.348 �0.054 6 0.498 �0.456 6 0.335
Z (3,�1) vertical coma �1.559 6 0.574 �0.214 6 0.205 �0.696 6 1.290
Z (3,1) horizontal coma �0.637 6 0.550 0.158 6 0.543 �0.131 6 0.052
Z (3,3) horizontal trefoil 0.438 6 0.184 �0.133 6 0.130 0.377 6 0.316
Z (4,�4) oblique quatrefoil 0.048 6 0.068 0.051 6 0.197 0.063 6 0.074
Z (4,�2) oblique 2nd astigmatism �0.152 6 0.089 0.120 6 0.055 0.012 6 0.059
Z (4,0) spherical aberrations �0.264 6 0.164 0.602 6 0.318 0.505 6 0.041
Z (4,2) WTR/ATR 2nd astigmatisma 0.088 6 0.103 �0.120 6 0.293 �0.667 6 0.525
Z (4,4) horizontal quatrefoil �0.154 6 0.103 0.149 6 0.299 0.290 6 0.103
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Table 2. Mean Changes of HOAs at 3 Months Postoperatively

Differences Between Preoperative
and 3-Month HOAsa (P Value)

SMILE þ2.00 D
Total RMS 0.071 6 0.042 (0.485)

Z (3,�3) oblique trefoil 1.082 6 0.821 (0.698)
Z (3,�1) vertical coma �1.009 6 0.645 (0.151)
Z (3,1) horizontal coma �0.474 6 0.289 (0.364)
Z (3,3) horizontal trefoil 0.100 6 0.176 (0.708)
Z (4,�4) oblique quatrefoil �0.035 6 0.025 (0.858)
Z (4,�2) oblique secondary astigmatism �0.002 6 0.002 (0.993)
Z (4,0) spherical aberrations �0.551 6 0.167 (0.174)
Z (4,2) WTR/ATR secondary astigmatismb �0.193 6 0.091 (0.446)
Z (4,4) horizontal quatrefoil 0.237 6 0.114 (0.228)

SMILE þ4.00 D
Total RMS 0.082 6 0.058 (0.589)

Z (3,�3) oblique trefoil 0.503 6 0.034 (0.092)
Z (3,�1) vertical coma �1.239 6 0.681 (0.026)*
Z (3,1) horizontal coma �0.356 6 0.058 (0.335)
Z (3,3) horizontal trefoil �0.169 6 0.042 (0.717)
Z (4,�4) oblique quatrefoil 0.178 6 0.059 (0.438)
Z (4,�2) oblique 2nd astigmatism 0.069 6 0.040 (0.824)
Z (4,0) spherical aberrations �0.833 6 0.084 (0.046)*
Z (4,2) WTR/ATR secondary astigmatismb 0.015 6 0.035 (0.870)
Z (4,4) horizontal quatrefoil �0.054 6 0.028 (0.745)

LASIK þ2.00 D
Total RMS 0.040 6 0.017 (0.811)

Z (3,�3) oblique trefoil 1.129 6 0.729 (0.095)
Z (3,�1) vertical coma �0.142 6 0.079 (0.853)
Z (3,1) horizontal coma �0.051 6 0.041 (0.944)
Z (3,3) horizontal trefoil 0.032 6 0.011 (0.953)
Z (4,�4) oblique quatrefoil 0.046 6 0.027 (0.830)
Z (4,�2) oblique secondary astigmatism �0.326 6 0.202 (0.376)
Z (4,0) spherical aberrations �0.987 6 0.057 (0.833)
Z (4,2) WTR/ATR secondary astigmatismb 0.027 6 0.012 (0.958)
Z (4,4) horizontal quatrefoil 0.323 6 0.178 (0.191)

LASIK þ4.00 D
Total RMS 0.264 6 0.077 (0.076)

Z(3,�3) oblique trefoil 0.045 6 0.025 (0.909)
Z(3,�1) vertical coma �1.500 6 0.869 (0.036)*
Z(3,1) horizontal coma �0.381 6 0.144 (0.518)
Z(3,3) horizontal trefoil 0.504 6 0.288 (0.034)*
Z(4,�4) oblique quatrefoil 0.040 6 0.021 (0.855)
Z(4,�2) oblique secondary astigmatism �0.308 6 0.179 (0.012)*
Z(4,0) spherical aberrations �1.023 6 0.278 (0.022)*
Z(4,2) WTR/ATR secondary astigmatismb 0.209 6 0.062 (0.265)
Z(4,4) horizontal quatrefoil �0.275 6 0.143 (0.146)
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opic SMILE procedures, the authors reported that
spherical aberrations changed in the SMILE proce-
dures with an OZ of 6.37 mm was significantly less
than that in the LASIK procedures with a similar OZ
(6.5 mm).23 The smaller OZ used in the hyperopic
SMILE groups than that in the hyperopic LASIK
groups in the present study may contribute to why
no significant differences were observed between
these two groups.

The use of refractive lenticule extracted from
SMILE for the treatment of hyperopia has been
shown as a safe and effective procedure in patients
as well as animal studies.18,24–26 It offers an
alternative to excimer laser ablation, such as
hyperopic photorefractive keratectomy (PRK) or
hyperopic LASIK, but also offers advantages of
possible low risks of refractive regression, postop-
erative dry eye, and elimination of flap-related
complications. The changes in the HOAs following

lenticule implantation for hyperopic treatment have
yet to be investigated. Ganesh et al.18 reported in a
pilot study, on nine hyperopic eyes that underwent
implantation of a cryopreserved allogeneic lenticule,
with a mean preoperative spherical equivalent of
þ4.5 6 1.1 D. The RMS did not significantly
increase postoperatively. Hence lenticule implanta-
tion may be an attractive alternative to hyperopic
PRK and hyperopic LASIK, with respect to
induction of HOAs because the shape of the cornea
becomes more natural after tissue addition com-
pared with tissue subtraction, although in their
study there were no comparison groups and the
induced RMS was not consistent in those who
received similar refractive power of lenticule.18 We
also observed that in low hyperopic correction, the
lenticule implantation group tended to have less
induction of postoperative HOAs than the other two
groups, in the majority of parameters. In view of

Table 2. Continued

Differences Between Preoperative
and 3-Month HOAsa (P Value)

Lenticule implantation þ2.00 D
Total RMS 0.043 6 0.019 (0.555)

Z(3,�3) oblique trefoil 0.417 6 0.255 (0.469)
Z(3,�1) vertical coma 0.157 6 0.089 (0.558)
Z(3,1) horizontal coma �0.372 6 0.092 (0.104)
Z(3,3) horizontal trefoil �0.339 6 0.224 (0.553)
Z(4,�4) oblique quatrefoil 0.008 6 0.057 (0.628)
Z(4,�2) oblique secondary astigmatism �0.141 6 0.108 (0.554)
Z(4,0) spherical aberrations �0.092 6 0.323 (0.546)
Z(4,2) WTR/ATR secondary astigmatismb �0.315 6 0.267 (0.105)
Z(4,4) horizontal quatrefoil 0.013 6 0.008 (0.972)

Lenticule implantation þ4.00 D
Total RMS 0.210 6 0.148 (0.159)

Z(3,�3) oblique trefoil �0.827 6 0.226 (0.604)
Z(3,�1) vertical coma 0.281 6 0.167 (0.663)
Z(3,1) horizontal coma �0.586 6 0.341 (0.286)
Z(3,3) horizontal trefoil 0.564 6 0.421 (0.228)
Z(4,�4) oblique quatrefoil �0.180 6 0.190 (0.409)
Z(4,�2) oblique secondary astigmatism 0.064 6 0.042 (0.942)
Z(4,0) spherical aberrations �0.261 6 0.238 (0.048)*
Z(4,2) WTR/ATR secondary astigmatismb �1.036 6 0.427 (0.399)
Z(4,4) horizontal quatrefoil 0.393 6 0.008 (0.029)*
a (HOAs at 3 months) � (preoperative HOAs).
b WTR/ATR: with-the-rule/against-the-rule.
* P , 0.05.
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postoperative HOAs, lenticule implantation might
be a favorable option for low hyperopic correction,
but the relationship between the depth of implanta-
tion and HOA induction warrants further investi-
gation.

In the present study, the spherical aberrations
changed toward more negative values in all eyes, and
the changes were more significant in the moderate
hyperopia groups (þ4.00 D), regardless of the
treatment. The increase of RMS was also greater in
the moderate hyperopia groups than in low hyperopia
groups in all three treatment types. These are
consistent with previous studies showing that the
higher the degree of hyperopia to be corrected, the
greater the induction of negative spherical aberra-
tions,27,28 and the postoperative RMS was linearly
correlated to the refractive correction.29

This study was the first comprehensive evaluation
comparing all modalities for hyperopia. The limita-
tion of the present study was the small sample size.
As no data were published on the comparisons of

HOAs following hyperopic SMILE, hyperopic LA-
SIK and lenticule implantation, the sample size (i.e.,
n¼ 6) was calculated based on the results of previous
literature18 to tell a significant change in the HOAs
after lenticule implantation. Due to the strict ethical
regulation on the use of nonhuman primates, larger
sample size .6 was not allowed, and this might
account for the lack of significant difference among
the groups, although the lenticule implantation
group showed a favorable trend in some of HOA
parameters in lower power of correction (Table 2). A
nonhuman primate is the most appropriate animal
model to study lenticule implantation as primates
share the highest ocular similarities and genetic
homologies with human,30,31 compared to other
animal models such as rabbits or rats. M. fascicularis
monkeys, the animal model used in this study, have
been used in various eye research.32–34 They have a
similar corneal diameter as well as corneal corneal
vertical/horizontal ratio to human eyes.32

In conclusion, we demonstrated that in hyperopic

Table 3. Comparisons of the HOA Induction at Postoperative 3 Months Between Any Two Groups

Mean Difference of
the Postoperative

HOA Induction
Between SMILE
þ2.00 D and LASIK
þ2.00 D Groupsa

(P Value)

Mean Difference of
the Postoperative

HOA Induction
Between SMILE
þ2.00 D and

Lenticule
Implantation
þ2.00 D Groupsa

(P Value)

Mean Difference of
the Postoperative

HOA Induction
Between LASIK
þ2.00 D and

Lenticule
Implantation
þ2.00 D Groupsa

(P Value)

Total RMS �0.031 6 0.018 (0.861) �0.028 6 0.009 (0.980) 0.003 6 0.001 (0.838)
Z (3,�3) oblique trefoil 0.047 6 0.012 (0.898) �0.665 6 0.129 (0.437) �0.712 6 0.281 (0.354)
Z (3,�1) vertical coma 0.867 6 0.732 (0.378) 1.166 6 0.795 (0.791) 0.299 6 0.178 (0.230)
Z (3,1) horizontal coma 0.423 6 0.267 (0.628) 0.102 6 0.490 (0.076) �0.321 6 0.255 (0.328)
Z (3,3) horizontal trefoil �0.068 6 0.561 (0.906) �0.439 6 0.272 (0.395) �0.371 6 0.185 (0.667)
Z (4,�4) oblique

quatrefoil
0.081 6 0.062 (0.777) 0.043 6 0.921 (0.681) �0.038 6 0.030 (0.894)

Z (4,�2) oblique 2nd
astigmatism

�0.324 6 0.156 (0.511) �0.139 6 0.091 (0.748) 0.185 6 0.199 (0.361)

Z (4,0) spherical
aberrations

�0.436 6 0.454 (0.382) 0.459 6 0.267 (0.114) 0.895 6 0.096 (0.706)

Z (4,2) WTR/ATR 2nd
astigmatismb

0.220 6 0.174 (0.689) �0.122 6 0.093 (0.738) �0.342 6 0.278 (0.648)

Z (4,4) horizontal
quatrefoil

0.086 6 0.672 (0.767) �0.224 6 0.202 (0.519) �0.310 6 0.094 (0.443)

a (The postoperative HOA changes in the latter group) � (The postoperative HOA changes in the former group).
b WTR/ATR: with-the-rule/against-the-rule.
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SMILE, hyperopic LASIK, or lenticule implantation
surgery, the negative spherical aberrations increased
postoperatively, and this change was greater in the
moderate hyperopic treatment. Significant induction
of third- and fourth-order HOAs was also seen in
higher refractive correction (þ4.00 D) but not in
lower refractive correction (þ2.00 D), with compa-
rable amount of increase across the three groups. In
low hyperopia treatment, lenticule implantation
appeared to have less induction of HOAs than
hyperopic SMILE and hyperopic LASIK. Our
results provide new information on the induction
of HOAs with these new treatment modalities.
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