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ABSTRACT

Introduction: The aim of this study was to
analyze the changes in corneal spherical aber-
ration following regular ablation (RA) and
wavefront-guided (WFG) ablations in photore-
fractive keratectomy (PRK) and laser-assisted
in situ keratomileusis (LASIK).

Methods: A retrospective analysis was per-
formed on the eyes that underwent femtosec-
ond LASIK or PRK between January 2016 and
December 2018. Changes in the corneal spher-
ical aberration were measured preoperatively
and postoperatively with a high-resolution
Scheimpflug camera system, and they were
correlated with the attempted correction and all
other tomography parameters.

Results: Of the 3826 eyes that were reviewed,
484 eyes met the inclusion criteria and were
enrolled in the study. Seventy-four eyes under-
went PRK and 410 eyes underwent LASIK. The
LASIK and PRK subgroups were similar in terms
of the general demographics, preoperative
higher-order  aberrations, and  manifest

A. Russo (X)) - O. Filini - C. Salvalai - G. Festa -

L. Delcassi

Centro Oculistico Bresciano SRL, Via dei Mille, 14,
25122 Brescia, Italy

e-mail: dott.andrea.russo@gmail.com

A. Boldini - F. Morescalchi - F. Semeraro
Department of Neurological and Vision Sciences,
Eye Clinic, University of Brescia, Brescia, Italy

spherical equivalent. The changes in spherical
aberration were significantly correlated with the
attempted correction in both LASIK (y=
-0.35x and R*=0.42 for myopic WFG; y =
-0.18x and R*=0.19 for myopic RA; y=
-0.44x and R* = 0.49 for hyperopic WFG; y =
-0.53x and R? = 0.69 for hyperopic RA) and PRK
(y = —-0.20x and R = 0.25 for myopic WFG; y =
-0.37x and R* = 0.44 for myopic RA). No other
preoperative  parameters except corneal
asphericity, axial length, and anterior chamber
depth were significantly correlated with the
changes in the spherical aberration.
Conclusions: LASIK correction had a higher
induction of spherical aberration compared
with that of PRK, and the beneficial effect of the
WEG treatment on spherical aberration was
mainly visible in the PRK-treated eyes.

Keywords: LASIK; PRK; Spherical aberration;
Wavefront-guided ablation
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Key Summary Points

Studies directly comparing high-order
aberrations between surface ablation and
LASIK are mostly inconclusive, and a vast
majority have been conducted using
mechanical microkeratomes. In the
present study, flap creation was
femtosecond laser-assisted.

The creation of a flap in the cornea
weakens the lamellar micro-structure;
therefore, more spherical aberrations are
expected in LASIK rather than in
photorefractive keratectomy (PRK). In
fact, LASIK correction had a higher
induction of spherical aberration
compared with that of PRK.

If there is a clear correlation between
spherical aberration changes and
attempted correction in LASIK and PRK,
the induction of spherical aberration is
poorly predictable.

INTRODUCTION

Photorefractive keratectomy (PRK) and laser-
assisted in situ keratomileusis (LASIK) have been
widely used to correct refractive errors for more
than 20 years; however, they induce higher-
order aberrations (HOAs), potentially leading to
the deterioration of vision quality. Long-term
studies are relatively few and mostly focused on
the refractive outcomes [1, 2], while studies
directly comparing HOAs between surface
ablation and LASIK are mostly inconclusive and
a vast majority have been conducted using
mechanical microkeratomes [1-4].

The configuration of the corneal stroma in
the lamellae plays a pivotal role in the biome-
chanical behavior after laser vision correction
and, ultimately, in the induction of spherical
aberrations. Indeed, beyond the theory of flu-
ence correction at the corneal periphery (so-

called cosine effect) [5], Reinstein et al.
demonstrated stromal thickening at the
periphery of a myopic ablation [6], leading to
spherical aberrations. This phenomenon was
adequately described by Cynthia Roberts, pos-
tulating that the cornea should be considered as
a series of stacked rubber bands (lamellae) with
sponges between the layers (interlamellar spaces
filled with extracellular matrix), rather than a
piece of plastic [7].

To address the induction and reduce the
level of some preexisting HOAs, wavefront-gui-
ded (WFG) treatments have been made avail-
able [8, 9], but concerns regarding their greater
efficacy in the control of aberrations remain. In
the present study, we retrospectively analyzed
the long-term changes in corneal spherical
aberrations in patients who underwent LASIK or
PRK with regular or WFG ablations.

METHODS

This study was conducted at the Centro
Oculistico Bresciano (Brescia, Italy) in accor-
dance with the ethical principles of the Decla-
ration of Helsinki and was approved by the local
ethics committee (Spedali Civili di Brescia), as
well as by the Institutional Review Board. A
retrospective analysis was conducted on several
thousand eyes treated for myopia and hyper-
opia of spherical equivalent ranging from
-11.125 to 5.75 D, between January 2016 and
December 2018. Patients not targeted for
emmetropia and with a history of an ocular
disease, previous corneal or intraocular surgery,
wound healing disorders, and connective tissue
diseases were excluded from the study. Written
informed consent was obtained from all partic-
ipants at the time of the intervention.

Eyes with a scotopic pupil diameter greater
than 6.5 mm were selected to undergo WFG
ablation and were scanned with ocular aber-
rometry (iDesign; Johnson & Johnson Surgical
Vision; Santa Ana, CA, USA) to obtain the cus-
tomized WFG pattern.

Preoperative and postoperative scans were
obtained with the same Pentacam-AXL system
(Oculus Optikgerdte Inc, Wetzlar, Germany),
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and all the parameters obtained from the Pen-
tacam examinations, including the axial length,
were automatically exported into .csv files for
analysis using the Call-All function for data
export. Spherical aberration was measured at a
6 mm diameter.

Inclusion Criteria and Surgical Procedure

All procedures were performed by the same
surgeon (AR) using the VISX STAR S4 IR excimer
laser platform (Johnson & Johnson Surgical
Vision, Santa Ana, CA, USA), and the treatment
goal for all surgeries was emmetropia. Selection
of eyes for analysis were based on the following
criteria: (1) no previous corneal surgery, (2)
Pentacam-AXL scan at the 24-month follow-up,
(3) an optical zone of 6.5 mm, (4) a fifth-gen-
eration IntralLase FS Laser (150 kHz; Johnson &
Johnson Surgical Vision; Santa Ana, CA, USA)
used to create flaps in the LASIK-treated eyes; (5)
flap diameter of 9.0 mm and intended flap
thickness of 100 pm.

A raster pattern was used with the hinge
located in the superior position, with an energy
of 0.8 J/spot and a spot-line separation of
6 x 6 um. The hinge and side-cut angles were
set at 48° and 70°, respectively. The pocket
software was enabled to decrease the occurrence
of dense bubbles at the interface. In the PRK-
treated eyes, the epithelium was mechanically
removed using a spatula up to a diameter of
8 mm, and laser ablation was subsequently
performed. Thereafter, a cellulose sponge loa-
ded with 0.02% mitomycin C solution was
placed on the ablated corneal tissue for 20s,
followed by copious irrigation with a chilled
and balanced salt solution. A soft bandage
contact lens was applied until complete
epithelialization was achieved. Postoperative
medication for both LASIK and PRK included
topical moxifloxacin 0.5% (Vigamox; Alcon
Laboratories Inc., Ft. Worth, TX, USA) four
times a day for 5 days; additionally, a combi-
nation of netilmicin and dexamethasone eye
drops (Netildex; Sifi Spa, Aci Sant’Antonio,
Italy) was administered four times a day for
2 weeks.

Eyes treated for myopia and
hyperopia between January 2016
and December 2018
N=3826

348 eyes with previous
corneal surgery

A

Eyes with no previous
corneal surgery
N =3478

1471 eyes with no
> Pentacam scan at
24 months

Eyes with complete follow-up
N=2007

1038 eyes with optical
> zone different
than 6.5 mm

Eyes with homogeneous
6.5 mm optical zone
N =969

485 eyes with flap

.| diameter and thickness
"| different than 9.0 mm
and 100 pm

Eyes enrolled in the study
N =484

Fig. 1 Flowchart outlining inclusion and exclusion criteria
for reviewed eyes

Statistical Analyses

All data were normally distributed according to
the Shapiro-Wilk test (P > 0.05). A Pearson
correlation test was run to find any possible
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Table 1 Demographics and preoperative variables of the study groups

LASIK LASIK WFG PRK (z = 44) PRK WFG P value
(n = 304) (n = 106) (» = 30)

Age, years

Myopes 34.04 £ 897 3554 + 8.64 3512 £ 880 3642 + 6.71 0.81

Hyperopes 46.35 £ 857 4871 £ 10.19 49.5 £ 6.5 4491 £ 1085  0.56
Spherical equivalent

refraction, D

Myopes -4.84 + 207 -494 £222 -414 £ 160  -4.18 £+ 1.95 0.48

Hyperopes 222 £+ 1.34 1.74 &+ 1.88 1.88 + 0.25 1.86 + 1.63 0.36
CCT, pm

Myopes 551.73 £ 31.85 553.92 £ 23.42 549.12 £ 3049 546.95 + 2949 0.5

Hyperopes 559.17 £ 34.81 554.16 + 44.97 525 £ 20 52736 & 52.97  0.67
Average keratometry, D

Myopes 4379 &£ 149 4354 £ 1.28 43.55 &£ 145 4299 £ 3.03 0.96

Hyperopes 43.05 £ 159 4285+ 1.23 429 + 33 4423 £ 206  0.64
Spherical aberration, pm

Myopes 0.20 £ 0.09 0.17 £ 0.07 0.20 £+ 0.19 029 £032 048

Hyperopes 021 £ 0.18 0.20 £ 0.15 0.21 £+ 0.33 017 £ 017  0.65
Corneal HOA, pm

Myopes 0.38 £ 0.12 0.35 £ 0.10 0.36 £ 0.27 034 £ 040 036

Hyperopes 0.38 £ 0.24 0.35 £ 0.16 0.33 £ 041 035+ 047 094

LASIK laser-assisted in situ keratomileusis, PRK photorefractive keratectomy, WFG wavefront-guided, CCT central corneal

thickness, HOA higher-order aberration

relationship between spherical aberration
change and all the pre- and post-operative
parameters. To visually compare the changes
and correlations between different types of
variables (aberrations and spherical equivalent
in groups with different metrics and variances),
all sample variables were standardized. Stan-
dardization did not alter the original correlation
index between the variables. Comparisons
between the groups were performed with a two-
tailed, unpaired t-test. All statistical analyses
were performed using Microsoft Excel 365 (Mi-
crosoft Corporation, Redmond, WA, USA) and
RStudio (RStudio PBC, Boston, MA, USA), and a

P value < 0.05 was considered statistically sig-
nificant. Results are reported as mean =+ stan-
dard deviation.

RESULTS

Of the 3826 eyes that were reviewed, a total of
484 eyes met the inclusion criteria and were
enrolled for the study (Fig. 1). Specifically, 74
and 410 eyes underwent PRK and LASIK,
respectively. Baseline characteristics are shown
in Table 1. No significant differences were pre-
sent between the subgroups.
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Table 2 Preoperative and postoperative spherical aberration
LASIK LASIK WFG PRK PRK WFG P value
(n = 304) (n = 106) (n = 44) (n = 30)
Preoperative spherical aberration,
um
Myopes 0.20 &+ 0.09 0.17 &+ 0.07 020 £ 0.19 029 £+ 0.32 0.48
Hyperopes 021 £ 018 020 =+ 0.I5 0214033 017 017 0.65
Postoperative spherical
aberration, pm
Myopes 0.58 £+ 0.52 0.59 + 0.60 046 + 048 0.36 =+ 0.40 0.38
Hyperopes -0.28 £ 045 -0.29 £ 0.46 -0.11 £ 054 -0.05 & 0.57 0.35

LASIK laser-assisted in situ keratomileusis, PRK photorefractive keratectomy, WFG wavefront-guided

LASIK Myopic Eyes: WFG Ablation Versus
Regular Ablation

Both groups demonstrated a linearly increasing
trend for spherical aberration (Table 2 and
Fig. 2). The changes in spherical aberration were
significantly correlated with the preoperative
spherical equivalent for both WFG (Pearson’s
r=-0.64; P <0.001) and regular (Pearson’s
r =-0.48; P < 0.001) ablations. The slope of the
correlation was higher for WFG treatment,
although no significant difference was noted in
the spherical aberration changes between the
two groups (P = 0.92).

PRK Myopic Eyes: WFG Ablation Versus
Regular Ablation

An increase in spherical aberration with a linear
trend, was observed for both groups (Table 2
and Fig. 3). The changes in spherical aberration
were significantly correlated with the preoper-
ative spherical equivalent for both WFG (Pear-
son’s r = -0.30; P = 0.02) and regular (Pearson’s
r=-0.67; P < 0.001) ablation groups. The slope
of the correlation was higher for regular abla-
tion than for WFG ablation (y = 0.369x with
R? = 0.44 and y = 205x with R? = 0.25, respec-
tively), and a significant difference was observed

in the spherical aberration changes between the
two groups (P = 0.008).

LASIK vs. PRK in Myopic Eyes

Considering both WFG and regular ablation
subgroups, an increase in spherical aberration
was observed for both LASIK and PRK groups,
with a polynomial trend (second-order; Table 2
and Fig. 4), with no statistical difference
between them (P = 0.16). The WFG subgroup,
however, showed a greater increase in spherical
aberration for LASIK (Pearson’s r=-0.64;
P < 0.001) patients compared to PRK (Pearson’s
r=-0.3; P = 0.02; Fig. 5).

LASIK Hyperopic Eyes: WFG Ablation
Versus Regular Ablation

Both the WFG and regular ablation groups
showed a significant reduction in spherical
aberration, with a linear trend (Table 2 and
Fig. 6). The changes in spherical aberration were
significantly correlated with the preoperative
spherical equivalent for both WFG (Pearson’s
r=-0.7; P <0.001) and regular ablation (Pear-
son’s r=-0.83; P <0.001). No significant dif-
ference was observed in the spherical aberration
changes between the two groups (P = 0.92).
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Aberration change (um)

! 73 -10

® WFG

® Regular ablation

1 y=-03474x - 2.0441
R?=0.4154

y=-0.1824x-0.9249
R?=0.1915

Spherical equivalent (D)

Fig. 2 Changes in spherical aberration as spherical equivalent varies for WFG (7 = 61) and regular (» = 232) ablations for

eyes that underwent LASIK for myopia. No significant differences were observed between WFG and regular ablations

Correlation Between Spherical Aberration
and Other Parameters

Among all the parameters computed using the
Pentacam, the only preoperative variables sig-
nificantly correlating with the spherical aberra-
tion change were, obviously, axial length and
anterior chamber depth. No other pre- or post-
operative variable had a significant correlation
with the spherical aberration change, including
age or corneal morphological parameters such
as central corneal thickness and corneal diam-
eter (Table 3).

DISCUSSION

The present study demonstrates the correlations
between spherical aberration changes and
attempted correction in LASIK and PRK proce-
dures for myopia and hyperopia, with regular
and WFG ablations. The occurrence of HOAs
following laser vision correction for refractive
errors has been reported in many studies. Typi-
cally, myopic ablations induce positive spherical
aberration (each diopter of myopic correction
induces approximately 0.1 pm of spherical aber-
ration) and hyperopic treatments mainly induce
negative spherical aberration [10].
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Fig. 3 Changes in the spherical aberration as spherical equivalent varies for WFG (z = 19) and regular (z = 42) ablations

for eyes that underwent PRK for myopia. A significant difference was observed between WFG and regular ablations

The laser-tissue interaction is a complex
phenomenon, as the cornea is not like a piece of
plastic; it is inherently aspheric and is covered
by the epithelium with its remodeling laws.
Modern wavefront-optimized ablation profiles
pre-compensate for spherical aberration by
removing more stromal tissue at the periphery
to preserve the prolate shape of the cornea,
while WEFG treatments are, theoretically,
designed to measure and treat both lower-order
aberrations and HOAs. A clear reduction in tis-
sue ablation of 10-15% in the corneal periphery
was demonstrated by Mrochen and Seiler, even
with a 6.5-mm optical zone [5]. This occurs

because the laser beam interfaces the periphery
of the optical zone at an oblique angle, thereby
resulting in a larger area exposed to light with
higher reflectance, lowering the beam radiant
exposure (fluence) below the ablation thresh-
old. However, other notable phenomena occur
with photoablation. The cornea undergoes
considerable biomechanical changes following
laser surgery, as demonstrated by Reinstein et al.
[6]. Myopic ablation removes central stromal
tissue and releases tension, resulting in retrac-
tion from the center of the cornea, associated
with central thinning and peripheral thickening
of the stromal layers [6]. Furthermore, abrupt
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Fig. 4 Changes in spherical aberration as spherical equivalent varies for myopic LASIK (z = 293) and PRK (» = 61) for

eyes that underwent myopic ablation. No significant difference was observed between LASIK and PRK

discontinuity of the stromal shape at the abla-
tion edge promotes remodeling of the epithe-
lium that extends into the optical zone. These
phenomena diminish the size of the optical
zone and increase spherical aberration.

The LASIK procedure itself, just by the cre-
ation of flap, is responsible for corneal weak-
ening and induction of HOAs. Marshall et al.
[11] demonstrated a corneal weakening related
to the depth of the flap cut, with strain
increasing by 9% and 32% at 90 um and
160 pm, respectively. Similar changes, 9% and
33%, were observed following the execution of
side cuts alone at the same depths. Contrast-
ingly, strain increase following delamination
alone revealed no relationship with depth,
increasing by merely 5%. Additionally, the
location of the flap hinge with the healing
processes along the edges of the flap has been
reported to play a role in inducing comatic
aberrations [12, 13]. Moreno-Barriuso et al. [14]
suggested that most spherical aberration
induced by LASIK is due to laser ablation and

not the microkeratome cut. However, the
amount of spherical aberration has been
reported to increase with the level of attemp-
ted refractive correction [15]. This has been
well-demonstrated in our study, with a linear
or polynomial (second-order) trend in both
myopic and hyperopic corrections. Particularly,
for myopic corrections, the polynomial trend
observed in patients who underwent LASIK
and PRK treatments was similar when consid-
ered collectively (y = 0.037x*> with R*=0.30
and y =0.03x* with R?=0.33, respectively),
while considering only the WFG subgroup, the
correlation slope was higher for LASIK than for
PRK  (y=-0.347x with R*=0.42  and
y = -0.205x with R? = 0.24, respectively). This
difference can be explained by the reduced
increase in HOAs in WFG ablation [10, 16],
thereby cleaning at least part of the ablation-
related HOAs and ultimately showing pre-
dominantly the spherical aberrations coming
from the flap creation, although a thin flap of
100 um was cut.
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As the creation of the LASIK flap itself
increases the induction of HOAs, some surgeons
support the idea that customized ablation is
best performed using surface ablation [10, 14].
This is consistent with the results of the present
study, as the beneficial effect of the WFG abla-
tion over regular ablation was only visible in
PRK-treated eyes (y =-0.369x with R? = 0.44
and y=0.205x with R?*=0.25, respectively).
This is another indirect confirmation of the
large amount of spherical aberration induced by
flap creation, as the beneficial effect of WFG
diminishes when considering that of LASIK-
treated eyes. The efficacy of WFG iDesign
treatments with surface ablation for irregular
and ectatic corneas was previously reported by
our group [8] in accordance with the results of a
similar study by Shaheen et al. [17].

Although all analyzed subgroups demon-
strated a significant correlation between
attempted correction and spherical aberration

change, a low predictability (relatively low R*
value) was observed for all the correlations. This
variance is probably explained by the numerous
aforementioned factors leading to an increase in
spherical aberration, making the projection of
the postoperative aberration difficult compared
to the extremely high predictability of the
refractive treatments. No other preoperative
parameters correlated significantly with the
changes in the spherical aberration. Further
studies are required to better understand the
underlying factors influencing spherical aber-
ration changes, particularly to target the sweet
spot of + 0.6 um required by newer presbyopia-
correcting algorithms [18-20].

Our study has a few limitations. First, the
sample size, although quite large, of the eyes in
the PRK subgroups was relatively small; second,
the instrument utilized for scanning—the Pen-
tacam HR—had limited repeatability for assess-
ing HOAs, being a Scheimpflug camera.
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Table 3 Pearson’s correlation coefficient between the changes in spherical aberration and other variables

PRK LASIK

Myopia Hyperopia Myopia Hyperopia
Central corneal thickness 0.24 -0.13 0.10 -0.11
Cornea diameter 0.10 0.26 -0.06 -0.05
Age -0.08 -0.13 -0.06 0.16
CONCLUSION correlated with the change in spherical

aberration.

The attempted correction with both LASIK and
PRK significantly correlated with the change in
spherical aberration in both the WFG and reg-  ACKNOWLEDGEMENTS
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