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Objective: To assess safety, efficacy, predictability, stability, and change in aberrations after wavefront-
guided LASIK for myopia and myopic astigmatism.

Design: Prospective, nonrandomized, self-controlled trial.

Participants: Wavefront-guided LASIK was performed in 97 eyes in a 1-year trial. Treated eyes had a mean
subjective manifest spherical equivalent (SE) of —5.22+2.07 diopters (D), with a range of —0.25 to —9.00 D of
myopia and 0 to —3.25 D of astigmatism.

Intervention: After a microkeratome cut, a wavefront-based excimer ablation (Zyoptix 3.1) was performed.
The full treatment to achieve emmetropia of an early nomogram provided by the system manufacturer was used
in all procedures.

Main Outcome Measures: Safety, efficacy, predictability, and stability were evaluated at 1, 3, and 12
months postoperatively. Wavefront changes of higher order aberrations (HOAs) at 1 year were determined for
pupil sizes of 3.5 and 6 mm.

Results: At 1 year postoperatively, uncorrected visual acuity (VA) was 20/20 or better in 83% of the eyes,
and 20/40 or better in 98%. The mean subjective manifest SE at 1 year was —0.25x0.43 D; it was within 0.50
D in 77% and within 1.0 D in 95%. No eye lost =2 lines of best spectacle-corrected VA (BSCVA) at 1 year
postoperatively; 40 eyes gained 1 line of BSCVA, and 5 eyes gained 2 lines. The total HOA root mean square
(RMS) increased on average by a factor of 1.23=0.57 with a 3.5-mm pupil; for the 6 mm pupil, the increase factor
was 1.52+0.36. No change or reduction in the total HOA RMS was observed in 45.5% of the eyes for a 3.5-mm
pupil and in 20.6% for a 6-mm pupil. There was a significant increase of primary spherical aberration (Z 4,0) by
a factor of 4.11£10.17 for 3.5-mm pupils and 4.31+6.76 for 6-mm pupils.

Conclusions: Wavefront-guided LASIK using Zyoptix 3.1 is an effective and safe procedure for the treatment
of myopia and myopic astigmatism. Although in close to half of the eyes HOAs could be reduced, there was still
undercorrection and induction of HOAs with the algorithm employed. Ophthalmology 2004;111:2175-2185 ©

2004 by the American Academy of Ophthalmology.

LASIK has become the dominant procedure to correct re-
fractive errors worldwide. Numerous technological devel-
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opments, such as flying-spot lasers, eye trackers, and mod-
ern microkeratomes, have improved the clinical outcome.!
The advent of wavefront measurement technology enabled
the quantification of ocular aberrations.> Experience with
adaptive optics from astronomy led to the concept of cor-
rection of ocular higher order aberrations (HOAs) by exci-
mer laser surgery. Wavefront-guided ablation should im-
prove the image quality of the eye and, therefore, improve
visual acuity (VA), as observed with adaptive optics.® Re-
ports of single cases treated with wavefront-based algo-
rithms reaching a VA of 20/10 and better raised the hope of
further improving the visual outcome of refractive corneal
laser surgery.* Only a few studies addressing the outcome of

2175

ISSN 0161-6420/04/$—see front matter
doi:10.1016/j.ophtha.2004.06.027



Ophthalmology Volume 111, Number 12, December 2004

Table 1. Patient Demographics

Mean = SD Range n (%)
Preoperative —=522*207 —-10to—-95
SE (D)
Preoperative —4.76 £2.12  —0.25t0 —9.0
sphere (D)
Preoperative —0.93 = 0.69 0 to —3.25
cylinder (D)
Age (yrs) 38 =8.72 22-62
Eyes 50 (51.5%) right
47 (48.5%) left
Gender 63 (64.9%) female
eyes
34 (35.1%) male
eyes

D = diopters; SD = standard deviation; SE = spherical equivalent.

wavefront-guided LASIK with a reasonable follow-up and
investigating the change in ocular HOAs have been pub-
lished in the peer-reviewed literature.>’

The purpose of this study was to assess safety, efficacy,
predictability, stability, complications, and change in aber-
rations after wavefront-guided LASIK for myopia and astig-
matism using a Hartmann—Shack wavefront-based excimer
laser treatment (Zyoptix, Bausch & Lomb/Technolas,
Munich, Germany).® Zyoptix is a system for customized
ablation that incorporates the Zywave Hartmann—Shack ab-
errometer coupled with the Orbscan Iz multidimensional
corneal topographer, which generates the individual abla-
tion profiles to be used with the Technolas 217 Excimer
Laser system.

Patients and Methods

Study Design and Participants

Ninety-seven myopic or myopic—astigmatic eyes of 51 healthy
individuals with a mean age of 38*8.72 years (range, 22—62) were
consecutively included in this prospective study between March
and June 2001 (Table 1). Patients with a history of eye diseases,
ocular surgery, morphologic eye abnormalities, and systemic af-
fections like wound-healing disorders or autoimmune diseases
were excluded. The mean sphere was —4.76*2.12 diopters (D)
(range, —0.25 to —9.50), and the mean cylinder was —0.93+0.69
D (range, 0 to —3.25). All patients were informed about the
surgical and study procedures and gave consent. A review by the
ethics committee was not required for this study. Ninety-four eyes
(96.9%) were examined after 1 month, 68 (70.1%) after 3 months,
and 81 (83.6%) after 1 year. Of these 81 eyes, a subset of 68 was
available for postoperative wavefront measurements in mydriasis.
All preoperative and postoperative wavefront data were taken from
this patient subgroup.

Preoperative Examination

Preoperative evaluation included manifest refraction, biomicros-
copy of the anterior and posterior segments, applanation tonome-
try, partial coherence interferometry for axial length measurement
(IOL Master, Zeiss, Jena, Germany), keratometry (IOL Master),
slit scanning tomography (Orbscan Ilz, Orbtek/Bausch & Lomb,
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Munich, Germany), infrared pupillometry (Colvard, Oasis Medi-
cal, Glendora, CA), and ultrasonic pachymetry (Omega, Storz/
Bausch & Lomb Surgical, Heidelberg, Germany). None of these
measurements revealed any finding that led to exclusion for my-
opic LASIK treatment. Visual acuity measurements were per-
formed using high-contrast optotypes (Rodavist optotype projec-
tor, Rodenstock, Munich, Germany) at a test distance of 5 m.

Wavefront Measurements, Treatment Planning,
and Excimer Device

Soft contact lenses were discontinued for at least 1 week and rigid
lenses for at least 2 weeks before preoperative evaluation. Three
different Orbscan Iz maps were taken, and the one featuring the
least eye movements was used. The maximum movements con-
sidered acceptable were 200 wm. Preoperative and postoperative
wavefront measurements were performed with a Hartmann—Shack
wavefront sensor (Zywave,” Bausch & Lomb/Technolas, Munich,
Germany). The Zywave uses a 780-nm laser beam and an array of
up to 78 lenslets. Zywave examinations were done with (1) a single
examination with an undilated pupil and (2) 3 examinations with a
dilated pupil (noncycloplegic, using 10% phenylephrine drops
[Neosynephrin-POS, Ursapharm, Saarbriicken, Germany]). Pa-
tients were asked to look at the distant fixation target. Three
consecutive measurements were performed, and the measurement
with best alignment and highest concordance to the subjective
refraction data was chosen for treatment, as recommended by the
manufacturer (Bausch & Lomb/Technolas). Treatment files were
generated from wavefront data using the software'® provided by
the manufacturer. The preset optical zone (OZ) diameter equaled at
least the largest scotopic pupil size, as determined by Colvard
infrared pupillometry. The mean OZ diameter was 6.77+0.63 mm
(range, 5.6—8.5). The mean ablation depth, as provided by the
software, was 98 um (range, 38—145).

Surgical Procedures and Postoperative Treatment

Corneas were anesthetized with oxybuprocaine eydrops
(Novesine, Ciba Vision, GroBostheim, Germany). A superior-
hinged flap 8.5 or 9.5 mm in diameter was created using the
Hansatome (Bausch & Lomb, Munich, Germany) with the con-
ventional 160-um head. Tissue ablation was performed with the
Technolas 217z excimer laser (Technolas/Bausch & Lomb) using
a wavefront-guided ablation algorithm (Zyoptix, version 3.1).
Postoperative standard medication consisted of ofloxacine eye-
drops (Floxal, Mann Pharma, Berlin, Germany) and fluoro-
metholone eyedrops (Efflumidex, Pharm-Allergan, Ettlingen,
Germany). Additionally, artificial tears containing hyaluronic acid
(Hylo-Comod, Ursapharm) were prescribed. Patients were sched-
uled 1 day, 1 week, 1 month, 3 months, and 12 months after
LASIK.

If there was overcorrection or undercorrection at the 3-month
follow-up and patients wished an enhancement procedure, LASIK
retreatment was performed by relifting the flap with a blunt spatula
after topical anesthesia with oxybuprocaine eyedrops. Laser abla-
tion was based on subjective refraction (cycloplegic refraction in
case of hyperopia) and performed using a standard spherocylin-
drical algorithm (Planoscan V 2.9992). In case of retreatment,
patients were excluded from the main patient collective.

Data Analysis and Statistics

All preoperative and postoperative VA and subjective manifest
refraction data were stored in a database.'! This program allows
analysis of refractive surgery data according to the currently ac-
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Figure 1. Distribution of uncorrected visual acuity (UCVA) preoperatively and 1 month and 1 year after wavefront-guided LASIK (efficacy).

cepted standard criteria.312!3 Twelve months postoperatively,

wavefront measurements were performed under maximal pupil
dilation with 10% neosynephrine (Neosynephrin-POS) and 1 drop
of tropicamide (Mydriaticum Stulln, Stulln Pharma, Stulln,
Germany).

Wavefront errors were described using Zernike polynomials
according to the VSIA (Vision Science and Its Applications)
format for reporting ocular wavefront aberration data.'* The effect
of higher order wavefront aberrations on optical quality of the eye
is known to depend on pupil size.!>1¢ To study this effect and to
assess the efficacy of the treatment for different conditions, we
performed wavefront analysis for 2 virtual pupil diameters (3.5 and
6 mm) that resemble pupil size under photopic and mesopic
conditions. Zywave® allows a Zernike approximation from second
order to fourth order for 3.5-mm pupils and from second order to
fifth order for 6-mm pupils. For analysis, data files were loaded
into an Excel database!” using CTView.!'8

The data were analyzed for (1) general changes of HOAs, (2)
effects of pupil dilation on HOAs, and (3) predictability of the
correction of HOAs. To analyze changes of wavefront data (post-
operatively vs. preoperatively), a paired Wilcoxon test was ap-
plied. To describe the effects of pupil dilation on HOAs before and
after wavefront-guided LASIK, we compared the preoperative and
postoperative ratios of the HOA root mean square (RMS) mea-
sured over 6-mm and 3.5-mm pupils, referred to as the dilation-
related increase factor (DRIF,). To assess the predictability of
the correction of HOAs, we performed linear regression analysis
between preoperative HOA values and their change (Ayoa)- The
squared correlation coefficient (R?), which reflects the scatter
around the regression line, and the regression coefficient b, which
equals the slope of the regression line, can be considered as
predictability metrics for the HOA correction. The constant a of
the regression equation is an indicator for bias (i.e., systematic
overcorrection or undercorrection).

Results
Efficacy

Twelve months postoperatively, 81 eyes (83%) had an uncorrected
VA (UCVA) of 20/20 or better (Fig 1). None of the examined eyes
experienced supranormal VA of 20/12 or higher. The efficacy index

(ratio of postoperative UCVA and preoperative best spectacle-
corrected VA [BSCVA]) was 0.97.

Safety

Although at 1 month after surgery 4% still lost 2 lines of Snellen
BSCVA, 1 year after surgery none of the examined eyes had lost
>2 lines of BSCVA (Fig 2). Six eyes (6%) lost 1 line, 39 eyes
(40%) gained 1 line, and a further 5 eyes (5%) lost 2 VA lines at
1 year. The safety index (ratio of postoperative and preoperative
BSCVAs) at 1 year was 1.10.

Predictability
The mean postoperative spherical equivalent (SE) was
—0.15£046 D (range, 1.00 to —1.50) at 1 month and

—0.25%0.43 D (range, 0.63 to —1.63) at 1 year (Fig 3). At the
final examination, 77 eyes (95%) were within 1 D of the aimed
refractive change and 62 (77%) were within 0.5 D (based on SE).
In this study, 58% of the eyes were =0.5 D and 93% of the eyes
=1.0 D in defocus equivalent (Ispherel + 0.5 Icylinderl).!®

Stability

The change of mean SE between the 1- and 3-month examinations
was —0.07 D and —0.03 D between 3-month and 1-year results
(Fig 4). The overall regression from 1 month to 12 months was
—0.1D.

Retreatments

Three months after LASIK, 8 patients desired retreatment due to
overcorrection or undercorrection. These patients were excluded
from the main collective. Two eyes were overcorrected (SE, 1.38
and 1.13 D), 6 eyes were undercorrected (mean SE, —1.02*0.31
D [range, —0.5 to —1.38]). Six months after retreatment, the
overcorrected eyes had SEs of —0.88 and —0.5, respectively; the
undercorrected eyes had a mean SE of —0.31%=0.27 D (range, O to
—0.75). None of the eyes treated lost a line of BCVA.

Complications

No intraoperative complications occurred in the study population.
In 7 eyes, peripheral epithelial defects occurred, which all healed
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Figure 2. Changes in best spectacle-corrected VA (BSCVA) 1 month and 1 year after wavefront-guided LASIK (safety).

within 1 week. In the early postoperative period, 17 eyes
showed a faint peripheral infiltrate (diffuse lamellar keratitis
stage 1); in 4 eyes, stage 2 diffuse lamellar keratitis was
observed. All cases of diffuse lamellar keratitis were success-
fully treated by topical steroids, and no surgical intervention
was necessary. One week after LASIK, all infiltrates had re-
solved. No other complications occurred during the 12-month
study period.

Higher Order Wavefront Aberrations

General Changes. The mean preoperative total HOA RMS was
0.093%0.032 wm for the 3.5-mm pupil and 0.395*0.134 pwm for
the 6-mm pupil (Table 2). The mean total higher order wavefront
error increased by a factor of 1.23 to 0.108*=0.05 um (P<<0.05)
and by a factor of 1.52 to 0.571£0.244 um after 12 months,
respectively (P<<0.001). For a 3.5-mm pupil we found in 45.6% of

the eyes no change or reduction of the total HOA RMS; when
measured with a 6-mm pupil, only 20.6% of the eyes experienced
no change or reduction of the HOA RMS. Further details are
shown in Figure 5 and Tables 3 and 4. The mean RMS of third
order aberrations showed a slight increase, at both 3.5 and 6 mm,
but these changes were not statistically significant (Table 2). Also,
the rate of eyes with no change or reduction of third order RMS
was similar for measurements at a virtual pupil diameter of 3.5 or
6 mm (42.6% and 39.7%, respectively). The mean fourth order
RMS showed only a small increase for 3.5-mm pupils (P>0.05)
but doubled when measured over a 6-mm pupil (P<<0.001). In-
versely, the fraction of eyes that showed reduction or at least no
change in fourth order aberrations dropped from 38.2% to 17.6%
when the analysis diameter was increased from 3.5 to 6 mm. Due
to its dominance in post-LASIK eyes, we evaluated primary spher-
ical aberration (Z 4,0) separately. This aberration almost doubled
at 3.5 mm (P<<0.005) and tripled at 6 mm, compared with baseline
(P<<0.001). The percentage of eyes with reduction or no change of
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Figure 3. Attempted versus achieved change of spherical equivalent (A SE) 1 year after wavefront-guided LASIK (predictability). D = diopters.
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Figure 4. Time course of the manifest subjective refraction (spherical equivalent [SE]) after wavefront-guided LASIK (stability). D = diopters.

Z 4,0 was 33.8% in the 3.5-mm pupil group. Moreover, only
10.3% of the eyes experienced no change or reduction for a 6-mm
pupil. Fifth order aberrations, as measured for a 6-mm pupil
diameter, showed a small mean increase after LASIK; in nearly
one third (32.4%) of the eyes, the fifth order RMS was reduced or
showed no change.

Effects of Pupil Dilation on Higher Order Aberrations. The
mean preoperative total HOA RMS, measured at a 6-mm analysis
diameter, was 4.52-fold higher than the total HOA RMS measured
at 3.5 mm. Twelve months after LASIK, we found a ratio of 5.93.
Thus, DRIF;,, increased by a factor of 1.4 after LASIK
(P<<0.001). For third order aberrations, we found only a small
mean increase of DRIF,;5,5 by a factor of 1.18, which did not
reach statistical significance (P = 0.806; Table 5). Compared with

DRIF,;o4 and DRIF53, DRIF; 0.4 Was slightly higher preop-
eratively (P>0.05) but more than doubled after LASIK
(P<<0.001). The amount of primary spherical aberration (IZ 4,0l)
showed the highest dependence on pupil diameter. Preoperative
DRIF,, , 4 reached 14.51. Because of several outliers, the range of
values was high (0.39-115), and this difference did not reach
statistical significance compared with other preoperative DRIF
values (P>0.05). Twelve months after LASIK, DRIF,, ,, had
increased on average by a factor of 4.65. Like preoperatively, an
extreme range of values (0.36—488) could be noted. However, the
increase of DRIF,, , , was statistically significant (P<<0.01).
Predictability of Higher Order Aberration Changes. All
postoperative changes of RMS wavefront error and primary spher-
ical aberration (Z 4,0) were correlated negatively with the preop-

50
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Figure 5. Percentage of eyes with reduction or no change in higher order aberrations (HOAs) for 3.5- and 6-mm pupil diameters. RMS = root mean

square.
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Table 2. Mean Changes of Higher Order

Total HOA RMS

Third Order RMS

3.5 mm 6 mm 3.5 mm 6 mm
Preoperatively 0.093 + 0.032 0.395 + 0.134 0.078 + 0.033 0.308 + 0.141
12 mos postoperatively 0.108 = 0.05 0.571 = 0.244 0.092 = 0.051 0.365 = 0.197
Increase factor 1.23 = 0.57 1.52 £ 0.63 1.34 = 0.81 1.36 = 0.83
P value 0.035 <0.001 0.058 0.244

RMS = root mean square.
All wavefront error values are in microns.

*Increase factors for primary spherical aberration (Z 4,0) reflect the mean increase of 1Z 4,01.

erative value. For a 3.5-mm pupil, the total HOA RMS and third
order RMS showed only low correlation (total HOA: R?=0.05,b
= —0.32; third order: R*> = 0.09, » = —0.44). The fourth order
RMS and Z 4,0 were slightly higher correlated (fourth order: R* =
0.31, b = —0.70; Z4,0: R* = 0.28, b = —0.55) with preoperative
values. All R? and b values, except for the third order RMS, were
lower for 6-mm pupils (total HOA: R* = 0.03, b = —0.31; third
order: R> = 0.14, b = —0.53; fourth order: R* = 0.02, b = —0.3;
Z 4,0: R> = 0.05, b = —0.31). The fifth order RMS, which was
only determined for 6-mm pupils, showed better correlation (R* =
0.26, b = —0.63) than all other HOAs. For all HOAs, the constant
a was positive (data not shown). For 6-mm pupils it increased
markedly compared with the 3.5-mm ones and was well correlated
with the mean increase (Ayp,) of each order (r = 0.86).

Discussion

Clinical Outcome

In our institution, wavefront-guided LASIK using the
Zyoptix system was introduced in January 2001. After an
initial learning phase, the present study was initiated. Tak-
ing into account that a new laser algorithm may be less
predictable, the outcome of the present data is encouraging.
With our standard LASIK treatment using the same laser
system, 51% reached a UCVA of =20/20; however, 83%
after wavefront-guided ablation could achieve this visual
outcome after 1 year.! This points out that the efficacy with
an index of 0.97 was good, although none of the eyes
reached a supranormal VA of 20/12 or higher. It should also
be pointed out that VA values are highly dependent on the
method of testing. When the threshold is defined as the
steepest point of the psychometric function and rigorous

Table 3. Distribution (Percentage) of Changes of Higher Order
Aberrations (HOAs) for a 3.5-mm Pupil (Subgroup of 68 Eyes)

forced-choice is applied, acuity values can be around 20/10,
even in normal, physiologically aberrated eyes.?® Compared
with our results, other studies on conventional LASIK?!2?
or wavefront-guided LASIK®” had similar outcomes. Inter-
estingly, we observed a major gain of BCVA between 1
month and 1 year. This might be due to wound healing still
unfinished at 1 month postoperatively or adaptation of the
visual system (neuronal plasticity) to the new aberration
pattern.”>?* Also, predictability was good, as more than
three quarters of the eyes (77%) were within the 0.5-D range
in SE. However, there was still undercorrection in the case
of myopia beyond —6.5 D (Fig 3). Compared with the
standard LASIK treatments,!2!>> more patients were within
0.5 D or 1.0 D of emmetropia. Stability with a mean regression
of —0.1 over 11 months was excellent for myopic corneal
refractive surgery and was very much comparable to that of the
standard LASIK procedure. No algorithm-specific compli-
cations (e.g., decentered ablation zones) could be observed.
We have gained long-term experience with the standard
LASIK procedure (Planoscan, Bausch & Lomb/Technolas)
performed with the same laser (Keracor 217, Bausch &
Lomb/Technolas).! Efficacy, predictability, and stability af-
ter 1 year were comparable to the present data; however, in
the Planoscan group only 29% of the eyes experienced a
gain in BCVA over 1 year, compared with 45% in the
present study. This could be an effect of the wavefront-
guided excimer ablation, but could also be an overall im-
provement of laser surgery over the last 3 years (e.g.,
increased surgical experience and quality or, in general,
improved laser, algorithms, or eye trackers). Only a random-
ized prospective study comparing intraindividually standard
and wavefront-guided ablation will provide a final answer.

Table 4. Distribution (Percentage) of Changes of Higher Order
Aberrations (HOAs) for a 6-mm Pupil (Subgroup of 68 Eyes)

Ayoa Total HOA  Third Order Fourth Order Ayoa Total HOA Third Order Fourth Order Fifth Order

(pm) RMS RMS RMS Z4,0 (pm) RMS RMS RMS Z 4,0 RMS
<-0.05 5.9 14 1.5 1.5 <-0.2 4.4 74 0.0 29 29
—0.05-0 39.7 353 36.8 324 -0.2-0 16.2 324 17.6 74 29.4
0-0.05 324 353 60.3 61.8 0-0.2 41.2 382 324 33.8 54.4
0.05-0.1 16.2 16.2 1.5 4.4 0.2-0.4 22.1 16.2 353 33.8 11.8
0.1-0.15 4.4 4.4 0.0 0.0 0.4-0.6 10.3 4.4 14.7 22.1 1.5
>0.15 1.5 1.5 0.0 0.0 >0.6 5.9 1.5 0.0 0.0 0.0

RMS = root mean square.

RMS = root mean square.
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Fourth Order RMS Z 4,0% Fifth Order RMS
3.5mm 6 mm 3.5 mm 6 mm 6 mm
0.046 = 0.019 0.216 + 0.094 0.022 + 0.024 0.158 + 0.135 0.061 + 0.028
0.052 + 0.020 0.414 = 0.189 0.032 + 0.024 0.387 = 0.203 0.073 = 0.031
1.27 = 0.66 2.26 = 1.53 4.11 = 10.17 431 +6.76 145+ 1.17
0.060 <0.001 0.002 <0.001 0.002

Higher Order Wavefront Aberrations

General Changes. In 45.6% of the eyes treated, the HOA
RMS could be reduced or remained unchanged when
measured with a 3.5-mm pupil. For a 6-mm pupil, only
20.6% of the eyes experienced no change in or reduction
of the HOA RMS. In the majority of eyes in this study,
HOAs were induced, with a 3.5-mm pupil less than 0.05
pm (Table 3) and with a 6-mm pupil less than 0.2 pm
(Table 4). Although for postoperative measurements an
additional drop of tropicamide was used to accelerate
mydriasis, we do not suspect any systematic errors af-
fecting the results, as wavefront error changes due to
accommodative microfluctuations seem to be negligible
compared with the changes induced by LASIK.?®> Al-
though third and fifth order (comalike) aberrations in-
creased only moderately or could be reduced in one third
of the eyes, a significant increase of fourth order (spher-
ical-like) aberrations could be observed. The increase
factor (ratio between postoperative and preoperative
RMS values) reflects the change of a HOA with respect
to its amount in the eye preoperatively. For the total HOA
RMS and for comalike aberrations, mean increase factors
ranged from 1.23 to 1.52, whereas spherical-like aberra-
tions—namely, primary spherical aberration (Z 4,0)—
increased more pronouncedly (Table 2). Spherical-like
aberrations have been reported to be dominant in eyes
after corneal refractive surgery for myopia.!®26=2° The
high standard deviations of the |1Z 4,0! increase factors
reflect that, in some eyes, preoperative Z 4,0 was very
low, sometimes near zero. Increase factors of the optical
aberrations measured in the present study were similar to
those reported by Mrochen et al 3 months after wave-
front-guided LASIK with a different laser system® but

were markedly lower compared with conventional
LASIK. %829

Effects of Pupil Dilation on Higher Order Aberra-
tions. Optical performance was significantly better for
3.5-mm pupils than for 6-mm ones. The ratio of the HOA
RMS measured over 6-mm and 3.5-mm pupils (DRIFy5,)
increased significantly after LASIK. Whereas the DRIF for
third order aberrations (DRIF,3) did not change signifi-
cantly, DRIFyo,, and DRIF, ,, increased markedly after
treatment. The amount of primary spherical aberration is
known to be highly dependent on pupil size.*® At smaller
pupil sizes, corneal prolateness will not be recognized as
spherical aberration but will be interpreted as defocus (In-
vest Ophthalmol Vis Sci ARVO E-abstract 2043, 2002;
Invest Ophthalmol Vis Sci ARVO E-abstract 966, 2003).
Our data show that the significant induction of spherical-
like aberrations is more prevalent for larger pupil diameters.
We could not find a similar effect for third order aberrations,
which may be a result of either reduction or less induction.
The mean preset OZ size of our cohort was 6.71+0.66 mm.
In relation to the 6-mm analysis diameter, the mean (anal-
ysis) pupil/OZ ratio (pupil excess [Invest Ophthalmol Vis
Sci ARVO E-abstract 2592, 2003]) was 0.90£0.09. In
92.8% of the eyes, the OZ diameter was at least as wide as
the virtual pupil (6 mm). However, in only 20.6% of the
eyes, HOAs were reduced when analyzed at 6 mm. These
results and recent work on this subject (Invest Ophthalmol
Vis Sci ARVO E-abstract 2592, 2003)*!'-2 suggest that the
effective OZ is smaller than the nominal value.

Predictability of Higher Order Aberration Changes.
Linear regression analysis was performed to assess the
predictability of the HOA reduction algorithm. For an ideal
predictability, the regression coefficient b should be —1,

Table 5. Pupil Dilation-Related Increase Factors (DRIF} 58, Subgroup of 68 Eyes)

Total HOA Third Fourth
RMS Order RMS Order RMS Z 4,0
Mean DRIF preoperatively 452 = 1.57 4.46 * 2.47 5.18 = 2.50 14.51 £ 22.80
Mean DRIF 12 mos 593 +3.10 4.51 =248 8.98 = 5.12 27.17 = 65.39
postoperatively
Mean increase of DRIF 1.40 = 0.63 1.18 £0.72 222 +1.93 4.65 = 8.04
P value <0.001 0.806 <0.001 0.006

HOA = higher order aberration; RMS = root mean square.
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Figure 6. Change (A) in higher order aberrations (HOAs) as a function of preoperative HOA values (predictability of HOA correction) for the 6-mm
pupil. The dotted line indicates the ideal total HOA reduction. Note that A root mean square (RMS) cannot be larger than the preoperative value, as
RMS values cannot become negative. A, The total HOA RMS. B, Third order RMS. C, Fourth order RMS. D, Primary spherical aberration (Z 4,0). E,

Fifth order RMS. All data
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with R? values up to 1. In fact, predictability of HOA
changes in terms of correlation between the preoperative
amount and its change (attempted vs. achieved HOA cor-
rection) was poor for the HOA RMS of all orders examined.
Flat slopes of the regression line (b) and low R* values
suggest influence of other factors. Except for the third order
RMS, predictability was worse for a virtual pupil diameter
of 6 mm. Interestingly, for the 3.5-mm pupil, correlation
with preoperative values was highest for the fourth order
RMS and Z 4,0, whereas for the 6-mm pupil, correlation
coefficients for the fourth order RMS and Z 4,0 were the
lowest compared with third and fifth order RMSs. This is
likely to be a result of primary induction of spherical aber-
rations by the treatment. Obviously, the algorithm includes
preoperative Z 4,0, but the effect is overridden by the
inherent induction of spherical aberrations, particularly at
larger pupil diameters: at 3.5-mm pupil diameters, 33.9% of
the eyes experienced reduction or no change of Z 4,0. At 6
mm, the fraction of eyes with no change or reduction
dropped to 10.3%. The different predictability of different
orders is also reflected by the number of eyes with a reduced
or stable HOA RMS compared with baseline (Fig 5). The
constant a of the regression equation was positive for RMS
values of all orders examined and was well correlated with
the mean change of each order (r = 0.86 for 6-mm pupils).
This constant reflects the systematic inadvertent induction
of HOAs by the procedure (Fig 6). Therefore, the probabil-
ity of reduction of HOAs increased with growing preoper-
ative HOAs, whereas eyes with low preoperative HOAs
nearly always experienced an increase of HOAs. A reduc-
tion to level zero could be achieved in none of the eyes. It
has to be stated that correlation of preoperative and postop-
erative RMS values is a rather rough method of analysis, as
it neither discriminates between overcorrection and under-
correction nor respects individual changes of particular
Zernike coefficients. However, analysis of changes of the
individual Zernike coefficients of the corneal wavefront and
total wavefront will be the subject of future work.

Why Is the Correction of Higher Order Wavefront
Aberrations Still Incomplete? The present study showed
better performance of the wavefront-guided treatment algo-
rithm for the 3.5-mm pupil. However, absolute changes
observed for 3.5-mm pupil diameters are rather small and
might not be relevant for quality of vision, although statis-
tically significant. Ocular wavefront aberrations become
clinically relevant at larger pupil diameters. Results from
the present study show that, particularly for larger pupil
diameters (here, 6 mm), predictability of HOA correction is
insufficient. In general, 2 reasons for insufficient correction
of HOAs could be found analyzing the present data: inad-
vertent induction of HOAs (primary induction) or overcor-
rection or undercorrection of preexisting HOAs (secondary
induction).

The precision of HOA correction and, therefore, over-
correction and undercorrection might be influenced by sev-
eral factors:

1. Variations in measurement of HOAs. Wavefront
sensors provide a single snapshot of ocular aberra-
tions. Fluctuation due to accommodation and tear

film changes*** and potential misalignment of the

measurement system might lead to high intraindi-
vidual variations, as shown for the Zywave sensor in
a recent study: Mirshahi et al** found coefficients of
variation of 18.4% for the third order RMS and
15.8% for the fourth order RMS when comparing 6
consecutive measurements of the same eye. The
setup used for treatment did not allow checking
RMS errors or individual Zernike terms.

2. Registration of the HOA ablation pattern to the
cornea. Discrepancy of measurement and treatment
position of the eye due to laser misalignment or
cyclotorsion®’ can lead to overcorrection or under-
correction of HOAs. A higher degree of misalign-
ment will induce HOAs.?® The 217z excimer laser is
equipped with a video-based eye tracker that recog-
nizes the pupil but does not compensate for cyclotor-
sion. As we did not mark the limbus before treat-
ment, the effect of cyclotorsion in the supine
position was not controlled in the present study.
Measurement and treatment were aligned with the
center of the pupil. For treatment, pupils were not
dilated. As it is known that the pupil center varies for
miotic and mydriatic pupils,®” this shift might be
another source of misalignment.

3. Ablation rate per excimer pulse. The single excimer
laser pulse delivered to the cornea might have dif-
ferent effects at different corneal areas. Differences
in corneal hydration and a potentially lower fluence
per pulse at the corneal periphery>® could be respon-
sible for insufficient correction of HOAs. A spot
diameter of 1 mm might still not be fine enough to
model a specific ablation pattern, especially if the
fluence per pulse is inconstant. Apart from only
partial correction, inadvertent (primary) induction of
HOAs could be found in the majority of the eyes
(Tables 2—-4, Fig 6).

4. Prolateness of the cornea. Induction of spherical
aberration is a typical side effect in the correction of
myopia.26=2%3949 The more the corneal shape is
prolate, the more spherical aberration prevails in the
eye, given an identical lens, axial length, and poste-
rior segment.

5. Biomechanical effects. A biomechanical response and
a lower fluence at the corneal periphery increase pro-
lateness of the cornea and, therefore, spherical aberra-
tion, whereas the effective OZ diameter minimiz-
es. 3132384142 Begides excimer ablation, cutting of a
LASIK flap itself induces biomechanical effects and
HOAs.#4

6. Decentration of ablation. Apart from misalignment
of the ablation pattern, subclinical and gross decen-
tration are likely to induce comalike aberrations.>”>°

In summary, although reduction of HOAs was possible
in a certain amount of the eyes treated, the predictability of
the algorithm has to be improved. Conversely, primary
induction of HOAs, particularly the dominance of spherical
aberrations, should be minimized or accounted for (e.g., by
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compensation for biomechanical effects or aspherical abla-

tion patterns

) 45,46
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