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Abstract

Purpose To determine the amount and characteristics of dy-
namic torsional misalignment of eyes during excimer ablation
in laser in-situ keratomileusis (LASIK).

Methods Retrospective trial for evaluation of dynamic intra-
operative torsional misalignment of 179 eyes that underwent
LASIK for correction of myopia and/or astigmatism. Patients
were treated with the Keracor 217z excimer laser
implementing 25 Hz dynamic eye tracker ACE 100 (both
Technolas Perfect Vision, Munich, Germany). From dynamic
torsional misalignments, temporal power spectra were obtain-
ed by Fourier analysis up to a frequency of 12.5 Hz and an
amplitude of +15° from initial torsional status (limited by the
tracking system). The 90, 95, and 99 criteria were defined
as the frequency below which 90 %, 95 %, and 99 % of
misalignments occur. A Wilcoxon rank sum test was per-
formed to detect differences of 90, 95, and 99 in groups’
gender, age, and eye (if both eyes underwent surgery at same
day). Multiple regression analysis (MRA) was performed to
evaluate possible preoperative predictors of 90, 95, and 99.
Results Fourier analysis showed a dominance of high-fre-
quency, low-power dynamic torsional misalignment. Mean
95 threshold of rotational movements was 4.89+2.12 Hz (me-
dian 4.54, ranging from 0.44 to 9.23 Hz). Wilcoxon rank sum
test showed no differences in 90, 95, and 99 between
groups' gender, age, and eye. MRA revealed age, gender,
and optical zone as preoperative predictors on intraoperative
90, 95, and 99.
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Conclusions Dynamic intraoperative torsional misalignments
of eyes undergoing LASIK are dominated by low-frequency
(slow), high-power (large) movements, with 95 % being
slower than 4.89Hz regarding the spectrum analyzed (0-
12.5Hz, £15°). Movements can be predicted preoperatively
by eye treated, patients’ gender, and age in pre-LASIK
diagnostics.

Keywords Dynamic torsional misalignment - LASIK - Eye
movements - Misalignment

Introduction

Decentration of ablation patterns in laser refractive surgery
caused by differences in the eye position between time of
diagnostics, laser alignment, and laser ablation may account
for inducing aberrations or postoperative over- and
undercorrection to a certain degree [1]. Relevant eye move-
ments that may lead to decentration or misalignment are, on
the one hand, fixational movements such as tremor and micro-
saccades or slow and large eye drifts [2, 3]. On the other hand,
several investigators also confirm the occurrence of static pre-
operative torsional misalignment induced by shifting the pa-
tient from seated to supine position, monocular occlusion or
head roll [4-8]. As head movements also have an influence on
the eye’s position during laser refractive surgery, the current
eye tracking systems available in refractive lasers systems do
not solely analyze eye movements, but misalignments in gen-
eral, which also includes head-movement induced
misalignments.

The occurrence of dynamic intraoperative torsional mis-
alignment has been proven [9-11]. The influence of static
preoperative and dynamic intraoperative lateral decentration
on visual outcome has been described before [1]. Different
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publications focus on the description of static and dynamic
torsional misalignment [5—7, 12], its negative influence on
astigmatism correction or higher-order aberrations [11, 13,
14], or confirm the visual benefit gained by its compensation.
[11, 13, 15, 16] However, those trials did not look at the
dynamic characteristics of the torsional misalignment occur-
ring during laser refractive surgery; instead, they evaluated the
maximum, minimum, and mean values only.

The aim of this trial was to determine the amount and
characteristics of dynamic torsional misalignment using a
large patient cohort and a commercially-available iris-
recognition-enabled dynamic eye tracker. Temporal power
spectra as described by Porter et al. (2005) [12] were
calculated to define a threshold frequency below which
the majority of dynamic torsional misalignments occur.
Using this frequency as a dependent variable, a multiple
regression analysis was performed to evaluate predictors
of intraoperative dynamic torsional misalignment.
Possible predictors including (1) manifest sphere, cylin-
der, and spherical equivalent, (2) age, (3) optical zone
size, and ablation depth were evaluated. Furthermore, dif-
ferences of 95 in the groups’ eye and gender were ana-
lyzed, using a Wilcoxon rank sum test. The overall sig-
nificance threshold for these analyses was p = 0.05.

Material and methods

This retrospective evaluation of clinical data includes 179
eyes (for patient data see Table 1) which were treated for
myopia or myopic astigmatism with LASIK using a fem-
tosecond laser for flap creation (Intralase FS60, Abbot
Medical Optics, Santa Anna, CA, USA) including dynam-
ic torsional misalignment tracking during excimer abla-
tion, using the ACE 100 eyetracker implemented in the
Keracor 217z excimer laser system (both Technolas
Perfect Vision, Munich, Germany). Lateral tracking was
always activated. All treatments were aimed at the correc-
tion of myopia or myopic astigmatism. All patients signed
written consent for the applied treatment. Ethics commit-
tee approval was not needed due to the retrospective char-
acter of the trial. For all treatments, the suitability for
treatment with LASIK according to the safety and quality
standards of the German Commission of Refractive
Surgery (KRC) was required [17]. In detail, the inclusion

criteria were: myopia <10.0 D in the steepest meridian,
astigmatism <5.0 D, residual stromal thickness >250 pum,
and an age of >18 years. A further inclusion criterion for
this trial was successful dynamic torsional misalignment
tracking for 100 % of ablation. Exclusion criteria were:
preoperative corneal thickness <500 wm, progressive cor-
neal diseases, forme fruste keratoconus, cataract, glauco-
ma, or macular degeneration. No additional measurements
were performed in addition to the common femtosecond-
LASIK practice of our institution. All laser refractive pro-
cedures were performed by the same surgeon (TK). Right
eyes were always treated prior to the left eye; both eyes
underwent surgery on the same day within approximately
20 minutes.

Tracking of dynamic torsional misalignment

The resolution dimension of dynamic torsional misalign-
ment measurement is 0.1° within a range of +15° from the
initial torsional status of the eye at the beginning of the
tracking procedure (according to the manufacturer). The
dynamic torsional misalignment tracking system works
with a repetition rate of 25 Hz, the laser itself with
100 Hz. Thus, approximately every fourth laser spot is
aligned by the eye tracker and was used for the analysis
of movements. The analysis of the torsional movements
of the laser with 25 Hz indirectly reflects the dynamic
torsional misalignments.

Using a custom-written MATLAB program (MATLAB
7.0; The MathWorks Inc., Natick, MA, USA), the temporal
power spectra of dynamic torsional misalignment were calcu-
lated by the laser movements to determine the frequency be-
low which the majority of rotational eye movements occurred.
The temporal power spectrum is a simple way to quantify the
size of eye movements as a function of frequency, as previ-
ously described by Porter et al. (2005) [12]. Fourier analysis
was performed respecting the Nyquist—-Shannon sampling the-
orem, thus only frequencies up to 25Hz/2=12.5Hz were ana-
lyzed [18]. Fast dynamic torsional misalignments are repre-
sented by high temporal frequencies, slow dynamic torsional
misalignments by low temporal frequencies. Small-amplitude
movements have a low power and large-amplitude move-
ments a larger power, respectively [12]. In this trial, a 95 %
threshold was chosen as a criterion (f95) to define the majority
of eye movements.

Table 1 Patient data

Number of OD/OS  Male/female  Manifest sphere ~ Manifest cylinder ~ SE Age oz Ablation depths
patients/eyes (D) (D) (D) (years) (mm) (um)

120/179 94/85 76/103 -3.69 £1.97 1.00 = 0.80 —4.19+1.89 3545+9.03 643+0.35 80.32+2838

D — diopters, SE — spherical equivalent
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Statistics

The Shapiro—Wilk test was performed to detect parametric
distribution of 90, 95, and 99 in the study population. The
Wilcoxon rank sum test was performed to detect significant
differences between groups, as data were nonparametric. Male
versus female, patients older than median versus patients
younger than median (35 years), and eyes treated first versus
eyes treated second if both procedures were performed at
same day. Finally, the influence of factors shots, spherical
equivalent, age, gender, optical zone size and ablation depth
of 190, 95, and 99 were evaluated using a multiple regression
analysis. This was possible despite the nonparametric distri-
bution of the variables because for linear regression only nor-
mality for error terms is necessary and this was met. An
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overall significance level of p = 0.05 was chosen. All statistic
analyses were performed with SPSS 13.0 software. (SSPS Inc,
Chicago, IL, USA)

Results
Analysis of dynamic torsional misalignment

Figures 1 and 2 show exemplary results of the same patient’s
right and left eye. This patient displayed large inter-eye differ-
ences. At first, the total amount of misalignment was larger in
the left eye than in the right eye (Fig. 1a,b). Since this system-
atic difference has no influence on the analysis of dynamic
torsional misalignment characteristics it could be omitted. The
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second effect was a difference in power of dynamic torsional
misalignment. The reason for this difference remains unclear;
increasing nervousness or restlessness of the patient might
lead to the increasing ration of dynamic torsional misalign-
ment. The left (second treated) eye shows more high-power
movements (Fig. 1a,b, Fig. 2a,b). The low-power movements
superimposing the high-power movements (Fig. la,b) are
similar in both eyes (Fig. 2a,b). Analysis of the relationship
between power and frequency of torsion with Fourier analysis
(Fig. 2a,b) shows that the amplitude of torsion decreases with
increasing frequency. The cumulative power spectrum
(Fig. 2c,d) represents the cumulative percentage of tor-
sional frequencies. In the patient’s left eye, low-
frequency and thus high-power movements take a larger
percentage of all dynamic torsional movements than in the
right eye, where the high-frequency and thus low-power
movements dominate. The cumulative percentage in-
creases much faster in the left eye compared to the right
eye. The graph of the Fourier analyses for the entire series
(Fig. 3a) shows that the amplitude of dynamic torsional
movements decreases with increasing frequency.
Additionally, a second smaller peak in movement ampli-
tudes occurs for high frequencies. We have no coherent
explanation for this peak. It might reflect an actual in-
crease in amplitude for small-frequency movements. It
might also be an artefact of the analysis method. The
median f95 criterion was 4.54, ranging from 0.44 to
9.23 Hz. The mean f95 criteria was 4.89°+2.12Hz.

Table 2 Two-sample Wilcoxon rank sum test for mean difference in
90, 95, and 99 values across groups

Group variable Gender Age Eye
Mean difference in 90 0.35 0.19 0.07
P-value 0.08 0.41 0.66
Mean difference in 95 0.46 0.09 0.20
P-value 0.11 0.33 0.40
Mean difference in f99 0.57 0.40 0.08
P-value 0.09 0.29 0.27
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Analysis of prediction of 90, {95, and 99

Shapiro—Wilk testing indicated nonparametric distribution of
190, 195, and 99 (Table 1). The Wilcoxon rank sum test indi-
cated no differences of 90, 95, and f99 between groups
formed by gender, age, and eye (Table 2).

Regression analysis for determination of possible influenc-
ing variables on 190, 95, and 99 included: ablation depth,
age, optical zone size, gender, shots, and spherical equivalent
(Table 3). Although R-squared was relatively low in MRA of
90, 95, and 99, a significant impact on all of them was
shown by age, gender, and optical zone, with female gender,
higher age, and increase in optical zone promoting an increase
in 190, 95, and 99 (Table 4).

Discussion

Our trial aims to describe the characteristics of dynamic
cyclotorsional misalignment during LASIK beyond the often
used maximum torsion or mean torsion values, as these can
only describe worst case or mean misalignment. In particular,
the use of maxima leads to an overestimation of the impact of
these misalignments on postoperative results.

Fourier analysis offers a way to split these dynamic torsion-
al misalignments into single components, frequency and

Table 3  Multivariant linear regression

Variables 90 95 99
Shots 1.47e-05 —2.96e-05 5.32¢-06
Age 0.0213** 0.0423** 0.0279*
Gender 0.498%** 0.799%** 0.693%*
Spherical equivalent —0.00388 0.0348 —0.0477
Optical zone 996.8%** 1,938%** 958.9%*
Constant —5.165%* —10.10%** 1.090
Observations 179 179 179
R-squared 0.104 0.108 0.064

% ) < 0,01, ** p < 0.05, * p < 0.1
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Table4 Descriptive statistics of 90, 95, and 99 values across patient
cohorts (young vs old, male vs female)

Young (<35) Old (>35) Male Female
90 2.74 (1.30) 2.93 (1.09) 2.64 (1.23) 3.00 (1.15)
95 4.70 (2.19) 5.06 (2.05) 4.62 (2.22) 5.09 (2.02)
99 9.34 (2.02) 9.74 (1.51) 9.22 (2.07) 9.79 (1.48)

Mean (standard deviation)

amplitude, which can be a further option for calculating their
impact on ablation precision more precisely. Our analysis
shows that slow but large torsional misalignments (high am-
plitude, low frequency) dominate the dynamic torsional error.
These errors are potentially of bigger influence on ablation
precision than are fast and small (low-amplitude and high-
frequency) movements. Large and fast torsional misalign-
ments did not occur within the range of analyzed frequency.

The magnitude of static torsional misalignment, as well as
its influence on postoperative vision, has been described be-
fore and was thus not the topic of this paper. [4-8, 16, 19]

To describe the impact of dynamic torsional eye move-
ments on ablation precision during refractive corneal excimer
surgery, such as photorefractive keratectomy or laser in-situ
keratomileusis (LASIK), the knowledge of two factors is re-
quired. First, the torsional position of the eye at any moment
during ablation. Second, the exact intended position of the
laser spot at each moment. By combining these two factors,
the impact of dynamic torsional misalignment of ablation pre-
cision can be calculated. This paper focuses on the basics of
the first parameter, as it describes the characteristics of dynam-
ic torsional misalignment during LASIK in a real patient co-
hort. Fourier analysis is used to decompose the dynamic pro-
cess to its basic components: amplitude and frequency.

Age, gender, and optical zone had a significant impact on
90, 195, and 99. An increase in optical zone has the highest
impact on 90, 95, and 99 and promotes their increase sig-
nificantly. Similarly, female gender and higher age promote
increase of 90, 95, and 99 significantly. Therefore, these
variables can be considered as predictors in contrast to shots
and spherical equivalent.

Our findings can help producers of eye-tracking systems to
further adjust their systems in order to compensate for pa-
tients” eye movements. Furthermore, we think it is critical to
discuss with patients that misalignment was higher in the sec-
ond treated eye when getting informed consent.

Voluntary fixation leads to a reduction of microsaccades
from an average of 85 Hz [20] to frequencies as low as
0.5 Hz [21]. In LASIK, patients are asked to voluntarily fixate
as well, so the mean torsional misalignment of about 2—3°
described by most authors seems to appear to be a reasonable
range. In accordance with these findings, we did show that
95 % of all dynamic torsional misalignments during LASIK

were slower than 4.89° & 2.12Hz. Significantly faster dynamic
torsional misalignments are also, according to the frequency
trend shown in Fig. 3a, not to be expected. The faster the
torsional misalignments get, the smaller they get. Due to the
limits of the tracking system, however, faster and at the same
time much larger torsional misalignments cannot be excluded
completely.
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