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Aberrations induced in wavefront-guided laser
refractive surgery due to shifts between natural

and dilated pupil center locations

Jason Porter, PhD, Geunyoung Yoon, PhD, Diana Lozano, Jessica Wolfing, Remy Tumbar, PhD,

Scott MacRae, MD, Ian G. Cox, PhD, David R. Williams, PhD

PURPOSE: To determine the aberrations induced in wavefront-guided laser refractive surgery due to
shifts in pupil center location from when aberrations are measured preoperatively (over a dilated
pupil) to when they are corrected surgically (over a natural pupil).

SETTING: Center for Visual Science and Department of Ophthalmology, University of Rochester,
Rochester, New York, USA.

METHODS: Shifts in pupil center were measured between dilated phenylephrine hydrochloride (Neo-
Synephrine [2.5%]) and nonpharmacological mesopic conditions in 65 myopic eyes treated with wave-
front-guided laser in situ keratomileusis (Technolas 217z, Bausch & Lomb). Each patient’s preoperative
and 6-month postoperative wave aberrations were measured over the dilated pupil. Aberrations the-
oretically induced by decentration of a wavefront-guided ablation were calculated and compared with
those measured 6 months postoperatively (6.0 mm pupil).

RESULTS: The mean magnitude of pupil center shift was 0.29 mm + 0.141 (SD) and usually occurred
in the inferonasal direction as the pupil dilated. Depending on the magnitude of shift, the fraction of
the higher-order postoperative root-mean-square wavefront error that could be due theoretically to
pupil center decentrations was highly variable (mean 0.26 + 0.20 mm). There was little correlation
between the calculated and 6-month postoperative wavefronts, most likely because pupil center
decentrations are only 1 of several potential sources of postoperative aberrations.

CONCLUSIONS: Measuring aberrations over a Neo-Synephrine-dilated pupil and treating them over
an undilated pupil typically resulted in a shift of the wavefront-guided ablation in the superotemporal
direction and an induction of higher-order aberrations. Methods referencing the aberration measure-
ment and treatment with respect to a fixed feature on the eye will reduce the potential for inducing
aberrations due to shifts in pupil center.
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Most eyes receiving conventional laser in situ keratomileu-
sis (LASIK) procedures experience postoperative increases
in higher-order aberrations (HOAs)."™" The goal of wave-
front-guided laser refractive surgery is to remove HOAs
as well as correct for sphere and cylinder. However, it is
clear from previous studies that HOAs also tend to increase
in eyes that have received wavefront-guided LASIK, partic-
ularly eyes with low amounts of preoperative HOAs.®? Sev-
eral mechanisms that could induce these aberrations are
currently being investigated.'®™® One source of induced
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postoperative aberrations could be a static offset of a
wavefront-guided ablation due to shifts in pupil center lo-
cation from when aberrations are measured preoperatively
over a dilated pupil to when they are surgically corrected
over an undilated pupil. It is important to understand the
types and magnitudes of aberrations induced by decentered
ablations to deliver an optimal customized correction of
HOAs.

Laser in situ keratomileusis is typically performed in
eyes with pupils in their normal, undilated state under
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photopic lighting conditions. This is done for a variety of
reasons, including increased patient comfort, the ease
with which the surgeon can center a normal, undilated pu-
pil at the beginning of the procedure, and, based on our sur-
geon’s experience, the fact that eye trackers tend to be more
robust and reliable when tracking an undilated pupil.
Wave aberration measurements are usually performed
in dilated eyes to obtain aberration measurements over
pupil sizes that are larger than those experienced in all
lighting conditions. Measuring the wave aberration over
an undilated pupil could yield a situation in which the
wavefront-guided correction was performed over an area
smaller than the patient’s natural low mesopic or scotopic
pupil size. This may lead to an increase in aberrations
and a decrease in visual performance when the pupil is
large under low-light conditions, such as night driving.
Measuring the wavefront over a dilated pupil, however,
does not ensure that all the aberrations will be properly cor-
rected during the ablation. Because wavefront-guided LA-
SIK treatments typically use the center of the undilated
pupil as a reference point for treating the cornea, any differ-
ences in pupil center location between the pharmacologi-
cally dilated and normal undilated conditions will result
in a static decentration of the wavefront-guided ablation pro-
file on the cornea and the creation of undesired aberrations.
Reports of typical shifts in pupil center location be-
tween natural and pharmacologically dilated pupil condi-
tions are relatively sparse and show wide variability.*~>
Pupil center shifts in different conditions reported in
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previous studies are summarized in Table 1. Most inves-
tigators found that pupil center location shifted in the
superotemporal direction when going from a natural, un-
dilated condition to a pharmacologically dilated condi-
tion (cyclopentolate 1%).

The goal of this study was to examine the effect of pupil
center shifts on the postoperative wave aberration follow-
ing wavefront-guided LASIK. We determined the amount
of shift in pupil center location between an undilated and
dilated pupil state in a group of patients receiving wave-
front-guided LASIK ablations. Knowing the patient’s preop-
erative wave aberration and the static difference between
the locations of the pupil centers in each condition, we cal-
culated the residual aberrations that would be introduced
theoretically due to the measured shifts in an otherwise
perfect customized treatment. These theoretically induced
aberrations were compared with postoperative wave aber-
ration measurements to assess the relative contribution of
these static shifts to the overall amount of HOAs induced
after a wavefront-guided LASIK procedure. This study pro-
vides some preliminary insights into whether most of the
coma induced after wavefront-guided LASIK is a result of
a static offset of the ablation due to differences in pupil cen-
ter location.

PATIENTS AND METHODS

Sixty-five normal myopic eyes that received wavefront-
guided myopic LASIK from the same surgeon were analyzed.
Patients with flap complications or patients who received re-
treatments were excluded from the study.

A Hartmann-Shack wavefront sensor (Zywave aberrometer,
Bausch & Lomb) measured each patient’s wave aberration preop-
eratively and 1 week, 1 month, 3 months, and 6 months postop-
eratively. The wave aberration was expressed as a Zernike
polynomial up to and including 5th-order aberrations according
to the standard normalized polynomials and representation estab-
lished by the VSIA Standards Taskforce.** Zernike coefficients are
represented using a single j-index value or a double-index nota-
tion, such as Z} (j = 8). A pupil camera internal to the wavefront
sensor recorded an image of the eye while simultaneously acquir-
ing the Hartmann-Shack spots. Images were recorded with the
room lights off. The illuminance of the stimulus in the Zywave
aberrometer was 0.15 lux. The shift in pupil center location was
determined from images taken when the pupil was in a natural
undilated state and when pharmacologically dilated with phenyl-
ephrine hydrochloride (Neo-Synephrine 2.5%). Both preoperative
and 6-month postoperative aberrations were measured over the
Neo-Synephrine-dilated condition. All aberration measurements
are reported for a 6.0 mm pupil. The mean preoperative higher-or-
der root-mean-square (RMS) wavefront error (j = 6-20) across all
65 eyes was 0.46 pm £ 0.206 (SD).

Each patient received the wavefront-guided ablation over
an undilated pupil using the Technolas 217z laser system. The
mean attempted spherical correction was —3.12 + 1.38 D and
the mean attempted cylinder correction, —0.67 £ 0.50 D. The
wavefront treatment was based on the patient’s manifest refraction
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Table 1. The mean magnitude and direction of the vector shift in pupil center location in different conditions as reported in previous studies.

Condition Magnitude of Vector Shift (mm) Direction of Pupil Center Shift Reference*
Natural undilated pupil
Photopic to mesopic 0.13 + 0.07 Temporal Yang?°
Photopic to mesopic ~0.10 Inferotemporal Wyatt?'
Photopic to scotopic 0.19 £+ 0.12 Slight tendency for inferotemporal Walsh??
Natural undilated and dilated pupil
Mesopic to dilated (cyclopentolate 1%) 0.162 + 0.083 Superotemporal Yang?°
Photopic to dilated (cyclopentolate 1%) 0.183 + 0.093 Superotemporal Yang®®
Photopic to dilated (cyclopentolate 1%) 0.15 + 0.12 Slight tendency for superotemporal Walsh??

*First author only

and preoperative wave aberration taken when the eye was phar-
macologically dilated with Neo-Synephrine 2.5%. Ablation optical
zone sizes ranged between 6.0 mm and 7.0 mm but could not
be larger than the patient’s maximum pupil size measured by
the wavefront sensor. The optical zone was surrounded by a
0.875 mm fixed transition zone. An eye tracker operating at a
tracking frequency of 120 Hz monitored and compensated for
eye movements.

Calculating Pupil Center Shifts

Shifts in pupil center location were determined by measuring
the center of the undilated and dilated pupils in each patient with
respect to the limbus. The limbus served as the reference since it is
difficult to perfectly center the pupil on the optical axis of the
wavefront sensor and the edge of the limbus does not change
with dilation. The pupil camera captured images of each eye in
its natural undilated and pharmacologically dilated state. Images
were eliminated if eyelashes or part of the eyelid covered any por-
tion of the pupil or a significant portion of the limbus. Each image
was analyzed using a custom-written program (Matlab, The Math-
Works, Inc). A conventional edge-detection algorithm® was ap-
plied to detect the edge of the pupil. After a circle was fit to the
pupil and the radius and center coordinates were determined,>®*’
the same techniques were used to find the edge, center, and radius
of the limbus. The centers of the limbus and the pupil were then
known for each image.

Between 1 and 5 preoperative undilated images were ob-
tained for each eye. Each individual image was analyzed once to
determine the pupil and limbus center coordinates. The coordi-
nates from all the images analyzed for the same eye were averaged
together to obtain mean pupil and limbus center coordinates for
each undilated eye. This reduced variability in the relative loca-
tion between the pupil and limbus centers across images within
the same eye. The mean of the standard deviations of the pupil
center coordinates was no larger than 0.44 £ 0.307 um (£95%
confidence interval [CI]) in the vertical or horizontal direction
and no larger than 2.60 £ 0.445 pm (£95% CI) in the vertical
or horizontal directions for the limbus center coordinates.

Each pupil was pharmacologically dilated with Neo-
Synephrine 2.5%. On average, the dilated pupil image was cap-
tured 40 minutes after instillation of the drug. After full dilation
was achieved, the wave aberration was measured and a dilated pu-
pil image was simultaneously acquired. Only 1 wavefront mea-
surement was selected and used to drive the wavefront-guided
ablation algorithm for each eye. Therefore, the single dilated pupil

image that was recorded at the same time as the measured wave-
front selected for surgery was analyzed. The dilated pupil and lim-
bus center coordinates were calculated 3 times per image and were
averaged to obtain a mean set of coordinates for each eye. Analyz-
ing each image 3 times provided an estimate of the Matlab pro-
gram’s repeatability in calculating the pupil and limbus centers.
The mean standard deviation of the pupil center coordinates
was no larger than 0.55 £+ 0.657 pm (£95% CI) in the vertical
or horizontal directions and no larger than 4.26 + 1.204 pm
(£95% CI) in the vertical or horizontal direction for the limbus
center coordinate. The pupil and limbus coordinates were then
known for both the undilated and pharmacologically dilated pre-
operative pupil conditions in each eye.

As shown in Figure 1, A, the horizontal and vertical distances
from the limbus center (white circle) to the dilated pupil center
(dark gray circle) were calculated from the dilated pupil image.
These distances were added to the limbus center coordinates in
the undilated pupil image. Figure 1, B, illustrates where the loca-
tion of the dilated pupil center would be when superimposed on
the undilated image. The difference between the coordinates of
the dilated (dark gray circle) and undilated (light gray circle) pu-
pil was calculated to determine the shift in pupil center location.
This shift corresponds to a decentration of the wavefront-guided
ablation.

Calculating Theoretically Induced Aberrations

Before calculating the aberrations induced by pupil center
shifts, it was important to measure the preoperative wave aberra-
tion over a pupil larger than the sum of the desired pupil for
reporting the aberrations and twice the magnitude of the pupil
shift. This technique ensured that the wavefront-guided correc-
tion would extend over the entire pupil being studied. In this
study, the desired pupil for reporting aberration results was
6.0 mm. If the maximum dilated preoperative pupil for a given
patient was 7.0 mm, the patient would be included in the study
only if the magnitude of the shift in pupil center location was
less than 0.5 mm. Eyes were eliminated from the study if their pu-
pil center shift was too large to ensure that the wavefront-guided
correction would completely overlap the desired pupil.

Knowing the patient’s preoperative dilated wave aberration
and the difference between the locations of the pupil centers in
each condition, we calculated the residual aberrations that would
be introduced theoretically due to the measured offsets in an
otherwise perfect wavefront-guided treatment. The calculation
assumed that decentrations due to shifts in pupil center location
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Figure 1. Images of the same left eye in (A) a pharmacologically dilated
state (Neo-Synephrine 2.5%) and (B) a natural undilated state. The edges
of the limbus and dilated pupil are illustrated using solid white and solid
dark gray lines, respectively, while that of the undilated pupil is denoted
using a dashed light gray line. Limbus, dilated pupil, and undilated pupil
centers are represented by white, dark gray, and light gray circles, respec-
tively. A customized ablation in this eye could be decentered due to
a slight superotemporal shift from when aberrations were measured
over a dilated pupil to when they were corrected over an undilated pupil.

were the only source of error in the wavefront-guided ablation. If
there was no difference in pupil center location between a dilated
and undilated condition, the desired ablation profile would be
perfectly registered and would negate the eye’s preoperative
wave aberration. This would result in a perfect postoperative cor-
rection of the eye’s optics with no residual aberrations. However, if
there was a difference in pupil center location, the desired correc-
tion would be displaced from its intended location and residual
aberrations would remain after the treatment. As found by Guirao
et al.,*® decentering a wavefront-guided correction of order N
primarily induces aberrations of order (N-1). For example, a
wavefront-guided ablation intended to correct for spherical
aberration (a 4th-order aberration) would primarily induce
coma (a 3rd-order aberration) if the ablation were decentered
due to a shift in pupil center.

After these calculations were performed, the theoretically in-
duced aberrations were compared with real aberrations measured
6 months after surgery in each eye. The calculated values were

compared with the postoperative aberrations alone because the
patients received a wavefront-guided ablation that should have
ideally yielded no postoperative aberrations. Therefore, any
aberrations present after the treatment must have been remnants
imparted by the procedure.

Statistical Analysis

Two-tailed t tests were used to test for significance when com-
paring the magnitudes of the horizontal and vertical pupil center
shifts in all eyes and whether the horizontal and vertical pupil
shifts were significantly different between right and left eyes.
They were also used to determine significant correlations between
the theoretically induced and postoperatively measured aberra-
tions in all 65 eyes. Values of P<.05 were considered significant.

RESULTS

The mean age of the 65 patients was 32.60 + 8.74 years.
The preoperative myopia was less than —7.00 D (mean
—3.15 + 1.34 D), and the preoperative cylinder was less
than —3.00 D (mean —0.56 + 0.47 D).

Pupil Center Shifts

The mean pupil diameters for the undilated and dilated
conditions were 6.41 + 1.19 mm and 8.47 + 0.72 mm, re-
spectively. The mean magnitudes and ranges of the hori-
zontal, vertical, and vector shifts in pupil center location
between the Neo-Synephrine-dilated and normal undilated
conditions are shown in Table 2. The vector shift was calcu-
lated as the square root of the sum of the squares of the
horizontal and vertical shifts. The mean magnitude for
the horizontal shifts in pupil center position (0.21 =+
0.129 mm) was slightly larger than that in the vertical di-
rection (0.18 £ 0.115 mm). However, the magnitudes of
the shifts in the horizontal direction were not significantly
different from those in the vertical direction (P =.15). The
mean vector shift was 0.29 £ 0.141 mm (range 0.08 mm to
0.64 mm).

The distribution of the magnitudes of the horizontal,
vertical, and vector shifts in the location of the pupil center
between the pharmacologically dilated and undilated con-
ditions are shown in Figure 2. Most eyes (54% and 63%) ex-
perienced less than 0.2 mm of horizontal or vertical shift in
pupil center position, respectively. Thirty-one percent of
eyes had a vector shift in pupil center location that was
less than 0.2 mm, as shown in Figure 2, C. Several eyes ex-
perienced large vector shifts, but there was a wide variation
in the magnitude of these shifts across eyes.

Pupil center location tended to shift in the inferonasal
direction when the pupil went from a natural undilated
state to a pharmacologically dilated state. This is illustrated
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Table 2. Mean and range of magnitudes for horizontal, vertical, and vec-
tor shifts in pupil center location between dilated and undilated
conditions.

Range of Shifts (mm)

Minimum  Maximum
Shift Mean Magnitude (mm) Magnitude Magnitude
Horizontal 0.21 £ 0.129 0.02 0.51
Vertical 0.18 £ 0.115 0.01 0.46
Vector 0.29 + 0.141 0.08 0.64

in Figure 3, which shows the shifts in pupil center position
in 30 right eyes and 35 left eyes. The center of the undilated
pupil in each left and right eye was defined as the origin of
the respective plot. The location of each dilated pupil cen-
ter relative to the undilated pupil center is denoted using
diamonds. The means of the horizontal and vertical shifts
in pupil center location from an undilated to a dilated state
were 0.16 + 0.132 mm and —0.14 + 0.161 mm (right
eyes) and —0.24 £ 0.129 mm and —0.17 £ 0.121 mm
(left eyes), respectively. The right and left eyes had mean
vector shifts of 0.26 + 0.142 mm and 0.32 + 0.138 mm,
respectively. The mean directions of pupil center shift

were along axes oriented at 319 degrees and 216 degrees
in the right and left eyes, respectively. There was a signifi-
cant difference in the horizontal shifts in pupil center loca-
tion between right and left eyes (P =.02). The shifts in the
right eyes were negated to account for mirror symmetry be-
tween left and right eyes in the horizontal meridian when
assessing significance. There was no significant difference
in the vertical (P =.34) and vector (P =.11) shifts between
the 2 groups of eyes. Sixty of 65 eyes displayed a pupil cen-
ter shift in the inferonasal direction as the pupil dilated
with Neo-Synephrine 2.5%. Since the wavefront was mea-
sured over a dilated pupil but was corrected over an undi-
lated pupil, the wavefront-guided ablation in these eyes
would be decentered in the superotemporal direction.

The inferonasal shift in pupil center with dilation was
due to the fact that our patients’ pupils did not tend to dilate
symmetrically about the undilated pupil. Figure 4 shows
an example of the change in pupil center location and iris
shape from an undilated to a Neo-Synephrine-dilated state
in (A) 1 patients right eye and (B) a different patient’s left
eye. As seen in the figure, the iris tended to become thinner
in the inferonasal direction and was typically thickest in
the superotemporal direction after being dilated with
Neo-Synephrine.

Figure 2. Distribution of the magnitude of the (A)

25 25
20 20
g
g 15 15
-
£ 10 10
=
z
5 5
0 0
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
Magnitude of horizontal shift (mm) Magnitude of vertical shift (mm)
A
25
20
w
=
g 15
£
£ 10
=
4
5

0
0 01 02 03 04 05 06 07

Magnitude of vector shift (mm)
C

J CATARACT REFRACT SURG - VOL 32, JANUARY 2006

horizontal, (B) vertical, and (C) vector shifts in pupil
center location between a Neo-Synephrine-dilated
and an undilated state in all 65 eyes. The mean hor-
izontal, vertical, and vector magnitudes were 0.21
+ 0.129 mm, 0.18 + 0.115 mm, and 0.29 +
0.141 mm, respectively.
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Figure 3. Vertical and horizontal shifts in pupil center location from an undilated to dilated state for 30 right eyes and 35 left eyes. The center of the undilated
pupil was positioned at the origin of each plot. Diamonds indicate the corresponding centers of all dilated pupils relative to the undilated pupil center po-
sition. Pupil center location shifted in the inferior-nasal direction in 60 of 65 eyes when going from a naturally undilated state to a pharmacologically (Neo-
Synephrine 2.5%) dilated state. Average horizontal and vertical shifts in the right eyes were 0.16 &+ 0.132 mm and —0.14 £ 0.161 mm, respectively, while the
average horizontal and vertical shifts in the left eyes were —0.24 + 0.129 mm and —0.17 £ 0.121 mm, respectively.
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Figure 4. Images illustrating the change in pupil
center location and iris shape from a natural undi-
lated state to a dilated state in (A) one patient’s
right eye and (B) a different patient’s left eye. Supe-
Inferior rior, nasal, and inferior directions are noted on the
figure. White and gray filled circles denote limbus
i and pupil centers, respectively. Irises tended to
Superior thin more in the inferonasal direction than in the
superotemporal direction. Pupil centers tended
to shift in the inferonasal direction with dilation.
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Theoretical and Postoperative Aberrations

A wavefront-guided correction was generated for each
eye based on the patient’s preoperative dilated wave aberra-
tion measurement. The correction was decentered by an
amount corresponding to the shift in pupil center location
from a dilated to a normal, undilated state. The fraction of
the measured postoperative higher-order RMS wavefront
error that could theoretically be due to shifts in pupil center
position was highly variable and depended on the magni-
tude of the shift. The mean ratio of the theoretically induced
higher-order RMS to the actual higher-order RMS measured
6 months postoperatively was 0.26 + 0.202 (range 0.04 to
1.27).

The distribution of eyes with a given ratio of theoreti-
cally induced to 6-month postoperative higher-order RMS
for a 6.0 mm pupil is shown in Figure 5. All but 1 eye
had a ratio less than 0.76. This indicates that 4% to 76%
of the postoperative HOAs could be due to a decentration
of the wavefront-guided ablation resulting from a shift in
pupil center location. Most eyes had small ratios, with
69% of eyes having a ratio less than 0.3. This implies that
postoperative aberrations were typically larger than those
theoretically induced due to a pupil center offset of the
treatment. The only eye with a ratio larger than 1 (patient
RIK_OD, ratio = 1.27) experienced a substantial decrease
in HOAs after wavefront-guided ablation. Patient RIK_OD
had a preoperative higher-order RMS wavefront error of
131 pm that was reduced to 0.84 um 6 months

6-mm pupil, N = 65
T T

20 | — .
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|

Number of Eyes
=
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Figure 5. Distribution of the ratio of the higher-order (HO) RMS wavefront
error theoretically induced solely by shifts in pupil center to the higher-
order RMS from 6-month postoperative wavefront sensor measurements
in 65 eyes (6.0 mm pupil). The mean ratio was 0.26 + 0.202.

postoperatively. The theoretically predicted higher-order
RMS wavefront error based on patient RIK_OD’s large vec-
tor pupil shift of 0.63 mm was 1.07 pm.

Figure 5 provides some initial insight into the relative
proportion of postoperative aberrations that could be
due to offsets of a wavefront-guided ablation. While
higher-order RMS wavefront error provides an overall esti-
mate of how aberrated an optical system is, it does not pro-
vide direct information on the distribution and magnitudes
of the actual aberrations that are present. To better assess
the degree of correlation between the theoretical and post-
operative aberrations, the correlation coefficients for each
Zernike mode between the theoretically induced and
6-month postoperatively measured values in all 65 eyes
were calculated, as shown in Table 3. This statistical corre-
lation test was performed on each Zernike mode, and no
correction was applied for multiple tests. The signs of all
Zernike coefficients that exhibit odd symmetry about
the y axis (j = 3, 8, 9, 10, 11) were flipped in 1 eye and
not the other. Although preoperative wavefronts were
measured through 5th-order Zernike modes, 5th-order
aberrations were not examined since a decentration of
a wavefront-guided correction extending through the 5th
order can only produce aberrations of 4th order or lower.

The correlation coefficients for all Zernike modes were
weak, indicating that there was a low degree of correlation
between the aberrations measured postoperatively and
those theoretically calculated after a decentration of a wave-
front-guided ablation due to shifts in pupil center location.
Defocus (j = 4), horizontal coma (j = 8), and secondary
astigmatism (j = 11) were significantly correlated but had
very low correlation coefficients (R = 0.303, R = 0.256,
R = —0.258, respectively). The correlation between the
theoretically induced coma terms and the 6-month pos-
toperatively measured counterparts are plotted in Figure 6,
as coma is an aberration typically produced when an
optical system is decentered. Figure 6, A, shows the poor
correlation between the calculated and postoperative
values for vertical coma (R = —0.077), while Figure 6, B,
shows the weak but significant correlation for horizontal
coma (R = 0.256). The magnitude of the theoretically in-
duced coma terms (square root of the sum of the squares
of vertical and horizontal coma) was very weakly correlated
with the corresponding postoperatively measured magni-
tudes (R = 0.264), but this low correlation was significant
(P =.034). When excluding the apparent outlier, denoted
as the black circle in Figure 6, C, the correlation negligibly
improved to R = 0.291 and was still significant (P =.020).
Inaddition, Figure 6, C, illustrates that most eyes had a post-
operatively measured coma magnitude that was larger than
the magnitude predicted due to offsets of the wavefront-
guided ablation caused by shifts in pupil center location.
The black line in each plot denotes a perfect correlation
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Table 3. Correlation coefficients for each Zernike mode (up through 4th
order) between the theoretically induced and 6-month postoperatively
measured aberrations in all 65 eyes and their level of significance.

Zernike Correlation 95% Cl

Coefficient Coefficient, R Lower Upper P value
=322 0.123 —-0.1248 03562  .330
j=4 (Zg) 0.303 0.0640 0.5095 .014*
j=5 (Zg) 0.054 —0.1921 0.2945 .667
j=6 (253) —0.021 —0.2634 0.2244 .870
=7z —0.077 —0.3151 0.1701  .542
j=8 (Z;) 0.256 0.0123 0.4701 .040*
j=9 (Zg) 0.196 —0.0502 0.4201 117
j=10 (Z;“) —0.091 —0.3273 0.1569 A73
j=1 (Z;Z) —0.258 —0.4721 —0.0149 .038*
j=12 (ZZ) —0.087 —0.3238 0.1607 493
j=13 (Zﬁ) 0.007 —0.2373 0.2505 .956
j=14 (Zi) 0.163 —0.0846 0.3911 195

*Zernike modes that were significantly correlated (P <.05).

between the calculated and postoperatively measured aber-
rations. Sixty-one of 65 eyes were above this line, indicating
that their postoperative coma magnitudes were larger than
those anticipated from the calculation.

Finally, it could have been possible to obtain low corre-
lation coefficients for individual Zernike modes but, when
combined in aggregate, have a theoretically induced wave
aberration with a similar overall structure to the postoper-
ative wave aberration. Therefore, a difference wavefront
was calculated by subtracting the theoretically induced
wave aberration from the postoperative wave aberration
in each eye. Second-order through 4th-order (j = 3-14)
and 3rd-order through 4th-order (j = 6-14) RMS values,
along with the magnitude of the 2 coma terms, were calcu-
lated for the 6-month postoperative and difference wave-
fronts in each eye. The results are illustrated in Table 4 for
a 6.0 mm pupil. If the theoretical aberrations induced due
to an ablation offset accounted for a portion of the HOAs,
the mean RMS values of the difference wavefronts would
be expected to be lower than those of the postoperative aber-
rations. This was not the case, however, as the mean RMS
values of the difference wavefronts were slightly larger
than those of the postoperative aberrations in all 3 catego-
ries. Both the difference and postoperative RMS values
were highly correlated (nearly 1:1 correlation) for the
2nd-order through 4th-order RMS, 3rd-order through
4th-order RMS, and coma magnitudes. This again indicates
a poor correlation between the calculated and measured
postoperative wavefronts.

DISCUSSION

The mean vector shift in pupil center location from
a mesopic undilated condition to a condition when dilated

with Neo-Synephrine 2.5% was 0.29 &+ 0.141 mm in our 65
eyes and occurred in the inferonasal direction with dilation.
This mean change was slightly larger and occurred in a dif-
ferent direction than in previously reported studies that
used different dilating agents. Most published studies
have reported a change in pupil center location between
photopic, mesopic, and pharmacologically dilated condi-
tions using cyclopentolate 1%. Walsh** found that the loca-
tion of the pupil center tended to shift slightly temporally
(mean 0.03 + 0.15 mm) and slightly superiorly (mean
0.02 £+ 0.14 mm) between a photopic and pharmacolog-
ically dilated condition (using cyclopentolate 1%). The
mean absolute (or vector) shift was 0.15 + 0.12 mm.
Yang et al.”® found the position of the pupil center to
move a mean of 0.162 £ 0.083 mm in the superotemporal
direction from a mesopic to a pharmacologically dilated
state using cyclopentolate 1% in 130 eyes. There was also
a mean shift in pupil center location of 0.183 + 0.093 mm
in the superotemporal direction when going from a photopic
to a pharmacologically dilated pupil state. Wyatt*" similarly
noted a slight tendency for a temporal, but inferior, shift in
mean pupil center location of approximately 0.1 mm from
aphotopic to mesopic conditionin 16 eyes. All 3 authors ob-
served large intersubject variability in the degree of shift in
pupil center position, with some eyes experiencing shifts of
up to 0.6 mm.>**> We also found a large range of shifts (be-
tween 0.08 mm and 0.64 mm) in our cohort of eyes.

The difference in the direction of the pupil center shift
with dilation found in this study compared with those in
previous studies could be due to the type of mydriatic
used to induce dilation. The eyes in this study received
Neo-Synephrine 2.5%, a weaker and different dilating agent
than the cyclopentolate 1% used in the studies conducted
by Yang et al.*® and Walsh.**> As shown in Figure 4, the
iris thinned more in the inferonasal direction after being di-
lated with Neo-Synephrine 2.5% in most eyes, accounting
for the inferonasal shift in pupil center location with dila-
tion. Chang et al.”® found that phenylephrine 2.5% pro-
duced an uneven dilation of the pupil, particularly in the
vertical direction, while tropicamide 1% yielded a symmet-
rical dilation.

Dilating agents act on 1 of 2 iris muscles to induce a di-
lation of the pupil. Cyclopentolate and tropicamide both
neutralize the iris’ sphincter muscle, which consists of fi-
bers that are arranged in a circular fashion and typically
contract uniformly to constrict the pupil. When an appro-
priate agent inhibits the sphincter fibers, they relax and, as
suggested by Chang et al.,* collectively move after a short
period of time to produce a symmetric dilation of the pupil.
Neo-Synephrine, however, acts on the dilator muscle of the
iris, which consists of several radiating fiber strands that
can contract independently to dilate the iris. A drug that
stimulates this muscle in a localized region could produce
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Figure 6. Theoretically calculated versus 6-month
postoperatively measured (A) vertical coma, (B)
horizontal coma, and (C) the magnitude of coma
in all 65 eyes (circles) over a 6.0-mm pupil. The
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a nonuniform contraction of the fibers, leading to a non-
symmetric dilation. Due to gravity and the fact that tear flu-
ids tend to pool inferiorly, leaving the surface of the eye via
canals near the punctum (located nasally and inferiorly in
both eyes), it is possible that the dilator muscle fibers could
have been stimulated more in the inferonasal portion of the
pupil after receiving a drop of Neo-Synephrine. This could
explain the nonuniform dilation observed in our eyes with
Neo-Synephrine and the shift in pupil center location with
dilation in the inferonasal direction.

According to these observed shifts in pupil center loca-
tion, the wavefront-guided ablations in a majority of our
eyes could have been decentered in a superotemporal direc-
tion since the wavefront was measured over a pharmacologi-
cally dilated pupil but was corrected over an undilated pupil
that was relatively constricted due to the bright illumination
of the operating microscope. The mean decentration of
0.29 + 0.141 mm in this study theoretically would result
in the induction of HOAs. Based on calculations by Guirao

Theoretically Induced
Horizontal Coma (pzm)

04 08 12 black diagonal line has unit slope. A perfect corre-
lation between the theoretically induced and post-
operatively measured aberrations exists for points
along this line. The gray line is the best-fit line
to the data in each plot. There was a significant
but low correlation between the calculated and
postoperative horizontal coma mode (R = 0.256,
P = .040) and magnitude of the coma modes
(R = 0.264, P = .034).

et al.*® and Williams et al.,’® only approximately half the
eye’s HOAs would be corrected in a wavefront-guided abla-
tion that was statically decentered by 0.3 mm, the mean
decentration observed in our study.

The mean ratio of the theoretically induced higher-
order RMS error to the 6-month postoperative higher-order
RMS error was 0.26 * 0.202, implying that, on average,
a maximum of 26% of the HOAs after surgery potentially
could have resulted from decentrations of a wavefront-
guided ablation due to pupil center shifts. However, as il-
lustrated in Tables 3 and 4, there was a weak correlation be-
tween the aberrations that were theoretically calculated due
to an offset of the ablation and those actually measured 6
months after surgery.

Previous studies that measured aberrations in normal
eyes have shown that the mean value of spherical aberration
(a 4th-order aberration) in the population is positive and
significantly different from zero.>'>* Therefore, a potential
source of the coma (a 3rd-order aberration) induced after
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Table 4. Average and range of RMS wavefront errors for second order through fourth order, third order through fourth order, and the magnitude of coma for
the 6-month postoperatively measured and difference wave aberrations in 65 eyes (6.0-mm pupil).

Zernike Modes

Second Order Through Fourth Order

Third Order Through Fourth Order

Magnitude of Coma

Postoperative Difference Postoperative Difference Postoperative Difference
RMS (um) RMS (um) RMS (um) RMS (um) RMS (um) RMS (um)
Average 1.00 + 0434 1.08 + 0.481 0.61 + 0.244 0.66 + 0.279 0.37 + 0.231 0.43 + 0.279
Minimum 0.404 0.454 0.224 0.027 0.024
Maximum 3.101 3.286 1.475 1.156 1.236
Correlation R = 0.955 (P<.0001) R = 0.961 (P<.0001) R = 0.945 (P<.0001)

wavefront-guided LASIK could be due to a decentration of
the customized ablation that attempted to correct a given
amount of spherical aberration or secondary astigmatism.>®
We investigated whether most postoperative coma ob-
served after wavefront-guided LASIK could have resulted
from a static offset of the ablation by comparing the values
of horizontal and vertical coma (and their magnitude) that
would have been induced theoretically with those values
measured 6 months postoperatively by the wavefront sen-
sor. There was a small and significant correlation (R =
0.256, P = .040) between the theoretically calculated and
actual postoperative values of horizontal coma in our co-
hort of 65 eyes. The magnitude of the coma terms was
also significantly correlated (P = .034), but weakly (R =
0.264), between the theoretically predicted and postopera-
tive values. Additionally, Figure 6, C, illustrated that the
postoperatively measured magnitudes of the coma modes
were larger in 61 of 65 eyes than the magnitudes predicted
due to a static offset of the ablation alone. This trend, cou-
pled with the weak correlations observed for the vertical
and horizontal coma modes, indicates that there are addi-
tional mechanisms responsible for the amount of coma in-
duced after wavefront-guided LASIK.

The low degree of correlation in most of the aberra-
tions was most likely due to the fact that pupil center
decentrations are only 1 of several potential sources of post-
operative aberrations. The degree of the ablation offset de-
pends on the undilated pupil size of the eye at the time of
surgery. It was assumed that the pupil center location dur-
ing surgery in these undilated eyes was identical to the
position measured in an undilated state with the wavefront
sensor. However, any patient receiving surgery under light
levels different than the mesopic levels used to measure the
undilated pupil with the wavefront sensor could have expe-
rienced a slightly larger or smaller shift than was actually
determined, with the potential for inducing different sets
of aberrations.

Any potential changes in the orientation of the wave-
front-guided ablation due to cyclotorsional effects were
also ignored when calculating the theoretically induced

aberrations. Both the pharmacologically dilated and natu-
ral undilated images of the pupil were recorded when the
patient was sitting upright at the wavefront sensor. Even
though the wavefront measurement is recorded over a di-
lated pupil when the patient is sitting upright, the surgery
is performed when the patient is lying down. Any cyclotor-
sional rotations that occur when the patient lies down will
cause the ablation to be improperly oriented during the
surgery.

Taylor and Teiwes”’ noted that cyclotorsional move-
ments were smallest during regular fixation (less than +
1 degree) and were largest between an upright and prone
position. Thirty-two of 46 eyes had less than 5 degrees of
cyclotorsion between the upright and supine conditions.
Despite observing cyclotorsional movements of up to
16 degrees, Smith and Talamo’* reported no significant dif-
ference in cyclotorsion between upright and supine posi-
tions in 30 eyes for binocular viewing conditions. Becker
etal.’” confirmed these observations and also found no sig-
nificant positionally induced cyclotorsion between upright,
binocular fixation and supine, monocular fixation in 38
eyes. Cyclotorsional movements between these 2 condi-
tions appear to be small and would most likely minimally
affect laser refractive surgery outcomes.

In addition, there are several other mechanisms that
can affect the postoperative aberration structure of the
eye. The flap cut, the flap lift, and the subsequent biome-
chanical and postoperative healing responses of the cornea
have a small role in inducing HOAs in the eye after
LASIK.'"%'® Another potential source of HOA induction
after LASIK is dynamic eye movements that occur during
the ablation. An additional mechanism that could be re-
sponsible for the increases in spherical aberration observed
after LASIK is the efficiency of a laser pulse when striking
different areas of the cornea.'”'® Inhomogeneities in the
cornea, fluctuations in the laser’s intensity, and changes in
humidity could also yield imperfections in the actual abla-
tion profile applied to the cornea. These mechanisms were
not incorporated in our theoretical calculations of the aber-
rations induced due to a static offset of the ablation and
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most likely account for the discrepancies between a major-
ity of the theoretically induced and postoperatively mea-
sured aberrations. An important step to achieve an
optimal customized correction will be to incorporate all
of these separate effects into 1 cohesive model that articu-
lates the overall changes resulting from a LASIK procedure
for each individual patient.

In summary, measuring aberrations over a Neo-
Synephrine-dilated pupil and treating them over an undi-
lated pupil could result in a shift of the wavefront-guided
ablation in the superotemporal direction and an induction
of HOAs. There was little correlation between the calculat-
ed and 6-month postoperative aberrations when examining
the entire wavefront or when looking at individual aberra-
tions. A significant but weak correlation between the theo-
retically induced and postoperatively measured aberrations
seemed to occur for horizontal coma, with a correlation co-
efficient of 0.256 (P =.040). A method that references the
aberration measurement and treatment with respect to
a fixed feature or set of features will reduce the potential
for inducing aberrations due to shifts in pupil center loca-
tion and torsional errors.
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