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Impact of Zernike-fit error on simulated
high- and low-contrast acuity in keratoconus:

implications for using Zernike-based corrections
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This study examines the extent to which a Zernike-based optical correction can restore acuity in keratoconus
as a function of disease severity and contrast level. Increasingly complete Zernike corrections in the presence
of Zernike-fit error were simulated. Acuity for keratoconic eyes with �60 D maximum corneal power reached
20/13 with a fifth-order Zernike correction under high-contrast conditions and exhibited a loss of 0.1 logMAR
(minimum angle of resolution) (from 20/32 to 20/40) for low-contrast conditions. Acuity for keratoconic eyes
with �60 D maximum corneal power approached 20/13 with sixth–tenth-order corrections under high-
contrast conditions but did not return to similar levels with a tenth-order correction for low-contrast condi-
tions. The results suggest that fit error affects visual performance for more difficult tasks and that restoring
high-contrast acuity (20/16 or better) using a fifth-order Zernike correction is not limited by Zernike-fit error
for over 88% of keratoconus cases. © 2006 Optical Society of America
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. INTRODUCTION
dvances in wavefront-sensing techniques have provided

he researcher and clinician with a quick, objective, non-
nvasive method of assessing the quality of the optics of
he human eye.1 Wavefront-aberration data can be trans-
ormed to describe a variety of optical quality metrics re-
ated to visual performance.2–4 Currently, the Zernike ex-
ansion is the ANSI standard (ANSI Z80.28) fitting
unction for describing ocular wavefront error.5 This fit-
ing procedure decomposes the measured three-
imensional wavefront error into a set of basis functions,
ach with a coefficient representing the component’s rela-
ive magnitude in the fitted function. The basis functions
re ordered radially by increasing exponential powers
nd rotationally by sine and cosine functions of increasing
ngular frequency. The orientation of nonrotationally
ymmetric Zernike modes (such as coma and trefoil) is de-
ermined from the relative contribution of both the sine
nd cosine components.
Optical defects caused by the corneal disease keratoco-

us can lead to elevated wavefront error6 and reduced vi-
1084-7529/06/040769-8/$15.00 © 2
ual performance.7 The validity of the Zernike polynomial
or fitting highly aberrated, diseased eyes such as kerato-
onic eyes has been called into question.8,9 Depending on
he number of orders fitted, the Zernike expansion acts as

low-pass filter that can disregard higher-frequency
avefront errors contained in the measurement. Residual
t error describes the portion of the wavefront that can-
ot be described with a truncated (noninfinite) Zernike
xpansion. While small levels of fit error may be ignored,
arger levels may be visually significant, in which case it
ould not be practical to use the truncated Zernike ex-
ansion to describe keratoconic wavefront error.
Incorporation of customized wavefront error correction

nto contact lenses has been previously suggested.10–13

he benefit of such contact lens corrections can be offset
y translation and rotation.14–17 These previous studies,
owever, indicate that visual benefit is real even in the
resence of translation and rotation as long as the trans-
ation and rotation are reasonably small.

State-of-the-art lathing platforms now make imple-
entation of wavefront profiles including higher-order
006 Optical Society of America
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berrations possible in phase plate and contact lens de-
igns. Equipment for manufacturing customized contact
enses is currently available and not the subject of this
aper. The research reported here examines the minimal
umber of Zernike modes that must be corrected to re-
tore normal visual acuity (VA) in keratoconus in the
resence of Zernike error and residual fit error.
If the Zernike expansion is to be used to design custom

ontact lenses for keratoconic subjects, it is important to
nderstand the visual consequence of residual fit error in
onjunction with the use of a truncated Zernike expan-
ion. In this study, we assess the effect of residual fit error
n visual performance in keratoconic eyes, assuming the
orrection is perfectly aligned to the wavefront error of
he eye. Approaching the problem in this manner allows
he examination of fit error associated with a truncated
ernike expansion independent of errors induced by
ranslation and rotation of the correction.

Assessment of fit error is made in the presence of in-
reasingly complex Zernike corrections (increasing radial
rders used to correct the eye). This design permits both
he evaluation of the impact of fit error and the identifi-
ation of a minimum number of Zernike orders that must
e corrected to restore visual performance (as a function
f disease severity and task difficulty).

Although wavefront aberration stems from all compo-
ents of the optical system, the bulk of the refractive
ower of the eye is found at the air/tear interface. When
he cornea is highly aberrated, such as in keratoconic sub-
ects, corneal aberration describes the bulk of the higher-
rder ocular aberration, and can be used as a model for
hole-eye aberration.18 Consistent with this finding, cor-
eal first surface wavefront error in the keratoconic eyes
valuated in this study is in agreement with whole-eye
avefront error values previously reported (see Table 1).6

We used low-contrast targets as well as high-contrast
argets as measures of visual performance because low
ontrast tasks have been shown to be more sensitive to
isual degradation in the presence of aberrations than
igh-contrast targets,19 especially in keratoconus eyes.20
oreover, low-contrast tasks have been argued to illus-
rate better the effect of visual correction relevant to real-
orld activities.21

Here we wish to explore whether a truncated Zernike
xpansion correction can restore high- and low-contrast
cuity to normal levels in mild to severe keratoconus in
he presence of residual fit error.

. METHODS
ppropriate university Institutional Review Board ap-
rovals and informed consents were obtained prior to con-
ucting the study. Keratoconus topographies were cap-
ured in an ophthalmology outpatient setting where full-
cope care of keratoconus patients is practiced, including
ontact lens fitting and corneal transplantation. The data
ere collected on an EyeSys Corneal Analysis System
odel 2 (EyeSys Laboratories Inc., Houston, Texas) cor-

eal topographer. Eight keratoconus corneal topographies
ere identified from an existing database of 117 corneal

opographies of clinically diagnosed keratoconus subjects.
igure 1 shows the distribution of these 117 topographies
y maximum corneal power. Eight topographies were cho-
en to represent a wide range of keratoconus severity
rom mild to severe. Maximum corneal powers of the eight
hosen topographies were 44, 49, 54, 59, 64, 68, 71, and 78
. Maximum corneal power was determined using Visual
ptics Laboratory Professional 6.70 or VOLPro (Sarver
nd Associates, Carbondale, Illinois) by locating the
teepest location on a given topography. All topographies
eported complete data over the central 4 mm zone.

VOLPro was used to construct unaberrated logMAR
minimum angle of resolution) letter charts by selecting
etters randomly from an equally identifiable letter set.
owever, VOLPro will not allow any one letter to be du-
licated on any given line of an acuity chart. This ensures
ll letters within one line of the chart are unique. Maxi-
um logMAR letter size and chart test distance are input

y the user to ensure proper chart size and scaling. Each
ested aberration condition was associated with the same
Table 1. Summary of 4 mm Aberration Data for the Eight Keratoconic Eyes Studieda

Maximum Corneal Power (D) 44 49 54 59 64 68 71 78

Maeda et al.6

RMS ��m�
Corneal

(Whole Eye)

nd-order RMS ��m� 0.633 1.520 2.178 2.254 2.696 5.264 5.129 5.004 -
rd-order RMS ��m� 0.322 0.781 0.994 0.837 0.912 2.667 2.786 4.720 0.59 (0.75)
th-order RMS ��m� 0.031 0.278 0.095 0.538 0.676 0.826 1.113 1.307 0.23 (0.23)
th-order RMS ��m� 0.021 0.068 0.063 0.058 0.100 0.097 0.382 0.330 -
th-order RMS ��m� 0.026 0.053 0.016 0.061 0.112 0.112 0.237 0.401 -
th-order RMS ��m� 0.012 0.030 0.009 0.026 0.038 0.085 0.065 0.067 -
th-order RMS ��m� 0.011 0.029 0.009 0.016 0.037 0.081 0.054 0.073 -
th-order RMS ��m� 0.012 0.021 0.009 0.026 0.030 0.061 0.057 0.077 -
0th-order RMS ��m� 0.008 0.02 0.007 0.009 0.023 0.045 0.075 0.132 -
it error RMS ��m� 0.006 0.007 0.008 0.009 0.012 0.014 0.014 0.018 -

aHere, root-mean-square �RMS� wavefront aberration is reported as a function of radial order. Fit error �portion of the wavefront not described by the Zernike polynomial� is
lso reported for the keratoconic eyes. Also listed are values of third- and fourth-order aberration over a 4 mm pupil in keratoconus-suspect to mild keratoconus previously reported
y Maeda et al.6 Dash indicates the data were not reported.
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andom letter chart for the three trials. Corneal first-
urface wavefront aberration was calculated from the to-
ographical data using VOLPro. The aberration structure
or a given eye was determined by first extracting the cen-
ral 4 mm circular area from the topography data (typi-
ally over two thousand data points decreasing in sam-
ling density as distance from the corneal apex increases)
nd fitting the resulting surface points with a B-spline fit-
ing function. For all practical purposes there was no er-
or between the measured data points and the B-spline
ithin the fit zone. To determine leading and lagging por-

ions of the wavefront, comparison was made with a ref-
rence sphere obtained by fitting the average curvature of
he B-spline. Using this reference sphere, the optical path
ifference for a dense grid of over 3000 points within the 4
m circular zone was computed as the difference between

he optical path length for a general ray at one of these
rid locations and a reference optical path length for a ray
hrough the center of the zone. The wavefront aberration
epresented by the optical path difference values was fit-
ed to a second B-spline function to represent the wave-
ront aberration of the cornea. This grid of over 3000
oints was also used to fit the tenth-order Zernike poly-
omial.
The difference between the wavefront B-spline surface

nd wavefront truncated Zernike expansion surface de-
nes the residual fit error. This residual portion of the
avefront error would remain in the system for each

runcated Zernike expansion correction. Table 1 lists the
mm RMS by order and the RMS fit error for the eight

ata files used in this experiment. The third- and fourth-
rder corneal and whole-eye wavefront error reported by
aeda et al.6 for 35 keratoconus-suspect to mildly kerato-

onic eyes, also at 4 mm, is included in the table for com-
arison purposes.
Wavefront error as measured by the tenth-radial-order

t was cumulatively corrected by setting to zero succes-
ive radial orders of the Zernike representation. We
tarted by setting radial orders zero through two to zero.
emoval of Zernike modes through a given radial order is
quivalent to the complete optical correction of all modes
hrough that particular order. For instance, when all

ig. 1. Distribution of maximum corneal dioptric power in a
linical sample of 117 keratoconic subjects.
odes through the second order are removed, the result-
ng Zernike wavefront description simulates the wave-
ront after optical correction of the zeroth- through
econd-order modes for a given keratoconic eye. Said dif-
erently, a second-order correction leaves all higher-order
berrations and fit error in place. More complicated
ernike wavefront corrections were systematically stud-

ed by cumulatively removing entire additional Zernike
rders. For each test condition n (where n ranges from 1
o 9), Zernike orders zero to n+1 were removed from the
ernike portion of the wavefront representation. This
ave a possibility of simulating second- to tenth-order
ernike aberration corrections for each of the eight kera-
oconic wavefront errors.

For each condition, the remaining Zernike wavefront
berration was combined with the residual fit error. This
rocedure is analogous to phase compensation, where
odes of entire radial orders are multiplied by −1 and

dded to the B-spline wavefront. A point spread function
PSF) was calculated from the resulting wavefront aber-
ations. PSFs from each test condition were convolved
ith the logMAR high- and low-contrast letter charts and
ere printed at 600 dpi. Placing the aberration in the ob-

ect as opposed to the image and having normally sighted
ndividuals view the object is not a new idea. Burton and
aig employed this technique in their 1984 work examin-

ng the effects of aberration on object detection.22

The measured Michelson contrast of the unaberrated
cuity charts was 89% (high-contrast) and 5% (low-
ontrast), respectively. Each chart encompassed a log-
AR acuity range of 0.7 to −0.3 or Snellen equivalent of

0/100 to 20/10. These charts simulate the affect of the
esidual fit error and uncorrected Zernike aberration
erms on retinal image quality. As previously noted, high-
ontrast charts were used because they are a clinical
tandard for assessing visual performance. Low-contrast
harts were used because low contrast tasks are more
ensitive to the impact of aberration and have been shown
o identify losses of vision in keratoconus not detected
ith high-contrast testing.18,19 Figure 2 demonstrates the

ffects of the convolution process for the wavefront error
f the keratoconic eye with 54 D maximum corneal power.
igure 3 shows the wavefront aberration including and
xcluding Zernike fit error for the eye with 54 D maxi-
um corneal power.

. Subjects
total of five healthy, normal subjects were recruited to

ead charts for this study and were split among the high-
nd low-contrast VA tasks. The high-contrast letter charts
ere read by subjects S1, S2, and S3 aged 55, 33, and 25
r, respectively. The low-contrast letters were read by
ubjects S1, S4, and S5 aged 55, 54, and 34 yr, respec-
ively. All subjects were free of ocular pathology and had
ormal high-contrast, best corrected VA ranging from
0/13 to 20/16.23 The high- and low-contrast chart sets
ontained three nonconvolved “perfect” charts that were
sed to establish a baseline for both the high- and low-
ontrast VA. The high-contrast unaberrated charts and
he high-contrast simulations for all eight keratoconus
yes were randomized together. Similarly, the low-
ontrast unaberrated charts and the low-contrast simula-
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ions for all eight keratoconus eyes were randomized to-
ether. Conditions were tested until the data reached a
lateau, leaving some conditions untested (plateau point
as determined from a trial run on one observer). In to-

al, there were 54 high-contrast charts and 65 low-
ontrast charts tested.

After subject dilation, subjects in each contrast cohort
ead each chart through a 3 mm pupil and best subjective
efraction. The number of correctly read letters on each
hart up to the fifth miss was recorded. All tested charts
ere read three times and an average score on the chart

alculated for each observer. On average, the time re-
uired for any given subject to complete the three trials

ig. 2. Visual performance charts demonstrating (b) second- th
aximum corneal power of 54 D pictured in (a). Zernicke fit erro
as approximately 3 h. Subjects were given 30-min
reaks between the three trials.

. Analysis
he analysis employed here is not new. Similar published
tudies used the analysis method described below to
emonstrate that the effects of individual Zernike aberra-
ions on acuity are not equal,24,25 and when Zernike terms
re combined, they interact either to increase or to de-
rease the adverse effects of aberration.26

In overview, each subject’s high- or low-contrast base-
ine VA was subtracted from the number of letters cor-

(f) sixth-order Zernike corrections for the keratoconic eye with
cluded in the simulations shown in (b) through (f).
rough
r is in
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ectly read by that subject on each chart, generating a vi-
ual performance metric of “letters lost.” For instance, if a
ubject on average correctly read 40 letters on a given
hart, and on average correctly read 50 letters on the
perfect” baseline charts, the subject had a score of �10
etters lost on that chart. This procedure normalized each
ubject’s score on each aberrated letter chart to their own
aseline VA. After this normalization, the results for each
hart were combined across the three observers by calcu-
ating the mean of means and standard deviation of

eans. Values of mean of means of the letters lost were
lotted as a function of Zernike orders corrected for the
hart under test. Error bars for the perfect (nonaberrated)
harts are shown as dashed lines in Figs. 4 and 5, and
ere calculated as the standard deviation of the means of

hree subjects reading perfect charts.

. RESULTS
he results naturally divided into two groups. The first
roup is composed of visual performance data collected for
eratoconus wavefront errors representing eyes with cor-
eas having a maximum power �60 D [Figs. 4(a) and
(b)]. The second group is composed of data for kerato-
onic wavefront errors representing eyes with corneas
aving a maximum power �60 D [Figs. 5(a) and 5(b)]

. High- and Low-Contrast Visual Acuity, �60 D
aximum Corneal Power
nder high-contrast conditions, VAs for charts convolved
ith keratoconic wavefront errors representing eyes with
60 D maximum corneal power reached baseline levels

acuities not statistically different from those measured
n unaberrated charts) at or before the application of a
fth-order Zernike correction [Fig. 4(a)]. The mean of all
races at sixth order fall within one standard deviation of
aseline. Table 2 shows P values obtained from ANOVAs
hat compare mean high-contrast baseline acuity to the
ean acuity obtained for the 44 D, 49 D, 54 D, and 59 D

harts with various Zernike orders corrected. Values of
�0.05 indicate that the two measures are significantly

ig. 3. Wavefront aberration, including Zernike fit error (the por
he (a) second- through (e) sixth-order corrections of the 54 D eye
j) sixth-order corrections with fit error excluded. (a) through (e)
atient. (f) through (j) are shown to provide the reader with a fe
ifferent. Low-contrast VA for charts convolved with
avefront errors derived from keratoconic eyes having
60 D maximum corneal power also rapidly improved
ith the addition of second–fifth orders and gained little
ith additional orders. For these data, the mean of only
ne test condition fell within one standard deviation of
aseline. Across conditions tested, visual performance
eached a plateau at a loss of five letters or one line on a
ogMAR chart as additional Zernike orders were added to
he correction [Fig. 4(b)].

. High- and Low-Contrast Acuity, �60 D Maximum
orneal Power
t high contrast levels, visual acuities approached base-

ine for wavefront errors derived from keratoconic eyes
aving maximal corneal powers of 64 D, 68 D, 71 D, and
8 D [Fig. 5(a)]. For these more highly aberrated eyes,
ow-contrast visual acuities were improved with a Zernike
orrection but never returned to baseline [Fig. 5(b)].

. DISCUSSION
or each keratoconic wavefront error representing eyes
ith corneas having �60 D maximum corneal power,
igh-contrast VA sharply improves as the number of
ernike orders corrected increases, returning to normal at
he fifth radial order. Examination of Fig. 4(a) reveals
hat while a fifth-order correction is not significantly dif-
erent from baseline, there appears to be a slight visual
enefit in correcting the sixth-radial-order aberration
erms as reflected by its data being closer and better cen-
ered on the baseline by about one letter. However, the
enefit may be offset in practice because of alignment is-
ues. For low-contrast testing in these same eyes, acuity
mproved with each additional radial order added up to
he fifth radial order and reached a plateau at about �5
etters lost, lowering the patient’s normal low-contrast
cuity from 20/32 to 20/40 [Fig. 4(b)].
For each keratoconus wavefront error representing

yes with corneas of �60 D, each added order to the
ernike correction improved acuity. The sharp rise in acu-

f the wavefront not characterized by the Zernike polynomial), for
own. Also shown are wavefront maps for the (f) second- through
he wavefront errors used in the simulations for this keratoconic
e distribution of the fit error shown in (a) through (e).
tion o
are sh

show t
el of th
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ty with second-through-fourth-order correction seen in
oth Figs. 4(a) and 4(b) is not observed in Figs. 5(a) and
(b). The improvements in VA gradually increase with
ernike order. This suggests a more complicated Zernike
orrection than a tenth-radial-order fit is required to cor-
ect these eyes and that the fit error affects low-contrast
cuity even with a tenth-radial-order correction.
Figure 4(b) also demonstrates a ceiling effect for the

avefront error generated from the keratoconic eyes hav-
ng 49 D and 59 D maximum corneal power. That is, the
ubjects were unable to read the letter charts when only a
econd-order correction was used. Thus, the correspond-
ng traces begin at a third-radial-order Zernike correc-

ig. 4. Letters-lost mean of means for (a) high-contrast and (b)
ow-contrast VA charts convolved with PSFs derived from kera-
oconic wavefront errors for eyes with corneas having �60 D
aximum corneal power. Letters lost from baseline (left vertical

xis) is plotted as a function of Zernike orders corrected. Letters
ost is converted to VA (right vertical axis). Zero letters lost from
aseline (charts having no wavefront error) corresponds to an av-
rage acuity of 20/13 for high contrast and 20/32 for low con-
rast. At fifth-radial-order Zernike correction, high-contrast vi-
ual performance in the presence of sixth- through tenth-order
berrations and residual fit error has returned to baseline levels.
t fifth order, low-contrast visual performance in the presence of
ixth- through tenth-order aberrations and residual fit error has
eached a plateau at a loss of approximately five letters, or 0.1
og MAR. For these subjects a one line loss reduces low-contrast
cuity from 20/32 to 20/40. Dashed lines represent one standard
eviation of the average scores on “perfect” high contrast charts.
ll tested points are plotted.
 Table 2. Values of P Obtained from ANOVAs That

Compare Mean High-Contrast Baseline Acuity
with the Mean Acuity Obtained for Charts

Aberrated with the Corrected Wavefront Error
Obtained from �60 D Keratoconic Eyes

Max Corneal
Power (D)

Zernike Orders Corrected

Through
3rd

Through
4th

Through
5th

Through
6th

44 0.169 0.594 0.878 —a

49 0.000 0.003 0.274 0.297
54 0.009 0.048 0.561 0.697
59 0.000 0.004 0.270 0.919

aData were not reported.
ig. 5. Letters-lost mean of means for both (a) high- and (b)
ow–contrast VA charts convolved with PSFs derived from kera-
oconic wavefront errors for corneas having �60 D maximum
orneal power. Letters lost from baseline (left vertical axis) is
lotted as a function of Zernike orders corrected. Letters lost is
onverted to VA (right vertical axis). Zero letters lost from base-
ine corresponds to an average acuity of 20/13 for high contrast
nd 20/32 for low contrast. As corneal power increases, the num-
er of Zernike orders required for optimal correction increases.
ashed lines represent one standard deviation of the scores on
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ion. Similar results are seen in low-contrast data for all
avefront errors generated from keratoconic eyes having
aximum corneal powers �60 D. This is consistent with

he clinical finding that glasses (a close approximation to
Zernike second-order correction) are of little use in mod-

rate and advanced keratoconus.
The Collaborative Longitudinal Evaluation of Kerato-

onus (CLEK) Study Group performed a large-scale pro-
pective study of keratoconic subjects and systematically
xamined visual performance. This group has reported
hat 86% of 1204 keratoconic subjects had best corrected,
igh-contrast monocular VA of 20/21 or worse in at least
ne eye.27 This level of visual function suggests that it
ay be possible to improve visual performance in kerato-

onus subjects. The onset of keratoconus usually occurs at
bout the age of puberty,7 allowing for proper neural de-
elopment of the visual system. Consequently, improved
isual performance should result from a custom optical
orrection providing improved retinal image quality.

As with all applications of wavefront aberration mea-
urement, pupil size is critically important. Here a 4 mm
upil diameter was chosen because it is a good estimation
f the photopic pupil size6 and is consistent with other re-
orts on Zernike-fit error.8

The proposal that a fifth-order Zernike correction may
e adequate for custom contact lenses could be premature
onsidering the reduced visual performance that is pre-
icted for eyes with �60 D of maximum corneal power.
owever, the frequency with which such eyes will appear

n the population of keratoconic eyes is low. The eight
ample wavefronts studied here were chosen from a
ample of 117 keratoconus eyes of varying severity drawn
rom an ophthalmology outpatient setting, which is prob-
bly a more severe population than would be found in a
ider community. In this sample, 88% of measurements
ad maximum corneal power � 60 D (Fig. 1). There are
robably two reasons for this: Most keratoconic eyes do
ot progress beyond 60 D of maximum corneal power and
hose that do often undergo penetrating keratoplasty.
eratoconic subjects with an average or a maximum
eratometry reading �55 D are significantly at risk for
enetrating keratoplasty.28,29 Supporting this argument,
n 83% of a series of 93 penetrating corneal grafts for
eratoconus, mean keratometry was �52 D.30

A previous study has found a correlation between best
pectacle-corrected VA and corneal elevation fit error in
eratoconus.8 That study concluded that the existence of
correlation suggests that there is visually significant in-

ormation in the fit error. In this paper, we have further
xplored this idea by examining the impact of residual
avefront aberration on visual performance for increas-

ngly complex Zernike corrections. We further dissect vi-
ual performance as a function of disease severity and
ask difficulty.

The results presented in the current study are consis-
ent with the previous report in that the most severe eyes
o suffer from reduced performance in the presence of
ernike-fit error. However, unlike the previous report,8

he results presented here strongly support the claim that
he Zernike polynomial can represent the visually signifi-
ant aberrations of the keratoconic eye in the majority of
ases and fails to categorize visually important aberration
nly in the most severe cases. One difference in the stud-
es is that our design did not use the generalizing metric
f RMS error correlated with visual performance. Differ-
nt Zernike aberrations affect visual performance
ifferently,25 and the affect is not necessarily represented
y the magnitude of the mode coefficient. This makes
MS a less than ideal predictor of visual performance.
nother difference is that the correlations drawn in the
revious study were done cross sectionally, whereas our
ata set uses a normalization process so that effects other
han those of wavefront error on VA are removed from
onsideration.

Here we provide data demonstrating that a well-
ligned Zernike-designed correction has the very real po-
ential to return high-contrast acuity in the keratoconus
ye to normal levels in the majority of cases. It has also
een demonstrated that Zernike corrections have the po-
ential to significantly improve low-contrast acuity to
ear normal levels in most keratoconic eyes.
These results suggest that a well-aligned fifth-order

ernike correction will restore high-contrast acuity in the
ajority of keratoconic eyes to normal levels. The fact

hat 63.9% of keratoconic subjects in the CLEK study
ave best corrected, high-contrast VA of 20/21 to 20/40 in
t least one eye,27 combined with the results reported
ere (Fig. 4), indicates that similar high-contrast acuity
ould be reached with a soft contact lens containing a
hird- or fourth-order Zernike correction (eyes with
60 D max corneal power). Contact lenses that use a
inimal set of Zernike modes to correct optical aberra-

ions may be optically more tolerant of rotation and trans-
ation than lenses that use more Zernike terms or that at-
empt to fully correct all aberrations of these diseased
yes. Further, and just as important, if not more so, soft
ontact lenses should provide for increased comfort and
onger wearing time in keratoconus.
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