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PURPOSE. To investigate whether long-term visual experience
with irregular optical blur compensates for the impact of
higher-order aberration on visual performance in keratoconic
(KC) eyes.

METHODS. The aberrations and high (100%)– and low (20%)–
contrast tumbling E visual acuity (VA) were measured in four
moderate KC eyes in which the subjects were wearing their
own prescribed soft toric contact lenses over a 6-mm pupil. VA
was measured in three emmetropic normal eyes for compari-
son with each of the four KC eyes. An adaptive optics system
was used to correct the aberration of the normal eye and to
induce the aberration of the KC eye simultaneously during
vision testing. The magnitude of neural compensation was
defined as improvement in VA in each KC eye compared with
the normal eyes with KC aberrations.

RESULTS. Mean total and higher-order root mean square errors
in the KC eyes with contact lenses were 2.72 � 0.83 �m and
1.36 � 0.29 �m, respectively, for a 6-mm pupil. Residual RMS
wavefront error in induction of KC aberrations on normal eyes
was approximately 0.1 �m in all cases. Each KC eye had
statistically better high (P � 0.02)– and low (P � 0.03)–
contrast VA than the three normal eyes. Mean compensation
for high-contrast VA in logMAR was 0.12 � 0.09, correspond-
ing to an improvement of 23.8%. A similar result was obtained
for low-contrast VA. The magnitude of compensation increased
with the severity of KC aberrations.

CONCLUSIONS. In KC eyes, the neural visual system compensates
for long-term visual experience with an asymmetrically blurred
retinal image, resulting in improved visual performance. (In-
vest Ophthalmol Vis Sci. 2010;51:3835–3839) DOI:10.1167/
iovs.09-4558

The retinal image quality of the human eye is degraded by
lower- and higher-order aberrations.1–3 Higher-order aber-

rations, which remain after compensation of conventional re-
fractive error, significantly deteriorate image quality. Recent
technological advances in the field of ocular wavefront sensing
and adaptive optics (AO) have added extensively to our under-
standing of ocular higher-order aberration and its impact on
vision.4 Eyes with abnormal corneal conditions, such as those
with keratoconus, are affected by remarkably larger magni-

tudes of higher-order aberrations, approximately five to six
times greater in terms of higher-order root mean square (RMS)
wavefront error, than what is typically observed in normal eyes
for a 6-mm pupil.5,6 Moreover, the dominant higher-order ab-
erration in these eyes is negative vertical coma. Higher-order
aberrations are left uncorrected with conventional correction
with either soft or hard contact lens. Accordingly, even with
their routine prescriptions, ketatoconic (KC) eyes experience
asymmetric retinal image blur significantly greater than that
found in normal eyes.

Correction of higher-order aberrations with AO to achieve
significant visual benefit has been demonstrated.7,8 By surpass-
ing the limit imposed by the optics of the eye, AO has facili-
tated the noninvasive investigation of the visual system in
isolation. Recently, Sabesan and Yoon9 measured visual perfor-
mance after correcting aberrations to nearly diffraction-limited
optical quality in normal and highly aberrated KC eyes. Inter-
estingly, although the retinal image quality was similar in both
groups, visual acuity (VA) was significantly worse in KC eyes
than in normal eyes. In addition, the magnitude of native
higher-order aberrations before correction might have influ-
enced the extent of this limitation of visual performance in
these eyes. Such deficit in visual performance, when unac-
counted for by optical theory, might be attributed in part to
neural factors. The findings of Rossi et al.10 suggest similar
neural factors limiting visual performance in low myopes com-
pared with emmetropes after correction of all ocular aberra-
tions.

Before the development of AO for vision testing, neural
factors affecting spatial vision were studied by creating inter-
ference fringes directly on the retina after bypassing the ocular
optics.11 Among many other applications, this technique was
used to measure the neural response of subjects with ocular
astigmatism to differently oriented gratings.12 Significant de-
pression in neural contrast sensitivity was observed for the
astigmatic meridian compared with the normal meridian. Such
orientational neural deficit observed with laser interferometry
in persons with astigmatism might be considered analogous to
that observed in myopes and KC eyes after compensating for
all higher-order aberrations. Visual experience with blurred
retinal image quality induced by either lower- or higher-order
aberrations might render the visual system insensitive to a
diffraction-limited retinal image quality. Accordingly, the defi-
cit is noted in the visual performance measured after AO
correction. Furthermore, similar to neural insensitivity for a
perfect retinal image, neural compensation for blurred retinal
image may also be possible, thereby reducing its impact on
visual performance. After extended periods of viewing through
myopic blur, improvement in VA was reported that was not
accompanied by a corresponding optical change.13,14 Webster
et al.15 further showed that adaptation to low-pass (blurred)
filtered images resulted in the original image appearing “too
sharp” and the best subjective focus shifting toward an image
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with lower spatial frequencies. Adapting to aberrations
through normal everyday viewing, unlike an induced adapta-
tion to either refractive error or spatially filtered images, might
lend more robustness to the phenomenon. In normal eyes,
adaptation to optical blur induced through each subject’s par-
ticular higher-order aberrations has been shown.16 Subjects
preferred the blur induced by their own higher-order aberra-
tions rather than a rotated version of the same. Such compen-
sation effect might be even more remarkable in KC eyes, which
are affected by significantly worse retinal image quality in
everyday viewing, even with smaller daytime pupils. This study
examined whether the neural visual system compensates for
long-term visual experience with a blurred retinal image, re-
sulting in improved visual performance. This was achieved by
making emmetropic normal eyes optically identical to KC eyes
through the use of AO and comparing their visual performance
with that of KC eyes. Our hypothesis was that if KC eyes had
adapted to their own aberrations, they would achieve better
visual performance than normal eyes viewing through the
same aberrated optics.

SUBJECTS AND METHODS

The University of Rochester Research Review Board approved this
research, and each subject signed an informed consent form before
participation in this study. All procedures involving human subjects
were conducted in accordance with the tenets of the Declaration of
Helsinki. Measurements from four moderate KC eyes in which the
subjects were wearing prescription soft toric contact lenses and mea-
surements from three emmetropic normal eyes were used for this
study. The soft toric contact lenses were the subjects’ own everyday
correction. Keratometric readings from corneal topography maps were
used to classify the KC eyes as moderate, as suggested in the Collab-
orative Longitudinal Evaluation of Keratoconus study.17 Paralysis of
accommodation and dilation of the pupil in all subjects were achieved
with 1% tropicamide ophthalmic solution. Head movements were
stabilized in all subjects using a bite bar mount. Mean total and higher-
order RMS errors in the KC eyes with contact lenses were 2.72 � 0.83
�m and 1.36 � 0.29 �m for a 6-mm pupil, respectively. Astigmatism
and coma were the most dominant lower- and higher-order aberra-
tions, respectively. The average higher-order RMS wavefront error was
0.40 � 0.21 �m in the three emmetropically normal eyes over the
same pupil size. The AO system used in this study consisted of a
large-stroke deformable mirror18 (Mirao 52D; Imagine Eyes, Orsay,
France) and a custom-made, in-house Shack-Hartmann wavefront sen-
sor. The wave aberrations were calculated from the Shack-Hartmann
spot array pattern by decomposing into 10th-order Zernike polynomi-
als. The Zernike coefficients were expressed according to the ANSI
Z80.28–2004 standard.19 VA was measured using a tumbling letter E
test at high (100%) and low (20%) contrast in white light. The exper-
imental apparatus and the psychophysical procedure for measuring VA

have been described elsewhere.9,20 Subjects viewed the visual stimulus
through an artificial adjustable pupil placed conjugate to the eye’s
pupil, which was always set to 6 mm.

First, aberrations and high (100%)– and low (20%)–contrast tum-
bling E VA were measured in the four moderate KC eyes wearing soft
toric contact lenses over a 6-mm pupil. Subsequently, three em-
metropic normal eyes were used to measure VA with the four KC eyes’
aberrations imposed on them. For each KC eye, the same three em-
metropic normal eyes were used to minimize intersubject variability.
The AO system was used to correct the normal eyes’ aberration and to
induce the KC eye aberrations on them in a single concurrent step.
This state of aberration was maintained dynamically throughout the VA
test in a closed-loop manner to ensure stable optical quality. AO
closed-loop gain of 90% to 100% ensured fast convergence within one
to three iterations after blink. High closed-loop gain also facilitated a
stable optical quality throughout the VA test. The subjects were asked
to blink at their discretion during the psychophysical task, at which
point the induction of KC aberration was temporarily suspended. In
this manner, retinal image quality in the normal and KC eyes was
equalized. Consequently, the role of neural factors in visual function
could be compared between the two. The magnitude of neural com-
pensation in each KC eye was defined as the improvement in its VA
(logMAR) compared with the three normal eyes, on average, with the
same aberrations.

RESULTS

Optical Performance of Inducing KC Aberrations
on Normal Eyes

Figure 1 shows the wavefront map of a moderate KC eye with
its routine prescription soft contact lens and of a normal eye
with the same aberration imposed on it. Both wavefront maps
are on the same color bar. The residual error in induction of
the aberrations was 0.09 �m in this eye and near this value in
all eyes. Figure 2 shows the representative time-course of RMS
for one normal eye when the aberration of a moderate KC eye
is imposed on it during the VA test. The dashed line indicates
the measured RMS for the moderate KC eye. Peaks in the
time-course correspond to blinks during the VA test, at which
points the induction was suspended. The aberrations were
imposed reliably, and residual error was maintained around 0.1
�m throughout the VA test. It is important to note here that the
correction of normal eye aberration and the induction of a KC
eye aberration are performed concomitantly. Averaged variabil-
ity of aberration induction, defined as the standard deviation of
residual RMS during acuity test, was approximately 0.02 �m
for all normal eyes. Thus, using AO, the same aberrated optical
quality found habitually in KC eyes was reliably provided to
normal eyes. In addition, the ability to maintain this optical

FIGURE 1. Wavefront map of a mod-
erate KC eye with its routine pre-
scription soft contact lens and of a
normal eye that has the same aberra-
tion imposed on it. Both wavefront
maps are on the same color bar. The
residual error of aberration induction
of was 0.09 �m in RMS.
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quality accurately for a relatively long period facilitated consis-
tent vision testing.

Visual Acuity in KC and Normal Eyes with the
Same KC Aberration

Figure 3 shows the comparison of visual performance between
KC eyes and normal eyes with KC aberration. The x-axis shows
the VA (logMAR) in KC eyes when viewing through everyday
prescription soft contact lenses, and the y-axis shows the VA
(logMAR) in normal eyes with KC aberration. Circles and
squares denote high- and low-contrast VA, respectively. Each
data point represents the average of three normal eyes for each
KC eye. The dashed line is the equal acuity line; data points
lying above the line indicate better VA in KC eyes with their

own everyday aberration and vice versa. KC eyes had signifi-
cantly better high (P � 0.02) and low (P � 0.03) contrast VA
than did normal eyes. With equivalent optical quality, neural
compensation accounted for an average 1.2-line improvement
in both high- and low-contrast VA in the KC eyes compared
with the normal eyes.

Figure 4 illustrates the correlation between the neural com-
pensation (logMAR) and everyday retinal image quality in the
KC eyes. Retinal image quality is represented on the x-axis as
the area under the modulation transfer function up to 60 cycles
per degree, calculated from the everyday aberrations in KC
eyes. Each data point again represents the average of three
normal eyes for each KC eye. KC eyes with poorer everyday
retinal image quality demonstrated greater magnitude of neural
compensation. While estimating retinal image quality with re-
gard to area under the modulation transfer function, a well-
correlated trend of decreasing neural compensation was ob-
served with an improvement in optical quality. The correlation
was similar for both high- and low-contrast neural compensa-
tion. Neural compensation thus depends on the severity of
native optical quality: poorer retinal image quality necessitates
larger magnitude of neural compensation and vice versa.

DISCUSSION

Spatial vision is governed by both optical and neural factors. To
understand how long-term visual experience with irregular
optical blur affects spatial vision, optical quality was equalized
between normal and KC eyes using AO. This facilitated an
isolated investigation of the neural visual system alone in KC
eyes. With equivalently blurred image quality, KC eyes
achieved significantly better VA than normal eyes. This might
suggest that the visual system is capable of compensating for
asymmetrically blurred retinal image quality because of signif-
icant magnitudes of higher-order aberrations, resulting in im-
proved visual performance in KC eyes.

It has been shown previously that adaptation to retinal
image blurred by symmetric refractive error can lead to im-
proved VA. Mon-Williams et al.13 noted an improvement in
monocular VA of 0.12 logMAR after 30 minutes of viewing
through a �1.00-D lens without any significant change in the
refractive state of the eye. Coincidentally, the improvement in
VA in our study was similar to that noted by Mon-Williams et

FIGURE 2. Time-course of RMS for one normal eye when a moderate
KC eye’s aberration is imposed on it during VA testing. Curve: evolu-
tion of RMS with time. At approximately 6.5 seconds, the KC aberra-
tion is imposed. Dashed line: RMS for the moderate KC eye. Peaks in
the time-course correspond to blinks during the VA test, at which
points correction was suspended.

FIGURE 3. Comparison of visual performance between KC eyes and
normal eyes with KC aberrations. Each data point represents the
average of three normal eyes for each KC eye. Dashed line: equal
acuity line; shaded region: average 1.2-line improvement in VA in KC
eyes.

FIGURE 4. Neural compensation (logMAR) versus theoretical every-
day retinal image quality. Retinal image quality is represented as the
area under the MTF calculated up to 60 cyc/deg. The coefficient of
correlation for a linear fit for high- and low-contrast neural compensa-
tion is also indicated.
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al.13 However, natural daytime pupils were used for both
adaptation to defocus and measurement of VA in their study. In
our study, despite the relatively large magnitudes of aberra-
tions in KC eyes, a substantial 1.2-line improvement in VA was
noted. Interestingly, the improvement was correlated with the
severity of everyday retinal image quality and thus the adapta-
tion state of the eye. The KC eye with maximum compensation
might, however, skew the regression curves in Figure 4. On
excluding this KC eye, the negative slopes of the regression
lines for high- and low-contrast compensation were reduced by
79% and 73%, respectively. More subjects must be studied to
establish reliable statistical significance. Similarly, George and
Rosenfield14 demonstrated that the mean change in grating VA
was significantly greater for myopic subjects than for em-
metropic subjects while viewing through �2.50D lens for 120
minutes and concluded that the neural compensation was
dependent on the refractive state of the eye. It is, however,
difficult to make a direct comparison between these studies on
adaptation to refractive error and this study on KC eyes. The
magnitude of the compensation might be higher in KC eyes
adapting to their own aberrations through normal everyday
viewing, unlike a synthetically induced adaptation to either
refractive error or spatially filtered images.15 The rate at which
the plastic visual system adapts to its monochromatic aberra-
tions is still unknown. Nevertheless, an improvement in spatial
vision after the long-term visual experience with highly aber-
rated optics, unlike after a temporarily induced adaptation,
might denote an approximate upper limit to the compensatory
time-course of the visual system.

In their study, Mon-Williams et al.13 suggested that a possi-
ble reason for improvement in visual resolution was the un-
masking of high spatial frequency selective channels while
balancing the channel gains in response to the spatial fre-
quency distribution of the retinal image. An improvement in
visual resolution, as found in KC eyes, might also be as a result
of such a mechanism given the relatively long visual experi-
ence with the shape of the retinal image blur. In everyday
viewing with conventional correction, either in high- or low-
light conditions or when accommodating, KC eyes experience
significant blur. With conventional correction, the residual
coma in KC eyes gives rise to an orientation-specific blur,
unlike the rotationally symmetric blur introduced by defocus.
Neurons in the visual system are known to be selectively
sensitive to orientation and spatial frequency of retinal
images.21 Accordingly, the neural compensatory mechanism in
KC eyes is also likely to be mediated by orientation-sensitive
sites of the visual cortex.

In addition to an improvement in threshold spatial resolu-
tion, an enhancement in suprathreshold spatial vision might be
expected in KC eyes after the long-term visual experience with
aberrated retinal image quality. The visual system might recog-
nize the amplitude spectrum of retinal images and develop a
rule by which the contrast gains of spatial frequency channels
are adjusted so as to optimize visual performance. This phe-
nomenon of contrast gain adjustment is referred to as contrast
constancy,22 analogous to other constancies in vision. To in-
vestigate the presence of contrast compensation, we measured
suprathreshold contrast matching in KC eyes (manuscript in
preparation). Contrast constancy defines the normal operating
characteristic for suprathreshold vision and has been studied in
cases of visual function loss.23,24 The visual diet of highly
aberrated KC eyes is dominated by lower frequencies; there-
fore, the suprathreshold contrast compensation might also be
most prevalent at these frequencies.

Aberrations in the eye are dynamic in nature25 and change
with pupil diameter, accommodation, age, and tear film dy-
namics. In both high- and low-light conditions, KC eyes expe-
rience significant blur because of the magnitude of higher-

order aberrations. However, the shape of the point-spread
function might be different to only within a scaling factor9 with
varying pupil sizes. Moreover, there is some evidence that the
visual system is known to become accustomed to more than
one point-spread function given sufficient experience with
each.26 Nevertheless, it is important to investigate the influ-
ence of pupil size on neural compensation.

We have demonstrated that KC eyes show evidence of a
neural compensatory mechanism to alleviate the effect of higher-
order aberrations on visual performance. However, aberrated
optics still impose the ultimate limit to visual performance in
these eyes. After correcting aberrations to near diffraction-
limited optical quality, Sabesan and Yoon9 recently demon-
strated a poorer visual performance in KC eyes compared with
normal eyes, attributing the deficit to neural factors. Chronic
exposure to aberrated retinal images, on the other hand, might
render the visual system insensitive to finer spatial detail. Anal-
ogous to adaptation to aberrated image quality, an interesting
and clinically relevant question to address is whether the visual
system can be readapted to near diffraction-limited ocular op-
tics. Provision of superior optical quality noninvasively for a
longer duration is the primary challenge in investigating this
question. Nevertheless, with customized vision correction
methods rapidly gaining importance for compensating for
higher-order aberrations and presbyopia, the importance of
neural factors governing visual performance cannot be over-
emphasized.
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