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Abstract
The purpose of this study was to investigate the relationship between refractive errors and high-order
aberrations in infant rhesus monkeys. Specifically, we compared the monochromatic wave
aberrations measured with a Shack-Hartman wavefront sensor between normal monkeys and
monkeys with vision-induced refractive errors. Shortly after birth, both normal monkeys and treated
monkeys reared with optically induced defocus or form deprivation showed a decrease in the
magnitude of high-order aberrations with age. However, the decrease in aberrations was typically
smaller in the treated animals. Thus, at the end of the lens-rearing period, higher than normal amounts
of aberrations were observed in treated eyes, both hyperopic and myopic eyes and treated eyes that
developed astigmatism, but not spherical ametropias. The total RMS wavefront error increased with
the degree of spherical refractive error, but was not correlated with the degree of astigmatism. Both
myopic and hyperopic treated eyes showed elevated amounts of coma and trefoil and the degree of
trefoil increased with the degree of spherical ametropia. Myopic eyes also exhibited a much higher
prevalence of positive spherical aberration than normal or treated hyperopic eyes. Following the
onset of unrestricted vision, the amount of high-order aberrations decreased in the treated monkeys
that also recovered from the experimentally induced refractive errors. Our results demonstrate that
high-order aberrations are influenced by visual experience in young primates and that the increase
in high-order aberrations in our treated monkeys appears to be an optical byproduct of the vision-
induced alterations in ocular growth that underlie changes in refractive error. The results from our
study suggest that the higher amounts of wave aberrations observed in ametropic humans are likely
to be a consequence, rather than a cause, of abnormal refractive development.
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1. Introduction
High-order, monochromatic, wavefront aberrations are caused primarily by optical
imperfections such as surface irregularities and tilts or misalignments in the eye's optical
components and like traditional spherical and astigmatic refractive errors these high-order
aberrations can significantly influence retinal image quality (Campbell & Gubisch, 1966;
Howland & Howland, 1976; Jenkins, 1963; Liang, Grimm, Goelz & Bille, 1994; Liang &
Williams, 1997; Smirnov, 1961). Virtually all eyes exhibit high-order aberrations and although
the pattern and magnitude of high-order aberrations vary substantially between individuals
(Carkeet, Luo, Tong, Saw & Tan, 2002; Castejon-Mochon, Lopez-Gil, Benito & Artal, 2002;
De Brabander, Hendricks, Chateau, et al., 2004; He, Burns & Marcos, 2000; He, Sun, Held, et
al., 2002; Porter, Guirao, Cox & Williams, 2001; Thibos, Hong, Bradley & Cheng, 2002b),
several observations suggest that there is a link between traditional refractive errors and high-
order aberrations (Collins, Wildsoet & Atchison, 1995; He, et al., 2002; Llorente, Barbero,
Cano, Dorronsoro & Marcos, 2004; Paquin, Hamam & Simonet, 2002). For example, it has
been reported that myopic humans (Collins, et al., 1995; He, et al., 2002; Llorente, et al.,
2004; Paquin, et al., 2002), like chickens with experimentally induced myopia (Coletta,
Marcos, Wildsoet & Troilo, 2003; Garcia de la Cera, Rodriguez & Marcos, 2006; Howland,
Tong, Yoko & Toshifumi, 2004; Kisilak, Campbell, Hunter, Irving & Huang, 2006), have
higher amounts of wavefront aberrations than emmetropes (however, see Carkeet, et al.,
2002; Cheng, Bradley, Hong & Thibos, 2003; Legras, Chateau & Charman, 2004; Porter, et
al., 2001) and that human myopes show different patterns of aberrations than emmetropes
(He, et al., 2002; Paquin, et al., 2002; Radhakrishnan, Pardhan, Calver & O'Leary, 2004). In
addition, shortly after birth normal infant chicks and monkeys exhibit high amounts of
wavefront aberrations that decrease systematically during development in a manner that
approximately parallels the emmetropization process (Garcia de la Cera, et al., 2006; Kisilak,
et al., 2006; Ramamirtham, Kee, Hung, et al., 2006).

A number of hypotheses have been put forward to explain the association between refractive
errors and high-order aberrations. Since emmetropization is an actively regulated vision-
dependent process, aberration-induced alterations in retinal image quality could directly affect
refractive development in several ways. For example, it is well established that chronic retinal
image degradation promotes axial myopia in humans and commonly used laboratory animals
(Norton, 1999; Smith III, 1998a; Wallman & Winawer, 2004; Wildsoet, 1997). Although the
retinal image degradation due to high-order aberrations is usually modest, the degree of high-
order aberrations (however, not necessarily the pattern of aberrations) (Cheng, Barnett,
Vilupuru, et al., 2004; Thibos, 2002) is relatively constant over time, which is critical for a
myopigenic stimulus to produce axial elongation (Kee, Hung, Qiao-Grider, et al., 2007;
Napper, Brennan, Barrington, et al., 1997; Schmid & Wildsoet, 1996; Winawer & Wallman,
2002). Consequently, chronic blur due to aberrations could potentially promote axial myopia
(Collins, et al., 1995; He, et al., 2002; Paquin, et al., 2002). It has also been argued that high-
order aberrations could alter the end point or reduce the precision of the emmetropization
process. Specifically, high amounts of aberrations could effectively increase the depth of focus
for the emmetropization process resulting in greater variability and/or by interacting with the
eye's refractive error alter the axial position within the 3-D point spread function that is targeted
by the emmetropization process (Charman, 2005). Moreover, if the eye uses sign-of-defocus
information derived from monochromatic aberrations, which psychophysical studies suggest
is possible (Wilson, Decker & Roorda, 2002), certain patterns or magnitudes of aberrations
could mask this sign information and consequently reduce the effectiveness or efficiency of
emmetropization resulting in anomalous refractive errors.

An association between refractive errors and aberrations could also come about because
ametropic growth alters the normal shape and organization of the eye's optical components.
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The vision-dependent mechanisms responsible for emmetropization largely exert their
influence on vitreous chamber growth (Norton & Siegwart Jr, 1995; Smith III, 1998a; Wallman
& Winawer, 2004; Wildsoet, 1997). However, alterations in corneal curvature, in particular in
corneal toricity, and the aberration structure of the crystalline lens have been documented in
eyes with experimentally induced refractive errors (Kee, Hung, Qiao-Grider, Roorda & Smith
III, 2004; Kroger, Campbell & Fernald, 2001; Priolo, Sivak, Kuszak & Irving, 2000). These
results demonstrate that visual experience can produce shape and organizational changes that
could alter the eye's high-order aberrations. It is possible that these are passive changes that
come about as a consequence of axial and equatorial diameter changes in the globe associated
with the local retinal mechanisms that dominate emmetropization. Asymmetrical posterior
chamber growth could indirectly via mechanical forces affect corneal shape and/or the
geometry and position of the crystalline lens and therefore the eye's aberrations.

In a young adult eye, the aberrations produced by the anterior corneal surface are
counterbalanced by aberrations associated with the internal optics of the eye resulting in lower
overall aberrations (Artal, Benito & Tabernero, 2006; Artal, Guirao, Berrio & Williams,
2001; Atchison, 2004; Kelly, Mihashi & Howland, 2004; Salmon & Thibos, 2002). For some
high-order aberrations, the sign and magnitude of the corneal and internal aberrations appeared
to be scaled for each individual, which suggests that some aberrations are influenced by an
active developmental process that operates to reduce the eye's total aberrations. In other words,
the possibility exists that there are vision-dependent mechanisms that fine tune the
compensation between the aberrations produced by the anterior cornea and the eye's internal
optics (Artal, et al., 2006; Kelly, et al., 2004). If that is the case, the ability of these mechanisms
to operate could be compromised by the optical defocus associated with an uncorrected
refractive error or the visual conditions that lead to anomalous refractive development. Thus,
the optical consequences of a refractive error could promote the development of higher than
normal amounts of aberrations.

Studies in laboratory animals have provided some insights into the relationship between
refractive errors and aberrations. In particular, it has been consistently demonstrated that
viewing conditions that promote myopic growth in young chickens, both form deprivation and
optically imposed hyperopic defocus, also promote the development of larger amounts of
aberrations (Garcia de la Cera, et al., 2006; Howland, et al., 2004; Kisilak, et al., 2006).
Similarly form-deprived marmosets exhibit higher than normal wavefront errors (Coletta,
Triolo, Moskowitz, Nickla & Marcos, 2004). The overall pattern of results suggests that high-
order aberrations and the associated reduced in-focus image quality are a consequence rather
than a cause of myopia. However, there are currently disagreements concerning whether the
higher aberrations in myopic eyes come about primarily as a result of geometrical changes in
the eye secondary to excessive axial growth or whether viewing conditions associated with the
induced refractive errors interfered with a vision-dependent process that normally optimizes
the eye's aberrations (Kisilak, et al., 2006).

The purpose of this study was to investigate the relationship between refractive errors and high-
order aberrations in infant rhesus monkeys. Specifically, we compared the magnitude and the
pattern of wave aberrations between normal monkeys and the monkeys with visually induced
refractive errors. We used rhesus monkeys in these experiments because the magnitude and
nature of aberrations in rhesus monkey eyes and the structural and optical development of the
monkey eye are very similar to those of humans (Bradley, Fernandes, Lynn, Tigges & Boothe,
1999; Qiao-Grider, Hung, Kee, Ramamirtham & Smith III, 2007; Ramamirtham, et al.,
2006). In order to get a broad perspective on the relationship between refractive errors and
high-order aberrations, we studied animals with experimentally induced hyperopia, myopia,
or astigmatism and monkeys that were recovering from experimentally induced refractive
errors.
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2. Materials and Methods
2.1. Subjects

Our subjects were 64 infant rhesus monkeys (Macaca mulatta) obtained at 2 to 3 weeks of age.
All of the rearing and experimental procedures, many of which have been described previously
(Hung, Crawford & Smith III, 1995; Smith III & Hung, 1999), were approved by the University
of Houston's Institutional Animal Care and Use Committee and were in compliance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Normal longitudinal changes in refractive error and the eye's axial dimensions were determined
for 26 infants that were reared with unrestricted vision (Hung, et al., 1995; Smith III, 1998b;
Smith III, Kee, Ramamirtham, Qiao-Grider & Hung, 2005). The normal longitudinal changes
in the monochromatic ocular aberrations that took place during emmetropization were
determined for 8 of these 26 control infants. The initial aberration measures for these control
animals were obtained for both eyes at about 3 weeks of age and subsequently at 2- to 4-week
intervals for about the first year of life. The aberration data for some of the animals in the
control group have been previously reported (Ramamirtham, et al., 2006). The effects of altered
visual experience on monochromatic wave aberrations were determined for 38 monkeys that
were employed in other experiments on the temporal integration properties of the
emmetropization process and on the effects of optically imposed defocus or form deprivation
on refractive development (Kee, et al., 2007; Qiao-Grider, Hung, Kee, Ramamirtham & Smith
III, 2002; Smith III, et al., 2005). The experimental rearing procedures for these monkeys were
started at 2 to 4 weeks of age. All the treated animals wore helmets that held either powered
spectacle lenses (−4.5 D, n = 2; −3.0 D, n = 14; or +3.0 D, n = 10) or diffuser lenses (n = 12)
that selectively deprived the periphery of form vision in front of both eyes. The duration of the
lens-rearing period varied between 14 and 21 weeks (mean = 121 ± 14 days) and encompassed
the rapid early phase of ocular growth and emmetropization, which in normal infant monkeys
is largely complete by about 150 days of age (Bradley, et al., 1999; Hung, et al., 1995; Qiao-
Grider, et al., 2007). Although the treated subjects represent heterogeneous group, all the visual
manipulations were bilateral and optically induced. In part, because the nature and degree of
altered visual experience differed between monkeys, our rearing strategies resulted in a wide
range of spherical and astigmatic refractive errors. Thus, it was possible to examine the changes
in the wave aberrations in monkeys that developed moderate to high levels of myopia and
hyperopia.

Systematic longitudinal data on refractive error, monochromatic wave aberrations and axial
dimensions were obtained for 31 of the experimental monkeys. For these monkeys, the initial
measures were obtained prior to the start of the treatment period and continued until either the
end of the rearing period (about 150 days of age, n = 5) or until the monkeys were about 300
days of age (n = 26). For the remaining 7 treated monkeys, aberration measurements were
obtained only twice, specifically, at 2-week intervals between 113 to 170 days of age, i.e., near
the end of the lens-rearing period.

2.2. Ocular Biometric Measurements
The cornea was anesthetized with 1-2 drops of 0.5% tetracaine hydrochloride. Cycloplegia was
achieved by topically instilling 2-3 drops of 1% tropicamide 20–30 minutes before performing
any measurement that would potentially be affected by the level of accommodation. To make
the necessary measurements each animal was anesthetized with an intramuscular injection of
ketamine hydrochloride (15-20 mg/kg) and acepromazine maleate (0.15-0.2 mg/kg). In mice
and rats, some anesthetics (e.g., ketamine and xylazine) produce transient cataracts and the
loss of a functional tear film, which can produce alterations in wavefront aberrations
(Calderone, Grimes & Shalev, 1986; de la Cera, Rodriguez, Llorente, Schaeffel & Marcos,
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2006). We have used ketamine-acepromazine anesthesia in all our previous experiments on
refractive development and have not observed any alterations in lens clarity in either infant or
adult monkeys. However, loss of an intact tear film occurs, presumably because normal blinks
are suppressed. Therefore, we used a custom made speculum to gently hold the eyelids apart
and the corneal tear film was maintained by frequent irrigation using a saline solution. There
were no qualitative differences in the clarity of the spot patterns obtained from our monkeys
versus those obtained from awake, fixating humans with the same instrument and, as in humans,
the aberration measurements in infant and adolescent monkey eyes were highly repeatable
(Ramamirtham, et al., 2006). Thus, we believe that any effects of anesthesia on our aberration
measurements were negligible.

The refractive status for each eye, which was specified as the spherical-equivalent, spectacle-
plane refractive correction, was assessed independently by two experienced investigators using
a streak retinoscope and handheld lenses. The mean of these two measurements, specified in
minus cylinder form, was taken as an eye's refractive error (Harris, 1988). The eyes' axial
dimensions were measured by A-scan ultrasonography implemented with either a 7 (Image
2000; Mentor, Norwell, MA) or 12 MHz transducer (OTI Scan 1000; OTI Ophthalmic
Technologies Inc., Ontario Canada). For each eye, ten separate measurements were averaged
and the intraocular distances were calculated using velocities of 1532, 1641, and 1532 m/sec
for the aqueous, lens, and vitreous, respectively. The A-scan measurements were performed
after all refractive and aberration measurements were completed.

A custom-built Shack-Hartmann wavefront sensor (SHWS), which was based on the principles
described by Liang and Williams (Liang, et al., 1994; Liang & Williams, 1997), was used to
measure each eye's wave aberrations. For a detailed description of the instrument and the
procedures for obtaining aberration measurements in rhesus monkeys see Ramamirtham et al.
(2006). Briefly, a low intensity infrared superluminescent diode (10 μW, Hamamatsu Corp.,
USA) with a wavelength of 830 nm was used to produce a small round spot on the retina. A
lenslet array (Adaptive Optics Associates, Cambridge, MA) composed of a square grid of 0.4
mm-diameter lenslets each with 24 mm focal lengths was used to focus the light emerging from
the eye onto a CCD camera. The emerging wavefront was reconstructed from the deviation of
the individual spots captured on the CCD camera relative to the spots produced by an ideal
planar wavefront. For details on the clarity of the spot pattern and the short- and long-term
repeatability of our aberration measurements see Ramamirtham et al. (2006).

The line of sight, which is the recommended reference axis for aberration measurements, passes
through the eye's entrance pupil center and connects the fovea to the fixation point (Thibos,
Applegate, Schwiegerling & Webb, 2002a). In monkeys, the line of sight intersects the anterior
corneal surface approximately 0.3 mm nasal to the pupillary axis (Quick & Boothe, 1989;
Quick & Boothe, 1992). In order to obtain SHWS measurements along the presumed line of
sight, each animal was placed on a stage with a head mount that allowed five degrees of
movement (X-Y-Z + tip-tilt) to control the animal's pupil location and direction of gaze. The
animal's position on the stage was adjusted so that the corneal light reflex produced by the
superluminescent diode was 0.3 mm nasal to the pupillary axis thereby ensuring that measured
aberrations were referenced to the presumed line of sight. During the course of the
measurements, proper alignment was maintained by continuously monitoring the position of
the corneal light reflex and the entrance pupil with a video camera.

The refractive error of the eye was not optically corrected, so that both low and high-order
aberrations could be measured using the Shack-Hartmann wavefront sensor. Five Shack-
Hartmann spot images were obtained for each eye during each session. The images were stored
in a computer using a frame grabber and were later analyzed individually using custom software
(developed on Microsoft Visual C++ platform) to calculate the relative x-y displacement of
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each sampled point with respect to the reference center for a given lenslet. This provided the
local slopes of the wavefront, which were fit with the derivative of Zernike's circle polynomials
(up to 10th order) by the method of least squares. The wave aberration function W(x,y) was
represented by a weighted sum of the series of Zernike terms:

W(x, y) = Σ
n,f

Cn
fZn

f,

where W(x,y) is defined over the x-y coordinates of the pupil, C is the corresponding coefficient
of the Zernike term Z, n and f are the degree of the polynomial and the meridional frequency,
respectively. We used the double-index convention for naming and ordering the Zernike
coefficients and centered the wavefront with the entrance pupil as recommended by the OSA/
VSIA Standards Taskforce (Thibos, et al., 2002a). Using the average Zernike coefficients
obtained from the analysis of 5 such wavefront sensor images, the magnitude of an eye's
monochromatic high-order aberrations (3rd and higher order terms), excluding defocus and
astigmatism (i.e., 2nd or low order aberrations), was expressed as the total root-mean-square
error (RMS) between the measured and ideal wavefronts in units of microns. In addition, the
monochromatic point spread function (PSF) and Strehl ratio were calculated from each eye's
wavefront aberration function and employed to describe image quality (Charman, 1991;
Howland & Howland, 1977; Mahajan, 1991; Walsh & Charman, 1985). All of the spot pattern
images were analyzed with a fixed central 5 mm pupil size unless otherwise mentioned. Two
treated eyes whose dilated pupil diameter size was less than 5 mm were excluded.

2.3. Statistical Analyses
One-tailed, two-sample t-tests were used to determine if the mean aberrations for the animals
in the treated group were greater than those for the control group. Pearson's correlation and
linear regression analyses were performed to characterize the variations in aberrations as a
function of the magnitude of ametropia. Comparisons across subgroups were performed using
one-way analyses of variance (ANOVA). If the one-way ANOVA revealed a significant effect,
Tukey's pairwise comparisons were used to determine which subgroups were significantly
different from the normal control group. The Kruskal-Wallis test was used to determine if the
differences in the median aberrations between subject groups were significant. All statistical
analyses were performed using Minitab software (ver. 12.21; Minitab Inc., state college, PA).

3. Results
At ages corresponding to the start and end of the lens-rearing period, there were no significant
interocular differences in the total RMS wavefront errors, RMS coma, RMS trefoil, or in the
amounts of spherical aberration in either the control or experimental subject groups (paired t-
test P values = 0.08 to 0.95). In addition there were no significant interocular differences in
spherical-equivalent refractive error or vitreous chamber depth (paired t-test, P values = 0.25
to 0.67). Therefore, between group statistical comparisons are reported for the right eyes only.

3.1. Refractive error and axial dimensions in control and treated monkeys
At three weeks of age, prior to the onset of any experimental treatment, the eyes of the control
and the treated monkeys were moderately hyperopic (right eyes, control = +4.10 ± 1.21 D,
treated monkeys = +3.94 ± 1.70 D), and there were no between group differences in spherical-
equivalent refractive error or vitreous chamber depth (right eyes, two-sample t-test, P = 0.79
for refractive error, P = 0.35 for vitreous chamber depth). In addition, there were no significant
differences in the mean total RMS wavefront errors between the treated and the control
monkeys, which were 0.46 ± 0.16 μm and 0.50 ± 0.10 μm for the right eyes, respectively (two-
sample t-test, P = 0.35).
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Over time, the two eyes of each control monkey grew in a coordinated manner toward a low
degree of hyperopia, the optimal optical state for young monkeys (Bradley, et al., 1999; Hung,
et al., 1995; Smith III & Hung, 1999). The distribution of spherical-equivalent refractive errors
for the control monkeys at ages corresponding to the end of treatment period for the
experimental monkeys (137 ± 17 days) is shown in Figure 1A. The distribution was narrowly
peaked around a mean of +2.39 ± 0.82 D with 50 of the 52 control eyes exhibiting refractive
errors between +0.69 and + 3.44 D. In contrast, at the end of the treatment period, the treated
animals as a group exhibited a much broader range of refractive errors (range = −4.00 to +8.00
D; Figure 1B) with 42 of the treated eyes exhibiting refractive errors that were more than 2
standard deviations (SDs) away from the control mean.

The limits demarked by the control mean ± 2 SDs (Figure 1, dashed lines) were used to
categorize the spherical-equivalent refractive errors of the experimental monkeys. Using this
conservative criterion, 14 and 28 of the treated eyes were classified as hyperopic and myopic,
respectively, with 32 treated eyes showing spherical refractive errors that were within the
control limits. As illustrated in Figure 1C, the variation in spherical-equivalent refractive errors
between subjects was correlated with the eye's axial dimensions, most significantly with
vitreous chamber depth (Pearson's correlation coefficient, r2 = 0.47, P < 0.01).

3.2. Effects of abnormal visual experience on high-order aberrations
In addition to having larger refractive errors at the end of the lens-rearing period, the treated
monkeys showed larger ranges of coefficient values for each 3rd to 5th order Zernike term and
consistently larger overall amounts of high-order aberrations. Figure 2 illustrates the total
amount of high-order aberrations and the amounts of selected high-order aberrations for the
right and left eyes of the control and treated animals. With the exception of 3 eyes, where only
1 aberration measure was available, each horizontal tick represents the average aberrations
obtained during the two measurement sessions closest to the end of the lens-rearing period.
Panel A compares the total RMS errors for the control and treated monkeys. The treated eyes
exhibited a larger range of total RMS errors (right eyes, range = 0.17 to 0.68 μm vs. 0.16 to
0.26 μm) with 35 of the 74 treated eyes (47%) showing total RMS errors that exceeded the
largest RMS error observed in the control monkeys. The mean total RMS error for the treated
monkeys was significantly higher than the control mean (right eyes, mean = 0.31 ± 010 μm vs.
0.22 ± 0.03 μm, one-tailed, two-sample t-test, P = 0.0001).

In normal monkeys, spherical aberration and the 3rd order terms, coma and trefoil, are the
dominant high-order aberrations (i.e., contribute the most to the eye's total RMS error; see
(Ramamirtham, et al., 2006) and each of these dominant aberrations was influenced by our
lens-rearing procedures. Panels 2B-D compare the amounts of coma, trefoil and spherical
aberration between the treated and control monkeys. The absolute amount of coma is expressed
as the combined RMS errors for terms Z3

−1 and Z3
1; the absolute amount of trefoil is

represented by the combined RMS errors for terms Z3
−3 and Z3

3; and spherical aberration is
represented by the magnitude of the signed Z4

0 term. For both coma and trefoil, a substantial
proportion of the treated eye values fell outside the range for the control animals and the mean
coma and trefoil terms for the treated eyes were significantly larger than those for the control
animals (right eyes; mean RMS coma = 0.13 ± 0.05 μm vs. 0.09 ± 0.03 μm; one-tailed, two-
sample, t-test, P = 0.005; mean RMS trefoil = 0.15 ± 0.07 vs. 0.10 ± 0.03 μm, P = 0.002). The
average amount of spherical aberration (Z4

0 term) for the treated monkeys differed significantly
from zero for both eyes (spherical aberration was the only individual signed Zernike component
that was significantly different from zero in treated animals; two-sample t-test, P = 0.02) and
the average spherical aberration was significantly more positive in treated eyes than in control
eyes (right eyes, treated group = +0.03 ± 0.07 μm, control group = −0.02 ± 0.06 μm, two-
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sample t-test, P = 0.03). Whereas only 4 of the 16 control eyes (25%) exhibited positive
spherical aberration, 54 of the 74 treated eyes (73%) showed positive spherical aberration.

Figure 3 illustrates the relationship between the magnitude of wavefront aberrations and the
degree of spherical-equivalent refractive error, in essence the “axial” ametropia. Specifically,
Figure 3 shows the total RMS error and the absolute amounts of coma (combined RMS errors
for the terms Z3

−1 and Z3
1 and trefoil (combined RMS errors for terms Z3

−3 and Z3
3 and the

signed amounts of spherical aberration plotted as a function of the spherical-equivalent
ametropia for individual eyes. The plots include data for the right and left eyes of all of the
control animals and for the treated eyes that had refractive errors that fell outside the limits
defined by the control mean ± 2 SDs. Although all of the monkeys in the hyperopic group wore
powered spectacle lens, the monkeys in the myopic group underwent either form deprivation
or minus lens treatment. To increase the sample size of myopic monkeys, we have pooled data
from myopic animals that were subjected to different rearing regimens. We believe that this
strategy was reasonable because, for example, within our myopic group, which included
monkeys that experienced form deprivation (n = 12 eyes) or hyperopic defocus (n = 16 eyes),
there were no differences between lens- and diffuser-reared monkeys in the magnitude of
myopia, vitreous chamber depth, total RMS error, RMS coma, RMS trefoil or spherical
aberration (two-sample t-test, P values = 0.06 to 0.84). We did not include treated eyes that
had spherical-equivalent refractive errors that fell within 2 SDs of the control mean because
almost all of these animals had significant amounts of astigmatism, which, as described below,
were also associated with larger than normal amounts of wavefront aberrations.

As shown in Figure 3A, both hyperopic and myopic treated eyes showed a larger range of total
RMS wavefront errors than control eyes. The mean total RMS error for the hyperopic treated
eyes was significantly higher than that for controls (mean, hyperopes = 0.38 ± 0.11 μm vs. 0.22
± 0.05 μm, one-way ANOVA, P = 0.0001; Tukey's pairwise comparison, P < 0.05) and there
was a significant positive correlation between the amount of wavefront aberrations and the
degree of hyperopia (Pearson's correlation coefficient r = 0.63, P = 0.016). The mean total
RMS errors for the myopic treated eyes was also significantly higher than that for control eyes
(myopes = 0.30 ± 0.10 μm vs. 0.22 ± 0.05 μm; Tukey's pairwise comparison, P < 0.05) and
although the degree of wavefront aberrations increased with the degree of myopia, this trend
was not statistically significant (Pearson's correlation coefficient r = −0.30, P = 0.12).

With respect to the dominant high-order Zernike terms, both myopic and hyperopic treated
eyes exhibited larger ranges of RMS coma, RMS trefoil, and spherical aberration than control
eyes and higher average amounts of these wavefront aberrations (coma: myopes = 0.13 ± 0.05
μm, control = 0.08 ± 0.03 μm, hyperopes = 0.14 ± 0.05 μm; trefoil: myopes = 0.15 ± 0.06 μm,
control = 0.10 ± 0.04 μm, hyperopes = 0.17 ± 0.10 μm; spherical aberration: myopes = 0.05 ±
0.07 μm, controls = −0.03 ± 0.06 μm, hyperopes = −0.02 ± 0.07 μm; oneway ANOVA, P =
0.001 to 0.02; Tukey's pairwise comparisons, P < 0.05 for all comparisons with the exception
of the mean spherical aberration of hyperopes). Although there was no obvious relationship
between the amount of coma and the degree of ametropia for either hyperopic or myopic eyes
(Pearson's correlation coefficient, for hyperopes r = −0.38, P = 0.18, for myopes r = 0.08, P =
0.72), RMS trefoil increased significantly with the degree of myopia and hyperopia (Pearson's
correlation coefficient r = −0.48, P = 0.01 for myopes, r = 0.56, P = 0.03 for hyperopes).
Spherical aberration was not significantly correlated with the degree of myopia or hyperopia
(Pearson's correlation coefficient r = −0.14, P = 0.47 for myopes, r = 0.08, P = 0.80 for
hyperopes), however, as illustrated in Figure 3D, there were obvious differences in the sign of
spherical aberration between control animals and the myopic treated eyes. With 2 exceptions,
the great majority of the myopic eyes (93%) showed positive spherical aberration. In contrast,
the majority of control eyes had negative spherical aberration; only 4 of the 16 control eyes
showed positive spherical aberration.
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The Strehl ratio, which is defined as the ratio of the central intensities of the aberrated point
spread function (PSF) and the diffraction-limited PSF, provides an estimate of image quality.
Since the treated monkeys could intermittently compensate for spherical defocus through
accommodation or near viewing, the Strehl ratio was computed by excluding only the defocus
term. In other words, the Strehl ratio was computed using the 2nd order astigmatism terms and
the 3rd to 10th high-order terms. Figure 4 shows box plots of the Strehl ratios for the right and
left eyes of the control and treated animals. The average Strehl ratios for the treated eyes were
consistently lower than those for control eyes (right eyes, 0.01 ± 0.02 vs. 0.04 ± 0.01, one-
tailed, two-sample t-test, P = 0.0001) with both the myopic and hyperopic subgroups showing
lower mean ratios (right eyes, myopes = 0.02 ± 0.02; hyperopes = 0.01 ± 0.01, one-way
ANOVA, P = 0.001; Tukey's pairwise comparisons, all P < 0.05). Thus, after correcting for
defocus, astigmatism and the high-order aberrations resulted in poorer retinal image quality in
treated eyes than in control eyes.

At the end of the lens-rearing period, 16 of the 38 treated monkeys (32 eyes) had spherical-
equivalent refractive errors that were within 2 SDs of the mean refractive error for the age-
equivalent control monkeys (Figure 1B). Although these animals did not show obvious axial
ametropias at the end of the treatment period, several observations indicated that our rearing
strategies had altered refractive development. For example, several of these treated animals
exhibited anisometropias that were outside the normal range. In other cases, there were obvious
deviations from the normal course of emmetropization early in the treatment period, but by the
end of the rearing period, the spherical-equivalent refractive errors for these monkeys had
returned to within normal limits. However, the most obvious departure from normal was the
development of astigmatic refractive errors. As we have previously reported, both form
deprivation and optically imposed defocus, produced significant amounts of astigmatism in
many of our treated monkeys and this astigmatism reflected changes in the shape of the anterior
corneal surface (Kee, Hung, Qiao-Grider, Ramamirtham & Smith III, 2005). Figure 5A
compares the degree of astigmatism at the end of the treatment period for control eyes and the
treated eyes that maintained spherical-equivalent refractive errors within the control limits (i.e.,
“Non-Spherical Ametropic Eyes”). Significant amounts of astigmatism were rare in control
eyes. At ages corresponding to the end of the lens-rearing period for the treated monkeys, the
mean amount of astigmatism for the control group was 0.13 ± 0.15 D and no control animals
exhibited more than 0.37 D of astigmatism. In comparison, 29 of the 32 eyes in the non-
spherical ametropic group had astigmatic errors that were outside the control range and the
mean astigmatic errors were dramatically higher than those for the control eyes (right eyes,
mean = 1.71 ± 0.93 D and left eyes, mean = 1.14 ± 0.65 D, one-way ANOVA, right eyes, P =
0.001, left eyes, P = 0.003; Tukey's pairwise comparisons, all P < 0.05). Similarly, the treated
monkeys in the hyperopic and myopic subgroups also exhibited astigmatic errors that were
significantly higher than the amounts of astigmatism in control eyes (right eyes, myopes = 1.11
± 0.92 D, hyperopes = 0.85 ± 0.70 D, Tukey's pairwise comparisons, all P < 0.05). Although
there were some differences in the prevalence of astigmatism (refractive astigmatism ≥ 1D;
myopes = 35%; hyperopes = 29% and non-spherical ametropes = 62 %), there were no
systematic differences in the range and the average degree of astigmatism between the three
treated monkey subgroups (Tukey's pairwise comparison, P > 0.05).

As illustrated in Figure 5B, the treated monkeys in the non-spherical ametropic group, also
exhibited higher total RMS errors than control animals. The right eye mean for the controls
was 0.22 ± 0.03 μm whereas for the non-spherical ametropic group, the right eye mean was
0.30 ± 0.07 μm (one-way ANOVA, P = 0.02; Tukey's pairwise comparisons, P < 0.05). Thus,
vision-induced alterations in ocular growth, which are also manifest as changes in the shape
of the cornea, can contribute to higher than normal aberration levels, even in the absence of an
axial ametropia. However, the amount of astigmatism at the end of the treatment period was
not significantly correlated with the amount of high-order aberrations in any of the three
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experimental subgroups or in the population of treated monkeys as a whole (Pearson's
correlation coefficient r = −0.23 to +0.35).

3.3. High-order aberrations during the recovery from experimentally induced ametropias
The longitudinal changes in spherical-equivalent refractive error, the degree of astigmatism,
and the total RMS wavefront error are illustrated in Figure 6 for four monkeys that were
representative of the group of treated monkeys that we followed until at least 300 days of age.
Monkeys MIT and ZAK were selected because both of these monkeys developed abnormal
spherical-equivalent refractive errors during the treatment period, but when unrestricted vision
was restored (the filled horizontal bars indicate the lens-rearing period), their spherical-
equivalent refractive errors decreased to near normal values, i.e., like many young monkeys
reared with altered visual experience, these monkeys recovered from the experimentally
induced refractive errors and the recovery was complete by about 300 days of age. Monkeys
UZI and AVE also developed obvious spherical ametropias during the lens-rearing period, but
following the restoration of unrestricted vision there was no evidence of recovery from their
spherical-equivalent refractive errors. All four of these monkeys also showed representative
astigmatic errors. In particular, all four of these monkeys also developed astigmatic errors
during the rearing period that were well outside the control range and in each case the degree
of astigmatism decreased to normal values following the rearing period. In some cases, the
recovery from these astigmatic errors appeared to be synchronized with the onset of
unrestricted vision (e.g., Monkey ZAK and AVE), but as we have previously reported, for
some animals (e.g., Monkeys MIT and UZI) the decrease in astigmatism began during the lens-
rearing period.

As shown in the right column of Figure 6, at the start of the lens-rearing period, all 4 of these
treated animals showed total RMS wavefront errors that were within the 95% confidence
interval for the 5 control animals that were followed longitudinally (the cross hatched areas).
The total RMS error for both the control and treated animals decreased with age, however, the
decrease was smaller in the treated animals so that by the end of the lens-rearing period all of
the treated monkeys showed total RMS errors that were outside the 95% confidence interval
for control animals. Following the onset of unrestricted vision the magnitude of the wavefront
aberrations in Monkeys MIT and ZAK, the two animals that recovered from the induced
refractive errors, decreased to within the 95% confidence interval for control animals. On the
other hand, in the treated monkeys that did not show obvious reductions in their spherical
refractive errors following the onset of unrestricted vision, there was a tendency for the
magnitude of the wavefront aberrations to increase over time.

Longitudinal data on refractive error and wavefront aberration for approximately the first year
of life were obtained from a total of 13 treated monkeys that developed significant spherical
ametropias during the lens-rearing period (i.e., ametropias that were more than 2 SDs from the
control mean). Figure 7 summarizes the changes in total RMS error that took place during and
after the lens-rearing period for these 13 treated monkeys and for the 5 control monkeys that
were followed for at least a year. In Figure 7, these 13 treated monkeys were separated into 2
subgroups based on whether they recovered from the experimentally induced spherical
ametropias. Five of the 13 monkeys showed no signs of recovery. The refractive errors for
these 5 monkeys were well outside the age-matched normal range throughout the post-
treatment recovery period (“no-recovery” group). On the other hand, 8 of the 13 animals
exhibited substantial amounts of recovery from the induced refractive error so that by the end
of the observation period, their spherical-equivalent refractive errors were within the age-
matched normal range, that is, within 2 SDs of the control mean. The animals that showed no
recovery, exhibited on average only 0.45 ± 0.30 D changes in their refractive status during the
recovery period (refractive status at the end of the observation period minus refractive status
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at the end of treatment). While the animals in the recovery group showed on average 1.78 ±
0.95 D (range = 0.81 to 3.9 D) changes in their spherical-equivalent refractive errors. As
illustrated in Figure 7, prior to the onset of the lens-rearing procedures (mean age = 23 ± 10
days), there were no differences in the average total RMS wavefront errors between the control
(circles) and either the recovery (triangles) or no-recovery monkeys (squares) (one-way
ANOVA, P = 0.47, Kruskal-Wallis test, P = 0.45). Subsequently, all 3 groups showed a
decrease in total RMS errors as a function of age, but, the average decrease for the treated
groups was significantly less than that for the control monkeys. Consequently, at the end of
the lens-rearing period (mean age = 140 ± 17 days), the magnitude of high-order aberrations
in both treated groups was comparable (one-way ANOVA, P = 0.026; Tukey's pairwise
comparison, P > 0.05) and significantly higher than that for the control animals (Tukey's
pairwise comparison, P < 0.05). Following unrestricted vision, the total RMS errors in the
recovery group decreased so that by the end of the observation period, the degree of wavefront
aberrations in the recovery animals was on average not different from that in the age-matched
control animals (one-way ANOVA, P = 0.002; Tukey's pairwise comparison, P > 0.05).
However, the animals that did not recover from the abnormal refractive errors developed higher
levels of aberrations during the recovery period and at the end of the observation period, their
average total RMS errors were significantly higher than that for the age-matched controls
(Tukey's pairwise comparison, P < 0.05). Thus, recovery of refractive error to normal levels
is associated with the recovery of aberrations to normal levels. However, if abnormal refractive
errors persist following the restoration of unrestricted clear vision, aberration levels (total RMS
error) also remain high.

4. Discussion
Our results show that shortly after birth, both normal monkeys and infant monkeys that were
subjected to abnormal visual experience showed a decrease in the magnitude of high-order
aberrations with age. However, the decrease in aberrations was typically smaller in the treated
animals. Consequently, at the end of the lens-rearing period, higher than normal amounts of
aberrations were observed in treated eyes, both hyperopic and myopic eyes and treated eyes
that developed astigmatism, but not spherical ametropias. The total RMS wavefront error
increased with the degree of spherical refractive error, but was not correlated with the degree
of astigmatism. Both myopic and hyperopic treated eyes showed elevated amounts of coma
and trefoil and the degree of trefoil increased with the degree of spherical ametropia. Myopic
eyes also exhibited a much higher prevalence of positive spherical aberration than normal or
treated hyperopic eyes. The high amounts of aberrations in the treated eyes were, however, not
necessarily permanent. Following the onset of unrestricted vision, the amount of high-order
aberrations decreased in the experimental monkeys that also recovered from the experimentally
induced refractive errors.

4.1 Comparisons with previous studies in animals and humans
There are similarities between our results and those from other animal studies. For example,
chicks that developed myopia as a result of form deprivation (Garcia de la Cera, et al., 2006)
or hyperopic defocus (Kisilak, et al., 2006) also exhibited higher than normal total RMS errors
and the treated myopic eyes of monocularly form-deprived marmosets showed higher amounts
of wavefront aberrations relative to their fellow non-treated eyes (Coletta, et al., 2004). In
addition, rearing chicks under constant light conditions, a rearing strategy that produces
hyperopia and obvious anterior segment changes, results in elevated high-order aberrations
(Howland, et al., 2004). There were also similarities in the pattern of changes in high-order
aberrations. Like our treated monkeys, myopic chicks exhibited significant increases in both
3rd and 4th order aberrations. However, there were some differences in the nature of the
aberration changes between our monkeys and chicks. For example whereas our myopic
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monkeys developed positive spherical aberration, Garcia de le Cera et al. (2006) found that
chicks with form deprivation myopia developed negative spherical aberration. It seems likely
that these kinds of disparities reflect interspecies differences in ocular anatomy and the specific
manner in which visual experience influences eye growth and shape. Regardless, the main
point is that alterations in visual experience that are sufficient to alter an eye's refractive error
also promote the development of larger amounts of monochromatic wavefront aberrations in
macaque monkeys, marmosets, and chicks.

Although some human studies have failed to find an association between refractive errors, in
particular myopia, and either the pattern or amount of high-order aberrations (Carkeet, et al.,
2002; Cheng, et al., 2003; Legras, et al., 2004; Porter, et al., 2001), the results of other studies
are qualitatively and quantitatively similar to our findings in macaque monkeys with induced
refractive errors. For example, in comparison to emmetropes, higher total RMS errors have
been found in adult humans with myopia (Collins, et al., 1995; He, et al., 2002; Llorente, et
al., 2004; Paquin, et al., 2002), hyperopia (Llorente, et al., 2004), and astigmatism (Cheng, et
al., 2003). Moreover, in comparison to emmetropes, it has been reported that human myopes
have higher amounts of coma and positive spherical aberration. And despite the obvious
methodological differences between our study and those involving human subjects, the
absolute and relative magnitudes of aberrations in ametropic monkey and human eyes were
comparable. For example, in our myopic monkeys the range of total RMS errors varied from
0.17 to 0.62 μm with an average of 0.30 μm, which was 0.08 μm larger than that found in
control monkeys. In myopic humans, Llorente et al. (2004) reported that the average total RMS
error was 0.32 μm (pupil diameter = 6.5 mm); Paguin et al (2002) found a range of 0.2 to 0.53
μm (pupil diameter = 5.0 mm); and He at al., (2002) found that the average difference between
myopic and emmetropic humans was 0.07 μm (pupil diameter = 6.0 mm). Thus, monkeys with
experimentally induced refractive errors exhibit alterations in high-order aberrations that are
very comparable to those observed in humans with natural ametropias.

Assuming that the mechanisms responsible for aberrations in ametropic monkeys and humans
are similar, our results provide several potential explanations for the inconsistencies observed
in human studies. In monkeys, the amount of aberrations varied with the magnitude of spherical
refractive error; astigmatic eyes without spherical-equivalent refractive errors had substantial
amounts of aberrations; and even with controlled rearing regimens, there was substantial
intersubject variability. These results suggest that large, diverse samples are needed to
distinguish potential differences in high-order aberrations between eyes with spherical
ametropias and emmetropic eyes and that the potential confounding effects of astigmatism
should be considered when comparing aberrations between myopes or hyperopes and
emmetropes. Thus, differences in subject populations could have contributed to the
inconsistencies found in human studies. It is also potentially important that the high-order
aberrations that developed in association with vision-induced refractive errors in monkeys were
not always permanent. In particular, following the onset of unrestricted vision, the aberrations
decreased in concert with the recovery from experimentally induced refractive errors in some
animals. In this respect, the weight of evidence suggests that the higher amounts of aberrations
reflect structural changes associated with the development of refractive error and that the
aberrations should persist as long as the refractive error was stable. However, it is possible that
the amounts of high-order aberrations in humans are larger during the time period when
anomalous refractive errors are progressing or emerging. Thus, a subject's age and refractive
error history (possibly the relative stability of refractive errors) may also influence the
relationship between refractive errors and aberrations.
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4.2 Structural correlates of high-order aberrations in treated monkeys
In normal monkeys, high-order aberrations decrease in a monotonic fashion during the first
150 days of life. Although some of the reduction in aberrations during emmetropization may
reflect a geometric increase in the overall scale of the eye, model predictions indicate that scale
changes alone can not account for all of the changes in high-order aberrations (Ramamirtham
et al., 2006) and longitudinal measures of ocular parameters in monkeys and humans show that
the adult/adolescent eye is not simply a scaled version of the infant eye, i.e., eye growth is not
uniform (Qiao-Grider, et al., 2007). Consequently, some of the decrease in high-order
aberrations in normal monkeys must be due to changes in the shape and organization of the
eye's optical components (Ramamirtham, et al., 2006). Geometric scaling can also not explain
the increase in high-order aberrations found in ametropic monkeys. If the alterations in
aberrations in our experimental monkeys were due simply to uniform changes in eye size, then
the degree of high-order aberrations should have been directly correlated with axial length,
i.e., myopes should exhibit higher aberrations than emmetropes and hyperopes. However, we
found that both longer myopic and shorter hyperopic eyes exhibited higher than normal levels
of high-order aberrations. Thus, a simple geometrical difference in eye length cannot explain
higher than normal levels of aberrations in myopic and hyperopic eyes. It is also obvious that
the association between astigmatism and high-order aberrations in our experimental monkeys
cannot be accounted for by uniform scaling changes.

When comparing high-order aberrations between subjects, it is important that the individual
wavefront maps are centered on the same reference axis, specifically the line of sight. We
identified the presumed line of sight in our anesthetized monkeys based on the Hirschberg
estimates made by Quick and Boothe (1989, 1992) and assumed that angle lambda was the
same in all monkeys. However, in humans, it has been reported that angle lambda varies with
age (London & Wick, 1982) and with the eye's refractive state and axial length; specifically
that in comparison to emmetropes, myopes and hyperopes exhibit smaller and larger angles
lambda, respectively (Bansal, Coletta, Moskowitz & Han, 2004; Le Grand & El Hage, 1980).
Consequently, if similar relationships exist in monkeys, it is possible that our data are
influenced by these trends. However, the auto-compensation mechanism described by Artal et
al. (2006) would tend to mask any alignment errors, at least for lateral coma. Moreover, direct
estimates of alignment errors indicate that the potential confounding effects would be small.
For example, we compared aberrations measurements in adolescent monkeys made along the
pupillary axis with those made along the presumed line of sight, i.e., the measurement axis was
displaced 0.3 mm between the two measures. There were no significant differences between
the pupillary axis and the presumed line of sight measurements in terms of the total RMS error,
RMS coma, RMS trefoil, spherical aberration or any of the individual 3rd to 5th order Zernike
terms (two-sample t-test, range of P values = 0.25 to 0.92). The absolute difference in total
RMS error between the pupillary axis and the presumed line of sight was only 0.01 μm, which
is small compared to the differences in total RMS errors observed between ametropic and
normal control subjects. Assuming that refractive error affects angle lambda similarly in
monkeys and humans (Bansal, et al., 2004), the largest alignment error that would occur in our
population of ametropic monkeys, expressed in terms of the position of the corneal reflex,
would be approximately 0.15 mm (based on a 6 D difference in refractive error). Likewise,
assuming that the magnitude of the age-dependent changes in angle lambda are similar in
monkeys and humans, the maximum alignment error associated with age differences would be
about 0.17 mm. Alignment errors of these magnitudes would be negligible and would not
substantially alter our conclusions.

The elevated levels of high-order aberrations in the ametropic eyes of our experimental
monkeys probably reflect changes in the shapes and relative positions of the eye's optical
components. It is well established that vision-induced spherical refractive errors occur
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primarily as a result of alterations in axial elongation rates, particularly vitreous chamber
elongation rates. However, the expansion of the posterior segment of the globe is not
necessarily symmetrical. In comparison to emmetropic eyes, adult myopic eyes exhibit greater
dimensional increases in the vertical meridian than in the horizontal meridian (Atchison,
Pritchard, Schmid, et al., 2005) and naso-temporal asymmetries along the horizontal meridian
have been observed in the more myopic eyes of Caucasians with anisomyopia (Logan,
Gilmartin, Wildsoet & Dunne, 2004). The changes in peripheral refractive error that occur in
normal infant monkeys during emmetropization also suggest that there are naso-temporal
asymmetries in the expansion of the posterior globe of monkeys during normal development
(Hung, Ramamirtham, Huang, Qiao-Grider & Smith III, 2006). Thus, it might be expected that
either increasing or decreasing axial elongation rates would alter the overall shape of the eye
in comparison to a normal emmetropic eye. The potential meridional variations in diameter
that result might affect the shape of the crystalline lens or its position or alignment with respect
to the cornea. In this respect, alterations in the alignment of the optical centers of the cornea
and lens, changes in the position of the pupil, or changes in the projection of the visual axis
produced by relative changes in the position of the fovea could alter the amount and pattern of
3rd order aberrations (especially coma-like terms). Alterations in the tilt of the crystalline lens,
by changing the relative alignment of the anterior and posterior lens sutures, could change the
pattern of trefoil (Kuszak, Zoltoski & Tiedemann, 2004; Thibos, et al., 2002b). It is also clear
that alterations in visual experience that are sufficient to produce refractive errors in infant
monkeys also influence the anterior segment of the eye. In particular, almost all of our
experimental monkeys exhibited higher than normal amounts of astigmatism, which
demonstrates that our rearing regimens produced asymmetrical changes in corneal shape and
the anatomy of the anterior segment. The failure to find a significant correlation between the
total RMS error and the degree of astigmatism may reflect confounding effects of aberrations
associated with lenticular changes.

There are several possible explanations for differences in the sign and amount of spherical
aberration observed between myopic monkeys and non-myopic monkeys. If myopic and
emmetropic eyes had identical optical components and differed only in axial length then, as
Cheng et al. (2003) have argued, SHWS instruments would falsely measure more positive
spherical aberration in myopic eyes than in emmetropic eyes. However, we have previously
shown that altered visual experience can produce changes in the anterior segment, specifically
in the anterior cornea (Kee, et al., 2005). Thus, it is possible that the differences in spherical
aberration, particularly the sign of spherical aberration, between myopes and non-myopes
reflect vision-induced differences in the surface curvature profiles of the cornea and/or
crystalline lens. The more positive spherical aberration profiles found in myopic monkeys
could reflect changes in peripheral corneal curvature.

The lens could also contribute to the increase in spherical aberration. We have previously
shown that there are no significant interocular differences in the central thickness of the
crystalline lens, the central anterior and posterior lens curvatures, and equivalent refractive
indices of the lens between the eyes in anisometropic monkeys (Qiao-Grider, et al., 2002).
Thus, many aspects of the crystalline lens do not appear to be significantly altered during the
development of refractive errors. However, we can not rule out the possibility that peripheral
lens curvature and/or the refractive index gradient of the lens are altered during the development
of abnormal refractive errors. Priolo et al., (2000) observed larger than normal magnitudes of
spherical aberration in the isolated crystalline lenses of form deprivation induced myopic
chicks and attributed these elevated aberration levels to alterations in the refractive indices of
the lens. Comparing the anterior corneal asphericities and computing wavefront aberrations of
the individual optical components of the eye for different refractive groups could potentially
provide clues to the origin of positive spherical aberration that is observed in myopic monkeys.
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If the increase in aberrations in ametropic eyes reflects changes in the shape of the eye, then
the decrease in aberrations that was associated with the recovery from abnormal refractive
errors suggests that during the recovery process the eye assumes a more normal shape or that
at least the eye's optical components do. Recovery from spherical refractive errors in infant
monkeys is mediated primarily by alterations in vitreous chamber elongation rate; in terms of
spherical-equivalent power, the cornea and presumably the lens appear to follow a normal
growth trajectory during recovery. For example, during the recovery from myopia, vitreous
chamber elongation is reduced below normal levels and the spherical refractive error decreases
because the cornea and lens continue to decrease in power as in normal eyes (Qiao-Grider,
Hung, Kee, Ramamirtham & Smith III, 2004). However, the fact that corneal astigmatism also
decreases during the recovery process, indicates that the cornea must return to a more normal
shape. In this respect, it is likely that any potential misalignment or changes in lens shape also
returned to a more normal state during recovery.

4.3 Relationship between high-order aberrations and refractive errors
It has been suggested that the association between greater amounts of high-order aberrations
and refractive error comes about because the visual consequences of aberrations induce
ametropic growth, in particular that the increase in image degradation associated with higher
than normal aberrations would promote axial elongation via the mechanisms responsible for
the phenomenon of form deprivation myopia (Charman, 2005; Collins, et al., 1995; He, et al.,
2002; Paquin, et al., 2002). In our monkeys, increased aberrations were observed in myopic,
hyperopic, and astigmatic monkeys and the patterns of aberrations in our experimental
monkeys were similar to those described in humans with natural refractive errors. Given that
all types of refractive errors showed increased aberrations argues against the idea that a simple
form-deprivation model is responsible for the association between refractive errors and high-
order aberrations. Moreover, the fact that experimental animals that exhibited increased high-
order aberrations could recover from experimentally induced refractive errors, a process that
is mediated by visual feedback associated with the eye's refractive error (Norton, Amedo &
Siegwart Jr, 2006; Troilo & Wallman, 1991; Wildsoet & Schmid, 2000), suggests that the
presence of higher levels of high-order aberrations does not prevent the eye from responding
to defocus. When one considers the relative magnitude of the high-order aberrations associated
with moderate refractive errors, the dominance of optical defocus over high-order aberrations
is not surprising. For example, at the end of the treatment period the average differences in
total RMS error between control animals and experimental animals with myopia and hyperopia
was 0.08 μm and 0.15 μm, respectively. When expressed in terms of equivalent spherical
defocus, these magnitudes of wavefront error represent relative increases in defocus of only
0.10 and 0.17 D, respectively. It would seem that such low magnitudes of blur would be unlikely
to significantly alter refractive development, since the eye routinely experiences much larger
amounts of blur in real life situations. For example, the average amount of accommodative lag
for a 3 D stimulus in emmetropic children and young adults is about 0.40 – 0.80 D which is
much larger than the equivalent blur due to high-order aberrations in ametropic eyes (Gwiazda,
Thorn, Bauer & Held, 1993; Rosenfield & Gilmartin, 1999; Seidemann & Schaeffel, 2003;
Wang & Ciuffreda, 2006).

Several observations support the hypothesis that the association between high-order
aberrations and refractive error exists because the ocular changes associated with the
development of a refractive error lead to an increase in high-order aberrations. First, every
experimental eye that showed increased amounts of high-order aberrations also exhibited either
significant spherical and/or astigmatic refractive errors. We failed to find any experimental
eyes with increased aberrations, but no refractive error. Second, at the end of the treatment
period, the amount of high-order aberrations was positively correlated with the degree of axial
ametropia. And third, animals that failed to recover from the induced refractive errors following
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the onset of unrestricted vision also continued to exhibit larger than normal amounts of high-
order aberrations. On the other hand, the aberrations decreased in eyes that recovered from the
induced refractive errors.

We found little evidence to support the hypothesis that there are vision-dependent mechanisms
that use visual feedback to reduce the total amount of ocular aberrations. All of our treated
animals were subjected to substantial changes in visual experience as a result of our
experimental rearing regimens (e.g., form deprivation). However, every experimental animal
exhibited an absolute decrease in the total amount of aberrations during the treatment period.
Although the magnitude of this decrease was, on average, smaller than that in control animals,
it occurred despite substantial reductions in retinal image quality caused as a result of imposed
defocus or form deprivation. Thus, at least a significant part of the early decrease in high-order
aberrations occurs passively and is independent of the nature of visual experience. Moreover,
there were numerous examples of treated eyes that experienced substantial amounts of defocus
or form deprivation, yet developed a normal aberration profile. Consequently, if these vision-
dependent mechanisms exist, they can, at least in some animals, operate normally in the
presence of substantial amounts of defocus or form deprivation. However, it seems more likely
that the low levels of aberrations in these ametropic animals reflect the action of passive, auto-
compensation mechanisms similar to those described by Artal et al., (2006).

In conclusion, our results show that high-order aberrations are influenced by the vision-
dependent mechanisms that regulate refractive development. In particular, the increase in high-
order aberrations in our monkeys with anomalous refractive errors appears to be an optical
byproduct of the vision-induced alterations in ocular growth that underlie the changes in
refractive error. Overall, the results from our study suggest that the higher amounts of wave
aberrations observed in ametropic humans are a consequence, rather than a cause, of abnormal
refractive development.
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Figure 1.
Refractive error distributions for both eyes (filled bars = right eyes; open bars = left eyes) of
(A) 26 normal control animals at ages corresponding to the end of the treatment period (mean
= 143 ± 9 days) and (B) 38 treated monkeys at the end of the lens-rearing period (mean = 135
± 17 days of age). The dashed vertical lines in (A) and (B) represent ± 2 standard deviations
from the control group mean. (C) Vitreous chamber depth plotted as a function of spherical-
equivalent refractive error for all normal (diamonds) and treated eyes (circles). The open and
filled symbols represent left and right eyes, respectively. The solid line indicates the best fitting
line determined by regression analysis for all the groups taken together.
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Figure 2.
Total RMS error (A), RMS coma (B), RMS trefoil (C), and the signed values for term Z4

0

(spherical aberration) (D) for the right and left eyes of individual normal and treated animals.
The open circles represent the group means and the asterisks denote treated-group means that
were significantly greater than the corresponding control-group mean (one-tailed, two-sample,
t-test, P < 0.05).
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Figure 3.
Total RMS error (A), RMS coma (B), RMS trefoil (C) and spherical aberration (Zernike term
Z4

0) (D) plotted as a function of the spherical-equivalent refractive error for myopic (circles),
control (diamonds) and hyperopic groups (squares). The open and filled symbols represent
data from right and left eyes, respectively. The solid lines represent linear fits for each group.
The vertical dashed lines in each plot denote ± 2 standard deviations from the control group
mean obtained at ages corresponding to the end of lens-rearing period.
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Figure 4.
Box plots of the Strehl ratios for the left and right eyes of the control animals, all of treated
animals combined, and the myopic and hyperopic subgroups. The solid and dashed horizontal
line inside each box denotes median and mean values, respectively. The edges of the box
represent the 25th and 75th percentiles and the extended bars mark the 10th and 90th percentiles.
The open circles denote data points that fall outside the 10th to 90th percentile limits. The
asterisks (two-sample t-test) and plus symbols (one-way ANOVA and Tukey's pairwise
comparisons) indicate that the mean values for a given group were significantly lower than
that for the control eyes.
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Figure 5.
Box plots of refractive astigmatism (A) and total RMS errors (B) for the right and left eyes of
the normal controls, the non-spherical ametropes, the myopes and the hyperopes. The solid
and dashed horizontal line inside each box denotes median and mean values, respectively. The
edges of the box represent the 25th and 75th percentiles and the extended bars mark the 10th

and 90th percentiles. The open circles denote data points that fall outside the 10th to 90th

percentile limits. The plus symbols denote group means that were significantly higher than
those obtained for the normal controls (one-way ANOVA and Tukey's pairwise comparisons).
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Figure 6.
Spherical-equivalent refractive error (left), refractive astigmatism (middle) and total RMS error
(right) plotted as a function of age for 4 representative treated animals that developed axial and
astigmatic ametropias. The patterned area represents the 95% confidence intervals for the
normal control eyes. The filled horizontal bars demark the lens-rearing period.
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Figure 7.
Mean (± 1 SE) total RMS errors plotted as a function of age for control monkeys (circles),
treated monkeys that recovered from the experimentally induced refractive errors (triangles),
and treated monkeys that did not show recovery from the experimentally induced axial errors.
For the treated monkeys, the first and second data points represent values obtained at the start
and end of the lens-rearing period.
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