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Abstract
We analyzed the contribution of individual ocular components to vision-induced ametropias in
210 rhesus monkeys. The primary contribution to refractive-error development came from vitreous
chamber depth; a minor contribution from corneal power was also detected. However, there was
no systematic relationship between refractive error and anterior chamber depth or between
refractive error and any crystalline lens parameter. Our results are in good agreement with
previous studies in humans, suggesting that the refractive errors commonly observed in humans
are created by vision-dependent mechanisms that are similar to those operating in monkeys. This
concordance emphasizes the applicability of rhesus monkeys in refractive-error studies.
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Introduction
In a simplistic sense, the primary biometric variables that potentially contribute to the eye’s
refractive status are the refracting powers of the cornea and crystalline lens and the axial
dimensions of the anterior chamber, lens and vitreous chamber. To understand the
contributions of these variables to ocular refraction, a substantial number of primarily cross-
sectional studies have examined the dimensions and distributions of these ocular
components in populations of emmetropic and ametropic eyes, the interrelations between
these ocular components in emmetropic and ametropic eyes, and the correlations between
individual ocular components and refractive error (Bullimore et al., 1992; Fledelius, 1988;
Fledelius, 1995; Goss et al., 1990; Grosvenor & Scott, 1991; Grosvenor & Scott, 1993;
Jensen, 1991; Larsen, 1971a; Larsen, 1971b; Larsen, 1971c; Larsen, 1971d; Mayer et al.,
2001; McBrien & Millodot, 1987; Mutti et al., 2005; Sorsby et al., 1957; Sorsby et al., 1961;
Sorsby et al., 1966; Stenstrom, 1948; Zadnik et al., 2003). For example, correlation analyses
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have shown that the primary ocular components that influence refractive error are
interdependent and that during early development these components grow in a coordinated
manner to move the eye toward emmetropia (Carroll, 1981; Carroll, 1982; Hirsch, 1947;
Hirsch & Weymouth, 1947; Stenstrom, 1948; van Alphen, 1961). In other words,
compensatory alterations in related parameters occur to promote emmetropia. In particular,
the concept of the inflatable globe evolved from these studies and the notion that aspects of
emmetropization are passive consequences of eye growth (Hofstetter, 1969; Koretz et al.,
1995; Mutti et al., 1998; Wallman & Adams, 1987), specifically that increases in axial
length during early development are counterbalanced by concomitant decreases in corneal
power, lens thickness and lens power. These studies have also provided insights into the
nature of refractive errors, in essence, how ametropic eyes, in particular myopic eyes, differ
from emmetropic eyes. The results from these investigations have demonstrated the relative
importance of individual ocular components in determining the eye’s refraction and
provided insights into the mechanisms that are associated with the development of common
refractive errors.

It has been consistently shown that elongation of the vitreous chamber contributes to myopia
(Wildsoet, 1998). However, each of the major ocular components has been shown to
potentially contribute to myopic refractions. The degree of influence for a given component
is somewhat dependent on the analysis methods and possibly the age of the sample studied
(Wildsoet, 1998). For instance, in his classic study, Stenstrom (1948), using correlation
analyses, showed that refraction was significantly correlated with corneal radius (r = +0.18),
anterior chamber depth (r = −0.34), and especially axial length (r = −0.76); therefore, he
concluded that axial length had the greatest influence on ocular refraction and that most
myopia was axial in nature. Using Stenstrom’s data and partial correlation analyses, Hirsch
and Weymouth (1947) reported that axial length accounted for 47% of the variance in
refractive error, while corneal power and anterior chamber depth were responsible for 24%
and 7% of the variability of refraction, respectively. Van Alphen (1961) reanalyzed
Stenstrom’s data using partial correlation coefficients and factor analysis and described the
myopic eye as one with a longer than normal axial length and/or a more powerful cornea
with a flatter crystalline lens. More recent investigations employing analyses based on
structural models (Scott & Grosvenor, 1993) or quantitative analyses of growth curves
(Jones et al., 2005) for individual ocular components have shown that in comparison to
emmetropic eyes, myopic eyes have higher corneal powers, higher lens powers, and greater
anterior and vitreous chamber depths.

Longitudinal studies of the changes in ocular components that occur during the onset and/or
progression of myopia have emphasized the contribution of vitreous chamber elongation to
myopic refractions (Fledelius, 1988; Grosvenor & Scott, 1993; Gwiazda et al., 2003; Jensen,
1991; Mutti et al., 2005). In both juveniles (Fledelius, 1988; Grosvenor & Scott, 1993;
Gwiazda et al., 2003; Jensen, 1991) and adults (Grosvenor & Scott, 1993; McBrien &
Adams, 1997), the onset and progression of myopia are strongly correlated with increases in
axial length and, specifically, vitreous chamber depth. There is little or no evidence that
increases in either corneal power (Fledelius, 1988; Goss & Erickson, 1987; Grosvenor &
Scott, 1993; Jensen, 1991; McBrien & Adams, 1997; Parssinen, 1993) or lens power
(Bullimore et al., 1992; Grosvenor & Scott, 1991; Jensen, 1991; Larsen, 1971c; McBrien &
Adams, 1997; McBrien & Millodot, 1987) contribute to myopic progression. However, the
growth curves for the anterior chamber and corneal power for myopic children are different
in shape than those for emmetropic children (Jones et al., 2005).

There are a number of parallels between the structural characteristics of refractive errors in
humans and those in animals with experimentally induced ametropias. In particular, in a
wide variety of animal species, experimentally induced refractive errors are associated with
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alterations in vitreous chamber depth and axial length. For example, myopia produced by
form deprivation or optical defocus is associated with vitreous chamber elongation in chicks
(Schaeffel et al., 1988; Wallman & Adams, 1987; Wildsoet & Wallman, 1995), tree shrews
(Marsh-Tootle & Norton, 1989; McBrien & Norton, 1992; Norton et al., 2006), guinea pigs
(Howlett & McFadden, 2006; Jiang et al., 2009), marmosets (Graham & Judge, 1999; Troilo
& Judge, 1993), and macaques (Greene, 1990; Hung et al., 1995; Qiao-Grider et al., 2004;
Smith et al., 1999a; Smith et al., 1987; Smith & Hung, 2000; Smith et al., 2002a; Tigges et
al., 1990; Wiesel & Raviola, 1977). However, the associations between experimental
refractive errors and other ocular component changes are less consistent between species
and, in some cases, between studies. For example, experimental myopia has been associated
with increases in corneal power in guinea pigs (Howlett & McFadden, 2006). When form
deprivation myopia is produced by lid closure, decreases in corneal power have been
reported for chicks (Troilo et al., 1995), marmosets (Troilo & Judge, 1993), and tree shrews
(Marsh-Tootle & Norton, 1989; McBrien & Norton, 1992; Norton et al., 2006). However,
when spectacle lenses are employed to produce myopia, corneal power is not affected in
macaques (Hung et al., 1995; Smith & Hung, 1999; Smith et al., 1994), chicks (Irving et al.,
1995), marmosets (Graham & Judge, 1999) or tree shrews (Norton et al., 2006), which
suggests that lid closure can have confounding mechanical effects on the cornea.
Experimental myopia is associated with increases in anterior chamber depth in guinea pigs
(Howlett & McFadden, 2006) and decreases in anterior chamber depth in tree shrews
(Marsh-Tootle & Norton, 1989; McBrien & Norton, 1992; Norton et al., 2006). However,
anterior chamber alterations have not been consistently observed in chicks (Schaeffel et al.,
1988; Wallman & Adams, 1987; Wildsoet & Wallman, 1995), marmosets (Troilo & Judge,
1993) or macaques (Smith & Hung, 1999). Increases and decreases in crystalline lens
thickness have been observed, respectively, in guinea pigs (Howlett & McFadden, 2006) and
tree shrews with experimental myopia (Marsh-Tootle & Norton, 1989; McBrien & Norton,
1992; Norton et al., 2006; Siegwart & Norton, 1998), but no consistent changes in lens
thickness have been found in chicks (Irving et al., 1995; Troilo et al., 1995), marmosets
(Graham & Judge, 1999; Troilo & Judge, 1993) or macaques (Greene, 1990; Hung et al.,
1995; Tigges et al., 1990; Wiesel & Raviola, 1977). However, experimental myopia does
increase the variability of lens power in chickens with experimental myopia (Priolo et al.,
2000).

Examining the nature of refractive errors in animals with experimentally induced refractive
errors, particularly vision-induced ametropias, is important because it is a critical step in
determining the applicability of animal data to the human condition. Moreover, if ocular
development in these animals is similar to that of humans, the results from these animal
investigations can identify which ocular components are affected by alterations in visual
experience and, thus, provide the foundation for understanding the effects of visual
experience on refractive development in humans. Refractive development and the optical
organization of macaque eyes are very similar to those of humans (Bradley et al., 1999;
Greene, 1990; Qiao-Grider et al., 2007b). However, previous studies of the nature of
experimental refractive errors in macaques have employed limited numbers of subjects and
have not measured all of the key ocular components. The purpose of this study was to
determine the structural features of experimentally induced refractive errors in a large
number of infant rhesus monkeys.

Materials and Methods
Subjects

Data are presented for 210 infant rhesus monkeys (Macaca mulatta). The subject population
included most of the animals that we used in previous studies of the effects of visual
experience on refractive development and for which we had complete biometric data (Hung
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et al., 1995; Hung & Smith, 1996; Hung et al., 2000; Kee et al., 2005; Kee et al., 2007; Kee
et al., 2004; Kee et al., 2002; Kee et al., 2003; Qiao-Grider et al., 2004; Qiao-Grider et al.,
2007a; Qiao-Grider et al., 2007b; Ramamirtham et al., 2007; Ramamirtham et al., 2006;
Smith et al., 2001; Smith et al., 2003; Smith et al., 2005; Smith et al., 2007; Smith, 1998a;
Smith, 1998b; Smith & Hung, 1999; Smith & Hung, 2000; Smith et al., 1994; Smith et al.,
1999b; Smith et al., 2000; Smith et al., 2002a). The animals were obtained at 2 to 3 weeks of
age and housed in our primate nursery that was maintained on a 12-hour light/12-hour dark
lighting cycle. Animals reared under continuous lighting conditions were excluded from our
analyses because evidence from chickens indicate that continuous light can produce
alterations in the ocular components of the eye that are very different from those produced
by form deprivation or optical defocus and that may be secondary to alterations in
intraocular pressure (Lauber, 1987; Lauber & McGinnis, 1966; Li et al., 1995). Our rearing
and experimental procedures were reviewed and approved by the University of Houston’s
Institutional Animal Care and Use Committee and were in compliance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

With the exception of 18 animals that were reared with unrestricted vision, all of the animals
were subjected to one of a variety of different experimental rearing strategies that employed
either form deprivation or optically imposed defocus to examine the effects of visual
experience on refractive development. Although evidence in chickens indicates that the
effects of form deprivation and optically imposed defocus, in particular hyperopic defocus,
are not mediated by identical mechanisms (Kee et al., 2001), it is likely that the vision-
dependent mechanisms that mediate the effects of form deprivation and optical defocus have
many components in common. In this respect, in monkeys the effects of form deprivation
and hyperopic defocus are both mediated by local retinal mechanisms, dominated by visual
signals from the peripheral retina, and produce similar changes in the shapes of the posterior
globe (Huang et al., 2009; Hung et al., 2009; Smith et al., 2009a; Smith et al., 2009b) and
the anterior cornea (Kee et al., 2005). Additionally, multi-linear regression analyses using
treatment regimen as a dummy variable indicated that there were no significant differences
between the effects of form deprivation and optical defocus (p = 0.415 to 0.972).
Consequently, for the purposes of this study, we have assumed that form deprivation and
optical defocus affect the ocular components of refractions in a qualitatively similar fashion.

The experimental rearing procedures were started at 2 to 4 weeks of age (see Table 1 for
details). The duration of the experimental rearing procedures varied between 14 and 21
weeks and encompassed the rapid early phase of ocular growth and emmetropization, which
in normal infant monkeys is largely complete by 150 days of age (Bradley et al., 1999;Hung
et al., 1995;Qiao-Grider et al., 2007a). Although the treated subjects represent a
heterogeneous group, all of the experimental manipulations were 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 refractive errors. Thus, it was possible
to examine the ocular changes in monkeys that developed moderate to high levels of myopia
and hyperopia.

It is important to note that the subject population included both Chinese- and Indian-derived
subspecies of rhesus monkeys. Because there are significant differences in the ocular
dimensions between normal Chinese- and Indian-derived rhesus monkeys (Qiao-Grider et
al., 2007a), the data for the 56 Chinese-derived monkeys and 154 Indian-derived monkeys
were analyzed separately. Twelve Indian-derived monkeys and 6 Chinese-derived monkeys
that were reared with unrestricted vision were used to define the normal range of refractive
errors.
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Biometric Measurements
Cross-sectional data on refractive error, corneal power, axial dimensions and the optical
properties of the crystalline lens were obtained from both eyes of all subjects at or near the
end of the experimental treatment period (mean = 135 ± 13 days for Indian-derived monkeys
and 143 ± 14 days for Chinese-derived monkeys). To make these measurements, the
monkeys were anesthetized (intramuscular injection: ketamine hydrochloride, 15–20 mg/kg
and acepromazine maleate, 0.15–0.2 mg/kg; topical: 1–2 drops of 0.5% tetracaine
hydrochloride) and cycloplegia was induced using 1% tropicamide that was topically
instilled into the eyes 20–30 minutes before any measurements that were potentially
influenced by the state of accommodation.

The spherical-equivalent, spectacle-plane refractive correction for each eye was measured
along the pupillary axis by two experienced investigators using a streak retinoscope and
averaged (Harris, 1988). We have previously shown that our retinoscopy results are strongly
correlated with autorefractor measures of refractive errors in monkeys (Smith & Hung,
1999) and highly repeatable (Hung et al., 2008). The anterior radius of curvature of the
cornea was measured with a hand-held keratometer (Alcon Auto-keratometer; Alcon
Systems Inc, St Louis, MO) and/or a videotopographer (EyeSys 2000; EyeSys technologies
Inc, Houston, TX). The two instruments provided repeatable and comparable measures of
corneal curvature in infant monkeys (Kee et al., 2002). Corneal power was calculated by
assuming that the cornea was a single, spherical refracting surface separating air from a
media with a refractive index of 1.3375.

The axial dimensions of the eye, including anterior chamber and vitreous chamber depths,
lens thickness, and the sum of these, axial length, were measured by A-scan ultrasonography
using an instrument with a focused, 7-MHz transducer (Image 2000, Mentor, Norwell, MA).
The reported axial dimensions represent the average of 10 individual readings.

The curvatures of the anterior and posterior lens surfaces were measured by video
phakometry (Mutti et al., 1992). Specifically, the equivalent radii of curvature for the
anterior and posterior surfaces were derived by measuring the apparent sizes of Purkinje
Images I, III, and IV produced by the collimated light from two point sources that were
optically imaged at infinity. Data were obtained for the 45, 90, and 135 deg meridians and
then averaged. At least 2 clear frames were measured for each image. The equivalent radii
for the lens surfaces were determined by comparing the sizes of the Purkinje images to the
catoptric images obtained from a series of precision ball bearings (Mutti et al., 1992). With
knowledge of the eye’s refractive error, corneal power, and axial dimensions, the anterior
radius of curvature for the crystalline lens was calculated by paraxial ray tracing. For the
posterior lens surface, an iterative procedure was used to find the posterior lens radius of
curvature and the equivalent refractive index of the lens that produced agreement between
the measured refractive error and the refractive error calculated from ocular component
values. The equivalent lens power was then calculated using the thick lens formula (Keating,
2002).

Data Analysis
When comparing several means where there was only one way to classify the populations of
interest (such as refractive error), we employed a one-way analysis of variance (ANOVA)
(Moore & McCabe, 1993a). One way ANOVAs were used to compare the mean values for
each ocular component between the different refractive-error groups (i.e., hyperopic,
emmetropic and myopic groups) for the right and left eyes. Simple linear regression analysis
was used when studying the relationship between a response variable and one or more
explanatory variables (Moore & McCabe, 1993c). In the present study, simple correlation
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coefficients between each ocular component and refractive error were calculated for each
refractive-error group for each subspecies of monkeys. Two sample t-tests were used to
compare the mean values between groups. There is no evidence that the right and left eyes
respond differently to the same treatment regimen; multi-linear regression analyses using the
left and right eyes as dummy variables indicated that there were no significant differences
between the results for the right and left eyes (p = 0.128 to 0.934). As a result, the left and
right eye data were pooled together in regression and correlation analyses. The primary
reason for presenting both left and right eye data was that doing so provided an opportunity
to examine a relatively rare resource in more detail and to enhance the likelihood that we
would detect subtle changes. In anisometropic monkeys, where the left and right eye
samples were of equal size and the units in the two samples were matched, the data from the
Indian- and Chinese-derived monkeys were pooled and paired t-tests were employed to
examine the interocular differences in ocular parameters (Moore & McCabe, 1993b). All
statistical tests were performed using Minitab software (Release 12.21, Minitab Inc, State
College, PA).

Results
Refractive Error Distributions

The frequency distributions of spherical-equivalent refractive corrections for the right and
left eyes of the Indian- (135 ± 13 days ) and Chinese-derived monkeys (143 ± 14 days )
obtained near the end of the treatment period for the lens-reared monkeys are shown in
Figures 1A & B. The different treatment regimens resulted in a wide range of predominately
hyperopic refractive errors within each group (+8.25 to −8.50 D for Indian-derived
monkeys, +7.00 to −4.00 D for Chinese-derived monkeys). For analysis purposes,
“emmetropia” within each subspecies was defined as refractive errors that fell within ±1 SD
of the mean refractive error for the normal eyes in each group (the vertical dashed lines in
each plot). For the Indian-derived monkeys, the emmetropic range extended from +1.58 to
+3.73 D; the range was +1.40 to +2.81 D for the Chinese-derived monkeys. Because the
distribution of refractive errors in normal monkeys is leptokurtic, these limits included 15 of
the 18 normal monkeys. For analysis purposes, experimental eyes that had refractive errors
that fell above and below these ranges were classified as hyperopic and myopic,
respectively.

The two eyes of the normal control monkeys were very well matched; the average absolute
amount of anisometropia was 0.14 ± 0.07 D and 0.23 ± 0.29 D for the Indian- and Chinese-
derived controls, respectively. However, the experimental animals exhibited much wider
ranges of anisometropias (Figures 1C & D), which provided additional within animal
comparisons of the ocular changes associated with ametropias.

Comparisons of Ocular Components between Hyperopic, Emmetropic and Myopic
Monkeys

Tables 2 and 3 include the mean (± SD) refractive errors and the ocular component values
obtained at ages corresponding to the end of the experimental treatment period for the
Indian- and Chinese-derived monkeys, respectively. Each table shows the data for the right
and left eyes of the hyperopic, emmetropic, and myopic subgroups and the results of the
one-way ANOVAs. Not surprisingly, because each subgroup was defined by their refractive
errors, the ANOVAs showed that there were significant differences in the mean refractive
errors. More importantly, there were adequate numbers of subjects in each subgroup to
support our analyses (Indian-derived right eyes: 47 hyperopic, 53 emmetropic and 54
myopic; Indian-derived left eyes: 53 hyperopic, 59 emmetropic and 42 myopic; Chinese-
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derived right eyes: 14 hyperopic, 16 emmetropic and 26 myopic; Chinese-derived left eyes:
18 hyperopic, 17 emmetropic and 21 myopic).

For both the Indian- and Chinese-derived populations, the most consistent result from the
ANOVA analyses were that there were significant differences in vitreous chamber depth and
axial length between the refractive-error subgroups. For the Indian-derived animals, the
confidence intervals for all of the between refractive-error subgroup comparisons for
vitreous chamber depth and axial length did not include zero, i.e. there were significant
differences in axial length and vitreous chamber depth between these subgroups. For the
Chinese-derived animals, the myopic eyes had longer vitreous chambers and axial lengths
than the hyperopic (both left and right eyes) and emmetropic eyes (right eyes only). There
were also significant differences in axial length and vitreous chamber depth (3 out of 4
possible comparisons) between the emmetropic and hyperopic eyes.

There were no systematic differences in corneal power or lens equivalent power between the
refractive-error subgroups. However, there were some anterior segment differences.
Altogether 6 of the possible 60 comparisons of anterior segment components between
refractive error subgroups had confidence intervals that excluded zero. These significant
comparisons indicated that, in comparison to hyperopic or emmetropic eyes, myopic eyes
tended to have longer anterior chamber depths (3 of 12 comparisons), longer lens radii (2 of
24 comparisons), and higher equivalent lens powers (1 of 12 comparisons).

Simple Correlation Coefficients between Refractive Errors and Ocular Components
Tables 4 shows simple correlation matrices that were calculated for the data from both eyes
of the Indian- and Chinese-derived monkeys. Correlation coefficients are shown for the
hyperopic, emmetropic and myopic subgroups and for all of the refractive-error subgroups
combined. Only two ocular component values, vitreous chamber depth and axial length,
were consistently correlated with the eye’s refractive error. For both Indian- and Chinese-
derived monkeys, refractive error became more myopic/less hyperopic with increases in
vitreous chamber depth (Figure 2) and axial length. By inspection, the correlations tended to
be the strongest in the combined and myopic data sets, weaker in the hyperopic subgroups,
and weakest or non-existent in the emmetropic subgroups. In order to test whether the
correlations between refractive error and vitreous chamber depth were different between the
different refractive-error subgroups, multi-linear regression analyses using the different
refractive groups as dummy variables were performed, which indicated that in Chinese-
derived (p ≤ 0.001 for both the slope and intercept), but not Indian-derived monkeys (p =
0.128 for intercept, p = 0.508 for slope), there were significant differences in the correlations
between refractive error and vitreous chamber depth between the different refractive-error
groups. When the data for the Indian-derived and Chinese-derived monkeys were combined,
there were also significant differences in the vitreous chamber depth versus refractive error
correlations between the different refractive-error subgroups (p < 0.001 for both the slope
and intercept). However, one needs to be cautious when comparing the correlation
coefficients for refractive error between these different refractive groups because the
absolute ranges of refractive errors in the emmetropic, hyperopic and myopic groups were
quite different. No other ocular components, in either the Indian or Chinese-derived data set,
were significantly correlated with refractive error

The three ocular components that contribute to axial length (i.e., anterior chamber depth,
lens thickness and vitreous chamber depth) showed relatively consistent positive
correlations with axial length (Figure 3). For vitreous chamber depth, the highest
correlations with axial length were found in the combined data set for all of the refractive-
error subgroups, however, all 8 possible correlations were highly significant and the
correlation coefficients were higher than 0.591 for all refractive-error subgroups (Table 4).
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Anterior chamber depth was positively and significantly correlated with axial length in 7 of
8 subgroup analyses; however, in each case the correlation coefficients were smaller than
those for the vitreous chamber. Lens thickness was positively correlated with axial length in
only 4 of the 8 possible subgroup analyses. Given that the vitreous chamber is the only axial
component significantly correlated with refractive error and that only some subgroups
showed significant differences in anterior chamber depth or lens thickness between myopes
and hyperopes (Table 2 & 3), it is reasonable to expect that vitreous chamber depth would
contribute more to variations in total axial length than anterior chamber depth or lens
thickness.

Anterior chamber depth was significantly correlated with vitreous chamber depth in 1 of the
possible 2 emmetropic eye correlations. However, there were no significant correlations
between anterior chamber depth and vitreous chamber depth in either the myopic, hyperopic
or combined refractive-error subgroups, i.e. these two components develop in an
independent manner when ametropia develops. On the other hand, lens thickness tended to
be negatively correlated with vitreous chamber depth, but this relationship reached statistical
significance in only 3 of 8 possible comparisons, i.e. lens thickness is largely independent of
vitreous chamber depth. There was no clear cut relationship between anterior chamber depth
and lens thickness. Although there was a significant positive correlation between lens
thickness and anterior chamber depth in 3 of the 8 possible comparisons, the correlation
coefficients were relatively low.

Corneal power was consistently negatively correlated with the axial components, especially
vitreous chamber depth and total axial length, i.e., the longer the eye, the lower the corneal
power (Figure 4). These correlations tended to be highest in the emmetropic subgroups
(Table 4); probably reflecting the fact that the cornea is the dominant optical component and
that in emmetropic eyes there is a clear cut relationship between total refracting power and
axial length. However, significant correlations between corneal power and axial length were
found in all three refractive-error subgroups and in the combined data (7 out of 8 possible
comparisons, Table 4). To compare the correlations between the different refractive-error
subgroups, multi-linear regression analyses using the different refractive groups as dummy
variables indicated that in Indian-derived (p ≤ 0.001 for both the slope and intercept) but not
Chinese-derived monkeys (p = 0.05 for intercept, p = 0.10 for slope), there were significant
differences in the correlations between corneal power and axial length for the different
refractive-error subgroups. Moreover, when the data for the Indian- and Chinese-derived
monkeys were combined, there were significant differences in the correlations between the
different refractive-error subgroup (p < 0.001 for both the slope and intercept), which
indicates that the ratio between corneal power and axial length is likely to be different
between hyperopic, emmetropic, and myopic monkeys.

Interocular Differences in Ocular Components in Anisometropic Monkeys
Fifty-four of the Indian-derived monkeys and 13 of the Chinese-derived monkeys had
anisometropias larger than 1 D. To examine how the two eyes of anisometropic monkeys
differ, the Indian-derived and Chinese-derived data were combined and paired t-tests were
used to determine if there were interocular differences in the ocular components. As
illustrated in Figure 5, the more myopic/less hyperopic eyes had significantly longer axial
lengths (16.89 ± 0.73 mm vs. 16.52 ± 0.72 mm, p < 0.001) than the more hyperopic/less
myopic eyes. These longer axial lengths were characterized by longer vitreous chambers
(10.16 ± 0.65 mm vs. 9.79 ± 0.53 mm, p < 0.001). The more myopic eyes also had
significantly more powerful corneas (55.84 ± 1.77 D vs. 55.48 ± 1.63 D, p < 0.001). No
significant interocular differences were found for anterior chamber depth (3.08 ± 0.37 mm
vs. 3.09 ± 0.36 mm, p = 0.64) or for any of the lens parameters including lens thickness
(3.63 ± 0.21 mm vs. 3.64 ± 0.20 mm, p = 0.64), anterior lens radius (6.665 ± 0.64 mm vs.
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6.70 ± 0.51 mm, p = 0.39), posterior lens radius (4.68 ± 0.41 mm vs. 4.73 ± 0.32 mm, p =
0.17), equivalent lens index (1.470 ± 0.024 vs. 1.472 ± 0.017, p = 0.53)and equivalent lens
power (46.90 ± 5.47 D vs. 47.77 ± 3.99 D, p = 0.39), i.e. the lens parameters did not show
any differential growth during the development of anisometropia.

The interocular correlation coefficients for ocular components are shown in Table 5 for the
anisometropic monkeys. The significant contributions of axial length and vitreous chamber
depth to the interocular differences in refractive error were predominant (Figure 6A & D).
The correlation between the interocular differences in corneal power and refractive error
was also significant, i.e., the more myopic eyes tended to have steeper corneas (Figure 6E).
However, the degree of anisometropia was not significantly correlated with interocular
differences in either anterior chamber depth or lens thickness. The interocular differences in
axial length were associated with interocular differences in anterior chamber depth and
vitreous chamber depth (Table 5). In addition, interocular differences in corneal power were
positively correlated with axial length, i.e., the longer the eye, the steeper the cornea.
However, interocular differences in lens thickness did not contribute to anisometropia or to
interocular differences in axial length (Table 5).

Discussion
Our results revealed that the experimentally induced ametropic eyes in infant rhesus
monkeys have similar structural characteristics as those observed in naturally occurring
ametropias in humans. As in humans, ametropia development in young rhesus monkeys
emphasized the dominant role of the eye’s axial dimensions, in particular vitreous chamber
depth, with corneal power as a secondary factor. Specifically in young monkeys, the more
myopic eyes were characterized with longer axial lengths, longer vitreous chamber depths
and steeper corneas with vitreous chamber depth and corneal power accounting for
approximately 80% and 10% of the variations in refractive error, respectively. None of the
crystalline lens parameters (i.e., lens thickness, anterior and posterior lens radii of curvature,
lens index, and lens equivalent power) consistently contributed to the eye’s refractive status.

The Vitreous Chamber Dominates Ametropia Development
In both Indian- and Chinese-derived monkeys, the more myopic eyes had significantly
longer vitreous chamber depths. All analyses, including one-way ANOVAs, correlation
analyses between ocular components, and paired t-tests and correlation analyses between
interocular differences in ocular components indicated that vitreous chamber depth
contributed significantly to refractive error in both sub-species. This was, however, more
obvious in Indian-derived monkeys than in Chinese-derived monkeys, probably due to the
fact that the sample size of the Indian-derived subject group (n = 154) was larger than that
for the Chinese-derived group (n = 56). However, it is also possible that there are
quantitative differences in the responsiveness between these two subspecies to alterations in
visual experience. Unfortunately, we do not have sufficient data obtained from both
subspecies under identical rearing conditions to test this hypothesis (e.g., see monocular
form deprivation treatment numbers in Table 1).

The consensus that the vitreous chamber acts as the most significant contributor to
ametropia development has been well established in human refractive-error studies. From
regression analyses (Carroll, 1981; Carroll, 1982; Hirsch, 1947; Stenstrom, 1948; van
Alphen, 1961) to between group comparisons (Bullimore et al., 1992; Fledelius, 1995;
Grosvenor & Scott, 1991; McBrien & Millodot, 1987), from cross-sectional data (Larsen,
1971a; Larsen, 1971b; Larsen, 1971c; Larsen, 1971d; Stenstrom, 1948) to longitudinal
studies (Fledelius, 1982; Garner et al., 2006; Grosvenor & Scott, 1993; Jensen, 1991; Jorge
et al., 2007; McBrien & Adams, 1997), and from studies of children (Fledelius, 1982; Fulk
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et al., 2002; Fulk et al., 2003; Garner et al., 2006; Gwiazda et al., 2003; Larsen, 1971a;
Larsen, 1971b; Larsen, 1971c; Larsen, 1971d; Mutti et al., 2005; Saw et al., 2002; Saw et
al., 2005a; Saw et al., 2005b; Zadnik et al., 2003) to studies of adults or late-onset
ametropias (Bullimore et al., 1992; Fledelius, 1988; Fledelius, 1995; Garner et al., 2004;
Garner et al., 2006; Grosvenor & Scott, 1991; Grosvenor & Scott, 1993; Jensen, 1991; Jorge
et al., 2007; Mallen et al., 2005; McBrien & Adams, 1997; McBrien & Millodot, 1987; Saw
et al., 2002; Saw et al., 2005a; Saw et al., 2005b), more myopic eyes have always been
shown to have longer vitreous chambers. There is little axial length data available for human
infants at ages that are equivalent to those of our infant monkeys (on average about 14
months of age in humans). However, the available data from human infants also supports the
axial nature of refractive errors. For example, Mutti et al. (2005) reported that in young
infants 3 to 9 months of age, the reduction in hyperopia associated with emmetropization
correlated primarily with axial elongation with little contribution from either the lens or
cornea, although both the lens and cornea are growing and losing optical power during this
period. Moreover, for anisometropic subjects, refractive-error studies of humans (Logan et
al., 2004) and many animals, (e.g., chicken (Hodos et al., 1985; Hodos & Kuenzel, 1984;
Wallman et al., 1978; Yinon et al., 1980), tree shrews (Marsh-Tootle & Norton, 1989;
Sherman et al., 1977), marmosets (Troilo & Judge, 1993), cats (Gollender et al., 1979; Kirby
et al., 1982; Yinon et al., 1984), pigeons (Bagnoli et al., 1985), grey squirrels (McBrien et
al., 1993), the American kestrel (Andison et al., 1992), barn owls (Knudsen, 1989), guinea
pigs (Howlett & McFadden, 2006), wallabies (Harman et al., 1999), rabbits (Gao et al.,
2006) and mice (Tejedor & de la Villa, 2003)) have all reported significant interocular
differences in vitreous chamber depth in anisometropic individuals. Nonetheless, the ages of
the monkeys used in this study were equivalent to about 1–2 years of age for human infants.
Therefore, as discussed below in more detail, caution should be used when attempting to
extrapolate these experimental results from infant rhesus monkeys to adolescent humans,
i.e., to older ages when myopia most commonly develops in children.

Other Ocular Components Make Minor Contributions to Refractive-Error Development
Our statistical tests failed to reveal a consistent anterior chamber contribution towards
ametropia. No significant interocular differences in anterior chamber depth were found in
anisometropic monkeys. In simple correlation analyses, none of the analyses showed a
significant correlation between refractive error and anterior chamber depth. While the
ANOVA tests showed that anterior chamber depth was significantly different between some
refractive-error subgroups, only 3 out of 12 possible comparisons showed confidence
intervals that excluded zero.

Previous studies in humans have also been ambiguous about the role of the anterior chamber
in refractive-error development. For example, using simple regression analyses some
researchers have reported a small, but significant, positive contribution of anterior chamber
depth to refractive error (e.g., Stenstrom (1948), Hirsch & Weymouth (1947), van Alphen
(1961) and Larsen (1971a)). However, others (Grosvenor & Scott, 1993; Scott & Grosvenor,
1993) claimed that anterior chamber depth was not a contributing factor in either youth-
onset or adult-onset myopias. Similarly, Bullimore et al. (1992) failed to find a difference in
anterior chamber depth between their groups of emmetropes, early-onset myopes and late-
onset-myopes. Nonetheless, McBrien and Millodot (1987) found significantly deeper
anterior chamber depths in 30 late-onset-myopes compared to emmetropes and McBrien and
Adams (1997) also reported significantly deeper anterior chamber depths in youth-onset and
adult-onset myopes when compared with emmetropes. However, no changes in anterior
chamber depth were detected longitudinally during myopia progression in the same study
(McBrien & Adams, 1997).
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We failed to find any significant correlations by simple correlation analysis between corneal
power and refractive error. Moreover, there were not any significant differences in corneal
power between the hyperopic, emmetropic and myopic subgroups in either subspecies of
monkeys. Mutti et al. (2005) also failed to detect any correlations between the reduction in
hyperopia during emmetropization and changes in corneal power in human infants. For
corneal power, statistical significance was only detected by interocular comparisons, which
is arguably our most sensitive analysis. Both paired t-tests in anisometropic monkeys as well
as simple correlation analyses showed a significant relationship between interocular
differences in corneal power and refractive error. However, correlation analysis showed that
corneal power only contributed about 10% to the development of anisometropia (r2 =
11.5%).

In human studies, the extent of the contribution of corneal power to refractive error varies
depending on the statistical strategy employed. However, sometimes even the same
statistical analyses have yielded opposite findings in different populations. For example,
Stenstrom (1948) found a weak correlation between corneal power and refractive error using
simple correlation analysis. Hirsch & Weymouth (1947), as well as van Alphen (1961),
using partial correlations, which boosted the correlation coefficients, all claimed that the
corneas were the second most important factor in myopia development. Grosvenor and Scott
(1991; 1993) reported strong correlations between corneal power and refractive error with
simple correlation analyses as well as with between group comparisons. However, Sorsby et
al. (1961) failed to find any differences between emmetropic and low ametropic groups in
their cross-sectional studies. In agreement with our study, Fledelius (1988) reported a poor
correlation between corneal power and refractive error in a cross-sectional study of 67
eighteen-year-old subjects.

It needs to be emphasized that corneal development can be affected by visual experience.
We have previously shown that monkeys that had experimentally induced axial ametropias
frequently developed substantial amounts of corneal astigmatism (Kee et al., 2005). The
changes in astigmatism were caused by a decrease in the rate of flattening for one of the
eye’s principal meridians, which results in an increase in the average corneal power. Human
studies have also reported that large astigmatic errors have been associated with large
spherical ametropias (Duke-Elder, 1970; Fulton et al., 1982; Haugen et al., 2001; Kaye &
Patterson, 1997; Kronfeld & Devney, 1930). This suggests that vision-dependent
mechanisms may contribute to corneal changes in humans as well.

Although surface curvature, refractive index and total power are the most relevant lens
parameters to refractive error, crystalline lens thickness has been the most common lens
parameter measured in refractive-error studies because it is the easiest and most straight
forward biometric measurement for the crystalline lens. In this respect, some human studies
(Fledelius, 1995; Garner et al., 1992; Zadnik et al., 1995) have reported negative
correlations between lens thickness and refractive error, (i.e. more myopic eyes have thinner
lenses), other studies reported no correlation (Bullimore et al., 1992; Grosvenor & Scott,
1991; Jensen, 1991; Larsen, 1971b; McBrien & Adams, 1997; McBrien & Millodot, 1987).
We did not find consistent contributions from crystalline lens thickness in any of our
statistical analyses. Even the interocular differences in anisometropic animals did not reach
statistical significance for lens thickness.

Age differences potentially provide a possible explanation for the discrepancy between some
human studies and our results in monkeys concerning the contribution of lens thickness.
Although a small number of animal studies (Papastergiou et al., 1998; Smith et al., 1999a;
Smith et al., 2002b; Troilo et al., 2000; Zhong et al., 2004) have focused on vision-induced
refractive errors in adolescent and/or mature animals, none of these studies has
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systematically examined the role of the lens in the observed refractive-error changes. The
great majority of animal studies have involved infants because experimentally induced
refractive errors are larger and occur faster in young animals. The monkeys in our study
ranged from 104 to 200 days of age, equivalent to about 1 to 2 years of age in humans (Bito
et al., 1982; Boothe et al., 1980; Bradley et al., 1999; Kiely et al., 1987; Qiao-Grider et al.,
2007b; Smith & Harwerth, 1984; Teller et al., 1978; Torczynski, 1979). On the other hand,
the human refractive-error studies that reported lens thinning usually involved children 7- 8
years of age and older (Fledelius, 1995; Garner et al., 1992; Zadnik et al., 1995). It is
possible that during the early infantile stage of ocular growth, because the lens is growing so
rapidly at these ages that any ocular enlargement that would potentially cause lens thinning
in older animals would be compensated by lens growth in the younger animals. Similar to
our findings in infant monkeys, Mutti et al. (2005) reported that there was no correlation
between the reduction in hyperopia during emmetropization and changes in lens power in
human infants.

Another possible explanation would be that vision-dependent mechanisms that influence the
eye’s refractive development early in life have no effect on crystalline lens development.
Specifically, the animals in our study developed ametropias as a result of an experimental
visual intervention. On the other hand, human ametropias may be influenced by more than
just visual experience. It is possible that some factors that contribute to human ametropias
might work through a different, non-visual mechanism that influences lens development,
resulting in thinner lenses in more myopic eyes.

Vision-Induced Ametropias in Monkeys Are Similar to Natural Ametropias in Humans
In humans, it has been reported that in comparison to emmetropic and hyperopic eyes,
myopic eyes are more elongated and relatively more prolate in shape with more pronounced
axial dimensions than transverse dimensions (Atchison et al., 2004; Atchison et al., 2005;
Cheng et al., 1992; Logan et al., 2004; Mutti et al., 2007; Mutti et al., 2000; Schmid, 2003;
Wang et al., 1994). Although we do not have data on the transverse dimensions of our
animals, inspection of the results of our statistical analyses revealed that the ocular shapes of
the ametropic eyes of infant rhesus monkeys, especially the myopic eyes, were different
from those of emmetropic eyes. For example, assuming proportional ocular growth, eyes
with longer vitreous chamber depths would be expected to have flatter, less powerful
corneas. However, paired t-tests indicated that the more myopic eyes of anisometropic
monkeys were characterized by longer vitreous chambers and steeper corneas. Additionally,
close examination of the correlation analysis between corneal power and axial length
(Figure 4) illustrates that while corneal power shows a negative correlation with axial length
(i.e., longer eyes tend to have flatter corneas), the slopes for the hyperopic and myopic
subgroups were less steep than those for the emmetropic subgroups. That is to say, the
corneas of the ametropic eyes were steeper (myopic eyes) or flatter (hyperopic eyes) than
one would predict from the emmetropic eye data. In other words, instead of growing in a
similar manner as emmetropic eyes, the more myopic eyes have proportionally steeper
corneas. Moreover, the correlations between vitreous chamber depth and axial length in
ametropic eyes were stronger than in emmetropic eyes (Table 4), i.e., the contribution of
vitreous chamber depth was larger in ametropic eyes than that of emmetropic eyes,
indicating that the vitreous chamber depths in the more myopic eyes were proportionally
longer than those in emmetropic eyes, while those of the more hyperopic eyes were
proportionally shorter. MRI imaging in monkeys with experimentally induced ametropias
confirm this interpretation (Huang et al., 2009). Similar results have been reported in
humans. Koretz et al (1995), using simple correlation analysis in 185 human eyes, also
found that the negative correlation between corneal power and axial length became weaker,
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while the positive correlation between axial length and vitreous chamber became stronger, in
ametropic eyes in comparison with emmetropic eyes.

Summary
Evidence from a wide range of animal species indicates that early in life, at ages
corresponding to the rapid infantile phase of ocular growth in humans, visual feedback
influences the eye’s refractive development (Norton & Siegwart, 1995; Smith, 1998a;
Wildsoet, 1997). In this study we used several different types of statistical analyses to
determine the ocular structural characteristics of vision-induced refractive errors in infant
rhesus monkey. We found that for myopia development, vision-dependent mechanisms
resulted in an elongated vitreous chamber and a steeper cornea; however, the development
of anterior chamber depth and the crystalline lens were largely unchanged. These results are
in agreement with previous studies in humans, suggesting that the refractive errors
commonly observed in humans also reflect, at least in part, the activity of vision-dependent
mechanisms and that the effects of visual experience mostly affect vitreous chamber growth.
This strong agreement in ocular structural features between monkeys and humans further
emphasize the applicability of rhesus monkeys in refractive error studies and the
extrapolation of the results of experimental data to the understanding of human refractive
development.
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Figure 1.
Frequency distributions for spherical-equivalent refractive error and anisometropia for
Indian-derived (left) and Chinese-derived monkeys (right) obtained at the end of the
treatment period for the treated monkeys and at equivalent ages for control monkeys. A & B.
Refractive errors for right (black bar) and left eyes (white bar), the dashed lines in A & B
represent ± 1 standard deviations from the mean refractive errors for the control monkeys. C
& D. Anisometropia (right eye – left eye).
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Figure 2.
Simple correlation analyses between refractive error and vitreous chamber depth for all eyes
(A), hyperopic eyes (B), emmetropic eyes (C) and myopic eyes (D). The filled and open
circles represent individual Indian-derived right and left eyes, respectively. The filled and
open triangles represent individual Chinese-derived right and left eyes, respectively. The
correlations between refractive error and vitreous chamber depth are represented by the solid
(Indian-derived monkeys) and dashed lines (Chinese-derived monkeys). Note that the slopes
of the regression lines for emmetropic eyes were flatter than those for the myopic, hyperopic
or combined subject groups.
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Figure 3.
Simple correlation analyses between ocular components (A. anterior chamber depth, B. lens
thickness, C. vitreous chamber depth) and axial length. For details, see Figure 2.
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Figure 4.
Simple correlation analyses between corneal power and axial length in all eyes (A),
hyperopic eyes (B), emmetropic eyes (C) and myopic eyes (D). For details, see Figure 2.
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Figure 5.
Box plots for Interocular differences (more myopic eye – less myopic eye) in ocular
components of anisometropic monkeys. The horizontal solid line inside the box represents
the median, the bottom and top of the box represent the 25th and 75th percentiles. The
whiskers that extend vertically from the top and bottom of the box represent the 90th and
10th percentiles, respectively. Horizontal lines outside of the upper and lower limits
represent outliers. Dashed horizontal lines are reference lines at zero differences. AC:
anterior chamber depth; LT: lens thickness; VC: vitreous chamber depth; AL: axial length;
CP: corneal power.
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Figure 6.
Simple correlation analyses between the interocular differences in refractive error and
various axial dimensions (A. axial length; B. anterior chamber depth; C. lens thickness; D.
vitreous chamber depth, and E. corneal power). Open symbols represent individual monkeys
and the solid lines represent the regression function for each plot.
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Table 1

Experimental Rearing Regimens

Group Comments Number of Monkeys References

Normal Control Unrestricted Vision 18 (I = 12, C = 6) (Qiao-Grider et al., 2007a, Qiao-
Grider et al., 2007b, Ramamirtham et

al., 2006)

Plano Lens Control Plano lenses binocularly 6 (I = 5, C = 1) (Smith, 1998b, Smith & Hung, 1999,
Smith et al., 1999b)

Binocular, Full-field, Spherical
Spectacle Lenses

Lens power ranged from −6 D to +12
D

62 (I = 58, C = 4) (Hung et al., 1995, Hung et al., 2000,
Kee et al., 2007, Smith, 1998b, Smith
& Hung, 1999, Smith et al., 1999b)

Binocular Peripheral Defocus Lens power ranged from −3 D to +3
D (6 mm central aperture)

15 (I = 0, C = 15) (Smith, et al., 2007a)

Monocular Spherical Spectacle
Lenses

Lens power ranged from −6 D to +6
D

6 (I = 6, C = 0) (Hung et al., 1995, Hung et al., 2000,
Ramamirtham et al., 2007, Smith &

Hung, 1999, Smith et al., 1999b)

Monocular, Full-field Form
Deprivation

Three different strength diffuser
lenses were employed

36 (I = 35, C = 1) (Qiao, et al., 2001, Smith & Hung,
1999, Smith & Hung, 2000, Smith et
al., 1994, Smith et al., 1999b, Smith

et al., 2002a)

Binocular Peripheral Form
Deprivation

Diffuser lenses with 4 – 8 mm central
aperture

12 (I = 0, C = 12) (Smith et al., 2005)

Monocular and Binocular
Cylindrical Lenses

+1.50 – 3.00 D x 45, 90, 135 or 180 37 (I = 37, C = 0) (Kee et al., 2005, Kee et al., 2004,
Kee et al., 2002)

Binocular Soft Contact Lenses Plano to −3 D 18 (I = 1, C = 17) (Hung & Smith, 1996)

I: Indian-derived Monkeys; C: Chinese-derived Monkeys
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