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Abstract
Purpose—To characterize peripheral refractions in infant monkeys.

Methods—Cross-sectional data for horizontal refractions were obtained from 58 normal rhesus
monkeys at 3 weeks of age. Longitudinal data were obtained for both the vertical and horizontal
meridians from 17 monkeys. Refractive errors were measured by retinoscopy along the pupillary
axis and at eccentricities of 15, 30, and 45 degrees. Axial dimensions and corneal power were
measured by ultrasonography and keratometry, respectively.

Results—In infant monkeys, the degree of radial astigmatism increased symmetrically with
eccentricity in all meridians. There were, however, initial nasal-temporal and superior-inferior
asymmetries in the spherical-equivalent refractive errors. Specifically, the refractions in the temporal
and superior fields were similar to the central ametropia, but the refractions in the nasal and inferior
fields were more myopic than the central ametropia and the relative nasal field myopia increased
with the degree of central hyperopia. With age, the degree of radial astigmatism decreased in all
meridians and the refractions became more symmetrical along both the horizontal and vertical
meridians; small degrees of relative myopia were evident in all fields.

Conclusions—As in adult humans, refractive error varied as a function of eccentricity in infant
monkeys and the pattern of peripheral refraction varied with the central refractive error. With age,
emmetropization occurred for both central and peripheral refractive errors resulting in similar
refractions across the central 45 degrees of the visual field, which may reflect the actions of vision-
dependent, growth-control mechanisms operating over a wide area of the posterior globe.
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INTRODUCTION
In humans, refractive error varies as a function of eccentricity. In addition to the increase in
radial astigmatism with eccentricity, spherical-equivalent refractive errors in the periphery can
often be very different from those measured at the fovea.1–11 Interestingly, the pattern of
peripheral refractive errors varies with foveal refractive error. On average, both children and
adults who exhibit myopia at the fovea typically demonstrate less myopia or more hyperopia
in the periphery6,10–13 and the magnitude of this relative peripheral hyperopia increases with
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the degree of axial myopia.11,14 In contrast, hyperopic individuals typically exhibit less
hyperopia or more myopia in the periphery and emmetropes, on average, have the smallest
peripheral refractive errors.6,8,10,15

Understanding the relationship between central and peripheral refractive errors is important
because the pattern of peripheral refractive errors has been implicated in the genesis of common
central refractive errors. For example, emmetropic young adults who show compound
hyperopic astigmatism in the periphery are more likely to exhibit myopic shifts in central
refractive error during pilot training than individuals who exhibit myopic peripheral refractive
errors.16 Similarly, children with more prolate shaped posterior segments or relative hyperopia
in the periphery are more likely to develop central myopia or to exhibit faster myopic
progression than children with oblate shaped eyes and relative myopia in the periphery.12,
13,15–17 These observations are in agreement with the hypothesis that peripheral hyperopia
provides a visual signal for axial elongation.18–21 This idea is attractive because
accommodation is typically postured to optimize central vision. As a consequence, for a given
fixation plane the defocus associated with any differences between central and peripheral
refractions would be relatively constant over time, a key factor in determining whether a
myopiagenic stimulus produces myopia.22–26 Similarly, it is possible that the relative
peripheral myopia found in hyperopic children15 may retard axial elongation and promote the
development of abnormal amounts of hyperopia.

At first glance, it might not seem feasible that peripheral defocus could overshadow the effects
of central vision because the density for most retinal neurons is much greater in the central
retina. However, as Wallman and Winawer21 have argued, the total area of the central retina
is quite small and because the area of the peripheral retina is so much larger, the absolute
number of neurons in the retinal periphery greatly exceeds the number of central neurons. The
key point is that, depending on how central and peripheral signals are pooled, the refractive
state at the fovea may not reflect the overall balance of visual signals for eye growth.

Although it has generally been assumed that visual signals from the fovea direct refractive
development, experiments in monkeys demonstrate that peripheral vision can dominate central
refractive development. For example, eliminating visual signals from the fovea does not
interfere with emmetropization in infant monkeys nor does it prevent the axial myopia
produced by form deprivation or the compensating changes in axial growth produced by
experimentally imposed refractive errors (Smith et al. IOVS 2007; ARVO E-Abstract 1533).
18,20 Moreover, selectively imposing hyperopic defocus or form deprivation in the periphery
produces central axial myopia in infant monkeys (Smith et al. IOVS 2007; ARVO E-Abstract
1533).18 Thus, peripheral vision can have a substantial impact on normal emmetropization
and the development of anomalous, vision-induced refractive errors.

The manner in which the vision-dependent mechanisms integrate visual information across the
retina is important for understanding the potential impact of peripheral refractive errors. In this
respect, studies in birds27–29 and tree shrews30 have demonstrated that eye growth is regulated
by local retinal mechanisms that integrate visual signals over spatially restricted areas across
the retina and that alterations in peripheral vision can have a significant impact on eye shape
and potentially on axial length for the central retina. In fact it has been argued that the lower-
field myopia observed in many species represents a compensating, emmetropizing response to
asymmetries in viewing distance across the visual field (in essence, asymmetries in the effective
peripheral refractive error).31–33

Thus, peripheral refractive errors may contribute to the development of common axial
refractive errors, serve as a sensitive predictive indicator for those individuals who are most
likely to develop myopia, influence ocular shape via vision-dependent mechanisms, and
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potentially be manipulated via optical treatment strategies to control central refractive
development. In this respect, it is possible that the pattern of peripheral refraction is inherited
and that genetic factors that influence corneal, crystalline lens and/or posterior globe shape
predispose some eyes toward central myopia. It is unfortunate that relatively little is known
about the pattern of peripheral refractive errors in infants. It is well established that central
refractive errors can change dramatically early in life and that the changes in central refraction
reflect alterations in the eye’s optical and axial dimensions that are also likely to affect
peripheral refraction, i.e., it is likely that there are also substantial changes in peripheral
refraction early in life. In addition, it is possible that the pattern of peripheral refractive errors
has an influence on the course of emmetropization. Therefore, the purpose of this study was
to characterize peripheral refractions in normal infant rhesus monkeys. Some of these results
have been presented in abstract form (Hung et al., International Myopia Conference in
Singapore 2007: Abstract SO52).

MATERIALS AND METHODS
Subjects

The subjects were 58 infant rhesus monkeys (Macaca mulatta) that were obtained at 1 to 3
weeks of age and housed in our primate nursery that was maintained on a 12-hour light / 12-
hour dark lighting cycle.34 All of the 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.

Cross-sectional data on axial dimensions, corneal curvature, and central and peripheral
refractive errors were obtained from all 58 monkeys prior to the onset of any experimental
manipulation at about 3 weeks of age (24.2 ± 3.7 days). Longitudinal data were subsequently
obtained from 17 of these monkeys at approximately 4-to 8-week intervals until about 300
days of age. Four of the animals in the longitudinal group were normal monkeys reared with
unrestricted binocular vision. The other 13 monkeys in the longitudinal group had undergone
either monocular laser procedures or unilateral form deprivation of the contralateral eye (Huang
et al. IOVS 2007, ARVO E-Abstract 1033).20 For these animals, only data for the non-treated
eyes are presented.

Ocular Biometry
The basic details of our biometric measurements have been described elsewhere.34 Briefly, to
obtain the ocular 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). 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. During
the measurements, the eyelids were gently held apart using a custom made speculum and the
corneal tear film was maintained by frequent irrigation using a saline solution.

Central and peripheral refractive errors were measured by streak retinoscopy using hand-held
trial lenses. Measurements were obtained at a 50 cm working distance by two well-practiced
investigators and the refractions of the most plus and the most minus meridians were recorded
in minus cylinder form. All of the refractions for individual eyes represent the arithmetic mean
of the results from the two investigators obtained using the matrix approach described by
Harris.35 Central refraction was determined along the pupillary axis (i.e., the first Pukinje
image produced by the retinoscope beam was observed in the center of the subject’s entrance
pupil). An arc perimeter with a 45 cm radius that was marked in 15° intervals was used to
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facilitate alignment for peripheral refractions. The arc was positioned so that the subject’s eye
was at the center of the arc; the zero position on the arc was aligned on the pupillary axis using
the first Purkinje image as a reference. For measurements along the horizontal meridian, the
monkeys were held upright so that the eye’s horizontal meridian corresponded to the plane of
the arc. Following measurements of the central refraction, retinoscopy was performed at 15°
intervals in the nasal and temporal visual fields out to a maximum eccentricity of 45°. The
sequence of peripheral refractions was random and following each peripheral measurement,
the alignment of the arc was verified by checking whether the first Purkinje image that was
formed by the retinoscope positioned at the zero eccentricity was centered in the entrance pupil.
For some animals, measurements were also made along the vertical meridian. In these
instances, the monkeys were positioned on their sides so that the vertical meridian of the eye
to be measured was aligned with the plane of the arc and the pupillary axis was aligned with
the zero degree reference on the arc. Measurements were made randomly at 15° intervals in
the superior and inferior visual fields. Throughout the paper, eccentricities are specified with
respect to the visual field (e.g., temporal field measurements correspond to refractive errors
for the nasal retina).

Peripheral retinoscopy is often complicated by the phenomenon of “scissoring” or the so called
“double sliding-door effect”.1 As suggested by Rempt et al. 1 the values of refraction were
determined when the closing line of both doors was just going through the center of the pupil.
There was good agreement between the retinoscopy results for the two examiners, although
one observer had a small, but consistent, relative hyperopic bias that was constant throughout
the field. For example, for the first measurements along the horizontal meridian, the average
differences in spherical-eqivalent refractive error between the two retinoscopists (observer 1
– observer 2) were +0.07 ± 0.36 D at the pupillary axis +0.12 ± 0.46 D, +0.13 ± 0.75 D and
+0.12 ± 0.75 D at the 15°, 30°, and 45° temporal field eccentricities and +0.16 ± 0.56 D, +0.24
± 0.62 D, and +0.02 ± 1.02 D at the 15°, 30°, and 45° nasal field eccentricities, respectively.
More importantly, the mean peripheral refractions were very repeatable between sessions. For
example, Bland-Altman36 plots constructed from the data obtained during the final two
measurement sessions for animals in the longitudinal groups (about 266 and 308 days of age;
i.e., a period when age-dependent changes would have been minimal) showed that the average
limits of agreement (i.e., 1.96 times the standard deviation of the between session differences)
were 1.06, 1.03 and 1.21 D for the 15°, 30°, and 45° eccentricities, respectively, and that there
were no systematic differences in the repeatability between the nasal and temporal field
measures.

Ocular 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). The A-scan probe was positioned on the
approximate pupillary axis and aligned to maximize the echoes from the cornea, lens, and
retina. Intraocular distances were calculated from the average of 10 separate measurements
using velocities of 1532, 1641, and 1532 m/sec for the aqueous, lens, and vitreous, respectively.
Corneal curvature 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). Both instruments provided repeatable and comparable
measures of central corneal curvature in infant monkeys.37

Statistical Analysis
Mixed-design, repeated-measures ANOVAs with Geisser-Greenhouse adjustments
(SuperANOVA; Abacus Concepts, Inc, Berkeley, CA) were used to determine if there were
differences in the patterns of peripheral refractive errors between eyes with different central
refractive errors. One-way or two-way repeated measures ANOVAs with Geisser-Greenhouse
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adjustments were used to determine if there were differences in refractive error as a function
of eccentricity, differences in the patterns of peripheral refraction between right and left eyes,
or changes in the pattern of peripheral refraction with time. Multiple comparisons tests with
Geisser-Greenhouse adjustments were subsequently used to compare refractive errors between
specific eccentricities and to compare the symmetry of refractive errors along the horizontal
and vertical meridians. Linear regression and Pearson correlations were used to exam the
relationships between relative peripheral refractive errors and individual optical components
and between relative peripheral refractive errors and central refractive errors.

RESULTS
Infant monkeys: Peripheral refraction in the horizontal meridian

As we have previously reported,37 the central refractive errors in the two eyes of our normal
3-week-old monkeys were very similar (right eye: +3.83 ± 1.34 D vs. left eye: +3.86 ± 1.35
D). The average absolute amount of anisometropia for the central retina was 0.24 ± 0.19 D and
ranged from +0.44 to −0.75 D (right eye – left eye refractive correction). The refractive errors
in the two eyes of a given monkey were also well matched across the horizontal meridian and
there were no apparent systematic differences between the pattern of peripheral refractive
errors in the two eyes (F = 0.16, P = 0.69; right eye – left eye corrections = −0.09, −0.03, +0.12
D for the temporal 15°, 30°, and 45° eccentricities, respectively, and +0.09, −0.05, −0.03 D
for the nasal 15°, 30°, and 45° eccentricities, respectively). Therefore, in the following cross
sectional analyses, only right eye data are shown.

Figure 1A shows the spherical-equivalent refractive corrections plotted as a function of
eccentricity along the horizontal meridian for the right eyes of the 58 infants at 24.2 ± 3.7 days
of age. Although there was a wide range of central refractive errors (+0.25 to +6.81 D), all of
the infants were hyperopic and the average central refractive error for the group was +3.83 ±
1.34 D (open circle at 0°). The range of peripheral refractive errors was similar to that for the
central retina. Moreover, there was relatively little change in refraction across the temporal
field; the average refractions were +3.98 ± 1.40 D, +3.86 ± 1.45 D, and + 4.02 ± 1.37 D at the
15°, 30°, and 45° temporal eccentricities, respectively (F = 2.20, P = 0.14). However, a one–
way, repeated measures ANOVA revealed that the refractive errors varied as function of
eccentricity (F = 43.34, P = 0.001). Specifically, the refractive states in the nasal field were
less hyperopic than the refractive states for either the central retina (F = 70.65, P = 0.0001) or
the temporal field (F = 195.60, P = 0.0001). The average ametropias in the nasal field were
+3.29 ± 1.30 D, +2.77 ± 1.23 D, and +3.41 ± 1.25 D at the 15°, 30°, and 45° eccentricities,
respectively.

To better visualize the pattern of peripheral refractions across the horizontal meridian, the
peripheral refractive errors for the right eyes of each monkey were normalized to the central
refractive error and plotted as a function of eccentricity in Figure 1B. At all temporal field
eccentricities the median relative refractive errors were near zero with approximately equal
numbers of monkeys exhibiting relative hyperopic and relative myopic refractive errors (55
vs. 41%; 55 vs. 41% and 55 vs. 31% at the 15°, 30°, and 45° temporal field eccentricities,
respectively. Note: at each eccentricity a small percentage of animals showed no relative
peripheral refractive errors.). In contrast, throughout the nasal field the median refractive errors
were consistently less hyperopic / more myopic than the central refractive errors. At the 15°,
30°, and 45° nasal field eccentricities, 93%, 95% and 59% of the infants, respectively, exhibited
less hyperopia than was observed in the central retina.

In humans, the pattern of peripheral refractive error varies with the central refractive error.6,
8,11,15,38 To examine the relationship between peripheral and central refractive states in
infant monkeys, we divided the 58 monkeys into three subgroups based on the degree of central
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hyperopia. Specifically, the range of central refractive errors was subdivided into thirds and
the data for animals that fell within each of these three equal-dioptric intervals were pooled.
Based on this criterion, the average central refractive errors for the animals in the low, moderate
and high hyperopic subgroups were +1.75 ± 0.66 D (range = +0.25 to +2.43 D; n = 8), +3.64
± 0.65 D (range = +2.44 to +4.61 D; n = 37), and +5.67 ± 0.57 D (range = +4.62 to +6.81 D;
n = 13), respectively. Figure 2A shows the average refractive errors for these three subgroups
plotted as a function of eccentricity; Figure 2B shows the relative peripheral refractive errors
for these subgroups normalized to their respective average central refractive errors. A mixed-
design, repeated-measures ANOVA revealed that peripheral refraction varied with eccentricity
(F = 41.79, P = 0.0001) and that there were significant differences in the pattern of relative
peripheral refractions between subgroups (F = 5.82, P = 0.02) with significant subgroup-
eccentricity interactions (F = 5.03, P = 0.0001). Specifically, all three subgroups of monkeys
showed nasal-temporal asymmetries in peripheral refractive errors (low, F = 12.82, P = 0.02;
moderate, F = 113.88, P = 0.0001; high, F = 109.59, P = 0.0001). There were no between-
group differences in relative refractions for the temporal field (high vs. low, F = 0.52, P = 0.48;
high vs. moderate, F = 0.81, P = 0.37; moderate vs. low, F = 0.007, P = 0.94). However, because
there were significant subgroup differences in the nasal field (high vs. low, F = 10.96, P =
0.002; high vs. moderate, F = 11.65, P = 0.001; moderate vs. low, F = 1.20, P = 0.28), the
degree of nasal-temporal asymmetries also increased with the degree of central hyperopia. In
particular, the relative refractive state in the nasal field was significantly correlated with the
eye’s vitreous chamber depth at all eccentricities (r2 = 0.15 to 0.22, P < 0.003) and with the
central refractive error at the 30° (r2 = 0.14, P = 0.003) and 45° eccentricities (r2 = 0.23, P <
0.0001), specifically, the shorter and more hyperopic the eye, the higher the degree of relative
peripheral myopia in the nasal field. On the other hand, the degree of relative myopia in the
nasal field was not correlated with either the central corneal power (P = 0.14 to 0.84) or corneal
asphericity, as represented by Q values (P = 0.052 to 0.26).

The amount of radial astigmatism, particularly against-the-rule astigmatism, increased
systematically with horizontal eccentricity. Figure 3A illustrates the average astigmatism,
represented by the J0 and J45 vector components (J0 = − Ccos(2θ)/2; J45 = −Csin(2θ)/2, where
C = the power of the minus cylinder correcting lens and θ = the axis of the minus cylinder
correcting lens),39 plotted as a function of eccentricity for the right eyes of all 58 infant
monkeys. As we have previously reported,37 normal infant monkeys have very little
astigmatism along the pupillary axis, but the magnitude of the J0 component increased in a
negative direction (i.e., more against-the-rule astigmatism) to slightly more than one diopter
at the 45° eccentricities. The increases in astigmatism were very similar in the nasal and
temporal fields. A mixed-design, repeated-measures ANOVA confirmed that the degree of
astigmatism increased significantly with eccentricity (F = 180.65, P = 0.0001) and that there
were significant differences in the levels of astigmatism between the different refractive
subgroups (F = 3.24, P = 0.05) with no significant subgroup-eccentricity interactions (F = 0.83,
P = 0.62). In particular, the monkeys in the low hyperopic subgroup showed slightly lower
amounts of radial astigmatism (high vs. low, F = 6.48, P = 0.01; high vs. moderate, F = 1.82,
P = 0.18; Moderate vs. low, F = 3.30, P = 0.07). These lower amounts of radial astigmatism
can not be explained by differences in central corneal power, since the central corneal powers
were similar in the three subgroups (average = +60.17 ± 1.96 D, +59.85 ± 2.08 D, and +60.60
± 1.38 D for the high, moderate, and low hyperopic subgroups, respectively), but may reflect
the fact that the monkeys in the low hyperopic subgroup had more oblate shaped corneas (i.e.,
less negative corneal Q values). The average Q values were 0.00 ± 0.37, −0.10 ± 0.25, and
−0.20 ± 0.23 for the low, moderate, and high hyperopic subgroups, respectively. However,
these differences in Q values were not statistically significant due to large individual variations
in each subgroup.
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The influence of radial astigmatism on peripheral refractive errors is illustrated in Figure 3B.
The average positions of the sagittal and tangential image planes are plotted as a function of
eccentricity for the low, moderate, and high hyperopic subgroups. In the temporal field, all of
the subgroups demonstrated mixed astigmatism relative to the pupillary axis, i.e., on average,
the tangential meridian was relatively more myopic and the sagittal meridian was relatively
more hyperopic than the central ametropia. In the nasal field, relative to the central ametropia,
the high hyperopic subgroup showed compound myopic astigmatism at all eccentricities and
the moderate hyperopic subgroup exhibited compound myopic astigmatism at the 15° and 30°
eccentricities. In contrast, the low hyperopic subgroup demonstrated essentially simple myopic
astigmatism at the 15° and 30° eccentricities and mixed astigmatism at the 45° nasal field
eccentricity.

Infant monkeys: Peripheral refraction in the vertical meridian
Peripheral refractions along the vertical meridian were first measured at 61 ± 10 days of age;
hence data are only available for the 17 monkeys that were followed longitudinally. As shown
in Figure 4A, the average spherical-equivalent refractive errors were relatively constant across
the superior field; however, the average refractive errors at the 15° and 30° eccentricities in
the inferior field were significantly more myopic / less hyperopic than the average central
refractive error (F = 13.49, P = 0.004). The pattern of peripheral refractive errors in the inferior
field was very consistent from animal to animal (Figure 4B). All 17 animals exhibited relative
myopia at the inferior 15° and/or 30° eccentricities. In contrast, in the superior field, relative
myopia and relative hyperopia were observed in approximately equal numbers of animals and
the superior field refractions were not significantly different from the average central refraction
(F = 0.12, P = 0.57).

As in the horizontal meridian, the degree of radial astigmatism increased symmetrically in the
inferior and superior fields. The degree of with-the-rule astigmatism in the inferior and superior
fields was similar at each eccentricity (inferior field vs. superior field; 15°eccentricities: 0.40
± 0.29 D vs. 0.24 ± 0.54 D; 30° eccentricities: 1.27 ± 0.84 D vs. 1.07 ± 0.76 D; 45° eccentricities:
2.48 ± 0.75 D vs. 2.01 ± 1.07 D) and comparable to the amounts of against-the-rule astigmatism
observed along the horizontal meridian (see Figure 8 below). At all vertical eccentricities, the
average sagittal and tangential image shells were more hyperopic and more myopic,
respectively, than the central refractive error, i.e., on average the infants showed mixed
astigmatism at all eccentricities along the vertical meridian.

Longitudinal changes in peripheral refraction
Although monocular experimental manipulations can result in interocular effects in infant
monkeys,40 as illustrated in Figure 5, emmetropization proceeded in an apparently normal
manner in the non-treated eyes of the 13 infants in the longitudinal group that had experimental
manipulations performed on their fellow eyes. The central refractive errors for the non-treated
eyes were within the range of refractive errors for normal monkeys throughout most of the
observation period and the distributions of refractive errors at the end of the period of rapid
emmetropization (about 160 days of age) were comparable for the normal and non-treated
fellow eyes. Hence, for this study, we assumed that the non-treated eyes were normal.

To examine how the peripheral refractions changed during emmetropization, the 17 monkeys
that were followed longitudinally were segregated into subgroups based on their central
refractive errors at 3 weeks of age using the same criterion described above. Figure 6 shows
the average spherical-equivalent refractive errors (top) and the relative peripheral refractive
errors (bottom) along the horizontal meridian at 3 weeks of age (open circles) and at 308 ± 13
days of age (filled circles) (i.e., after the rapid period of emmetropization). The monkeys with

Hung et al. Page 7

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



low (n = 4), moderate (n =10), and high amounts of central hyperopia (n = 3) are shown in the
left, middle, and right columns, respectively.

The pattern of peripheral refractive errors in the horizontal meridian obtained from the
longitudinal subgroups at 3 weeks of age was comparable to that shown above for the larger
cross-sectional group of infants. In particular, there were obvious nasal-temporal asymmetries
(F = 80.61, P = 0.0001). Whereas, the spherical-equivalent refractive errors were relatively
constant (moderate and high hyperopes) or slightly more hyperopic (low hyperopes) across the
temporal field, the peripheral refractions were relatively more myopic in the nasal field,
especially at the 15° and 30° eccentricities, and the degree of relative myopia in the nasal field
increased with the degree of central hyperopia (nasal field 15°, r2 = 0.23, P = 0.06; nasal field
30°, r2 = 0.56, P < 0.001).

During emmetropization there was a decrease in the average degree of central hyperopia in all
three subgroups and, as expected, the amount of change was directly related to the initial degree
of central hyperopia (r2 = 0.92, P < 0.0001). Consequently, after the rapid period of
emmetropization, the central refractive errors were very similar in all three subgroups (high
hyperopes = +1.79 ± 0.13 D; moderate = +2.18 ± 0.42 D; low = +1.94 ± 0.31 D). The pattern
and magnitude of peripheral refractive errors also became more similar between the three
subgroups over time. A two-way, repeated-measures ANOVA showed that the pattern of
relative peripheral refractive errors changed significantly with time (F = 5.80, P = 0.003).
Specifically, by 308 days of age, the pattern of peripheral refractions in the nasal and temporal
fields was more symmetrical with all subgroups exhibiting similar amounts of relative myopia
in both the nasal and temporal fields (see Table 1) (nasal vs. temporal: F = 3.11, P = 0.10). The
manner in which this pattern of peripheral refraction was achieved varied somewhat between
the three subgroups. For example, for the monkeys in the high central hyperopia subgroup,
there was a decrease in relative myopia in the nasal field, whereas, in the moderate and low
hyperopic subgroups, the relative peripheral refractions in the nasal field were comparatively
stable and the final pattern of peripheral refractive errors came about primarily by an increase
in the relative myopia in the temporal field.

Because there were no significant differences in the pattern of peripheral refractions in the
vertical meridian between the different central refractive error subgroups at either 61 or 260
days of age (mixed-design, repeated-measures ANOVAs: at 61 days, F = 0.002, P = 0.99; at
260 days F = 0.08, P = 0.93), data for all 17 of the monkeys that were followed longitudinally
were combined. Figure 7 shows the average (top) and relative peripheral refractions (bottom)
in the vertical meridian at 61 (open circles) and 260 days of age (filled circles). The pattern of
refraction was asymmetric at 61 days of age. There was a statistically significant difference
between the relative refractive errors in the inferior and superior fields (F = 12.03, P = 0.005),
with the inferior field being more myopic. Between 61 and 260 days, the average central
hyperopia changed very little (+2.42 ± 0.92 D s. +2.40 ± 0.54 D). There were also no changes
in the relative peripheral refractive errors in the inferior field; at both ages, the monkeys showed
essentially the same amounts of relative myopia at the 15° and 30° eccentricities (inferior field
15°: −0.44 ± 0.41 D vs. −0.37 ± 0.33 D at 61 and 260 days of age, respectively; inferior field
30°: −0.60 ± 0.79 D vs. −0.67 ± 0.53 D at 61 and 260 days of age, respectively) and essentially
no relative refractive myopia at the 45° eccentricity (+0.20 ±1.30 D at 61 days of age and +0.01
± 0.78 D at 260 days of age). In the superior field, however, the average refraction at the 30°
eccentricity showed a small amount of relative myopia at 260 days of age (−0.42 ± 0.42 D).
Consequently, at 260 days there were no significant differences in the pattern of peripheral
refraction between the inferior and superior fields (F = 3.65, P = 0.08).

Figure 8 shows the changes in radial astigmatism (i.e., J0 × 2) that took place in the horizontal
meridian between 24 and 308 days of age and in the vertical meridian between 61 and 260 days
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of age. There was a modest, but significant, decrease in the amount of radial astigmatism in
both the horizontal (F = 29.51, P = 0.001) and vertical meridians (F = 10.82, P = 0.005). These
decreases in radial astigmatism were symmetrical in a given meridian and similar in magnitude
in the vertical and horizontal meridian. For example, at the 45° eccentricities the average
decreases in the amount of astigmatism were −0.59 ± 0.69 D, −0.73 ± 0.75 D, −0.69 ± 0.80 D
and −0.30 ± 1.15 D for the nasal, temporal, inferior, and superior fields, respectively. However,
the magnitudes of radial astigmatism were still large in comparison to the relative spherical-
equivalent refractive errors in the periphery. As a consequence, at the end of the observation
period all of the subjects showed mixed astigmatism at all eccentricities in both the vertical
and horizontal meridians (i.e., relative myopia and hyperopia in the tangential and sagittal
image planes, respectively).

DISCUSSION
The major findings in infant monkeys were that 1) the degree of astigmatism increased
systematically and symmetrically with eccentricity along the horizontal and vertical meridians,
2) the average spherical-equivalent refractive errors in the temporal and superior fields were
similar to the central ametropia, however, the peripheral refractions in the nasal and inferior
fields were less hyperopic / more myopic than the central ametropia, and 3) the relative myopia
in the nasal field increased with the degree of central hyperopia. During early development,
we found that 1) there was a decrease in radial astigmatism in all semi meridians, 2)
emmetropization, as assessed by the spherical-equivalent refractive correction, occurred in
both the peripheral and central fields, and 3) the peripheral refractions along the horizontal and
vertical meridians became more symmetrical.

All of our retinoscopy measures are potentially influenced by the artifact of retinoscopy, which
is believed to arise from the fact that the retinoscopy reflex is produced at the vitreo-retinal
interface rather than at the photoreceptor level.41 We have previously reported that in young
monkeys there are systematic differences between the refractive errors measured behaviorally
and those obtained by retinoscopy or with an autorefractor.42 Specifically, on average,
autorefractor and retinoscopy measures are between +1.25 and +1.50 D more hyperopic, than
subjective measures in young monkeys.

However, it is unlikely that this discrepancy influenced our main conclusions. First, at a given
retinal location the artifact of retinoscopy would not affect the measured degree of astigmatism
because both meridians would be referenced to the same location and the dioptric differences
in refractive errors would not be affected by the position of the reference plane.

With respect to the pattern of peripheral refractions (i.e., the spherical equivalent errors), the
artifact of retinoscopy could theoretically change the pattern of peripheral refraction if there
were significant differences in vitreous chamber depth between the central and peripheral retina
(as in prolate or oblate shaped eyes) or if retinal thickness varied substantially with eccentricity.
For example, assume that the foveal retinal thickness is 288 microns (This represents the
average of the maximum thicknesses obtained by OCT just nasal and temporal to the center of
the fovea in 3 adolescent monkeys. Wheat and Harwerth, personal communication) and that
the outer limiting membrane is located at a depth 192 microns (70% of the total thickness; the
presumed location of the photoreceptor apertures). Based on a schematic eye model for young
monkeys,43 the theoretical artifact of retinoscopy at the fovea would be +1.15 D, which
corresponds closely to the differences between retinoscopic and subjective measures of
refractive errors in young monkeys.42 First, consider how changes in the shape of the posterior
globe would influence the magnitude of this artifact. Assume that the eye is oblate in shape
(and that there were no eccentricity-dependent changes in retinal thickness) and that there is a
0.5 mm difference in the vitreous chamber depth between the fovea and an eccentricity of 45
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degree (This is 2 times larger than the largest axial length change that we have observed in
MRI images over the central 45 degrees in 300-day-old normal monkeys (Huang et al. IOVS
2008; ARVO E-Abstract 3588). The theoretical artifact of retinoscopy at the 45 degree
eccentricity would be +1.08 D, i.e., 0.07 D different from that at the fovea. Thus, it is unlikely
that variations in the artifact of retinoscopy due to effective changes in vitreous chamber depth
influenced our results.

However, it is known that retinal thickness decreases with eccentricity,44,45 which could
potentially have a larger effect on the artifact of retinoscopy. Peripheral OCT scans obtained
on 3 adolescent monkeys showed that at temporal and nasal eccentricities of about 35 degree
the retinas were on average 168 and 187 microns thick, respectively. Thus, in comparison to
the fovea the artifact of retinoscopy would decrease to +0.79 and +0.71 D in the temporal and
nasal retinas, respectively. In other words, the peripheral retina would theoretically appear to
be about 0.4 D less hyperopic or more myopic than the central retina due to changes in retinal
thickness. In this respect, it is possible that variations in retinal thickness contributed, at least
in part, to the relative eripheral myopia observed at some eccentricities in our monkeys.
However, it is unlikely that alterations in retinal thickness can explain the patterns of peripheral
refractive errors that we observed. In particular, the asymmetries observed in the horizontal
and vertical meridians in young animals and the fact that in a given semi-meridian the degree
of relative hyperopia first increases at small eccentricities and then decreases at larger
eccentricities (at 45 deg). Furthermore, the variations in the pattern of peripheral refractions
with central refractive error and the changes in these patterns with age are also unlikely to be
influenced by the variations in retinal thickness and the artifact of retinoscopy

Little is known about peripheral refractions in human infants. As a consequence, comparisons
between our results from infant monkeys and the data available from relatively older humans
are potentially influenced by developmental factors. With respect to peripheral astigmatism,
both infant monkeys and humans exhibit systematic increases with eccentricity. There are,
however, some apparent quantitative differences. Specifically, the range and average degree
of peripheral astigmatism in our infant monkeys were slightly lower than in children or adult
humans. For example, at a horizontal eccentricity of 30° the against-the-rule astigmatic errors
in the horizontal meridian varied between 0.25 and 2.75 D in our infant monkeys versus a range
of 1 to 7 D in emmetropic adult humans.7 The average against-the-rule astigmatic errors at a
horizontal eccentricity of 30° in our 24-day-old monkeys was 1.10 ± 0.44 D, whereas, for
emmetropic humans the average against-the-rule error at a 30° eccentricity is 1.84 ± 0.46 D.
3,4,7,46,47 Since the amount of astigmatism decreased with age in our monkeys, these
differences between humans and monkeys are likely to reflect interspecies differences in the
shape of the peripheral cornea and/or the crystalline lens rather than age differences.

There were also small differences between humans and monkeys in the nasal-temporal
symmetry of the astigmatic errors. In infant monkeys, the measured astigmatic errors increased
symmetrically in the nasal and temporal fields. In contrast, in humans it has commonly been
reported that the degree of against-the-rule astigmatism increases faster with eccentricity in
the nasal field than in the temporal field.3,48 It is likely that this apparent discrepancy reflects
differences in the reference axes. In humans, eccentric measurements are almost always made
with respect to the visual axis, whereas, in our study the pupillary axis was used as the reference
axis. Because angle alpha is typically positive in humans,49 the corneal apex and the optical
axis are located temporally with respect to the visual axis and, thus in humans, eccentricities
are usually not referenced symmetrically with respect to the eye’s presumed optical axis.3,
48 Consequently, it is likely that the resulting rotation and translation of the cornea and lens
relative to the visual axis contributes to the observed nasal-temporal asymmetries in humans,
48,50 In contrast, the greater symmetry observed in monkeys probably reflects the fact that the
pupillary axis is more closely aligned to the presumed optical axis.
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Our Infant monkeys, like many humans, exhibited asymmetries in their spherical-equivalent
refractive errors along the horizontal meridian and the patterns in the two eyes were always
very similar. In particular, like many hyperopic children and adult humans,6,8,11,15 our infant
monkeys, which invariably had hyperopic central ametropias, exhibited relatively lower
amounts of hyperopia (i.e., relative myopia) at the 15° and 30° eccentricities in the nasal field
than at comparable eccentricities in the temporal field. Because the radial astigmatism in our
infant monkeys was symmetrical along the horizontal and vertical meridians, it is likely that
the nasal-temporal and superior-inferior asymmetries in spherical refractive error reflect
asymmetries in the shape of the posterior globe.14 Specifically, these data suggest that the
vitreous chamber of the infant monkey eye is effectively deeper in the temporal and superior
hemi-retinal areas and that this shape asymmetry in the horizontal meridian increases with the
degree of central hyperopia.

The fact that the degree of relative peripheral myopia in the nasal field increased with increasing
amounts of central hyperopia in infant monkeys is also somewhat analogous to the relationship
between the pattern of peripheral refractions and central refractive errors that have been
reported in humans. Specifically, studies in humans indicate that whereas myopic subjects
usually exhibit relative hyperopia in the periphery, emmetropes typically exhibit a small degree
of relative peripheral myopia and hyperopes usually show the highest average degree of relative
peripheral myopia.6,8,11,15,38 In other words, as in our infant monkeys, peripheral refractions
in humans become relatively more myopic as the central refraction becomes more hyperopic.

It has been argued that the associations between peripheral and central refractive errors that
have been observed in children and adults come about because peripheral refractive errors
influence central refractive development.18,19,21 In particular, it has been hypothesized that
relative peripheral myopia would promote central hyperopia in children and adults. Although
there are parallels between the pattern of peripheral refractions in hyperopic infant monkeys
and older humans, our monkey data do not necessarily support this idea. Specifically, it seems
unlikely that the association between peripheral myopia and the degree of central hyperopia
that we found in infants is causal in nature and came about as a consequence of vision-
dependent growth. Given that we observed this relationship at a very young age (2–3 weeks
of age), it seems more likely, at least in hyperopic infant eyes, that the variations in the pattern
of peripheral refractive errors reflect programmatic differences in posterior globe shape that
are associated with absolute differences in axial length, in essence, these shape differences are
probably a consequence of a pre-programmed genetic growth process. This idea is reinforced
by the fact that with time the highly hyperopic eyes in the longitudinal group that showed
relative peripheral myopia underwent emmetropization. In this respect, there is a key difference
between the relative peripheral myopia observed in hyperopic humans and infant monkey eyes.
Whereas all of our monkeys demonstrated emmetropization early in life and a concomitant
reduction in relative peripheral myopia, hyperopic humans may have maintained their central
and peripheral errors throughout infancy. Perhaps the pattern of peripheral refraction in
hyperopic children and adult humans was present shortly after birth and persisted because the
degree of central hyperopia was outside the operating range of the emmetropization
mechanism34 and/or the relative peripheral myopia was larger than some critical amount and
thus dominated ocular development. It is interesting that some presumably normal monkeys
(e.g., the solid symbols in Figure 5) also maintain relatively high hyperopic errors throughout
infancy. Unfortunately, peripheral refractions have not been assessed in these animals.

Along the vertical meridian, our infant monkeys exhibited relative myopia in the inferior field.
This asymmetry appears to be analogous to the lower-field myopia that has been observed in
many different animal species31,32,51,52 (See Smith53 for a review) and that has been
reported in humans in some,8 but not all studies.47 It has been argued that lower-field myopia
represents a functional adaptation that promotes panoramic vision. Specifically, lower field
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myopia in emmetropic animals can help keep objects on the ground in focus while the animal
maintains an unaccommodated state and fixation at the horizon.31

Since experimentally imposed variations in visual experience across the visual field can
produce compensating local changes in eye shape in some species, it has been hypothesized
that lower field myopia may be a consequence of normal emmetropization.33 However, the
fact that we observed these vertical asymmetries in our earliest measurements in infant
monkeys suggests that the relative myopia observed in the inferior field of our infant monkeys
reflects a congenital asymmetry, not an emmetropizing response associated with potentially
restricted viewing distances in the inferior field. However, it should be kept in mind that our
first measurements in the vertical meridian were obtained when the animals were about 60
days of age and it is possible lower field myopia could have developed between birth and 60
days of age.

In addition to the expected changes in central refraction, the ocular changes associated with
emmetropization reduced the absolute peripheral refractive errors and altered the pattern of
peripheral refractions. It was particularly impressive that by about 300 days of age all of the
monkeys, regardless of their initial degree of central hyperopia, demonstrated either no relative
spherical refractive errors or small degrees of relative myopia in the periphery. As a
consequence, relative to the central retina, all of the monkeys exhibited either mixed
astigmatism or simple myopic astigmatism at each peripheral eccentricity. In addition, there
were no significant nasal-temporal or superior-inferior asymmetries in peripheral refraction.
Thus, after achieving the central target refractive state for emmetropization, these young
monkeys showed peripheral refraction patterns that were very comparable to those for the
average emmetropic adult human.2,8,11 In this respect, it appears that the target refractive state
for emmetropization in the periphery of the primate eye is a small degree of relative myopia.

Because all of the 308-day-old animals had similar central refractive errors, it may not seem
surprising that all of these animals showed similar patterns of peripheral refractions. However
it is important to note that while all of our infants demonstrated substantial absolute increases
in axial length, the changes in peripheral refraction varied substantially between monkeys. For
instance, in the low hyperopic subgroup, there were reductions in relative peripheral hyperopia,
whereas the high hyperopic subgroup showed reductions in relative peripheral myopia. Given
that all of the infants exhibited increases in axial length, the different changes in peripheral
refraction found in different individuals suggest that during emmetropization the shape of the
posterior globe is actively regulated and altered to optimize image clarity across the retina.
This idea is plausible because it is well documented that variations in focus across the visual
field can produce changes in the shape of the posterior globe in chickens28 and tree shrews.
30 However, to date, the presence of local retinal mechanisms, which are believed to be
responsible for these vision-induced shape changes, have not been conclusively demonstrated
in primates.

The very consistent pattern of peripheral refractions found in our monkeys at the end of the
early period of emmetropization has implications for the pattern of peripheral refractive errors
observed in juvenile and adult myopic humans. Specifically, because the course of
emmetropization and the ocular changes that occur during early refractive development are
very similar in humans and macaques, our data suggest that at around 3 years of age (i.e., ages
equivalent to those of our oldest monkeys),43,54 when the variance of central refractive errors
in children is very small, the patterns of peripheral refraction will also be very similar with
most children exhibiting small amounts of relative peripheral myopia. If this is correct, then
the different patterns of peripheral refraction found in myopic versus emmetropic adults must
develop after the early rapid period of emmetropization. In this respect, Mutti et al.13 have
recently found that relative peripheral hyperopia develops in children several years prior to the
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onset of central myopia, but well after the early period of emmetropization. It seems plausible
that the different patterns of peripheral refractions found in myopic versus hyperopic humans
emerge at different ages. Eyes that eventually become myopic may manifest this pattern after
the early rapid period of emmetropization, whereas in eyes that maintain or develop high
degrees of hyperopia, the pattern may be present very early in life and persist throughout
childhood.

During emmetropization there were also concomitant reductions in peripheral astigmatism in
both the vertical and horizontal meridians. However, it is likely that these astigmatic changes
are passive in nature and reflect, at least partially, the overall reduction in corneal power, which
for the central cornea decreased from +60.49 ± 2.14 D at 24 days of age to about +52.78 ± 1.84
D at 308 days of age. Interestingly, the average corneal Q value did not change during this age
period (−0.01± 0.22 at 24 days of age vs. −0.02 ± 0.19 at 308 days of age).

In near-emmetropic humans, peripheral refractive errors, especially relative hyperopic errors,
are a risk factor for the onset and progression of myopia.16 In animal models, peripheral visual
signals can have a significant influence on central refractive development.18–21 Thus, it is
reasonable to ask whether peripheral refractive errors contribute to emmetropization under
normal circumstances. In this respect, since infant monkeys generally exhibit significant
amounts of central hyperopia and they do not appear to accommodate consistently to eliminate
their central refractive errors,55 it is probably important to consider absolute, rather than
relative, refractive errors in the periphery. All of our infant monkeys exhibited absolute
hyperopic refractions in the periphery that would presumably elicit growth signals that were
complimentary to those associated with the central hyperopic errors. Consequently, it is
reasonable to suppose that signals from the peripheral retina normally facilitate
emmetropization for the central retina in infant monkeys.
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Figure 1.
A. Spherical-equivalent refractive errors plotted as a function of horizontal eccentricity. Thin
solid lines represent the right eyes of individual monkeys. The open circles represent the
averages (± SD) for all 58 monkeys. B. The peripheral refractions of individual monkeys
normalized to their central refractive errors plotted as a function of horizontal eccentricity.
Thin solid lines represent individual monkeys. The lines in the box plots represent the medians.
The boundaries of the box plots indicate the 25th and the 75th percentiles. The error bars above
and below the boxes indicate the 90th and 10th percentiles, respectively.
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Figure 2.
A. Average spherical-equivalent refractive errors (± SD) plotted as a function of horizontal
eccentricity for the right eyes of the monkeys in the high (filled circles), moderate (filled
squares) and low hyperopic subgroups (filled triangles). B. Average peripheral refractions
measured relative to the average central refractions plotted as a function of horizontal
eccentricity for the same subgroups.
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Figure 3.
A. The average (± SD) amounts of astigmatism obtained along the horizontal meridian,
expressed as the J0 (upper) and J45 vector components (lower), plotted as a function of
eccentricity for the right eyes of the 24-day-old infants. B. The average refractive errors (± SD)
for the sagittal (open symbols) and tangential (filled symbols) astigmatic image plans plotted
as function of horizontal eccentricity for the low, moderate and high hyperopic subgroups at
24 days of age. The dashed lines in each plot represent the average central refractive errors for
each of the three subgroups.
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Figure 4.
A. Spherical-equivalent refractive errors plotted as a function of vertical eccentricity at 61 days
of age for the 17 monkeys that were followed longitudinally. The thin lines represent the
refractive errors for individual monkeys. The open circles represent the average refractive
errors (± SD) at each eccentricity. B. Peripheral refractive errors for individual monkeys plotted
relative their central refractive error as a function of vertical eccentricity. Thin lines represent
individual monkeys. The lines in the box plots represent the medians. The boundaries of the
box plots indicate the 25th and 75th percentiles. The error bars above and below the boxes
indicate the 90th and 10th percentiles, respectively.

Hung et al. Page 19

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Left. Spherical-equivalent refractive errors plotted as a function of age for the non-treated
fellow eyes of the 13 experimental monkeys in the longitudinal subgroup (thin solid lines). For
comparison, the dashed lines enclose the range of refractive errors obtained from 25 normal
monkeys that were reared with unrestricted vision and that showed evidence of
emmetropization. The filled symbols connected by dashed lines illustrate the refractive errors
for an untreated monkey that, for unknown reasons, did not exhibit emmetropization. The open
diamonds, which for clarity are plotted at 12.5 days of age, represent the right eye refractions
for the 58 infants in the cross-sectional group obtained at 24 days of age. Right. Frequency
distributions of refractive error (positive values indicate hyperopia) obtained at about 160 days
of age for normal monkeys (upper) and for the non-treated fellow eyes of the 13 experimental
monkeys (lower).
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Figure 6.
Spherical-equivalent refractive errors (± SD) (upper row) and relative peripheral refractive
errors (lower row) plotted as a function of horizontal eccentricity for the low (left), moderate
(middle) and high hyperopic subgroups (right). The open and filled circles represent data
obtained at 24 and 308 days of age, respectively.
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Figure 7.
Average spherical-equivalent refractive errors (± SD, upper plot) and the average relative
refractive error (± SD, lower plot) plotted as a function of vertical eccentricity for the monkeys
that were followed longitudinally. The open and filled circles represent data obtained at 61 and
260 days of age, respectively.
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Figure 8.
The average amounts (± SD) of against-the-rule and with-the-rule astigmatism obtained in the
horizontal (A) and vertical meridians (B), respectively. In A, the data represented by the open
and filled symbols were obtained at 24 and 308 days of age, respectively. In B, the data
represented by the open and filled symbols were obtained at 61 and 260 days of age,
respectively.
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