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Macaque Models of Visual
Development and Disability

Lynne Kiorpes

Beginning in the 1960s with the work of David Hubel and Torsten Wiesel,
Jennifer Lund, Anita Hendrickson, and others, great strides were made in our
understanding of visual system organization (see Friedlander and Tootle, 1990).
The earliest studies employed the cat as the primary animal model. These studies
were followed by physiological and anatomical investigation into the visual system
of the macaque monkey. Those ground-breaking studies showed that visual system
organization in nonhuman primates, the Old World macaque monkeys in particu-
lar, closely mirrors that of humans (see Kaas, 2004; Van Essen, 2004). Since that
time the macaque monkey has become the animal model of choice for human
vision. Hundreds of studies have used the macaque as a model system for under-
standing visual system function in normal adults and for studying the origins of
dysfunction. To learn how developmental visual disabilities arise, it is important to
first understand how the visual system normally develops and to establish that the
model system that is best for adults is also appropriate for infants.

NORMAL DEVELOPMENT OF VISION IN
MACAQUE MONKEYS

In 1975 Davida Teller, Ronald Boothe, and their colleagues began to document
the remarkable similarity between human and macaque monkey infants in the
development of vision (see Boothe et al., 1985). They studied visual acuity in both
species using the forced-choice preferential looking technique developed by Teller
(Teller et al., 1974). They concluded that vision in monkeys develops with the same
progression as humans, although the process proceeds four times faster in macaques
(Teller and Boothe, 1979). Hence, visual development as measured behaviorally is
comparable in monkey and human infants if age is expressed in weeks for monkeys
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and in months for humans. This relationship is shown in Figure 3.1 (also see Teller,
1997). Figure 3.1 (upper data set, open symbols) plots development of grating acu-
ity (similar to acuity as measured with a Snellen eye chart) as a function of age in
weeks for monkeys (circles) and as a function of age in months for humans (open
triangles). Clearly, the data can be described by the same developmental profile; the
weeks-to-months translation is often called the four-to-one rule (see Boothe et al.,
1985).

While this four-to-one relationship is a useful metric, it is important to realize
it cannot be assumed to necessarily hold for all visual processes. Subsequent studies
have examined a variety of other measures of spatial vision to see if the rule holds.
Two measures that reflect sensitivity to spatial position are Vernier acuity and stereo-
acuity. These acuities are based on fine spatial positional judgments, the former for
co-planar judgments and the latter for localization in depth. Kiorpes (1992a)
showed that Vernier acuity is less mature than grating acuity near birth in
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FIGURE 3.1 The development of visual acuity in macaque monkeys and humans. Two measures of
visual acuity are plotted together as a function of age, in weeks for monkey data and in months for
human data. Grating acuity is referenced to the left ordinate (open symbols) and Vernier acuity is refer-
enced to the right ordinate (filled symbols). The two ordinates are normalized to adult levels of per-
formance for monkeys, and so reflect the relative maturation of Vernier and grating acuity. Monkey data
(circles) are from Kiorpes (1992a) with additional unpublished data from the author; human data are
from Zanker et al. (1992). The lines are regression fits to the monkey data.
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macaques, but develops more quickly so that the two functions approach adult 
levels at similar ages. However, recent studies of Vernier acuity development in
children have shown a longer, later developmental profile for Vernier acuity com-
pared with grating acuity (Zanker et al., 1992; Carkeet et al., 1997; Skoczenski and
Norcia, 1999, 2002).

The relative development of grating and Vernier acuity is shown in Figure 3.1.
The filled symbols represent Vernier acuity data for the same groups of infants from
which the grating acuity data were obtained. The scales are normalized to align at
adult levels on the log–log plot. Thus the profiles represent the relative maturation
of the two visual functions. Once again the developmental profiles match well
between the two species, suggesting that the four-to-one rule holds for Vernier
acuity as well as grating acuity. Also, although human studies generally conclude
that Vernier acuity develops over a longer time-course, the four data sets plotted in
Figure 3.1 appear to converge at similar ages. In line with the four-to-one rule,
stereoacuity tested using identical techniques across species shows an abrupt onset
at 3–4 weeks in macaques (O’Dell and Boothe, 1997) and 3–4 months in humans
(Birch et al., 1982). Interestingly, development thereafter appears to proceed at a
similar absolute rate. This suggests slower relative development of stereoacuity in
monkeys than in humans (O’Dell and Boothe, 1997). In neither species is it clear
when adult levels of stereoacuity are reached, so the relative rates of development
remain to be completely quantified.

The most common and complete descriptor of spatial vision is the contrast sen-
sitivity function. This function describes the sensitivity of the visual system across
all spatial scales within the visible range from coarse to fine, describing the ability
to detect luminance variations at various spatial scales. Contrast sensitivity func-
tions for monkeys and humans at various ages are shown in Figure 3.2. With age
the function shifts from low to high spatial frequency and low to high levels of sen-
sitivity in both species. Adult levels of sensitivity are reached between 40 and 60
weeks in monkeys (Boothe et al., 1988; Kiorpes, 1996) and between 48 and 72
months in humans (Ellemberg et al., 1999). On balance, then, the four-to-one rule
seems to be a good metric of relative rates of spatial visual development in
macaques and humans.

These studies of basic visual development provide reasonable support for the
weeks-equals-months relationship for spatial vision, although complete data sets are
sometimes unavailable. Most typical day-to-day visual functioning relies less on fine
acuity or threshold level vision, and more on global integration of visual informa-
tion over space and time. Therefore, it is worth examining whether this rule is also
obeyed for so-called higher level visual performance. Examples of higher level
vision are figure–ground segmentation and motion and form integration. The
most commonly studied global ability is motion perception, which requires inte-
gration of information over space and time.

There have been many studies of sensitivity to visual motion in human infants,
but few that reveal a complete developmental time-course (Braddick et al., 2003).
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Gunn et al. (2002) showed a slow maturation of sensitivity for motion integration
that reached asymptote around age 10–11 years. A related measure, global form
integration ability, had an earlier asymptote at age 6–7 years. Interestingly, Kiorpes
and Movshon (2004b) found a similarly long developmental time-course for
motion integration in macaque infants. They found that motion sensitivity reached
adult levels between 2 and 3 years, which would translate to a maturation rate of
9–13 years in humans by the four-to-one rule. This rate is consistent with the find-
ings of Gunn et al. (2002). In macaque monkeys, Kiorpes and Bassin (2003) found
earlier asymptotic performance in the range of 1.5–2 years on a form integration
task using figure–ground segmentation. These results suggest a slightly earlier mat-
uration of form than motion integration in macaques as well as humans. Thus, the
overall pattern of development of integrative visual function, which presumably
underlies the ability to extract figures from a visual scene and discriminate common
motion among elements in a scene, is similar in macaques and humans and seems
to also follow a four-to-one age translation.

VISUAL DISABILITY IN CHILDHOOD

The most common cause of vision loss in children is amblyopia. Amblyopia, literally
“blunt sight,” is classically defined as a loss of visual acuity in one eye with no obvious
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FIGURE 3.2 Development of contrast sensitivity in macaque monkeys and humans.
(a) Contrast sensitivity as a function of spatial frequency is plotted for individual monkeys tested at the
ages noted in the figure. Data are from Boothe et al. (1988). (b) Average contrast sensitivity is plotted
for groups of infants tested at the spatial frequencies and ages noted in the figure. Data are from Banks
and Salapatek (1978) (1 and 3 months); Peterzell et al. (1995) (8 months); Ellemberg et al. (1999) (48
months). The smooth curves fit to the data are described in Williams et al. (1981) or Kozma and
Kiorpes (2003).
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accompanying pathology (von Noorden, 1980). In other words, the child has poor
visual performance but there is no obvious impediment to clear vision. On inspec-
tion the eye looks normal. However, it is important to realize that vision is accom-
plished not by the eye alone, but by the visual brain. The eye gathers light from the
environment, processes that light energy, and transmits the information to the
brain. The estimated incidence of amblyopia ranges from 1% to 6% across many
studies, but it is most often in the range of 3–4% in western populations (von
Noorden, 1980; Chua and Mitchell, 2004; see also, Simons, 2005).

Amblyopia is typically associated with three primary conditions: congenital
cataract, dense opacity in one or both eyes; anisometropia, unequal refractive error
in the two eyes; and strabismus, misalignment of the two eyes. These conditions are
associated with amblyopia when they occur in infancy and early childhood. It is
important to note that these conditions do not result in loss of visual function when
they occur in adults. Thus, amblyopia is a disorder of visual development and there
is some period of susceptibility, a “critical period,” for its development. Although
amblyopia was initially considered to affect only visual acuity and binocular func-
tion, it is now clear that many other visual abilities are compromised.

A good deal of attention has been paid to the effect of childhood vision loss on
the academic and psychosocial development of children (Packwood et al., 1999;
Holmes and Clarke, 2006; Koklanis et al., 2006; Williams and Harrad, 2006).
Specific effects on reading and math performance have been reported, as well as a
general sense that amblyopia interferes with work, school, and sports performance.
The poor stereopsis that is associated with amblyopia also affects a child’s ability to
participate in sports and compromises some motor skills. Although survey results
are somewhat inconsistent, amblyopia appears to have a secondary effect on self-
esteem. Most recent studies have shown that amblyopia treatment is responsible for
the greatest negative psychological effects on the child (Choong et al., 2004;
Koklanis et al., 2006; Williams and Harrad, 2006), whereas the amblyopia itself has
greater long-term consequences for performance. As discussed below, the most
common treatment involves eye patching, which itself affects the child’s psycho-
social well-being. In studying effects on adults, Chua and Mitchell (2004) found
that people with amblyopia were less likely to hold university degrees. However,
they found no significant effect of amblyopia on occupational choice, although
certain occupations such as flying commercial aircraft are closed to those with
vision disorders.

One often overlooked consequence of life-long amblyopia is an increased risk
of losing sight in the fellow eye. Recent studies have highlighted the increased risk
of vision loss in the fellow eye in the amblyopic population (Rahi et al., 2002; Chua
and Mitchell, 2004). Taken together, these concerns increase the importance of
early childhood vision screening and serious efforts to treat the condition prior to
school-age (Williams and Harrad, 2006).

In summary, the normal development of visual function proceeds in a system-
atic way in both human and nonhuman primates. Three decades of comparative
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research shows that the macaque monkey provides an excellent model system for
studying the normal development of visual function and mechanisms that underlie
visual immaturity in infants (see Kiorpes and Movshon, 2004a). The development of
visual function is compromised by abnormal ocular and ocular motor conditions that
exist during infancy and early childhood. These conditions result in amblyopia, which
is a significant source of concern for pediatric ophthalmologists and compromises
many aspects of a child’s life in addition to their vision. Research with animal models
presents a significant advantage for understanding the processes that underlie the
development of amblyopia. In particular, the causal relationship between visual
impediment and amblyopia can be studied prospectively, the natural progress of
amblyopia development can be studied without the complication of treatment history,
age of onset of visual impediment can be completely specified, and studies can be
undertaken to directly assess the underlying neural substrate.

With this background I next review the visual disabilities that have been inves-
tigated using the nonhuman primate as a model system. In each disability I high-
light the clinical relevance of the work. I also emphasize results that provide insight
into the underlying mechanisms, as they are the aspect of our work with animal
models that provide unique and otherwise unattainable knowledge. The review is
not intended to be exhaustive. Instead, the goal is to illustrate the important con-
tributions that nonhuman primate research has made to our understanding of, and
treatment strategies for, developmental sensory disability.

EFFECTS OF VISUAL EXPERIENCE ON VISUAL
DEVELOPMENT

A defining moment for understanding the role played by visual experience in visual
development came with the early studies of Wiesel and Hubel in kittens (Wiesel
and Hubel, 1963, 1965; Hubel and Wiesel, 1965). They found that closing one eye
to impose form deprivation, or misaligning one eye to create a strabismus, signifi-
cantly altered the physiological and anatomical organization of the primary visual
cortex (V1, the first cortical area in the visual system hierarchy). They noted anec-
dotally that after eye closure the kittens appeared blind when using the formerly
closed eye following a period – sometimes quite short – of monocular deprivation.
Subsequent studies in macaque monkeys showed similar alteration of the structure
of V1 (e.g. Hubel and Wiesel, 1977; Wiesel, 1982). Behavioral monkey studies
confirmed a devastating loss of visual function (von Noorden et al., 1970; Harwerth
et al., 1983).

The normal visual cortex has a balanced representation of the two eyes, known
as eye dominance, with regular modulation of binocular and monocular zones.
This organization is present at birth in infant monkeys. With normal visual expe-
rience it is then refined to some degree over the first few postnatal weeks (Horton
and Hocking, 1996). This organization is disrupted following deprivation. The
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deprived eye zones are minimized and binocularity is severely compromised (see
LeVay et al., 1980; Horton and Hocking, 1997). On the basis of these studies, the
authors proposed that impediments to normal visual experience during early post-
natal development caused a reduction in the influence of the deprived eye in V1,
which in turn led to poor visual function in the adult (see Movshon and van
Sluyters, 1981; Movshon and Kiorpes, 1990 for reviews). These findings formed
the foundation for a body of work using the macaque monkey as a model system
for understanding childhood developmental visual disorders.

Models of amblyopia

Beginning in the 1970s, behavioral studies of macaque monkeys raised under visual
conditions that mimic human developmental visual disorders were conducted to
determine how well the monkey model reflected the visual losses found in human
amblyopia and to explore the underlying neural mechanisms. As mentioned above,
three primary conditions are associated with poor visual development in children. In
congenital cataract, ocular opacities result in form deprivation amblyopia. In ani-
sometropia, blur in one eye results in anisometropic amblyopia. In strabismus, ocular
motor misalignment of the two eyes results in strabismic amblyopia. These conditions
are associated with permanent visual loss only when they occur in infancy and early
childhood.

Initially, it was not known whether there was a causal relationship between the
physical disorders and the behavioral loss of vision. It was only known that there
was a correlation. The nature of the association between early visual abnormality
and amblyopia was unclear because only about 40–60% of those with strabismus or
anisometropia develop amblyopia. The relationship is much stronger for depriva-
tion amblyopia. Furthermore, the condition that the child presents with at the time
of diagnosis may not be the same as the original precipitating disorder. For exam-
ple, anisometropia can cause strabismus. The strabismus is obvious to the parent,
but the anisometropia is often not noticed until vision screening at school age.

Animal studies showed direct causality between visual impediment and the devel-
opment of amblyopia and provided definitive information on the nature of the criti-
cal period for vision. They also provided insight into the neural basis of amblyopia and
had a direct impact on the way in which amblyopia is treated in children.

Monocular deprivation

The earliest behavioral visual deprivation studies were conducted by von Noorden
and colleagues in 1970 (von Noorden et al., 1970; von Noorden, 1973). They
showed that early visual deprivation by lid suture, a monkey model for congenital
cataract, resulted in a loss of visual acuity in the deprived eye. They closed one eye of
young monkeys for various durations and tested acuity using a clinical Landolt-C test,
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comparable to letter chart acuity. Amblyopia occurred in all animals deprived prior
to the age of nine weeks, even when the period of deprivation was as short as one
or two weeks. The data suggested that the critical period for amblyopia develop-
ment was the first three postnatal months, as only animals deprived before 12 weeks
failed to achieve normal visual acuity when tested as adults. It is important to note
that in these studies and most others of this kind, the vision was not assessed imme-
diately following the end of the deprivation period. Instead, vision was assessed
1–2 years after the period of deprivation, so it was unclear whether the outcome
was purely the result of the early deprivation or reflected much later recovery of
function.

Later, more extensive behavioral studies showed that the effect of visual depri-
vation from lid suture was in fact quite dramatic and largely refractory to recovery
following eye opening (Harwerth et al., 1983, 1989). Animals reared with only a
few weeks of deprivation, followed by years of normal binocular vision, often
developed only limited visual function. Figure 3.3a shows contrast sensitivity data
from an animal that was monocularly deprived from the age of 4 months until
approximately 18 months (Harwerth et al., 1990). The sensitivity of the deprived
eye following early deprivation is substantially poorer than would be expected from
even a very young normal infant. This is seen by comparing the deprived eye func-
tion to the functions in Figure 3.2. It shows that visual experience is required for
normal development of visual function and it is essential to maintain even the rudi-
mentary vision of newly born infants.

52 Primate Models of Children’s Health and Developmental Disabilities

30103

1

3

10

30

100

300

10.1 0.3

Spatial frequency (cldeg) Spatial frequency (cldeg)

C
on

tr
as

t s
en

si
tiv

ity

30103

1

3

10

30

100

300

10.1 0.3

Fellow eye

Fellow eye

Deprived eye

Deprived eye

(b)(a)

FIGURE 3.3 The effect of monocular deprivation on contrast sensitivity in monkeys.
Contrast sensitivity is plotted as a function of spatial frequency for each eye of a monkey monocularly
deprived for 18 months from the age of 4 months (a) or 12 months (b). Filled symbols represent data
from the deprived eye. Data are from Harwerth et al. (1990), figures 5 and 6. The smooth curves fit to
the data are described in Williams et al. (1981) or Kozma and Kiorpes (2003).
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Figure 3.3b shows comparable data for an animal that was monocularly deprived
for a similarly long period of time, but beginning at the later age of 12 months.
Note that sensitivity at middle and high spatial frequencies is depressed for the
deprived eye, but only moderately so compared to the fellow non-deprived eye.
Thus, the visual system of the monkey is vulnerable to deprivation well beyond the
first three months after birth, the period originally proposed by von Noorden.
Furthermore, there is a gradation in susceptibility with age. This work had a direct
impact on management of infants born with congenital cataracts. It led to a dra-
matic reduction in the age at surgery to remove the cataract and stimulated
prospective studies on the effect of age at surgery on visual outcome in humans
(Birch and Stager, 1996).

The lid suture model was instrumental in establishing the nature of the critical
period for the development of amblyopia. The initial work of von Noorden and
colleagues identified the early postnatal weeks as a period of extreme vulnerability
to abnormal visual experience. This period of susceptibility declines gradually over
the succeeding year. Harwerth et al. (1986, 1989, 1990) systematically charted the
period of vulnerablility to deprivation of spatial, temporal, and chromatic visual
functions over the first two postnatal years in monkeys. They clearly showed that
different visual functions have different critical periods. Similarly, different levels in
the visual pathway have different critical periods. Subcortical structures show less
vulnerability than cortical levels (Levitt et al., 2001) and cortical layer IV shows a
shorter period of susceptibility to deprivation than other layers (LeVay et al., 1980;
Horton and Hocking, 1997).

These and similar studies of monkeys and humans, as well as kittens, revealed
that the concept of a critical period needs to be refined. This is because there are
different sensitive periods for normal development, for the disruptive effects of
deprivation, and for recovery from deprivation (Daw, 1998; Mitchell and
MacKinnon, 2002; Lewis and Maurer, 2005). As argued by Daw (1998), there are
different, but not mutually exclusive, critical periods for the disruptive effects of
abnormal visual experience on development and for the efficacy of treatment. In
neither case is the critical period completely coincident with the period of normal
visual development. This principle is illustrated clearly in a publication showing
different but overlapping sensitive periods for the susceptibility of stereopsis to
abnormal binocular visual experience in humans (Fawcett et al., 2005). Thus, these
distinctions hold true for humans as well as for animal models and for binocular as
well as spatial vision.

The lid suture model has been very important for our understanding of con-
straints on visual development and the nature of critical periods in vision.
Neurophysiological and anatomical investigation of the visual pathways and prop-
erties of single neurons following lid suture have shown shrinkage of cells associ-
ated with the deprived eye at the level of the lateral geniculate nucleus (LGN) and
a nearly complete loss of influence by the deprived eye in primary visual cortex.
The degree of the abnormality reflects the amount and timing of the deprivation
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(e.g. von Noorden and Crawford, 1978; LeVay et al., 1980; Horton and Hocking,
1997). However, because the deep amblyopia that results from lid suture occurs rel-
atively infrequently in human clinical practice, and because the representation of
the deprived eye in cortex following lid suture is minimal at best, the lid suture
model is not the best one for understanding the development of and neural basis
for amblyopia. More clinically relevant models for amblyopia are those that are
associated with moderate visual loss and permit maintained representation of the
deprived eye in the primary visual pathways.

Anisometropia and strabismus

Models of amblyopia that create or simulate strabismus or anisometropia are pre-
ferred over lid suture because they are associated with more moderate visual loss.
Early studies of vision following surgically induced strabismus in young monkeys
established a clear, causal relationship between strabismus onset and the develop-
ment of amblyopia in the otherwise normal visual system (von Noorden and
Dowling, 1970; Kiorpes and Boothe, 1980; Harwerth et al., 1983; Kiorpes et al.,
1987, 1989). These studies showed that strabismus created surgically, or ani-
sometropia produced by unilateral blur, reliably resulted in amblyopia when
imposed during the height of the critical period. Longitudinal studies, easily con-
ducted in monkeys but difficult to conduct in humans, showed that amblyopia
develops over time as a gradual set-back or slowing of the developmental program.
This is followed later by a resumption of development. Figure 3.4 illustrates one
pattern, showing acuity development in each eye of one strabismic monkey.
Interestingly, prospective and retrospective studies using these animal models have
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shown not only that strabismus and anisometropia cause amblyopia, but also that
amblyopia can cause strabismus and anisometropia (Quick et al., 1989; Kiorpes and
Wallman, 1995; Smith, Hung and Harwerth, 1999). It is important to note that,
similar to humans, macaque monkeys naturally develop strabismus, anisometropia,
and cataracts, allowing study of the natural history of these disorders (see Kiorpes,
1989, 2002; Horton et al., 1997).

In addition to the acuity loss in amblyopia, sensitivity to contrast across spatial
scales from coarse to fine is compromised. The fine spatial scales representing sen-
sitivity to fine detail are affected most deeply (Kiorpes, 1996). Contrast sensitivity
functions for each eye of two amblyopic monkeys, one strabismic and one ani-
sometropic, are shown in Figure 3.5. Note the relatively greater loss of sensitivity
at the high spatial frequency ranges near the acuity limit, represented by the extrap-
olation of the curves to the abscissa. The range of visual deficits following experi-
mental strabismus is similar to that found in the human population and
experimentally produced amblyopia occurs with similar frequency to natural
amblyopia. Thus, somewhat surprisingly, only about 60% of those with experi-
mental strabismus actually develop amblyopia (Kiorpes et al., 1989; Kiorpes, 2002).
Experimentally produced anisometropia created by rearing with defocus of one eye
either by spectacle lenses, contact lenses, or dilation of the pupil, also results in clin-
ically relevant depths of amblyopia (Boothe et al., 1982; Smith et al., 1985; Kiorpes
et al., 1987; Kiorpes et al., 1993; Smith et al. 1999). Taken together, this work
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FIGURE 3.5 The effect of strabismus and anisometropia on contrast sensitivity in monkeys.
Contrast sensitivity is plotted as a function of spatial frequency for each eye of a monkey (a) made stra-
bismic at 3 weeks of age or (b) made anisometropic at 3 weeks of age. Filled symbols represent data from
the deprived eye. Data in (a) are from Kiper and Kiorpes (1994), figure 1d; data in (b) are from Kozma
and Kiorpes (2003), figure 5c. The smooth curves fit to the data are described in Kozma and Kiorpes
(2003).
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established experimental amblyopia in macaque monkeys as an excellent model for
human amblyopia, and identified many of the constraints on its development.

Neural mechanisms in amblyopia

To identify the neural basis for amblyopia, Movshon et al. (1987) and Kiorpes et al.
(1998) evaluated the response properties of neurons in the primary visual cortex of
monkeys with behaviorally documented amblyopia. Both studies revealed losses of
neuronal “acuity” in cells responding to stimulation of the amblyopic eye, results
which were reminiscent of those seen behaviorally. No loss was found at earlier 
levels of the visual pathway (Movshon et al., 1987), even following severe form
deprivation (Blakemore and Vital-Durand, 1986; Levitt et al., 2001). These studies
established for the first time that, in addition to disruption of the binocular organ-
ization of the visual cortex, there were effects of abnormal visual experience on the
spatial response properties of neurons.

Acuity loss at the neuronal level was reflected in the tuning properties of the cells
in V1 that are driven by the amblyopic eye. These cells responded to lower ranges of
spatial frequency compared with cells driven by the fellow eye. There were varying
degrees of loss in contrast sensitivity of individual neurons driven by the amblyopic eye
in addition to the reduction in acuity, but these were not consistent across animals and
studies. Other properties of these cells, such as their selectivity for orientation and
direction of motion, were uniformly normal. A direct comparison between the
degree of behaviorally measured amblyopia and the extent of the neural deficit
showed a strong correlation, supporting the conclusion that the neural deficits were
actually related to the behavioral losses (Kiorpes et al., 1998; Kiorpes and Movshon,
2004a). However, the cortical losses tended to be smaller than the behavioral ones
and did not explain the contrast sensitivity deficit. Thus, the properties of ambly-
opic neurons at this early cortical stage cannot completely account for even the
basic loss in spatial vision. These studies established that the primary visual cortex
is the first site in the visual pathway that reflects developmental disruption related
to amblyopia and that abnormalities early in the visual system may be amplified in
downstream visual areas.

While the effect of abnormal visual experience on the spatial properties of V1 neu-
rons is more modest than might be expected, amblyopic V1 does reflect dramatic
abnormalities of binocularity similar to those found following lid suture (e.g. Movshon
et al., 1987; Crawford et al., 1996a; Kiorpes et al., 1998). Anisometropic rearing results
in a shift of ocular dominance away from the defocused eye, but strabismic rearing
generally results in relatively balanced ocular dominance as measured physiologically.
In all cases, regardless of the type of model used, there is a reduction in the number of
binocularly driven neurons (see Kiorpes and Movshon, 2004a). Amblyopic neurons
appeared to be monocular with the standard procedure of testing each eye independ-
ently. However, Smith et al. (1997) showed that residual binocular interaction could be
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demonstrated in a large proportion of amblyopic neurons when the cells were tested
dichoptically by stimulating both eyes at the same time.

These interactions were more often than not suppressive rather than excitatory,
particularly following strabismic rearing. Suppressive interactions developed quickly
following the onset of abnormal binocular visual experience. They are present fol-
lowing as little as 3 days of binocular decorrelation (Zhang et al., 2005) and correlate
well with deficits of binocular vision assessed behaviorally (Smith et al., 1997;
Wensveen et al., 2001, 2003; Zhang et al., 2003). These findings serve as a caution to
clinicians that infants with strabismus should be treated as early as possible in order to
preserve normal binocular function.

To summarize, neurophysiological investigation into the neural correlates of
amblyopia show that V1 is the first site along the visual pathway reflecting behav-
iorally documented abnormalities of vision. In the case of binocular function, the
neural abnormalities at the level of V1 closely correlate with those measured
behaviorally. However, in the case of spatial vision, the neural deficits are qualita-
tively similar but not quantitatively sufficient to account for the vision losses. The
inevitable conclusion is that the neural basis for the spatial visual deficits that char-
acterize amblyopia lies further along the visual pathway in higher order processing
areas. If that is the case, there should be a range of perceptual deficits in amblyopes
that reflect processing disruption at higher levels of the visual pathways.

Perceptual disorder in amblyopia

Behavioral studies of amblyopia in nonhuman primates and psychophysical studies
of adult human amblyopes have shown that amblyopia affects far more than acuity
and contrast sensitivity (see Kiorpes, 2006; Levi, 2006). There is a disruption of the
position sense, as exemplified by measurements of Vernier acuity (Kiorpes, 1992b).
There is also a loss of binocular vision, in particular stereopsis, in amblyopic mon-
keys (Crawford et al., 1996b; Wensveen et al., 2003). Moreover, there is disruption
of higher level perception in amblyopes that cannot be understood only on the
basis of the acuity loss. An example of such a function is figure–ground segregation
as measured by contour integration (see Kozma and Kiorpes, 2003). Contour inte-
gration is the ability to extract a coherent structured form from a field of back-
ground noise elements. It is disrupted in strabismic and anisometropic amblyopia in
both monkeys and humans. Whether this task relies on areas beyond V1, or on V1
itself, is a matter of controversy, but performance is clearly not predictable from
knowledge of the depth of the acuity loss.

Another example of higher level processing is motion perception. This requires
integration of motion signals over time and space and is thought to depend on a visual
area downstream from V1 known as MT, the middle temporal area (Newsome and
Pare, 1988; Britten et al., 1992). Kiorpes et al. (2006) studied motion sensitivity of
amblyopic monkeys and found substantial losses when viewing with the amblyopic
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eye. The deficits were apparent in both the spatial and temporal domains. The spa-
tial losses could be ascribed to the reduced range of spatial frequency sensitivity of
the amblyopic eye, but the temporal losses could not be related to any known V1
abnormality. This finding strongly supports the idea that additional amblyopic pro-
cessing deficits arise in downstream visual areas.

A now common finding in studies of higher order perception in amblyopia is
that the perceptual losses identified for the amblyopic eye extend to the fellow
“normal” eye (e.g. Giaschi et al., 1992; Kozma and Kiorpes, 2003). Performance
using the fellow eye is poorer than for normal controls, but not as poor as the
amblyopic eye. In the past, it was typically assumed that the fellow eye was unaf-
fected in amblyopia. The combination of the findings of subnormal performance
with the fellow eye in monkey models and abnormal performance with the fellow
eye in human studies stimulated caution in the clinical community. Simons (2005)
makes this point and urges reference to the fellow eye not as “normal” or “sound”
but as the “better” eye.

To summarize, investigations into the ability of amblyopes to perform higher
order perceptual tasks have found substantial deficits that cannot be predicted from
contrast sensitivity and acuity deficits and often extend to the fellow eye. This
behavioral profile is consistent with the neurophysiological findings discussed
above, suggesting that the development of visual cortical areas well beyond V1 is
disrupted by abnormal postnatal visual experience. To date, no studies of neuronal
sensitivity in extrastriate areas have been conducted in amblyopic macaque mon-
keys, although one study has noted abnormal binocular organization in an extras-
triate area following early monocular defocus (Movshon et al., 1987). Nevertheless,
the nonhuman primate work is consistent with recent psychophysical studies of
human amblyopes showing high order perceptual losses that are not explained by
losses in contrast sensitivity (Simmers et al., 2003; Simmers et al., 2005; Levi, 2006).
Also, functional imaging studies show abnormal activity in brain areas beyond V1
in amblyopes (Anderson and Swettenham, 2006).

Treatment of amblyopia

Patching has been the treatment of choice for amblyopia in children for more than
a century (see von Noorden, 1980; Simons, 2005). Patching therapy involves
occlusion of the fellow eye with an eye patch, forcing use of the amblyopic eye.
One important corollary of the lid suture studies discussed above is that deprivation
amblyopia can result from this common treatment. In the animal model, recovery
from early deprivation was typically effected by “treatment” likened to patching, a
procedure called reverse occlusion. This involves closure of the previously non-
deprived eye with concurrent opening of the initially deprived eye. Monkey stud-
ies showed that the visual “recovery” of the initially deprived eye occurred at the
expense of the fellow eye (Harwerth et al., 1989).
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Examples of the consequences of reverse suture on contrast sensitivity are shown
in Figure 3.6. Harwerth et al. (1989) closed one eye of monkey subjects at about 
1 month of age, then performed the reverse occlusion at various time points there-
after. The data in Figure 3.6a are from a monkey “treated” after 60 days of monoc-
ular deprivation. The filled symbols represent data from the initially deprived eye.
Clearly there has been a complete reversal of the deprivation effect, with the ini-
tially deprived eye showing almost normal contrast sensitivity and the initially
open, fellow eye, showing deep amblyopia. The data in Figure 3.6b reflect “treat-
ment” at a later age after 90 days of deprivation. In this case, contrast sensitivity is
similar in the two eyes, but not normal for either eye. The treatment has resulted
in a bilateral loss of visual function.

These data are reminiscent of findings from a longitudinal study in kittens as a
model of patching therapy (Mitchell, 1991; Mitchell and MacKinnon, 2002). The
study revealed a gradual trade-off of acuity between the initially amblyopic eye and
the initially “normal” eye resulting from reverse occlusion. Similarly, studies of
recovery of vision following removal of the lens of the eye in monkeys were con-
ducted to explore treatment options for children with congenital cataract. This
work documents a dramatic trade-off of acuity in nonhuman primates when the
fellow eye is continuously occluded (see Boothe, 1996). Neurophysiological
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FIGURE 3.6 The effect of “treatment” of amblyopia on contrast sensitivity in monkeys. Contrast
sensitivity is plotted as a function of spatial frequency for each eye of two monkeys monocularly
deprived at the age of 4 weeks. (a) The initially deprived eye was opened after 60 days of deprivation
and the initially open eye was closed for 120 days. (b) The initially deprived eye was opened after 90
days of deprivation and the initially open eye was closed for 120 days. Thereafter, both monkeys
received normal binocular visual experience until tested at approximately one year of age. Filled sym-
bols represent data from the initially deprived eye. Data are from Harwerth et al. (1989), figure 1c and d.
The smooth curves fit to the data are described in Williams et al. (1981); the data in panel b could not
be fit by our function.
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recordings from monkey visual cortex neurons following reverse occlusion treat-
ment confirm that the initially open eye, once continuously patched, loses domi-
nance to the initially deprived eye (Blakemore et al., 1978; Wiesel, 1982; Crawford
et al., 1989). Depending on the age of the reverse occlusion, the result is a greater
or lesser takeover of cortical territory by the initially deprived eye. These animal
studies clearly showed that covering the fellow eye can itself cause amblyopia to
develop and often the long-term outcome is poor vision in both eyes.

The primary backup treatment for amblyopia is a procedure called penalization.
Penalization involves instillation of a drop of atropine into the fellow eye daily. This
dilates the pupil and paralyzes accommodation, thereby inducing blur. Penalization
of the preferred fellow eye is intended to shift the child’s fixation preference to the
amblyopic eye. Unfortunately, this procedure also has been shown to induce
amblyopia in young nonhuman primates (Boothe et al., 1982; Harwerth et al.,
1983; Kiorpes et al., 1987). The resulting amblyopia is similar in character to ani-
sometropic amblyopia following rearing with blur from defocusing lenses. The
effect of penalization during development on cortical neurons is to reduce the acu-
ity and contrast sensitivity of neurons driven by the treated eye (Movshon et al.,
1987). Studies such as these alerted the clinical community to the negative effects
of patching and penalization, generating a quest for better therapeutic options.

Amblyopia secondary to occlusion and penalization therapy continues to be a
concern for treatment (Simons, 2005; Levi, 2006). Recent retrospective studies in
treated and untreated amblyopic humans show that contrast sensitivity of the fellow
eye is often compromised, but it is difficult to know for sure whether or not this is
the result of patching (e.g. Lew et al., 2005; Chatzistefanou et al., 2005). One
recent study in monkeys has shown a clear advantage of part-time occlusion strate-
gies for prevention of occlusion amblyopia (Wensveen et al., 2006). It has recently
become possible to conduct controlled randomized clinical studies of treatment
effectiveness. Several large-scale prospective clinical studies have been implemented
to assess the efficacy of alternative strategies such as part-time patching and penal-
ization in amblyopic children (see Holmes and Clarke, 2006; PEDIG, 2005, 2006).

Another concern with typical treatment strategies is that they prolong the
period of abnormal binocular visual experience. As described above, amblyopia not
only affects spatial vision but also binocular vision. A lack of correlation between
the information from the two eyes creates a rapid loss of binocular function at the
level of the visual cortex. Patching and penalization further disrupt binocular
vision, thereby preventing any opportunity for rescue of binocular vision. Treated
human amblyopes often lack binocular function and the poor binocularity may in
fact be primary in determining the nature of amblyopic adult spatial vision (McKee
et al., 2003). Motivated by the findings in animals, prospective studies in human
infants show that early surgery for strabismus and cataracts improve the chances of
recovery of binocular function (Birch and Stager, 2006). Minimizing the amount
of occlusion therapy further improves binocular outcome (Jeffrey et al., 2001). In
addition to revealing the detrimental effects of common therapeutic strategies on
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the vision of the fellow eye and binocular function, one clear impact of animal
work on clinical practice is demonstrating the importance of continued examina-
tion of visual acuity during and after treatment for amblyopia.

Treatment of congenital cataract

Cataracts are opacities of the lens that prevent form vision. Either bilateral or uni-
lateral congenital cataracts have a devastating effect on development of vision (see
Birch and Stager, 1996; Maurer et al., 1999; Sjöström et al., 1996). The parallels
between visual outcomes in monkeys deprived of vision during infancy by lid
suture and children deprived in infancy by cataract was obvious by the late 1970s.
Since then it has been clearly demonstrated that amblyopia develops as a result of
even more moderate levels of form deprivation than lid suture. Smith et al. (2000)
raised monkeys with varying degrees of image degradation. They found that the
resultant depth of amblyopia was directly related to the degree of image degrada-
tion. Work with animal models combined with accumulating evidence from
human studies has revealed a strong correlation between duration and degree of
form deprivation and depth of vision loss (see Mitchell and MacKinnon, 2002;
Lewis and Maurer, 2005). It has now become standard practice to remove cataracts
as early as possible in infancy to minimize the period and degree of early visual
deprivation.

The primary difficulty with the management of cataracts in infancy is that
removal of the cataract requires removal of the lens of the eye. This results in a con-
dition called aphakia, in which the eye has no power to focus. Removal of the
cataract thus results in continuing form deprivation after surgery. Prior to about
1980 spectacle lenses were typically prescribed to correct the defocus. There were
two problems with this approach. First, it was difficult to keep glasses on young
children. Second, the correction required high magnification to compensate for
the missing lens. High magnification correction was sometimes difficult to achieve
and created aniseikonia, unequal image size in the two eyes. The visual outcome
for the aphakic eye was generally poor.

The introduction of contact lenses for use with infants presented a significant
advantage over spectacle lenses, but a high degree of compliance and monitoring
was required for successful therapy. Contact lenses also require relatively high mag-
nification for proper correction, although less so than with glasses. However, the
problem of aniseikonia remained and often the result was still a suboptimal visual
outcome (Birch et al., 1986; Lambert et al., 1994). Contrast sensitivity data from
each eye of a child with deprivation amblyopia are shown in Figure 3.7. This child
had a unilateral congenital cataract that was removed at four months and wore con-
tact lens correction essentially continuously thereafter. In spite of a substantial
amount of patching therapy she had significant amblyopia when tested at age 
6 years.
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The problems associated with glasses and contact lenses are alleviated by use of
intraocular lenses (IOL) following removal of the natural lens. An extensive series of
studies by Lambert and colleagues in macaque monkeys was instrumental in evalu-
ating the effect of aphakia on visual development and efficacy of various regimes of
treatment following removal of the natural lens. They modeled treatment regimes
involving lens removal followed by implantation of either monofocal or multifocal
intraocular lenses, with or without subsequent full or part-time patching (Lambert
et al., 1994; Boothe, 1996; Boothe et al., 1996, 2000). Grating acuity was longitudi-
nally measured in each eye and assessed by Landolt-C acuity and contrast sensitivity
after 1 year of age. The best visual outcomes were produced by a combination of IOL
implantation of either kind and subsequent use of contact lenses for optical correc-
tion. Part-time patching further improved visual outcomes, but patching of less than
70% of the day produced subnormal grating acuity in the treated eye. Interestingly,
although grating acuity reached normal adult levels under optimal treatment condi-
tions, contrast sensitivity and Landolt-C acuity were never normal.

These studies demonstrated the advantage of IOL for good visual outcome, alone
or in combination with extended wear contact lenses, over lens removal without sub-
sequent IOL implantation. The results led directly to altered clinical practice.
Subsequent clinical studies confirmed the benefit of this regime for visual outcome in
human infants (Lambert et al., 2001), although good compliance with contact lens
wear can produce equivalently good outcomes (Birch et al., 2005b).
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To summarize, congenital cataracts present a significant challenge to the develop-
ing visual system. They leave devastating visual losses if left untreated, often resulting
in life-long deprivation amblyopia even if treated aggressively. Monkey studies have
been used to establish optimal treatment ages and strategies and have changed clinical
practice accordingly.

NUTRITION AND VISUAL DEVELOPMENT

Although it has long been known that diet and nutrition affect growth and devel-
opment, it took primate research results to make specific recommendations on
amino acid and fatty acid content in infant formula. Taurine is an important amino
acid normally present at high levels in the retina, brain, and other tissues through-
out the body. Some early soy-based infant formulas lacked taurine. A series of stud-
ies by Neuringer and colleagues evaluated the effect of feeding taurine-free soy
formula on visual development in macaque infants (Neuringer and Sturman, 1987;
Neuringer et al., 1987; Imaki et al., 1987). They found reduced visual acuity in
infants fed the taurine-poor diet. Infants fed a diet lacking taurine also had degen-
eration of cone photoreceptors in the retina and disorganization of the normally
regular photoreceptor matrix. These studies provided evidence that dietary taurine
is essential for normal visual system development. Soy-based infant formulas are
now enhanced to include several amino acids including taurine.

There is accumulating evidence that some lipids are important for normal
development of vision and the brain. Neuringer et al. (1986) studied the effect of
dietary ω3 fatty acid concentration on the developing retina and brain of macaque
monkeys. Pregnant monkeys were fed either control or ω3 fatty acid-deficient
diets. Following parturition, the presence or absence of ω3 fatty acids in the diet
was maintained in a manner consistent with the prenatal exposure. Biochemical
changes were found in the level of long-chain fatty acids in the brain and retina of
those fed deficient diets. Moreover, the infants deprived of ω3 fatty acids showed
poorer visual acuity and abnormal photoreceptor function evidenced by longer
times to recover from a bright flash of light. Infant formulas were in general lack-
ing in ω3 fatty acids until the early 1990s, when manufacturers began to add spe-
cific ones to their formulas. Subsequent prospective studies of full-term human
infants showed the importance of docosahexaenoic acid (DHA), among others, for
supporting normal visual and cognitive function (see Neuringer, 2000; Auestad et al.,
2003; Birch et al., 2005a).

CONCLUSIONS

The Old World macaque monkey has been shown to provide an excellent model for
normal visual development in humans and for understanding clinically important
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developmental disorders of vision. Animal studies in general have contributed greatly
to our understanding of the vulnerability of the visual system to early abnormal visual
experience.

While it has been known for over a century that conditions like strabismus are
associated with poor vision in adults, no data existed to demonstrate a direct causal
relationship prior to a longitudinal study in infant monkeys by Kiorpes and Boothe
(1980). The work of Wiesel and Hubel identified, for the first time, anatomical and
neurophysiological correlates of abnormal visual experience on the visual system.
This work inspired many subsequent studies that revealed the existence and nature
of critical periods in vision. In particular, studies of monocular deprivation during
development illustrated the extreme devastation to visual system structure and
function created by form deprivation. The work in aggregate identified the nature
of the critical period for normal visual development, showing varying degrees of
vulnerability over different age ranges and showing different periods of susceptibil-
ity for recovery after deprivation. Retrospective analyses of this literature led to a
revision of the concept of the critical period, suggesting that there are three con-
ceptually separate, but overlapping sensitive periods; namely for normal develop-
ment, for disruption of function, and for recovery of function. The results of
studies with the lid suture model led directly to a shift in clinical practice in two
ways. First, they led to treatment of children with vision disorders, in particular
those with cataracts, at the youngest possible ages. Second, they led to a major re-
evaluation of classical treatment strategies such as full-time patching of the fellow
eye. Current recommendations are to use part-time patching, if possible in combi-
nation with focused activity to improve the vision in the amblyopic eye.

Other macaque models of amblyopia, such as experimental strabismus and ani-
sometropia, characterized the nature of amblyopia in relation to the losses in acuity
and contrast sensitivity. This work revealed the extent of loss in spatial, temporal,
and binocular vision and showed additional significant loss in perceptual vision.
Macaque models have also been used to evaluate treatment strategies for recovery of
function. The basic neural mechanisms underlying amblyopia have been identified
in macaque monkeys. The unexpected finding was that in addition to correlates of
amblyopia at the level of the primary visual cortex, there must be additional sites of
dysfunction further along the visual pathways. This is surprising because since the
early studies of Wiesel and Hubel it has been assumed that V1 is the primary site of
developmental plasticity in the visual system. Future work must address the possibil-
ity of additional, perhaps escalating, deficiency at higher levels of the system. This
idea has important implications for treatment. Given the clear impact of amblyopia
on higher order perceptual visual functions, and finding that these problems remain
even when acuity measures reflect successful treatment,we should be developing
clinical tests for perceptual dysfunction and extending treatment over a longer time
period than might be dictated by acuity measures alone (Simons, 2005).

One subtle but none-the-less important result of studies of visual development
in cat and monkey models of amblyopia was to show the necessity of following
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visual function in children undergoing treatment. Longitudinal studies in animals
showed the progression of visual acuity development in the presence of amblyo-
genic factors and revealed the gradual trade-off of good visual function between
the two eyes during occlusion therapy. The use of quick visual assessment tools,
such as the Teller Acuity Cards (Teller et al., 1986), in the practitioner’s office is
becoming commonplace, thus improving the ability of clinicians to track visual
acuity during treatment without a major investment of time and effort. Finally, this
body of work in aggregate has led to increased attention to the importance of early
childhood vision screening programs to identify and treat visual disorders with
optimal success (Hartmann, 2000; Williams and Harrad, 2006).

The primary challenge remaining for future studies of visual dysfunction in
macaque monkeys is to identify the nature of neural plasticity in areas of the visual
system beyond V1. The critical periods for these downstream areas are likely to be
longer than for V1. This may provide a better opportunity for the successful treat-
ment of amblyopia.

REFERENCES

Anderson, S. J. and Swettenham, J. B. (2006). Neuroimaging in human amblyopia. Strabismus 14, 21–35.
Auestad, N., Scott, D. T., Janowsky, J. S. et al. (2003). Visual, cognitive, and language assessments at 39

months: a follow-up study of children fed formulas containing long-chain polyunsaturated fatty
acids to 1 year of age. Pediatrics 112, e177–183.

Banks, M. S. and Salapatek, P. (1978). Acuity and contrast sensitivity in 1-, 2-, and 3-month-old human
infants. Invest Ophthalmol Vis Sci 17, 361–365.

Birch, E. E. and Stager, D. R. (1996). The critical period for surgical treatment of dense congenital uni-
lateral cataract. Invest Ophthalmol Vis Sci 37, 1532–1538.

Birch, E. E. and Stager, D. R., Sr. (2006). Long-term motor and sensory outcomes after early surgery
for infantile esotropia. J Aapos 10, 409–413.

Birch, E. E., Gwiazda, J., and Held, R. (1982). Stereoacuity development for crossed and uncrossed dis-
parities in human infants. Vision Res 22, 507–513.

Birch, E. E., Stager, D. R., and Wright, W. W. (1986). Grating acuity development after early surgery
for congenital unilateral cataract. Arch Ophthalmol 104, 1783–1787.

Birch, E. E., Castaneda, Y. S., Wheaton, D. H., Birch, D. G., Uauy, R. D., and Hoffman, D. R. (2005a).
Visual maturation of term infants fed long-chain polyunsaturated fatty acid-supplemented or con-
trol formula for 12 mo. Am J Clin Nutr 81, 871–879.

Birch, E. E., Cheng, C., Stager, D. R., Jr., and Felius, J. (2005b). Visual acuity development after the
implantation of unilateral intraocular lenses in infants and young children. J Aapos 9, 527–532.

Blakemore, C. and Vital-Durand, F. (1986). Effects of visual deprivation on the development of the
monkey’s lateral geniculate nucleus. J Physiol 380, 493–511.

Blakemore, C., Garey, L. J., and Vital-Durand, F. (1978). Reversal of physiological effects of monocu-
lar deprivation in monkeys [proceedings]. J Physiol 276, 47P–49P.

Boothe, R. G. (1996). Visual development following treatment of a unilateral infantile cataract. In
Vital-Durand, F., Atkinson, J. and Braddick, O. J., eds. Infant Vision. Oxford: Oxford University
Press, pp. 401–412.

Boothe, R. G., Kiorpes, L., and Hendrickson, A. (1982). Anisometropic amblyopia in Macaca nemest-
rina monkeys produced by atropinization of one eye during development. Invest Ophthalmol Vis Sci
22, 228–233.

Macaque Models of Visual Development and Disability 65

Ch03-P373743.qxd  10/5/07  10:02 AM  Page 65



Boothe, R. G., Dobson, V., and Teller, D. Y. (1985). Postnatal development of vision in human and
nonhuman primates. Annu Rev Neurosci 8, 495–545.

Boothe, R. G., Kiorpes, L., Williams, R. A., and Teller, D. Y. (1988). Operant measurements of con-
trast sensitivity in infant macaque monkeys during normal development. Vision Res 28, 387–396.

Boothe, R. G., Louden, T. M., and Lambert, S. R. (1996). Acuity and contrast sensitivity in monkeys
after neonatal intraocular lens implantation with and without part-time occlusion of the fellow eye.
Invest Ophthalmol Vis Sci 37, 1520–1531.

Boothe, R. G., Louden, T., Aiyer, A., Izquierdo, A., Drews, C., and Lambert, S. R. (2000). Visual out-
come after contact lens and intraocular lens correction of neonatal monocular aphakia in monkeys.
Invest Ophthalmol Vis Sci 41, 110–119.

Braddick, O., Atkinson, J., and Wattam-Bell, J. (2003). Normal and anomalous development of visual
motion processing: motion coherence and ‘dorsal-stream vulnerability’. Neuropsychologia 41,
1769–1784.

Britten, K. H., Shadlen, M. N., Newsome, W. T., and Movshon, J. A. (1992). The analysis of visual
motion: a comparison of neuronal and psychophysical performance. J Neurosci 12, 4745–4765.

Carkeet, A., Levi, D. M., and Manny, R. E. (1997). Development of Vernier acuity in childhood.
Optom Vis Sci 74, 741–750.

Chatzistefanou, K. I., Theodossiadis, G. P., Damanakis, A. G., Ladas, I. D., Moschos, M. N., and
Chimonidou, E. (2005). Contrast sensitivity in amblyopia: the fellow eye of untreated and success-
fully treated amblyopes. J Aapos 9, 468–474.

Choong, Y. F., Lukman, H., Martin, S., and Laws, D. E. (2004). Childhood amblyopia treatment:
psychosocial implications for patients and primary carers. Eye 18, 369–375.

Chua, B. and Mitchell, P. (2004). Consequences of amblyopia on education, occupation, and long term
vision loss. Br J Ophthalmol 88, 1119–1121.

Crawford, M. L., de Faber, J. T., Harwerth, R. S., Smith, E. L., III, and von Noorden, G. K. (1989).
The effects of reverse monocular deprivation in monkeys. II. Electrophysiological and anatomical
studies. Exp Brain Res 74, 338–347.

Crawford, M. L., Harwerth, R. S., Chino, Y. M., and Smith, E. L., III (1996a). Binocularity in prism-
reared monkeys. Eye 10(Pt 2), 161–166.

Crawford, M. L., Harwerth, R. S., Smith, E. L., and von Noorden, G. K. (1996b). Loss of stereopsis in
monkeys following prismatic binocular dissociation during infancy. Behav Brain Res 79, 207–218.

Daw, N. W. (1998). Critical periods and amblyopia. Arch Ophthalmol 116, 502–505.
Ellemberg, D., Lewis, T. L., Liu, C. H., and Maurer, D. (1999). Development of spatial and temporal

vision during childhood. Vision Res 39, 2325–2333.
Fawcett, S. L., Wang, Y. Z., and Birch, E. E. (2005). The critical period for susceptibility of human

stereopsis. Invest Ophthalmol Vis Sci 46, 521–525.
Friedlander, M. J. and Tootle, J.S. (1990). Postnatal anatomical and physiological development of the

visual system. In Coleman, J. R., ed. Development of Sensory Systems in Mammals. New York: John
Wiley & Sons, pp. 61–124.

Giaschi, D. E., Regan, D., Kraft, S. P., and Hong, X. H. (1992). Defective processing of motion-defined
form in the fellow eye of patients with unilateral amblyopia. Invest Ophthalmol Vis Sci 33,
2483–2489.

Gunn, A., Cory, E., Atkinson, J., Braddick, O., Wattam-Bell, J., Guzzetta, A., and Cioni, G. (2002).
Dorsal and ventral stream sensitivity in normal development and hemiplegia. Neuroreport 13,
843–847.

Hartmann, E. (2000). Preschool vision screening: Summary of a task force report. Pediatrics 106,
1105–1112.

Harwerth, R. S., Smith, E.L., III, Boltz, R.L., Crawford, M.L., and von Noorden, G.K. (1983).
Behavioral studies on the effect of abnormal early visual experience in monkeys: spatial modulation
sensitivity. Vision Res 23, 1501–1510.

66 Primate Models of Children’s Health and Developmental Disabilities

Ch03-P373743.qxd  10/5/07  10:02 AM  Page 66



Harwerth, R. S., Smith, E. L., III, Duncan, G. C., Crawford, M. L., and von Noorden, G. K. (1986).
Multiple sensitive periods in the development of the primate visual system. Science 232, 235–238.

Harwerth, R. S., Smith, E. L., III, Crawford, M. L., and von Noorden, G. K. (1989). The effects of
reverse monocular deprivation in monkeys. I. Psychophysical experiments. Exp Brain Res 74,
327–347.

Harwerth, R. S., Smith, E. L., III, Crawford, M. L., and von Noorden, G. K. (1990). Behavioral stud-
ies of the sensitive periods of development of visual functions in monkeys. Behav Brain Res 41,
179–198.

Holmes, J. M. and Clarke, M. P. (2006). Amblyopia. Lancet 367, 1343–1351.
Horton, J. C. and Hocking, D. R. (1996). An adult-like pattern of ocular dominance columns in stri-

ate cortex of newborn monkeys prior to visual experience. J Neurosci 16, 1791–1807.
Horton, J. C. and Hocking, D. R. (1997). Timing of the critical period for plasticity of ocular domi-

nance columns in macaque striate cortex. J Neurosci 17, 3684–3709.
Horton, J. C., Hocking, D. R., and Kiorpes, L. (1997). Pattern of ocular dominance columns and

cytochrome oxidase activity in a macaque monkey with naturally occurring anisometropic ambly-
opia. Vis Neurosci 14, 681–689.

Hubel, D. H. and Wiesel, T. N. (1965). Binocular interaction in striate cortex of kittens reared with
artificial squint. J Neurophysiol 28, 1041–1059.

Hubel, D. H. and Wiesel, T. N. (1977). Ferrier lecture. Functional architecture of macaque monkey
visual cortex. Proc R Soc Lond B Biol Sci 198, 1–59.

Imaki, H., Moretz, R., Wisniewski, H., Neuringer, M., and Sturman, J. (1987). Retinal degeneration
in 3-month-old rhesus monkey infants fed a taurine-free human infant formula. J Neurosci Res 18,
602–614.

Jeffrey, B. G., Birch, E. E., Stager, D. R., Jr., Stager, D. R., Sr., and Weakley, D. R., Jr. (2001). Early
binocular visual experience may improve binocular sensory outcomes in children after surgery for
congenital unilateral cataract. J Aapos 5, 209–216.

Kaas, J. H. (2004). The Evolution of the Visual System in Primates. In Chalupa, L. and Werner, J., eds.
The Visual Neurosciences, Vol. 2. Cambridge, MA: The MIT Press, pp. 1563–1572.

Kiorpes, L. (1989). The development of spatial resolution and contrast sensitivity in naturally strabismic
monkeys. Clin Vision Sci 4, 279–293.

Kiorpes, L. (1992a). Development of vernier acuity and grating acuity in normally reared monkeys. Vis
Neurosci 9, 243–251.

Kiorpes, L. (1992b). Effect of strabismus on the development of vernier acuity and grating acuity in
monkeys. Vis Neurosci 9, 253–259.

Kiorpes, L. (1996). Development of contrast sensitivity in normal and amblyopic monkeys. In Vital-
Durand, F., Atkinson, J. and Braddick, O.J., eds. Infant Vision. Oxford: Oxford University Press, pp.
3–15.

Kiorpes, L. (2002). Sensory processing: animal models of amblyopia. In Moseley, M. and Fielder, A.,
eds. Amblyopia: A Multidisciplinary Approach. Oxford: Butterworth-Heinemann, pp. 1–18.

Kiorpes, L. (2006). Visual processing in amblyopia: animal studies. Strabismus 14, 3–10.
Kiorpes, L. and Bassin, S. A. (2003). Development of contour integration in macaque monkeys. Vis

Neurosci 20, 567–575.
Kiorpes, L. and Boothe, R. G. (1980). The time course for the development of strabismic amblyopia in

infant monkeys (Macaca nemestrina). Invest Ophthalmol Vis Sci 19, 841–845.
Kiorpes, L. and Movshon, J.A. (2004a). Neural limitations on visual development in primates. In Chalupa,

L. and Werner, J., eds. The Visual Neurosciences, Vol. 1. Cambridge: The MIT Press, pp. 159–173.
Kiorpes, L. and Movshon, J. A. (2004b). Development of sensitivity to visual motion in macaque mon-

keys. Vis Neurosci 21, 851–859.
Kiorpes, L. and Wallman, J. (1995). Does experimentally-induced amblyopia cause hyperopia in mon-

keys? Vision Res 35, 1289–1297.

Macaque Models of Visual Development and Disability 67

Ch03-P373743.qxd  10/5/07  10:02 AM  Page 67



Kiorpes, L., Boothe, R. G., Hendrickson, A. E., Movshon, J. A., Eggers, H. M., and Gizzi, M. S.
(1987). Effects of early unilateral blur on the macaque’s visual system. I. Behavioral observations.
J Neurosci 7, 1318–1326.

Kiorpes, L., Carlson, M., and Alfi, D. (1989). Development of visual acuity in experimentally strabis-
mic monkeys. Clin Vision Sci 4, 95–106.

Kiorpes, L., Kiper, D. C., and Movshon, J. A. (1993). Contrast sensitivity and vernier acuity in ambly-
opic monkeys. Vision Res 33, 2301–2311.

Kiorpes, L., Kiper, D. C., O’Keefe, L. P., Cavanaugh, J. R., and Movshon, J. A. (1998). Neuronal cor-
relates of amblyopia in the visual cortex of macaque monkeys with experimental strabismus and 
anisometropia. J Neurosci 18, 6411–6424.

Kiorpes, L., Tang, C., and Movshon, J. A. (2006). Sensitivity to visual motion in amblyopic macaque
monkeys. Vis Neurosci 23, 247–256.

Kiper, D. C. and Kiorpes, L. (1994). Suprathreshold contrast sensitivity in experimentally strabismic
monkeys. Vision Res 34, 1575–1583.

Koklanis, K., Abel, L. A., and Aroni, R. (2006). Psychosocial impact of amblyopia and its treatment: a
multidisciplinary study. Clin Exp Ophthalmol 34, 743–750.

Kozma, P. and Kiorpes, L. (2003). Contour integration in amblyopic monkeys. Vis Neurosci 20,
577–588.

Lambert, S. R., Fernandes, A., Drews-Botsch, C., and Boothe, R. G. (1994). Multifocal versus
monofocal correction of neonatal monocular aphakia. J Pediatr Ophthalmol Strabismus 31,
195–201.

Lambert, S. R., Lynn, M., Drews-Botsch, C. et al. (2001). A comparison of grating visual acuity, stra-
bismus, and reoperation outcomes among children with aphakia and pseudophakia after unilateral
cataract surgery during the first six months of life. J Aapos 5, 70–75.

LeVay, S., Wiesel, T. N., and Hubel, D. H. (1980). The development of ocular dominance columns in
normal and visually deprived monkeys. J Comp Neurol 191, 1–51.

Levi, D. M. (2006). Visual processing in amblyopia: human studies. Strabismus 14, 11–19.
Levitt, J. B., Schumer, R. A., Sherman, S. M., Spear, P. D., and Movshon, J. A. (2001). Visual response

properties of neurons in the LGN of normally reared and visually deprived macaque monkeys.
J Neurophysiol 85, 2111–2129.

Lew, H., Han, S. H., Lee, J. B., and Lee, E. S. (2005). Contrast sensitivity function of sound eye after
occlusion therapy in the amblyopic children. Yonsei Med J 46, 368–371.

Lewis, T. L. and Maurer, D. (2005). Multiple sensitive periods in human visual development: evidence
from visually deprived children. Dev Psychobiol 46, 163–183.

Maurer, D., Lewis, T. L., Brent, H. P., and Levin, A. V. (1999). Rapid improvement in the acuity of
infants after visual input. Science 286, 108–110.

McKee, S. P., Levi, D. M., and Movshon, J. A. (2003). The pattern of visual deficits in amblyopia. J Vis
3, 380–405.

Mitchell, D. E. (1991). The long-term effectiveness of different regimens of occlusion on recovery from
early monocular deprivation in kittens. Philos Trans R Soc Lond B Biol Sci 333, 51–79.

Mitchell, D. E. and MacKinnon, S. (2002). The present and potential impact of research on animal
models for clinical treatment of stimulus deprivation amblyopia. Clin Exp Optom 85, 5–18.

Movshon, J. A. and Kiorpes, L. (1990). The role of experience in visual development. In
Coleman, J. R., ed. Development of Sensory Systems in Mammals. New York: John Wiley & Sons,
pp. 155–202.

Movshon, J. A. and Van Sluyters, R. C. (1981). Visual neural development. Annu Rev Psychol 32,
477–522.

Movshon, J. A., Eggers, H. M., Gizzi, M. S., Hendrickson, A. E., Kiorpes, L., and Boothe, R. G.
(1987). Effects of early unilateral blur on the macaque’s visual system. III. Physiological observa-
tions. J Neurosci 7, 1340–1351.

68 Primate Models of Children’s Health and Developmental Disabilities

Ch03-P373743.qxd  10/5/07  10:02 AM  Page 68



Neuringer, M. (2000). Infant vision and retinal function in studies of dietary long-chain polyunsatu-
rated fatty acids: methods, results, and implications. Am J Clin Nutr 71, 256S–267S.

Neuringer, M. and Sturman, J. (1987). Visual acuity loss in rhesus monkey infants fed a taurine-free
human infant formula. J Neurosci Res 18, 597–601.

Neuringer, M., Connor, W. E., Lin, D. S., Barstad, L., and Luck, S. (1986). Biochemical and functional
effects of prenatal and postnatal omega 3 fatty acid deficiency on retina and brain in rhesus monkeys.
Proc Natl Acad Sci USA 83, 4021–4025.

Neuringer, M., Imaki, H., Sturman, J. A., Moretz, R., and Wisniewski, H. M. (1987). Abnormal visual
acuity and retinal morphology in rhesus monkeys fed a taurine-free diet during the first three post-
natal months. Adv Exp Med Biol 217, 125–134.

Newsome, W. T. and Pare, E. B. (1988). A selective impairment of motion perception following lesions
of the middle temporal visual area (MT). J Neurosci 8, 2201–2211.

O’Dell, C. and Boothe, R. G. (1997). The development of stereoacuity in infant rhesus monkeys.
Vision Res 37, 2675–2684.

Packwood, E. A., Cruz, O. A., Rychwalski, P. J., and Keech, R. V. (1999). The psychosocial effects of
amblyopia study. J Aapos 3, 15–17.

PEDIG. (2005). Two-year follow-up of a 6-month randomized trial of atropine vs patching for treat-
ment of moderate amblyopia in children. Arch Ophthalmol 123, 149–157.

PEDIG. (2006). A randomized trial to evaluate 2 hours of daily patching for strabismic and ani-
sometropic amblyopia in children. Ophthalmology 113, 904–912.

Peterzell, D. H., Werner, J. S., and Kaplan, P. S. (1995). Individual differences in contrast sensitivity
functions: longitudinal study of 4-, 6- and 8-month-old human infants. Vision Res 35, 961–979.

Quick, M. W., Tigges, M., Gammon, J. A., and Boothe, R. G. (1989). Early abnormal visual experi-
ence induces strabismus in infant monkeys. Invest Ophthalmol Vis Sci 30, 1012–1017.

Rahi, J. S., Logan, S., Borja, M. C., Timms, C., Russell-Eggitt, I., and Taylor, D. (2002). Prediction of
improved vision in the amblyopic eye after visual loss in the non-amblyopic eye. Lancet 360,
621–622.

Simmers, A. J., Ledgeway, T., Hess, R. F., and McGraw, P. V. (2003). Deficits to global motion process-
ing in human amblyopia. Vision Res 43, 729–738.

Simmers, A. J., Ledgeway, T., and Hess, R. F. (2005). The influences of visibility and anomalous inte-
gration processes on the perception of global spatial form versus motion in human amblyopia. Vision
Res 45, 449–460.

Simons, K. (2005). Amblyopia characterization, treatment, and prophylaxis. Surv Ophthalmol 50,
123–166.

Sjöström, A., Abrahamsson, M., Byhr, E., and Sjostrand, J. (1996). Visual development in children with
congenital cataract. In Vital-Durand, F., Atkinson, J. and Braddick, O.J., eds. Infant Vision. Oxford:
Oxford University Press, pp. 413–421.

Skoczenski, A. M. and Norcia, A. M. (1999). Development of VEP Vernier acuity and grating acuity
in human infants. Invest Ophthalmol Vis Sci 40, 2411–2417.

Skoczenski, A. M. and Norcia, A. M. (2002). Late maturation of visual hyperacuity. Psychol Sci 13,
537–541.

Smith, E. L., III, Harwerth, R. S., and Crawford, M. L. (1985). Spatial contrast sensitivity deficits in
monkeys produced by optically induced anisometropia. Invest Ophthalmol Vis Sci 26, 330–342.

Smith, E. L., III, Chino, Y. M., Ni, J., Cheng, H., Crawford, M. L., and Harwerth, R. S. (1997).
Residual binocular interactions in the striate cortex of monkeys reared with abnormal binocular
vision. J Neurophysiol 78, 1353–1362.

Smith, E. L., III, Hung, L. F., and Harwerth, R. S. (1999). Developmental visual system anomalies and
the limits of emmetropization. Ophthalmic Physiol Opt 19, 90–102.

Smith, E. L., III, Hung, L. F., and Harwerth, R. S. (2000). The degree of image degradation and the
depth of amblyopia. Invest Ophthalmol Vis Sci 41, 3775–3781.

Macaque Models of Visual Development and Disability 69

Ch03-P373743.qxd  10/5/07  10:02 AM  Page 69



Teller, D. Y. (1997). First glances: the vision of infants. the Friedenwald lecture. Invest Ophthalmol Vis
Sci 38, 2183–2203.

Teller, D. Y. and Boothe, R. (1979). Development of vision in infant primates. Trans Ophthalmol Soc UK
99, 333–337.

Teller, D. Y., Morse, R., Borton, R., and Regal, D. (1974). Visual acuity for vertical and diagonal grat-
ings in human infants. Vision Res 14, 1433–1439.

Teller, D. Y., McDonald, M. A., Preston, K., Sebris, S. L., and Dobson, V. (1986). Assessment of visual
acuity in infants and children: the acuity card procedure. Dev Med Child Neurol 28, 779–789.

Tytla, M. E., Maurer, D., Lewis, T. L., and Brent, H. P. (1988). Contrast sensitivity in children treated
for congenital cataract. Clin Vision Sci 4, 251–264.

Van Essen, D. (2004). Organization of visual areas in macaque and human cerebral cortex. In Chalupa, L.
and Werner, J., eds. The Visual Neurosciences, Vol. 1. Cambridge, MA: The MIT Press, pp. 507–521.

von Noorden, G. K. (1973). Experimental amblyopia in monkeys. Further behavioral observations and
clinical correlations. Invest Ophthalmol 12, 721–726.

Von Noorden, G. K. (1980). Binocular Vision and Ocular Motility. St. Louis: C.V. Mosby Co.
von Noorden, G. K. and Crawford, M. L. (1978). Morphological and physiological changes in the

monkey visual system after short-term lid suture. Invest Ophthalmol Vis Sci 17, 762–768.
Von Noorden, G. K. and Dowling, J. E. (1970). Experimental amblyopia in monkeys. II. Behavioral

studies in strabismic amblyopia. Arch Ophthalmol 84, 215–220.
Von Noorden, G. K., Dowling, J. E., and Ferguson, D. C. (1970). Experimental amblyopia in monkeys.

I. Behavioral studies of stimulus deprivation amblyopia. Arch Ophthalmol 84, 206–214.
Wensveen, J. M., Harwerth, R. S., and Smith, E. L., III (2001). Clinical suppression in monkeys reared

with abnormal binocular visual experience. Vision Res 41, 1593–1608.
Wensveen, J. M., Harwerth, R. S., and Smith, E. L., III (2003). Binocular deficits associated with early

alternating monocular defocus. I. Behavioral observations. J Neurophysiol 90, 3001–3011.
Wensveen, J. M., Harwerth, R. S., Hung, L. F., Ramamirtham, R., Kee, C. S., and Smith, E. L., III

(2006). Brief daily periods of unrestricted vision can prevent form-deprivation amblyopia. Invest
Ophthalmol Vis Sci 47, 2468–2477.

Wiesel, T. N. (1982). The postnatal development of the visual cortex and the influence of environment.
Biosci Rep 2, 351–377.

Wiesel, T. N. and Hubel, D. H. (1963). Single-cell responses in striate cortex of kittens deprived of
vision in one eye. J Neurophysiol 26, 1003–1017.

Wiesel, T. N. and Hubel, D. H. (1965). Comparison of the effects of unilateral and bilateral eye closure
on cortical unit responses in kittens. J Neurophysiol 28, 1029–1040.

Williams, C. and Harrad, R. (2006). Amblyopia: Contemporary clinical issues. Strabismus 14, 43–50.
Williams, R. A., Boothe, R. G., Kiorpes, L., and Teller, D. Y. (1981). Oblique effects in normally reared

monkeys (Macaca nemestrina): meridional variations in contrast sensitivity measured with operant
techniques. Vision Res 21, 1253–1266.

Zanker, J., Mohn, G., Weber, U., Zeitler-Driess, K., and Fahle, M. (1992). The development of vernier
acuity in human infants. Vision Res 32, 1557–1564.

Zhang, B., Matsuura, K., Mori, T., Wensveen, J. M., Harwerth, R. S., Smith, E. L., III, and Chino, Y.
(2003). Binocular deficits associated with early alternating monocular defocus. II.
Neurophysiological observations. J Neurophysiol 90, 3012–3023.

Zhang, B., Bi, H., Sakai, E., Maruko, I., Zheng, J., Smith, E. L., III, and Chino, Y. M. (2005). Rapid
plasticity of binocular connections in developing monkey visual cortex (V1). Proc Natl Acad Sci USA
102, 9026–9031.

70 Primate Models of Children’s Health and Developmental Disabilities

Ch03-P373743.qxd  10/5/07  10:02 AM  Page 70


