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Unilateral amblyopia is a visual disorder that arises after selective disruption of visual input to
one eye during critical periods of development. In the clinic, amblyopia is understood as poor
visual acuity in an eye that was deprived of pattern vision early in life. By its nature, however,
amblyopia has an adverse effect on the development of a binocular visual system and the
interactions between signals from two eyes. Visual functions aside from visual acuity are
impacted, and many studies have indicated compromised sensitivity in the fellow eye even
though it demonstrates normal visual acuity. While these fellow eye deficits have been noted,
no overarching theory has been proposed to describe why and under what conditions the
fellow eye is impacted by amblyopia. Here, we consider four explanations that may account
for decreased fellow eye sensitivity: the fellow eye is adversely impacted by treatment for
amblyopia; the maturation of the fellow eye is delayed by amblyopia; fellow eye sensitivity is
impacted for visual functions that rely on binocular cortex; and fellow eye deficits reflect an
adaptive mechanism that works to equalize the sensitivity of the two eyes. To evaluate these
ideas, we describe five visual functions that are commonly reported to be deficient in the
amblyopic eye, hyperacuity, contrast sensitivity, spatial integration, global motion, and
motion-defined form, and unify the current evidence for fellow eye deficits. Further research
targeted at exploring fellow eye deficits in amblyopia will provide us with a broader
understanding of normal visual development and how amblyopia impacts the developing
visual system.

Keywords: amblyopia, binocular vision, contrast sensitivity, motion perception, spatial
integration, visual development

Amblyopia (‘‘lazy eye’’) is a visual developmental disorder
that arises after selective disruption of visual input to one

eye early in life. The two most common causes of amblyopia are
anisometropia, which is an unequal refraction between the two
eyes, and/or strabismus, which is a misalignment in fixation of
one eye.1–7 Amblyopia can also be caused by more extreme
deprivation as in developmental cataracts (cloudy lens) or
ptosis (a drooping eyelid). Clinically, amblyopia is identified by
assessing visual acuity with an optotype (letter or symbol)
chart. Amblyopia is diagnosed if a child has at least a two-line
difference in visual acuity between the eyes, even when the
amblyogenic factors have been removed (i.e., through the
appropriate lens prescription for anisometropia, corrective
surgery to align the eyes in strabismus, or cataract extraction).8

An amblyopic eye is an otherwise healthy eye, and the effects of
amblyopia are widely assumed to be cortical in origin, arising
from the imbalance of input to the developing visual system.
Amblyopia typically arises between the ages of 6 months to 8
years.8,9 If an adult develops anisometropia, strabismus, or
unilateral cataract, amblyopia does not occur. Thus, amblyopia
is a consequence of the abnormal progression of visual
development during sensitive periods, and cannot impact a
mature visual system.

Treatments for amblyopia take advantage of the plasticity of
the brain.10 Occlusion therapy, the gold standard of treatment
for over a century,11 consists of covering the nonamblyopic eye
with the aim of forcing a child to rely only on visual input from

the amblyopic eye. This treatment can successfully improve
visual acuity in the amblyopic eye in 60% to 75% of cases,12,13

and has also been used as a preventative measure. While
occlusion therapy does work in older children between the
ages of 7 and 18 years,14–18 and in some cases adults,19,20 it may
have a quicker effect21 and a higher success rate22–24 in
children younger than 7 years, indicating that intervention
during sensitive periods of development can lead to a more
successful reversal of the effects of early disordered visual
input. However, more recent treatments for amblyopia are
being developed that showcase the potential for plasticity in
the adult brain.25 One of these is perceptual learning,26 in
which patients train on difficult visual tasks (usually discrim-
ination or detection tasks) using the amblyopic eye. While the
effects of perceptual learning can often be restricted to the
specific stimulus set being trained on,27 some transfer of
improvement is apparent, with adults showing an improvement
in amblyopic eye visual acuity following training.28

Although amblyopia is clinically treated as a monocular
disorder of reduced visual acuity in the affected eye, decades of
research indicates our clinical understanding of amblyopia is
incomplete. First, amblyopia is not a monocular disorder. In
other words, it does not arise simply from the disuse of one eye.
While amblyopia is traditionally diagnosed and treated as a
monocular condition, researchers are now considering ambly-
opia to be importantly tied to abnormal development of the
binocular visual system early in life. The mechanism for
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amblyopia may lie in the interactions between the two eyes,
such that the nonamblyopic eye suppresses input from the
amblyopic eye.29–31 Recent research on an alternative therapy
for amblyopia, dichoptic training, suggests suppression can be
mitigated by reducing the signal provided to the nonamblyopic
eye (typically in the form of reducing image contrast) so that
the input to the amblyopic eye is not suppressed and can be
integrated.32 Thus, a more complete understanding of ambly-
opia involves knowing how the binocular visual system
changes or adapts as a result of early visual disruption, and
how the binocular system can be targeted for successful
treatment outcomes (see Refs. 33, 34 for reviews).

Second, amblyopia is not simply a disorder of reduced visual
acuity. As will be discussed below, an amblyopic eye can show
deficits on a range of other spatial vision tasks, including
contrast sensitivity, hyperacuity, and spatial integration. It can
also show deficits on a range of tasks that involve motion
perception, like global motion discrimination, and motion-
defined form perception. Vision deficits often persist even after
the acuity deficit has been successfully alleviated with
occlusion therapy (e.g., contrast sensitivity,35,36 motion-
defined form perception,37,38 Glass pattern detection,39

multiple object tracking,40,41 and stereopsis42). Understanding
the nature of deficits that can result from early visual
disruption, beyond acuity, will provide a better picture of the
effects of disruption on the developing visual system (see Refs.
33, 43, 44 for reviews).

Finally, amblyopia does not impact vision in one eye only.
Because amblyopia affects the development of binocular
vision, this has consequences for the development of the
visual pathways associated with the nonamblyopic eye. While
visual acuity is clinically normal in this eye, baseline visual
acuity is worse compared with control eyes.45 Moreover, other
aspects of spatial vision and motion perception have shown to
be deficient. The purpose of this review is to bring together
the evidence for perceptual deficits involving the nonam-
blyopic eye, and consider what they can tell us about normal
visual development, and how amblyopia impacts a developing
visual system. We will use the term fellow eye to refer to the
nonamblyopic eye, but this eye has various names in the
literature, including the normal eye, fellow fixing eye, normal
fixing eye, dominant eye, good eye, sound eye, nondeprived
eye, contralateral eye, amblyopic-mated eye, or even control
eye.

POSSIBLE MECHANISMS FOR FELLOW EYE DEFICITS IN

AMBLYOPIA

Historically, the fellow eye in amblyopia was assumed to be
normal, because abnormal visual experience occurs monocu-
larly and the visual acuity of the fellow eye is within the normal
range. This has led researchers to assess participants with
amblyopia on a variety of psychophysical tasks using each eye
separately, then comparing results obtained using the ambly-
opic eye with those obtained using the fellow eye. While
interocular differences in sensitivity are important, as will be
discussed below, this strategy is not optimal for revealing
deficits: first, it does not tell us whether the fellow eye is
deficient in some aspects of vision, because the fellow eye is
not being compared with a control. Second, if there are indeed
deficits in the fellow eye, it may underestimate the magnitude
of the amblyopic deficit, particularly for observers with greater
fellow eye deficits. Thus, a complete description of amblyopic
deficits can only be obtained by comparing thresholds with a
control group of children or adults with typical visual
development.

Some researchers have probed performance of the fellow
eye under the assumption that the fellow eye should perform
better than controls.46 Animal models of visual deprivation
have shown that ocular dominance columns of monocularly-
reared macaques47–49 and cats50–52 can become imbalanced,
with more area devoted to, or greater responsiveness for, input
from the fellow eye. This led researchers to hypothesize that
this change may be accompanied by a viewing advantage for
the fellow eye relative to controls. However, as will be
discussed, this has not been shown to be the case; no visual
function has been identified where performance using the
fellow eye is consistently superior to control performance.
This may be, in part, because the full monocular deprivation
used in early experimental animal models may not capture the
variety of ways that amblyopia can occur from natural causes in
humans, particularly with less severe forms of deprivation such
as strabismus or anisometropia (see Ref. 53 for a discussion), or
because of structural and functional differences between
human and nonhuman cortex (see Ref. 54 for a discussion).
As will be reviewed below, fellow eye performance has found
to be similar to, or worse than, controls.

Although researchers have been aware of fellow eye deficits
in the amblyopic visual system for a while,55 no cohesive
theory has been put forth to explain why these deficits arise.
Outlined below are four ideas that have been touched upon in
various studies that have described fellow eye deficits in
amblyopia but largely remain to be formalized. While these
theories may generate slightly different predictions, they are
not necessarily mutually exclusive.

Deficits in the Fellow Eye are Caused by Occlusion
Therapy

It is possible that the fellow eye is normal with the onset of
amblyopia, but the visual deprivation of the fellow eye
associated with occlusion therapy leads to deficits in that eye
(see Fig. 1A). Indeed, cases of reverse amblyopia (wherein the
fellow eye develops reduced visual acuity relative to the
amblyopic eye during occlusion therapy) have been report-
ed.56–61 These cases of reduced visual acuity in the fellow eye
are uncommon and typically reversible, but few have
investigated the effect of occlusion therapy on other aspects
of vision, such as motion perception or Vernier acuity. It is
possible that reduced visual acuity in the fellow eye is a rare
and extreme consequence of occlusion, and that children are
more likely to develop deficits for subtler functions in the
fellow eye that have thus far gone unnoticed because they are
not clinically assessed. If this were the case, fellow eye deficits
should not be apparent before amblyopia treatment, and
should have a delayed onset relative to deficits in the
amblyopic eye. More severe deficits may be predicted for
children who have undergone longer durations of occlusion
therapy, regardless of their visual acuity outcomes following
treatment.

Amblyopia Slows the Maturation of Visual
Functions in the Fellow Eye

It is possible that the onset of amblyopia, which occurs after
birth but before 8 years of age,8,9 impacts development in such
a way that slows the maturation of the fellow eye (Fig. 1B).
Because some visual functions continue to develop and refine
into the school-aged years, the onset of amblyopia during
critical periods of visual development may disrupt normal
development of these late-maturing functions while leaving
intact those that have already matured,62 at least for low-level
functions.44 Because amblyopia interferes with binocular
development, the maturation of visual functions associated
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with the fellow eye may be disrupted along with those of the
amblyopic eye. However, as the fellow eye’s input is not
obstructed in strabismus or anisometropia, it continues to
mature in response to visual stimulation and experience. In
this case, the maturation of the fellow eye may be delayed,
such that children with amblyopia show deficits in their fellow
eye relative to controls, but not as severe as those in the
amblyopic eye. Under this model, fellow eye deficits should be
observed after amblyopia onsets, before the initiation of
treatment, and should onset concurrent with deficits in the
amblyopic eye.

Additionally, these fellow eye deficits may resolve naturally
as children continue to develop, with full maturation at a later
age than control children. If this were the case, adults with
amblyopia should be less likely to present with fellow eye
deficits than children, regardless of whether they have
undergone amblyopia treatment. Alternately, these fellow eye
deficits may resolve only if these children are treated with
occlusion therapy, in which case fellow eye deficits should be
less prevalent in people of any age who have been successfully
treated for amblyopia, compared with those who were less
successfully treated, or those who never underwent treatment
at all.

Fellow Eye Deficits Occur at Any Level of Visual
Processing Involving Binocular Cortex

Fellow eye deficits arise through mechanisms that are difficult
to directly evaluate psychophysically in humans. For example,
we might predict that fellow eye deficits will arise for any tasks
that rely on binocular cortical areas of the brain, because these
binocular neurons have undergone atypical development. A
monocular visual disruption early in life may cause these
binocular cells to develop abnormally, leading to deficits in
performance when viewing stimuli with the fellow eye. This is
not a simple explanation to evaluate, however, because the
first stage where binocular input is combined occurs in striate
visual cortex (V1), a fairly early stage in visual processing. In
the macaque, most – though not all – layers of the striate

cortex contain binocularly innervated cells.63,64 As such, brains
are truly binocular systems: even under monocular viewing
conditions, processes that begin with monocular computations
will necessarily pass through downstream cortical areas that
are binocularly sensitive. Even optotype acuity (acuity for
naming letters or symbols), which shows no deficits in the
fellow eye by definition, displays binocular summation in
normal observers,65 meaning acuity is better when viewing an
optotype chart with two eyes, rather than one. This implies the
involvement of binocular cortex (though not necessarily
binocular mechanisms) in optotype acuity at some stage of
processing. Observers with amblyopia do not show such an
advantage,66 at least for optotypes presented to each eye at
equally high contrast.

For simplicity, we can consider binocularly sensitive cells in
two categories. First, some cells respond preferentially to
stimulation in overlapping receptive fields in both eyes, as is
the case for disparity detectors in stereoscopic vision that are
used for computing relative differences between two eyes.67

Though their connections and response properties are
immature, many binocular cells in macaque V1 are sensitive
to interocular disparity information in infancy.68 By adulthood,
disparity-sensitive cells are abundant throughout a typically
developed visual cortex, including V1, V2, V3A, V4, V5/MTþ ?1,
and a range of intraparietal areas.69–74 Though not all of these
areas necessarily contribute to the perception of stereoscopic
depth,75 they require concordant information between the two
eyes in order to respond. It is not surprising then that many
children with anisometropic and/or strabismic amblyopia have
poor stereopsis as a result of disrupted binocular develop-
ment,76,77 even after treatment for amblyopia.42 Because
disparity processing cannot be evaluated independently for
amblyopic and fellow eyes, we will not consider tasks that rely
on disparity selectivity, though cortical regions underlying
these tasks are undoubtedly involved in a range of other
perceptual tasks.

Another form of binocular cell comes in the form of those
that respond regardless of the eye of stimulation, and these are
of interest when considering fellow eye deficits. In a typically

FIGURE 1. (A) Representation of the development of a given visual function as a child matures. The dashed black line represents maturation in a
control eye; red, the fellow eye; blue, the amblyopic eye. If the development of fellow eye sensitivity for a given visual function is unaffected by
amblyopia but disrupted by occlusion therapy, typical visual development in the fellow eye should be observed until the onset of occlusion therapy,
and abnormal sensitivity following this. (B) If the fellow eye is impacted by amblyopia, fellow eye sensitivity will be affected immediately, before the
onset of treatment. Fellow eye sensitivity may or may not return to the level of controls. If the fellow eye sensitivity does return to normal levels, as
depicted above, this may occur naturally but with a prolonged maturation period relative to controls, or as a function of occlusion therapy.
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developed visual system, these cells are insensitive to the eye
of origin and will respond whether a stimulus is presented to
the left or right eye. A well-studied example of this is V5/MTþ,
which contains motion-sensitive cells that fire whether motion
is shown to the left or to the right eye: most MT cells in healthy
macaques will fire regardless of eye of origin.78–80 Psycho-
physically, an effective demonstration of this is the motion
aftereffect, a phenomenon wherein viewing a moving pattern
for a prolonged period of time leads to perception of motion in
the opposite direction when staring at a test pattern. The
motion aftereffect demonstrates partial81,82 or even com-
plete83,84 interocular transfer, such that adapting to a motion
stimulus with one eye will lead to a motion aftereffect
perceived in the other eye, indicating that some regions
involved with perception of motion may be insensitive to eye
of input. The abnormal visual development that accompanies
amblyopia may disrupt these kinds of binocular cells: for
instance, many cells lose their binocular sensitivity in
amblyopic macaques, with a stronger preference for fellow
eye stimulation85,86 (though see Ref. 87). It is possible that the
fellow eye simply takes command of these regions, and these
formerly binocular cells become effectively monocular. For
example, Wiesel88 proposed that the shrinkage observed for a
deprived eye’s ocular dominance columns leaves room for
fellow eye expansion through axonal reorganization into
unoccupied regions of cortex. If this were the case, we would
predict little or no deficit in fellow eye processing. However,
the deficits seen in binocular functions imply a widespread
disruption of visual processing in these regions. Thus, we
might predict that fellow eye deficits become more prominent
as information is processed beyond the striate cortex in regions
that increasingly involve binocular cortex and are able to
process input from either eye, regardless of upstream
structural changes. While aspects of vision may not be reduced
in the fellow eye to the same extent as the amblyopic eye,
deficits in the fellow eye may be more likely to arise for visual
functions that rely on cortical areas that are responsive to input
from either eye, with more severe deficits for aspects of vision
that are increasingly binocular in the sense that they are not
sensitive to input eye. Moreover, we would predict that more
severe amblyopia should be associated with greater fellow eye
deficits, because the amblyopia would have a deeper impact on
binocular regions.

Fellow Eye Deficits Reflect an Adaptive Mechanism
That Equates the Sensitivity of the Two Eyes

Another possibility is that fellow eye deficits reflect an adaptive
mechanism that decreases the sensitivity of the fellow eye in
response to the reduced sensitivity of the amblyopic eye. In
amblyopia, an increase in disordered or unreliable input to one
eye due to amblyogenic factors leads to a decrease in sensitivity
to the visual information delivered by that eye. If an adaptive
central mechanism is intact, this may be accompanied by a
complementary reduction in sensitivity for the fellow eye, in
order to alleviate competition between the two eyes, or to
attenuate the suppression of the amblyopic eye by the fellow
eye. Under this model, the lack of a fellow eye deficit is
associated with greater interocular differences in sensitivity,
which may lead to stronger interocular suppression, and this
may represent more severe amblyopia. If the visual system is
effective at reducing the fellow eye’s sensitivity, greater fellow
eye deficits in childhood might be associated with more
successful resolution of amblyopia. It is even possible that early
fellow eye deficits are protective factors that may prevent
amblyopia from developing in the first place.

The proposed mechanisms outlined above are not all
mutually exclusive. For example, a slower maturation of fellow

eye sensitivity (section 1.1.2.) ?2may provide the time for
adaptive mechanisms to yield a beneficial outcome (section
1.1.4.). In this review, we consider deficits in five visual tasks –
positional acuity, contrast sensitivity, spatial integration, global
motion perception, and motion-defined form perception –
commonly reported for the amblyopic eye. We review the
evidence for fellow eye deficits in each task, and if these
deficits are consistently present, we consider whether they
may arise from abnormal binocular processing, adaptive
mechanisms, and/or the effects of occlusion therapy and aging.

POSITIONAL ACUITY

Hyperacuity is a general term describing the ability normal
observers have to obtain spatial vision thresholds smaller than
would be expected based on the resolution limits of the
retina.89 A commonly studied type of hyperacuity in amblyopia
is the ability to detect a difference in the relative location of at
least two elements (Figs. 2A–F). Collectively, these tasks
measure a hyperacuity that will be referred to as positional
acuity (also known as Vernier acuity for some tasks). An
alignment threshold, the smallest offset between two elements
that can be detected, can quantify positional acuity. Positional
acuity is thought to be cortically mediated: thresholds are
resistant to retinal image degradation90,91 and target movement
across the retina.92 Positional acuity shows a significant
binocular summation advantage,93,94 meaning thresholds are
better when viewing stimuli binocularly compared with
monocularly. While this may reflect summation mechanisms
downstream of the cortical site of positional acuity processing,
alignment thresholds are elevated in one eye when stimuli are
masked or flanked by objects presented to the other eye,95

suggesting interaction between the two eyes, beyond summa-
tion, is possible. In infants, Vernier acuity surpasses the
resolution of grating acuity (the ability to distinguish a patch
of black and white stripes) at 3 months of age96 or even
earlier.97 The development of positional acuity is likely
dependent on development of cortical columns in striate
cortex.98 Alignment thresholds of typically developing children
are not adult-like until 5 years of age99 or later,100,101 and have
shown full maturation as late as age 14 years.102 Other kinds of
hyperacuity tasks, like the ability to detect minor perturbations
in a circle, may not reach maturity until even later in life.103

Positional Acuity Deficits in the Amblyopic Eye

Deficits in positional acuity are prevalent when viewing stimuli
with the amblyopic eye. Alignment thresholds are typically
elevated relative to controls46,104 or to the fellow eye,105,106

with thresholds in adult amblyopic eyes similar to those of 3- to
4-year-old control children.100 Additionally, the subjective point
of alignment between the two compared positions is shifted to
one side of the true aligned position.107–109 Some studies have
found that the amblyopic eye deficit cannot be predicted from
contrast sensitivity, grating resolution, or letter acuity,109 while
others have shown a relationship with contrast sensitivity46 or
letter acuity.105,106 These differences may reflect methodologic
factors such as the size, contrast, or configuration of the
stimulus used. The amblyopic deficit is particularly worse at
very short viewing durations,109 and has shown to be more
disrupted in strabismic than in anisometropic ambly-
opia100,105,106,108,110–113 and in observers with more severely
compromised binocular function.76,114 Adults with amblyopia
do not show a robust binocular summation effect for positional
acuity.115 Positional acuity deficits in anisometropic amblyopia
cannot be accounted for by increased blur or reduced signal
input.116 Alignment thresholds can improve after occlusion
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therapy in children, with greatest improvement shown in
children with greatest deficits.117 Thresholds can also improve
with practice for adults, though the magnitude of this effect is
smaller in untrained orientations.118

Positional Acuity Deficits in the Fellow Eye

Evidence for the positional acuity of the fellow eye has been
mixed, but largely suggests there is not a robust deficit with
fellow eye viewing. While two early studies found alignment
thresholds in the fellow eye of adult observers to be
approximately 5 arcsec better than those of monocularly-
viewing controls,46,109 no further studies have uncovered a
benefit to the fellow eye in positional acuity. In fact, most
investigations suggest the positional acuity of the fellow eye
remains intact. No difference was found between controls and
the fellow eye in positional acuity at the retina, with a very
small fellow eye deficit in the nasal periphery.119 No difference
was found in alignment thresholds for the fellow eye of a
young adult with congenital cataract and his normally sighted
twin.120 Moreover, no difference in vertical or horizontal
alignment thresholds was found between age-matched controls
and the fellow eye of children with amblyopia who had not yet
undergone treatment121 or who had a variety of treatment
histories.108

While fellow eye deficits do not appear to be prevalent,
some evidence implicates strabismus, rather than anisome-
tropia, in poor fellow eye performance. Some studies have
reported fellow eye deficits for strabismic, but not anisome-
tropic, amblyopia in adults112 and children.122 Strabismic
amblyopia can be associated with poor fixation stability in the
fellow eye,123,124 so it is possible that the positional
uncertainty implied by elevated thresholds is due to unsteady
eye movements. This is unlikely; however, positional acuity is
not affected by retinal image motion in normal viewers.92

Moreover, thresholds in the amblyopic eye are not elevated by

nystagmic eye movements104,106 or presentations too brief for
an eye movement to occur,107 nor do they differ between
steady and unsteady fixators.108 If poor fixation does not
account for poor positional acuity in the amblyopic eye, it
seems unlikely to account for poor positional acuity in the
fellow eye. A second factor leading to positional acuity
deficits in the fellow eye may be the presence of strabismus
on its own, rather than amblyopia. For example, Bedell et
al.107 assessed line displacement thresholds in adults with
strabismic amblyopia, adults with strabismus but not ambly-
opia, and controls. The affected eyes of observers in the
strabismus groups were significantly elevated compared with
controls, with amblyopic eyes showing even larger thresholds
than strabismus-only eyes. However, the fellow eye of 43% of
people with amblyopia and people with strabismus only had
abnormally elevated displacement thresholds. Moreover,
adults with strabismus show elevated alignment thresholds
in their fellow eye regardless of depth of amblyopia.125 This
may account for the good performance of patients studied by
Freeman and Bradley,46 who only assessed fellow eyes in
anisometropic amblyopia.

Mechanisms Underlying Deficits in Positional
Acuity

The mechanisms supporting positional acuity are likely in
striate cortex126 with no need for additional downstream
processing.127 Westheimer128 showed that positional acuity
cannot be limited by spatial constraints imposed by ocular
dominance columns, so the imbalance in ocular dominance
columns observed in animal models of severe amblyopia
noted previously (e.g., Refs. 47–52) does not, on its own,
imply an impact on fellow eye alignment thresholds. In
support of this, human participants who have been
enucleated (i.e., have had one eye surgically removed) within

FIGURE 2. Examples of stimuli used to measure alignment thresholds for assessing positional acuity. Stimuli are recreated from (A) Freeman &
Bradley,46 (B) Carkeet et al.,100 (C) Bedell et al.,107 (D) Rentschler & Hilz,109 (E) McGraw et al.,121 and (F) Levi & Klein.105,106
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the first few years of life show no benefits to positional acuity
in the remaining eye compared with monocularly tested
controls.125 While enucleation does not model the interoc-
ular suppression that accompanies amblyopia, this indicates
that the availability of increased cortical area or responsive-
ness is not sufficient for improvements in alignment
thresholds. Instead, the spatial distortions (expansion,
contraction, or warping of parts of the visual field) and
spatial uncertainty (poor precision) that accompanies ambly-
opia may account for poor alignment thresholds.104,107,123 It
has been demonstrated that while spatial uncertainty (poor
precision) is prevalent in the amblyopic eye of participants
with either etiological subtype, spatial distortions are more
likely to occur in viewers with strabismus, and not in those
with anisometropia,129,130 at least when contrast sensitivity
deficits are controlled for.131

If elevated thresholds in the deprived eye are associated
with amblyopia through one mechanism (spatial uncertainty),
while elevated alignment thresholds in both eyes are associ-
ated with strabismus through another mechanism (spatial
distortions), this may produce the pattern of results observed
above: observers with anisometropic amblyopia would show
deficits in the amblyopic eye only, while those with strabismic
amblyopia would show deficits in both eyes, with an even
more severe deficit in the amblyopic eye. A potential
mechanism for fellow eye deficits in strabismus may be
anomalous retinal correspondence, a condition that can occur
when points on the retina of the fellow fixating eye do not
perfectly match to points on the deviated eye.132 In this case,
positional information from the fellow eye may be influenced
by the corresponding spatial distortions introduced by the
deviated eye.129,133 However, the fellow eyes of strabismic
observers do not show clear spatial distortions compared with
control observers.129,130 Consistent with this, Fronius et al.108

found no deficits in the fellow eyes of children with strabismic
amblyopia who showed elevated thresholds using their
amblyopic eye. Thus, this cannot be a full account of fellow
eye deficits in positional acuity in strabismus. Moreover, most
observers studied by Rentschler and Hilz109 had strabismic
amblyopia, and it remains unclear what mechanism would lead
to superior positional acuity thresholds for these participants
than those of control observers.

In summary, while amblyopia appears to cause deficits in
positional acuity in the amblyopic eye, it does not appear to
lead to robust deficits in the fellow eye. Subtle deficits may
arise as a consequence of strabismus, rather than amblyopia,
though further research is necessary to confirm the conditions
under which these deficits arise. Because positional acuity can
be solved by purely monocular mechanisms in striate cortex,
and amblyopic deficits in binocular summation likely reflect
downstream disruptions in binocular interactions at processing
stages after positional differences are resolved, this is
consistent with the notion that fellow eye deficits should only
be observed for visual tasks that are subserved by binocular
mechanisms. In macaques, the difference between amblyopic
and fellow eye positional thresholds is reduced when the
effective contrast of the test stimuli is equated between the
two eyes,111 which suggests that a fellow eye deficit would
theoretically provide an advantage for alleviating suppression;
the fact that a deficit in the fellow eye is not commonly
reported may reflect that interocular differences in hyperacu-
ities are not obvious or large enough to require such an
adaptation. Finally, no studies have directly investigated the
effects of occlusion therapy on alignment thresholds in the
fellow eye, so it remains a question whether treatment impacts
positional acuity in this eye. However, little evidence suggests
we should predict a change.

CONTRAST SENSITIVITY

Contrast sensitivity is the ability to differentiate boundaries of
different luminance. Typically, contrast detection thresholds
(where a smaller number means greater sensitivity) are
measured and converted into sensitivities (where a larger
number means greater sensitivity). The contrast sensitivity
function describes the ability of the visual system to detect
differences in contrast of gratings at different spatial frequen-
cies, quantified by cycles (stripes) per degree of visual angle
(Fig. 3A). Sensitivity to contrast can also be assessed with a
letter chart by presenting letters at a fixed size with decreasing
contrast (Fig. 3C).134 Contrast sensitivity does not reflect one
single function; sensitivity can be affected by factors at the
level of the retina, the lateral geniculate nucleus, or the
cortex.135 A typical contrast sensitivity function for adults has a
peak around 4 cyc/deg. Contrast sensitivity increases rapidly in
the first few months of life.136 While the contrast sensitivity
function generally retains the same shape throughout devel-
opment,137 it is reduced at all spatial frequencies in 4-year
olds138 and though differences after around age 8 can be
small,139 may not reach adult levels until adolescence.140

Contrast sensitivity shows a similar prolonged development in
macaques.141

Contrast Sensitivity Deficits in the Amblyopic Eye

Depending on the study, contrast sensitivity has been found to
be reduced in the amblyopic eye at all spatial frequencies, at
high spatial frequencies only, or in a combination of these two
patterns (Fig. 3B).142–146 Amblyopic macaques show similar
deficiencies in their amblyopic eyes.86,111 Contrast sensitivity
deficits in amblyopia exist both at the fovea and in the
periphery.147 These deficits are sometimes found to correlate
with visual acuity of the amblyopic eye, though not
always.148–151 Macaques with amblyopia show deficits in
discriminating between gratings of suprathreshold contrast,
and these deficits cannot be accounted for by their contrast
detection thresholds.152 Low-contrast letter acuity can improve
with occlusion therapy.117 However, deficits in contrast
sensitivity in the amblyopic eye may persist after successful
treatment (i.e., 20/20 visual acuity),36,151 although some
children have shown improvements in sensitivity to mid to
high spatial frequencies in the amblyopic eye after treatment
even when they demonstrate no gains in visual acuity.153

Contrast Sensitivity Deficits in the Fellow Eye

Evidence for the integrity of contrast sensitivity in the fellow
eye is mixed. Early studies assumed the fellow eye did not
show any deficits in contrast sensitivity. Some studies have
used the fellow eye of patients as a control to determine
whether the amblyopic eye demonstrates a deficient contrast
sensitivity,142–144,146,149 a technique that may mask deficits in
the fellow eye. Some have compared interocular differences
between the eyes of patients with the interocular differences
between eyes of controls (e.g., Refs. 154, 155), which does not
allow comment on fellow eye performance on its own and may
confound poor fellow eye performance with good amblyopic
eye performance. However, because the typical contrast
sensitivity function in a healthy eye is well-studied, these
studies can comment on the shape of the fellow eye’s function,
and it is often reported to be normal in both shape and
amplitude.142,144,149 Sjöstrand146 described the contrast sensi-
tivity of children aged 4- to 12-years old with anisometropic or
strabismic amblyopia as ‘‘within or slightly below the normal
range,’’ though this comment was made with reference to the
known adult contrast sensitivity function rather than a control
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group of age-matched children, so it is not clear if this
observation reflects immaturities or true deficits. Another
study of children with amblyopia found that the fellow eye of
these children performed as well as or better than a group of
control children with a mean age of 10 years35; however, these
patients had a mean age two years older than the control group
and better visual acuity in their fellow eyes, which may explain
their superior performance. Patients with strabismus, whether
or not they have amblyopia, have shown significantly reduced
letter contrast acuity in the fellow eye compared with
monocularly viewing controls,156 so receiving disordered
binocular input of any kind during critical periods of
development may be at the root of fellow eye deficits. On
the other hand, under some conditions, the contrast sensitivity
function of the fellow eye of adults with strabismic amblyopia
has been shown to be normal compared with controls (e.g.,
Ref. 143). Other studies have shown that for amblyopia due to
unilateral congenital cataract, contrast sensitivity functions in
the fellow eye of children who had undergone treatment were
found to be depressed at high spatial frequencies,157 so these
deficits cannot be accounted for solely by strabismus.

Deficits in contrast sensitivity for the fellow eye are not
likely to be related to the occlusion of this eye during
treatment for amblyopia. Contrast sensitivity was assessed in
children with amblyopia undergoing full-time occlusion
therapy, and shown to be reduced in the occluded eye after
8 weeks of occlusion,158 indicating fellow eye sensitivity may
be negatively impacted as consequence of amblyopia treat-
ment. However, sensitivity returned to pretreatment levels at a
6-month follow-up visit during which no occlusion was
conducted, so this effect may be short-lived. Alternately, letter
contrast sensitivity of the fellow eye has shown to improve in

the fellow eye during a pretreatment period of glasses wearing
prior to occlusion159 even in participants with plano (non-
corrective) lenses over the fellow eye. No further improvement
was shown during or after treatment. No age-matched control
group was available in these studies to determine whether the
initial contrast sensitivity of the fellow eye was abnormal,
however.

Further evidence indicates that deficits in the fellow eye do
exist prior to the onset of treatment, and that these deficits
may be resolved with occlusion therapy. Two studies found
that the amblyopic and fellow eyes showed abnormal contrast
during, or prior to beginning, treatment compared with age-
matched controls.160,161 While contrast sensitivity in the
amblyopic eye was deficient at all spatial frequencies, contrast
sensitivity of the fellow eye, which had normal visual acuity,
was deficient at high spatial frequencies only. In a subset of
children assessed after occlusion therapy, contrast sensitivity
had improved in both eyes, with the fellow eye performing at
the level of age-matched controls. Moreover, children who had
poorer acuity outcomes in the amblyopic eye following
therapy had poorer contrast sensitivity in the fellow eye. Wali
et al.161 additionally noted that the contrast sensitivity of the
amblyopic and fellow eyes was significantly correlated,
indicating a shared mechanism. Finally, another study162

assessed contrast sensitivity in children with amblyopia who
fell into one of three groups: patients who had never had
occlusion therapy, patients undergoing occlusion therapy
(with worse than 20/20 vision in the amblyopic eye), and
patients who had finished occlusion therapy successfully (20/
20 vision or better in the amblyopic eye). All three patient
groups had significantly poorer contrast sensitivity in both eyes
compared to the controls, at all spatial frequencies; however,

FIGURE 3. (A) An example of the range of spatial frequencies (in cycles per degree of visual angle) and contrast levels assessed with contrast
sensitivity tasks. As contrast decreases, stripes become less visible; however, visibility is not constant across all spatial frequencies. The function that
describes stripe visibility is the contrast sensitivity function. (B) A representation of a contrast sensitivity function for a typical adult is shown in
black dashed lines. Stripes above the line are not visible to the observer. The red line represents a contrast sensitivity function that is depressed at
all spatial frequencies. The yellow line represents a contrast sensitivity function that is depressed at high spatial frequencies only. (C) Letter contrast
sensitivity is assessed with an eye chart using letters of the same size but decreasing contrast. In the Pelli-Robson contrast sensitivity chart,134 letters
of decreasing contrast are presented in groups of three; the contrast of the last triplet on which a viewer can correctly identify two of the three
letters is their contrast sensitivity.
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patients who had successfully completed occlusion therapy
had better contrast sensitivity in the fellow eye at high spatial
frequencies relative to the remaining group of patients.

Mechanisms Underlying Deficits in Contrast
Sensitivity

Reduction in contrast sensitivity in amblyopia is assumed to
have a neural origin: researchers have ruled out factors such as
defocus,154 and unstable eye fixations.163 Similar to positional
acuity, we can consider what happens to striate cortex to
generate a prediction for what might happen to the contrast
sensitivity of the fellow eye. Contrast sensitivity deficits are
associated with a reduction in the width of the corresponding
ocular dominance columns in macaques,164 so we may expect
the fellow eye to have a corresponding increase in sensitivity.
In support of this, participants who have undergone enucle-
ation early in life have better contrast sensitivity thresholds165

and letter contrast acuity156 than monocularly viewing
controls, suggesting a cortical reorganization following mon-
ocular deprivation that can increase the sensitivity of the
fellow eye (although they do have deficits in motion
perception – discussed below in section 6.3.). In fact,
compared with controls viewing binocularly, these observers
have similar contrast sensitivity165 and letter contrast acuity,166

indicating an upper limit to benefits equal to that of binocular
summation in a typical visual system. In less severe forms of
binocular disruption, as is the case with anisometropic or
strabismic amblyopia, humans have shown normal spacing of
ocular dominance columns,167,168 except in the periphery,169

although structure may not imply function: a reduction of
contrast sensitivity in the amblyopic eye is associated with
reduced activity in humans.170 Still, monocular contrast
sensitivity was found to be better in the amblyopic and the
fellow eye for those with poor stereopsis, compared with
those with good stereopsis and comparable acuity.76 These
authors76 suggest that neurons formerly dedicated to binocular
interactions are able to rearrange to support monocular
sensitivity, which remains consistent with equal spacing of
ocular dominance columns. Thus, we may anticipate no
deficits in the contrast sensitivity of the fellow eye, and
possibly superior performance.

However, there may be a functional role for a reduction in
contrast sensitivity of the fellow eye. In contrast to animal
models with severe deprivation amblyopia or monocular
observers, an anisometropic or strabismic amblyopic eye
continues to receive some visual input. One mechanism for
suppression in amblyopia is the higher contrast sensitivity of
the fellow eye, which interferes with contrast detection in the
amblyopic eye.171 Poorer fellow eye contrast sensitivity may be
indicative of deeper or more treatment-resistant amblyopia due
to amblyopia’s impact on the development of binocularly
sensitive cortical regions, but this shared mechanism may act
to keep fellow eye sensitivity reduced while the acuity of the
amblyopic eye remains poor. Thus, given the reduction in
contrast sensitivity of the amblyopic eye, a corresponding
reduction in sensitivity of the fellow eye may be adaptive for
relieving, or at least lessening, suppression. Both binocular
summation and interocular transfer (an elevated contrast
threshold in one eye after adapting to a stimulus of the same
spatial frequency presented to the other eye) have been
observed in people with amblyopia at the spatial frequencies
for which the two eyes have equal or near-equal contrast
sensitivity, but not at the spatial frequencies for which the two
eyes have very different sensitivities.145,172,173 This leads to the
intriguing possibility that observers who have reduced contrast
sensitivity in the fellow eye may show less interference or
suppression of the amblyopic eye. In support of this, Baker et

al.174 have shown that while amblyopic observers do not have
normal binocular summation when shown equal contrast in
the two eyes, they do have normal binocular summation when
stimuli are matched to be perceived as equal contrast, by
reducing the contrast of the fellow eye until it perceptually
matches that of the amblyopic eye. Moreover, visual tasks that
target this contrast imbalance by presenting dichoptic stimuli
at perceptually matched contrast levels have been shown to
improve visual acuity in the amblyopic eye.175 Taken together,
these results suggest that equated contrast sensitivity can
promote binocular interactions, or at least reveal residual
binocularity in a visual system that would otherwise show
suppression of the visual input from the amblyopic eye by the
fellow eye. Thus, a reduction in contrast sensitivity of the
fellow eye, if it occurs naturally, might be an adaptation for
reducing suppression and promoting normal binocular func-
tion. Studies assessing contrast sensitivity during treatment
indicate that occluding the fellow eye does not damage
contrast sensitivity in this eye,160–162 though they do not
clearly indicate whether deficits in the fellow eye exist prior to
occlusion therapy.

If there are deficits in the contrast sensitivity function of
fellow eyes of people with amblyopia, why are they not always
revealed? A few factors may account for why earlier studies
that have investigated contrast sensitivity in the fellow eye did
not report deficits: for example, studies that report normal
function have tended to study adults using method of
adjustment or limits (e.g., Refs. 142–144) while those showing
fellow eye deficits have tended to study children using charts
with forced-choice alternatives (e.g., Refs. 160–162). Substan-
tive differences are not likely to arise from using subjective
versus forced-choice methods in measuring contrast sensitivity
in amblyopia,154 so it is likely that the different populations
under study are showing true differences in the contrast
sensitivity of the fellow eye. Two reasons may account for the
differences observed in children vs. adults. First, it is possible
that adults participating in amblyopia research may be more
likely to have undergone treatment earlier in life. The positive
effects of occlusion therapy on fellow eye contrast deficits
observed in children likely persist beyond childhood, and so
these deficits are not detected in adults. This cannot be a full
explanation, however, because untreated adults have demon-
strated normal contrast sensitivity in the fellow eye.144 Second,
there may be a developmental component to the contrast
sensitivity function of the fellow eye. In other words, reduced
sensitivity in the fellow eye during childhood may be a
mechanism for plasticity and a greater ability for recovery early
in life rather later in adulthood. This may manifest in the form
of a prolonged developmental time course for the contrast
sensitivity function of the fellow eye, which may eventually
reach adult-like levels but at a later age than typically
developing controls.

In summary, children, and less consistently adults, with
amblyopia show clear contrast sensitivity deficits in the fellow
eye. These deficits are not caused by occlusion therapy, and
tend to be selective for high spatial frequencies, though they
may appear at all spatial frequencies. Evidence supports the
notion that fellow eye deficits in contrast sensitivity are linked
to the integrity of the amblyopic eye: contrast sensitivity in the
fellow eye can increase in children who are given prescription
glasses, even when only the amblyopic eye receives a refractive
correction159; fellow eye contrast sensitivity after treatment is
better for children who have good amblyopic eye acuity
outcomes than those who do not160,161; and fellow eye
contrast sensitivity correlates with amblyopic eye contrast
sensitivity.161 Taken together, these studies strongly suggest a
functional role of fellow eye deficits in amblyopia. To
determine if this is the case, a number of additional hypotheses
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need to be tested: first, weaker suppression should be
correlated with greater fellow eye deficits in contrast
sensitivity. To our knowledge, no one has directly investigated
this possibility. Second, worse contrast sensitivity in the fellow
eye should predict better visual acuity in the amblyopic eye
later in life – though it is unclear at this stage if these deficits
should lead to more successful treatment outcomes, or if they
may act as protective factors that preclude the need for
occlusion therapy in the first place. Finally, a longitudinal study
will help resolve whether these deficits reflect a prolonged
development of contrast sensitivity in amblyopia compared
with controls that reaches typical adult-like performance
regardless of treatment status.

SPATIAL INTEGRATION

Spatial integration refers to the general ability to combine
visual cues in a stimulus spanning a large area of the visual field
for a cohesive percept. This information is distributed across
multiple receptive fields, presumed to be subserved by
facilitatory long-range lateral connections between orienta-
tion-tuned cortical cells in V1.176,177 Contour integration,
global orientation discrimination, and Glass pattern detection
are all tasks that require integration of elements across the
visual field (Fig. 4). Contour integration tasks assess the ability
to detect collinear elements over large retinal distances, often
using an array of Gabor patches with varying levels of
orientation noise (Fig. 4A). This task typically requires the
participant to detect a contour in the form of a path or an oval.
Because Gabor patches belonging to the target and the
distractors are evenly spaced, the only cue to contour in these
stimuli is the orientation of the patches. Global orientation
tasks assess the ability to detect or discriminate the overall
direction of tilt in a pattern made up of correlated elements
(Fig. 4B), usually Gabor patches or lines. Typically, an observer
reports the orientation of the pattern (e.g., clockwise or

counter-clockwise; horizontal or vertical). Noise patches may
be randomly oriented, or the entire array of patches may have a
mean orientation with a SD. Similarly, this task requires the
integration of local elements across space. Glass pattern
consist of an array of dot pairs that are spatially displaced to
create translational or concentric patterns (Fig. 4C). Noise is
added by breaking some of the dot pairs and randomly plotting
their positions. Dot coherence is reduced until the observer
can no longer discriminate a Glass pattern from a full noise
pattern. On their own, local dot pairs cannot signal the global
pattern, so observers must be able to integrate across the field
to detect a coherent stimulus.

Three-month-old infants are sensitive to correlated orienta-
tions in Gabor patch arrays,178–180 and 3-year-old children can
discriminate the global orientation of a dense array of lines
among distractors at similar levels to adults.181 Sensitivity for
translational and concentric Glass patterns becomes adult-like
between the ages of 6 and 9 years,182 and contour detection
thresholds improve until at least age 14 years.183,184 In
developing macaques, contour integration185 and Glass pattern
detection186 mature between 2 to 3 years of age, a
developmental human age equivalent187 of 8 to 12 years.

Spatial Integration Deficits in the Amblyopic Eye

Spatial integration is known to be deficient in the amblyopic
eye. Some evidence implicates a greater deficit for strabismic
than anisometropic amblyopia188: when stimulus visibility is
controlled for, path detection is still impaired in strabismic
amblyopia189 but not in anisometropic amblyopia.190 Adults
with amblyopia also show deficits on oval contour detection
tasks, particularly when more orientation noise is present,191

and on dotted line detection tasks when noise is present.192

These deficits are not due to poor acuity or contrast sensitivity,
but may be due to difficulties in the amblyopic visual system
with separating noise elements from signal elements.193 Similar
results have been found in patients with anisometropic or

FIGURE 4. (A) An example stimulus that can be used in contour integration tasks. Gabor patches are oriented such that a circle or oval can be
identified in the center portion of this image. An observer may be asked to identify which of two images contains the contour, or to identify the
portion of the image that contains the contour. Increased orientation noise and decreased spacing among patches can make this task harder. (B) An
example of a stimulus used in a global orientation task where Gabor patches are tilted clockwise. Lines or other textures may also be used in these
stimuli. Observers are typically asked to discriminate the orientation (e.g., clockwise or counter-clockwise; horizontal or vertical). (C) An example
of a concentric Glass pattern with high coherence. Observers are typically presented with a Glass pattern (left) and a noise pattern (right), and must
identify which contains the coherent pattern. Pattern coherence is decreased in order to obtain a coherence threshold.
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strabismic amblyopia for contour detection194 and global
orientation discrimination.195,196 Glass pattern detection is
impaired in strabismic amblyopia39 and deprivation ambly-
opia.197 When characterized by interocular threshold differ-
ences, contour detection has also been shown in children with
anisometropic amblyopia who have not yet received therapy,
and greater interocular contour detection thresholds have been
shown to correlate with greater interocular acuity differenc-
es.198 This suggests that depth of amblyopia may play a role in
the severity of contour integration deficits. Contour detection
thresholds in the amblyopic eye of children with anisometro-
pic, strabismic, or mixed amblyopia can improve after
occlusion therapy.199

Spatial Integration Deficits in the Fellow Eye

As with contrast sensitivity, spatial integration deficits in the
fellow eye have been described only relatively recently. Some
studies of contour integration have used the fellow eye as a
control for the amblyopic eye,189,190 while others have
calculated interocular differences in contour detection thresh-
olds198 which, as discussed, may mask fellow eye deficits
because a lower interocular difference may reflect poorer
fellow eye rather than better amblyopic eye performance.
Deficits in contour integration191 and global orientation
discrimination195 have been shown to be present, but less
severe, in the fellow eyes of adults with anisometropic or
strabismic amblyopia. Similarly, amblyopic macaques have
shown deficits in contour detection200 and Glass pattern
detection201 in both eyes, with the fellow eye deficits being
less severe. Sampling efficiency, an indicator of the amount of
information an observer can extract from a stimulus, has also
been shown to be worse in both the amblyopic and fellow eyes
compared with controls.202,203

Most evidence indicates that it is not likely that occlusion
therapy causes deficits to occur in the fellow eye. On one
hand, adult observers with strabismus who did not currently
have amblyopia showed contour detection deficits in both
eyes.191 This group was defined based on their current acuity,
so it is unclear if this population included treated patients
with a history of amblyopia. From this result only, we might
conclude that successful treatment for amblyopia can lead to
fellow eye deficits in spatial integration. However, another
study designed to monitor contour integration throughout
occlusion therapy indicates that successful treatment for
visual acuity in the amblyopic eye is associated with an
improvement in contour integration for the fellow eye.199

Here, it was found that contour detection thresholds were
elevated in both the amblyopic and fellow eyes of children
before starting occlusion therapy, with deficits in the
amblyopic eye significantly worse than those in the fellow
eye. The interocular difference in contour detection thresh-
olds approached those of controls by 4 weeks of treatment,
stabilizing after 8 weeks. At a 4-month follow-up, interocular
differences in visual acuity were still present despite equal
contour detection thresholds. Given that contour integration
shows a protracted period of development,183,184 it may be
that this visual skill shows more plasticity than visual acuity
recovery, with a long sensitive period for recovery. Though
contour detection thresholds were effectively equal between
the two eyes of treated children with amblyopia, thresholds of
the amblyopic and fellow eye were still elevated relative to
controls, indicating that the visual system stabilizes with
equal performance, and not necessarily good performance.
While not strong evidence, this is consistent with the notion
that a fellow eye deficit prior to treatment may provide an
advantage to the amblyopic visual system by reducing the
magnitude of interocular differences.

Mechanisms Underlying Deficits in Spatial
Integration

Cortical mechanisms for spatial integration are distributed
across many levels of visual processing. Kovács et al.184

proposed that the prolonged refinement of contour detection
thresholds into adolescence may reflect the later maturation of
horizontal connections within V1. Burkhalter et al.204 have
argued that because ocular dominance columns and binocu-
larity are established before the horizontal connections in
some V1 layers, these connections may not begin to mature
until after these regions can detect binocularly correlated
input. If this is the case, an early disruption of binocular
development may impact normal development of the lateral
connections in V1 that subserve contour integration in the
amblyopic eye, and possibly the fellow eye as well. In the
macaque, feedback projections to V1 are ubiquitous in V2.205

Kiorpes and Bassin185 have argued that the later maturation of
these connections206 indicates that these feedback connec-
tions, rather than connections within V1 only, may be more
important for contour integration. Importantly, strabismic
macaques with amblyopia show a reduction in V2 relative to
V1 activity,207 implicating a disruption to these connections.
Macaques with anisometropic amblyopia show disordered
organization of orientation-selective subfields in V2 driven by
both the amblyopic and the fellow eye.208 Thus, disruptions in
the V1 to V2 reciprocal connections that organize V2 receptive
fields, which involve binocular mechanisms (though not
exclusively), may account for deficits in contour integration
in both the amblyopic and fellow eye. These connections may
underlie an adaptive mechanism that works to achieve the
equilibrium in spatial integration abilities observed by Chandna
et al.,199 rather than control-like performance levels.

In addition to these areas of early visual cortex, the higher-
level object-sensitive lateral occipital complex is sensitive to
collinear Gabor patches,209–211 likely reflecting feedback
related to figure interpretation or context. 177 This area is
disparity-sensitive,212,213 and as such, responds to input from
both eyes. Thus, contour integration may involve mechanisms
that require normal binocular development, both in early visual
cortex and in higher cortical areas. This decrease in the range
of interactions that can be integrated by the fellow eye may be
an adaptation to equate the sensitivity of the amblyopic and
fellow eyes. On the other hand, feed-forward mechanisms
could disrupt the development of the lateral occipital cortex
and impact contour integration in both the amblyopic and
fellow eyes.

In summary, deficits in spatial integration as a result of
amblyopia are prevalent in the fellow eye, though they are not
as severe as those observed in the amblyopic eye. They are not
limited to one etiological subtype of amblyopia. Because these
deficits are observed in children before initiating occlusion
therapy, they are not a consequence of amblyopia treatment. In
fact, treatment may be beneficial for mitigating the deficit in
both the amblyopic and fellow eyes. These deficits likely arise
from binocularly sensitive regions in primary visual cortex, as
well as downstream areas. The evidence for whether these
deficits reflect an adaptive mechanism, however, is not strong.
While there is some suggestion that spatial integration
improvements for the amblyopic eye stop once they reach
the level of the fellow eye, rather than control performance,199

additional research is necessary to reveal whether these fellow
eye deficits are advantageous prior to treatment. For example,
do spatial integration deficits in the fellow eye predict better
outcomes after occlusion therapy? Are they associated with
weaker interocular suppression? Like contrast sensitivity, there
is some indication that fellow eye deficits are more prevalent in
children, so it is important to determine if these deficits exist in
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childhood as a consequence of slower development, or as
indicators of better acuity outcomes later in life for those
without treatment for amblyopia.

GLOBAL MOTION PERCEPTION

Global motion perception, put simply, is the ability to perceive
a set of stimuli moving in a coherent direction. A common way
to assess global motion is with a random dot animation that
contains signal dots moving coherently in the same direction
and noise dots moving in random directions (Fig. 5);
sometimes, researchers use Gabor elements or spatially filtered
dots in order to carefully control the spatial frequency content
of the stimulus. Typically a translational (left/right or up/down)
motion pattern is used, though radial (expanding/contracting)
and rotational (clockwise/counterclockwise) patterns may also
be assessed. Using these stimuli, a coherence threshold is
measured, which represents the minimum proportion of signal
dots needed to perceive coherent motion. Visual evoked
potentials indicate that infants are sensitive to coherent global
motion by 5 months of age,214,215 though cortical activity
patterns are not adult-like at this age. Depending on the
stimulus used, global motion coherence thresholds in children
can reach adult-like values before age 5 years181,216 or as late as
age 15 years.217 Global motion perception may develop sooner
in life for fast than for slow stimulus speeds216,218 (but see Ref.
217), though in healthy children216 and developing ma-
caques,186,219 mature performance can also depend on
spatiotemporal (Dx, Dt) stimulus parameters rather than
motion speed per se.

Global Motion Perception Deficits in the
Amblyopic Eye

The amblyopic eye of observers shows deficits in global
motion perception relative to controls196,220–224 though this
deficit is not robust – some studies have found no deficits in
the amblyopic eye.40,197 This may depend on stimulus
parameters, because not all global motion stimuli elicit
abnormal coherence thresholds in amblyopia.222 Children222

and macaques225 with amblyopia show motion sensitivity
functions that are both depressed overall, and shifted to faster
speeds or larger dot displacements (Dx). These properties are
mirrored in the visual evoked potential responses of adults
with amblyopia226 and neural response functions in MT of
macaques with amblyopia.85 Observers with amblyopia have
also shown deficits in second-order (contrast-defined) global
motion perception that were not correlated with first-order
(luminance-defined) global motion deficits223 and deficits in
discriminating rotational or radial flow patterns that were not
correlated with deficits in discriminating translational flow
patterns,224 implicating possibly independent mechanisms for
these deficits. Some work has suggested that the integration of
local motion signals into a global percept is intact, rather, the
ability to segregate noise dots from signal dots prior to
integration may be impacted.193,227 Global motion deficits
cannot be fully accounted for by stimulus visibility due to poor
acuity or contrast sensitivity deficits in the amblyopic
eye.196,222,223,227,228

Global Motion Perception Deficits in the Fellow
Eye

Deficits in the fellow eye of observers with amblyopia have
been identified that appear to be similar to those discovered in
the amblyopic eye, but less severe in nature. While Aaen-
Stockdale et al.229 found first- and second-order deficits in both

eyes that appeared to be present to a similar extent, there is
more evidence to suggest that fellow eye deficits are slightly
attenuated. This has been found to be the case in adults with
amblyopia for first- and second-order global motion patterns,223

and for translational, rotational, and radial global motion
patterns.224 Similarly, when contrast sensitivity deficits are
controlled for in in both eyes, persistent fellow eye deficits are
present in adults that are smaller in magnitude than amblyopic
eye deficits.229

However, not all studies of global motion have identified
deficits in the fellow eyes of observers with amblyopia. Ho et
al.230 and Wang et al.231 identified a few children with elevated
global motion thresholds in the fellow eye, but no overall
group deficit. However, the amblyopic eye was not tested in
these observers. In children, deficits in the fellow eye were
only present for stimuli with spatiotemporal parameters that
produced deficits in the amblyopic eye.222 Thus, it is not clear
if a deficit in the fellow eye should be expected for the stimuli
used by these previous studies,230,231 given that deficits in the
amblyopic eye may not have been revealed by these stimuli. Ho
et al.40 tested both eyes of children with amblyopia using a
stimulus similar to those studies, and while a few individuals
with elevated thresholds were identified, group performance
for either eye was not different from controls. Thus, the lack of
an overall group deficit in the fellow eyes of children assessed
by these previous studies230,231 may not be surprising.

Few clinical factors have been identified that predict
elevated deficits in the fellow eye. While no studies to date
have assessed global motion perception in children before the
onset of occlusion therapy, no significant relationship has been
found between duration of occlusion therapy and global
motion deficits in either eye of children222 or in the fellow
eye of adults.229 Moreover, fellow eye deficits in global motion
perception are not likely to be confined to one subtype of
amblyopia. One study40 noted that only patients with
anisometropic amblyopia had abnormally high coherence
thresholds in amblyopic and/or fellow eyes. On the other
hand, developing macaques with strabismic, but not anisome-
tropic, amblyopia demonstrated fellow eye deficits.225 Howev-
er, other studies have found no significant differences in
children with strabismic versus anisometropic amblyopia in
children222 or adults.223,224

Mechanisms Underlying Deficits in Global Motion
Perception

While there are debates over the exact computational mecha-
nisms by which it is accomplished (see Refs. 232–234 for
review), the perception of global motion is generally considered
to consist of two stages: a computation of motion vectors at

FIGURE 5. A schematic of a typical random dot patch used in assessing
global motion coherence thresholds. Signal dots, indicated by the
green arrows pointing to the right, move together in the same
direction. Noise dots, indicated by the red arrows, move in random
directions. The participant’s task is to indicate the direction in which
they see the dot pattern move. The coherence of the stimulus is
reduced by removing signal dots and adding noise dots.
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local positions in direction-sensitive V1 cells with small
receptive fields,235,236 and integration of these local vectors in
MT cells with large receptive fields236,237 for an overall, global
percept of motion. Area MT in healthy macaques represents
only the binocular area of the visual field,238 and MT is sensitive
to binocular disparity.79 Moreover, MT cells appear to be able to
integrate motion and disparity signals.239,240 Consistent with
this, motion coherence thresholds and stereoacuity are corre-
lated in young children,241,242 possibly reflecting parallel
development of these two visual functions as MT and its
connections with other regions mature. Cells in macaque MT
respond to motion presented to either eye.78,79 Finally, there is
no binocular summation advantage for coherence thresholds in
healthy observers.243 Taken together, this body of evidence
indicates that the disruption of typical binocular development
may lead to impaired motion processing in either eye, due to
abnormal maturation of these regions, even when a motion task
does not rely on stereoscopic processing. From this, we may
predict that observers with amblyopia will show deficits to
global motion processing when using the fellow eye.

The evidence from fellow eye deficits in global motion
perception suggests that visual functions that rely on binocular
development will be deficient when binocular development is
disrupted, irrespective of the eye receiving stimulus input. Not
all global motion stimuli can evoke elevated coherence
thresholds in the fellow eye, a pattern that mirrors that of
the amblyopic eye. Moreover, fellow eye deficits do not appear
on tasks that do not reveal deficits in the amblyopic eye.
However, fellow eye deficits may be less pronounced than
those of the amblyopic eye, suggesting that the amblyopic
deficit may reflect a combination of an early-stage monocular
deficiency that does not affect input originating from the
fellow eye, and a later-stage binocular deficiency that impacts
motion processing regardless of eye of origin. If this is the case,
it is unlikely that fellow eye deficits represent an adaptive
mechanism to attenuate competition between the two eyes,
representing instead a consequence of abnormal maturation of
the binocular visual system. While this explanation would
predict deficient fellow eye performance in children prior to
the onset of occlusion therapy, no studies have directly
investigated global motion perception before undergoing
treatment in order to rule this out. No studies have followed
children with amblyopia through occlusion therapy to
document changes in global motion as a function of treatment,
but because global motion deficits persist even after successful
resolution of visual acuity in the amblyopic eye, it appears
these deficits cannot be resolved with occlusion therapy.
Fellow eye deficits persist into adulthood, and so the deficits

observed in children do not simply reflect a slower maturation
of the visual system and instead a robust disruption of the
binocular system. Thus, while deficits in global motion
perception may not be treatable with occlusion therapy, it is
possible that treatments which target binocular function, like
dichoptic training,32,33,244 may alleviate these deficits. If this
were the case, improvements to global motion coherence
thresholds in both eyes of children and adults with amblyopia
should be observed with binocular treatment.

MOTION-DEFINED FORM PERCEPTION

Motion-defined form stimuli (sometimes referred to as kinetic
form or form-from-motion) involve first-order motion informa-
tion to create a second-order boundary (also known as a
motion contrast) to create shapes (Fig. 6). Motion-defined form
stimuli always represent two-dimensional figures, in contrast to
the similarly named structure-from-motion stimuli, which
represent three-dimensional surfaces or objects. It is not
known if motion-defined form thresholds, like global motion
thresholds, fail to show binocular summation at high contrast
levels. Infants as young as 3 months are sensitive to motion-
defined shapes.245 Similar to global motion perception, mature
performance on motion-defined form tasks can vary by stimuli.
For motion-defined form perception, minimum speed thresh-
olds for motion-defined letter246 and shape181 discrimination
are adult-like by age 7 years, while coherence thresholds on
motion-defined Landolt C orientation discrimination tasks are
not adult-like until age 15 years.247 Consistent with this,
evidence from event-related potential latencies indicates
processing efficiency for motion-defined form stimuli is slower
in 16-year-olds compared with adults.248 Children reach adult-
like coherence thresholds for motion-defined form stimuli
created with fast-moving dots earlier in life than those created
with slow-moving dots.37

Motion-Defined Form Perception Deficits in the
Amblyopic Eye

While motion-defined form perception is not as widely studied
in amblyopia as the four visual functions discussed previously,
large deficits are characteristic of the amblyopic eye. Elevated
minimum speed249 and coherence37,38 thresholds have been
identified in children with amblyopia. While performance on
motion-defined form discrimination tasks deteriorates with
poorer visual acuity,250 children in these studies37,38,249 had
completed treatment for amblyopia and even those with good
visual acuity in their amblyopic eyes performed worse than

FIGURE 6. Examples of stimuli used in motion-defined form tasks. In these stimuli, dots within the shape move in one direction, while dots outside
of the shape move in the opposite direction. In some versions of this task, the dots outside of the shape move randomly. No dashed border is
actually present in the stimulus. Minimum speed thresholds can be obtained by reducing the speed of the moving dots until the participant can no
longer correctly identify the form. Likewise, coherence thresholds can be obtained by reducing the coherence of the moving dots (similar to global
motion, above). (A) A motion-defined form task using rectangle orientation. The participant’s task is to indicate whether the rectangle is positioned
horizontally or vertically. (B) A motion-defined letter task. The participant’s task is to indicate which letter is present, in this case the letter O.
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their age-matched controls. Similar to global motion percep-
tion, deficits in motion-defined form perception are persistent
at slow speeds only,37 implicating the mechanisms underlying
these deficits may be, in part, shared. Motion-defined form
deficits appear to be present prior to treatment: in a group of
children with amblyopia, motion-defined form coherence
thresholds were elevated in the amblyopic eye at the initiation
of occlusion therapy, and remained elevated at 1-year follow-
up.38 Few adults with amblyopia have been assessed for
motion-defined form perception, but deficits appear to remain
in the amblyopic eye in adulthood.249

Motion-Defined Form Perception Deficits in the
Fellow Eye

Children with amblyopia have elevated motion-defined form
thresholds when viewing stimuli with the normally-sighted
fellow eye.37,38,230,231,249 Similar to global motion, motion-
defined form thresholds in the fellow eye are typically elevated
compared with controls but less so than the amblyopic
eye.37,38 Fellow eye deficits are not associated with deficient
high- or low-contrast letter acuity,37,249 stereoacuity,37,230,231 or
maximum motion displacement thresholds.230 There is no
evidence to suggest that fellow eye deficits are more prevalent
in any one amblyopic subtype.37,38 Fellow eye deficits are
observed only for speeds where amblyopic eye deficits are
observed,37 highlighting the binocular nature of motion-
defined form disruption. Importantly, however, children who
show similar global motion coherence thresholds to their age-
matched control peers can still have elevated motion-defined
form thresholds,230,231 so this deficit is not purely a function of
motion processing deficits. Wang et al.231 showed that
stationary texture-defined form perception was also impaired
in the fellow eye, suggesting that shape extraction is a primary
deficiency in these observers, even when viewing motion-
defined form stimuli.

No clear or consistent clinical characteristics appear to be
associated with fellow eye deficits in motion-defined form
perception. Deficits are not likely to be due to occlusion
therapy: as in the amblyopic eye, coherence thresholds in the
fellow eye were found to be elevated at the onset of occlusion
therapy.38 While thresholds had improved at 1-year follow up,
the amount of improvement was equivalent to that of the
control children, so this likely reflects an age effect rather than
the effect of treatment. Moreover, in these children, duration of
occlusion therapy was not associated with deficits in either
eye, and deficits in either eye did not predict treatment
outcomes. Unlike with the amblyopic eye, however, fellow eye
deficits may not persist into adulthood: of five adults with
amblyopia assessed for motion-defined form perception, only
one demonstrated a deficit in the fellow eye.249

Mechanisms Underlying Deficits in Motion-
Defined Form Perception

Motion-defined form processing involves a network of early,
dorsal, and ventral cortical regions. In the cat, striate cortex is
sensitive to motion contrast or motion-defined contours.251–253

In the macaque, V2 but not V1 can distinguish the orientation
of kinetic boundaries.254 Regions sensitive to kinetic boundar-
ies or motion-defined shapes in nonhuman primates include
areas V4255,256 and MT.257,258 In humans, motion-defined form
stimuli also activate V5/MTþ.257,259–262 As such, fellow eye
deficits in motion-defined form perception may primarily arise
from the same mechanisms as global motion perception. On
the other hand, they may also arise as a function of deficits in
form processing. For example, lesions to ventral-occipital,263

ventral-temporal,264 or parieto-temporal265 regions can selec-

tively disrupt motion-defined form processing without inter-
ruption to motion processing. Moreover, deficits to motion-
defined form have been documented in enucleated observers
who have global motion coherence thresholds within the
normal range.266 Regions in nonhuman primates shown to be
sensitive to shapes defined by a variety of cues, including but
not limited to motion-defined boundaries, include the superior
temporal sulcus267 and inferior temporal cortex.268 Human
neuroimaging has implicated the lateral occipital com-
plex,259,260,269 fusiform gyri,262,270,271 inferior temporal gy-
ri,259,262,271 lingual gyri, and regions of the occipital
gyri248,270,271 in kinetic or motion-defined form perception.

There needs to be more done to determine the implications
of motion-defined form deficits in the fellow eye. Of primary
importance is to clarify the interpretation of motion-defined
form deficits regardless of which eye they are demonstrated in.
For example, because performance on this task has not been
found to correlate with global motion coherence thresholds in
amblyopia, it appears that these deficits do not necessarily
follow from global motion deficits. However, studies that have
found motion-defined form deficits have not identified global
motion deficits in the same group of participants, so it may not
be surprising that a correlation between the two has not been
established. This should be explored in future work. The fact
that both tasks share similar speed tuning suggests a shared
mechanism, at least in part. If deficiencies in motion-defined
form perception stem from deficiencies in motion processing,
then they may simply be grouped in with the implications of
global motion processing discussed above.

However, the shape perception aspect of motion-defined
form tasks involves additional visual functions, such as
extracting cue-invariant form information and segregating figure
from ground. While one study, reviewed above,231 has
demonstrated deficient texture-defined form processing in the
fellow eye of children with amblyopia, few studies have
investigated form processing abilities in observers with ambly-
opia using other nonluminance boundary cues, such as color-
defined form. Thus, further work should also seek to explore
whether deficiencies in motion-defined form processing extend
to further cues, or if they are isolated to kinetic information. Of
interest to note is that the object-sensitive lateral occipital cortex
is implicated in some of the spatial integration tasks discussed
above, which also show fellow eye deficits. Deficits in motion-
defined form, then, could reflect a combination of the deficits
observed in the amblyopic eye at early stages and both eyes at
later stages of global motion processing, along with deficits in
both eyes to cue-invariant form processing. If deficits on this
task do arise from multiple stages of processing, this may
explain why they have been more robustly identified for motion-
defined form than global motion. Still, of the five visual functions
discussed in this paper, deficits in motion-defined form
perception are the least extensively studied in amblyopia.
Though motion-defined form deficits do not appear to resolve
along with acuity from treatment for amblyopia, deficits in the
fellow eye are not likely to be induced by occlusion therapy.
This is further supported by the observation of motion-defined
form deficits in enucleated individuals,266 who have never
undergone occlusion. It is possible that fellow eye deficits in
motion-defined form perception resolve by adulthood naturally.
However, only one study has assessed motion-defined form in
adults with amblyopia, so this needs to be confirmed with
additional studies.

SUMMARY

In unilateral amblyopia, the fellow eye has good visual acuity
by definition. Despite this, deficits are prevalent across a range
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of visual functions when observers with amblyopia use the
fellow eye. These visual functions include contrast sensitivity,
spatial integration, global motion, and motion-defined form
perception, which are all shown to be deficient in the
amblyopic eye as well. On the other hand, positional
hyperacuity tasks, which are impacted in the amblyopic eye,
do not appear to be robustly deficient in the fellow eye. Like
visual acuity, positional acuity may be mediated by monocular
mechanisms that do not show a deficit in the fellow eye of
observers with amblyopia. However, positional acuity deficits
in the fellow eye may be associated with strabismus, with or
without amblyopia.

Deficits in the Fellow Eye Are Unlikely to be
Caused by Occlusion Therapy

There is little support for the notion that these fellow eye
deficits occur as a result of treatment for amblyopia (section
1.1.1.). Though macaques who have not been treated for
amblyopia do show fellow eye deficits,225 global motion
perception in the fellow eye of humans has not been
adequately assessed prior to treatment. However, prior to or
at the onset of occlusion therapy, fellow eye deficits have been
documented for contrast sensitivity,159–162 spatial integra-
tion,199 and motion-defined form.38 While this evidence is
promising, it comes from only a handful of studies. It has
traditionally been difficult to assess performance in the fellow
eye prior to treatment onset for a number of reasons. First,
conducting psychophysical assessments across a range of tasks
can take a long time, and when the purpose of the study is to
track deficits in the amblyopic eye through occlusion therapy,
assessment of the fellow eye is often omitted. In theory,
designing studies that assess only the fellow eye through
occlusion therapy may solve this, but confirming that deficits
exist in the amblyopic eye is important for understanding
whether deficits in the fellow eye should be expected. Second,
children are often very young when they first undergo
occlusion therapy, and so it is not easy to have them conduct
psychophysical tasks in a laboratory environment. Some
studies have used, for example, preferential looking techniques
to determine contrast sensitivity functions (e.g., Ref. 136) or
eye-tracking techniques to determine global motion thresholds
(e.g., Ref. 241) in children too young to play psychophysical
games. However, these techniques can still be time consuming.

Deficits in the Fellow Eye Are Unlikely to be
Caused by Slowed Maturation

There is also little evidence for the notion that these fellow eye
deficits occur in children only as a result of delayed maturation
(section 1.1.2.), though this idea must be more definitively
ruled out with further research. Studies on contrast sensitivity
have shown that adults can demonstrate normal contrast
sensitivity functions in their fellow eyes,142–144 but no studies
have purposely assessed children and adults at the same time
on the same contrast sensitivity test to explore this hypothesis.
There is also some indication in spatial integration tasks that
deficits are more prevalent in children199 than adults,191

though this impression may be simply because fewer studies
have been conducted on adults. Adults have been shown to
have normal thresholds in the fellow eye on a motion-defined
form perception task where the fellow eye of children showed
elevated thresholds,249 but this study had a small sample size
and motion-defined form thresholds have not been assessed in
adults with amblyopia since. A targeted investigation that is
designed to compare the performance of children and adults
with amblyopia with controls – or even better, a longitudinal
study that documents fellow eye deficits throughout develop-

ment – may help clarify why not all studies have uncovered
fellow eye deficits in amblyopia, particularly with adults.
Important to keep in mind is that these deficits may resolve in
adulthood as a result of delayed maturation, or they may
resolve as a function of treatment. In particular, contrast
sensitivity160,161 and spatial integration199 have shown to
improve with occlusion therapy. Motion-defined form thresh-
olds, on the other hand, show the same level of improvement
as controls,38 indicating that motion-defined form perception
continues to improve over time as a function of maturation,
and not as a function of treatment.

Fellow Eye Deficits May Be More Likely for
Processes Involving Binocular Cortex

Fellow eye deficits may originate from the altered development
of binocular cortical areas (section 1.1.3.). The most convinc-
ing evidence for this comes from global motion perception
deficits in the fellow eye.222–224,228,229 As discussed, deficits in
global motion and motion-defined form processing appear
more prevalent than lower-level functions like contrast
sensitivity and especially positional acuity, which does not
appear to be impacted in the fellow eye of observers with
amblyopia. Regions involved in motion perception respond to
moving stimuli regardless of eye of origin.78,79 The develop-
ment of these regions is disrupted when visual input between
the two eyes is not equal during critical periods, and this
abnormal development is reflected in poorer performance of
the fellow eye relative to control eyes for global motion tasks.
This may also be reflected in the poorer performance of fellow
eyes in motion-defined form tasks,37,38,230,249 which recruit
additional regions that likely participate in cue-invariant form
processing. More research is required to explore whether this
is a motion-specific phenomenon, however, or whether this
reflects a generalized disruption that affects other tasks. In
contrast to targeting a visual function achieved by a bilateral
system that is recruited when either eye is stimulated, another
fruitful way to assess this may be targeting a lateralized area
involved in processing visual stimuli regardless of eye of origin.
For example, the fusiform face area is classically right-
lateralized,272,273 and left hemisphere activation may reflect
complementary, rather than redundant, processes supporting
face processing.274 Indeed, face processing has been shown to
be abnormal in amblyopia.275–277 However, these studies often
use the fellow eye as a comparison so it is not yet clear if face
processing fits this proposed model.

Fellow Eye Deficits May Reflect an Adaptive
Mechanism to Equate Interocular Sensitivity

Finally, there is evidence that fellow eye deficits may reflect an
adaptive mechanism (section 1.1.4). This evidence primarily
comes from spatial vision tasks that can be solved relatively
early in the processing hierarchy: contrast sensitivity and
spatial integration. As discussed, matching the contrast
sensitivity of the two eyes appears to promote or at least
reveal binocular interactions.174 Thus, a mechanism to reduce
the sensitivity of the fellow eye, were it in place, would be
beneficial to the binocular visual system. Fellow eye deficits in
contrast sensitivity appear greatest at high spatial frequen-
cies,157,160,161 where the amblyopic eye deficits are also most
prevalent. For both contrast sensitivity and spatial integration,
in which fellow eye deficits exist prior to occlusion therapy,
the performance of the fellow eye can improve following an
improvement in visual acuity for the amblyopic eye.160,161,199

Contour integration performance in the fellow eye improves
with treatment and stabilizes not at control levels of
performance, but when interocular differences in contour
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integration are minimal.199 Global motion and motion-defined
form perception deficits in the fellow eye do not appear to
improve with positive outcomes in occlusion thera-
py37,38,222,230,231,249; however, these visual functions do not
improve in the amblyopic eye, either. At this point, while there
is promising evidence consistent with the idea of adaptive
mechanism particularly for spatial visual functions, no causal
links have been established to suggest that fellow eye deficits
can have a direct impact on the severity of amblyopia.

Conclusions

In total, there is not enough evidence to completely rule out
any one of these four potential mechanisms for fellow eye
deficits in amblyopia. Indeed, they are not necessarily mutually
exclusive. Overall, however, it seems unlikely that occlusion
therapy is causing fellow eye deficits. While there is some
indication that fellow eye deficits are greater in children than in
adults, not enough research has been conducted to confirm
whether this is the case or what the mechanism for this might
be. It is clear that fellow eye deficits persist for visual functions
that rely on binocular regions of cortex that have received
disordered input from one eye during development, but the
evidence for this so far cannot distinguish between the
possibility that this should be the case for motion perception,
or that this should be the case for any visual functions that are
solved after eye of origin information is discarded. Finally, there
is evidence consistent with the idea that fellow eye deficits
could reflect an adaptive mechanism that attempts to equate
the sensitivity of the two eyes in order to mitigate the effects of
amblyopia on the developing visual system. However, this
evidence has thus far been indirectly inferred. Moreover, fellow
eye deficits may reflect mechanisms not considered here –
evidence from infantile strabismus, for example, indicates that
congenital impairment of binocular function is possible,278,279

which would also account for deficits in the fellow eye. These
possibilities highlight the importance of planning studies to
directly investigate the role of fellow eye deficits in the
amblyopic visual system, and how they change over time in
relationship to the sensitivity of the amblyopic eye.

Clinically, while it has been practical to diagnose and treat
amblyopia as a monocular disorder of visual acuity, fellow eye
deficits are an important reminder that more effective
treatments for amblyopia may target its binocular origin. In
addition to improving visual acuity, treatments that involve the
integration of information between the two eyes, usually
during perceptual training or game playing, have been shown
to reduce interocular suppression between the eyes and/or
improve stereoacuity175,244,280–285 (see Refs. 286, 287 for
reviews), indicating dichoptic techniques may be better at
promoting binocular interactions. However, training tech-
niques that do not require binocular integration have also
shown positive effects on binocular function.288–290 A recent
meta-analysis indicated that while these treatments do work,
no single technique has shown a greater advantage.291

Moreover, while dichoptic training can lead to improved visual
acuity in children,292 it may not be more successful than
traditional occlusion therapy.293 Importantly, these studies
have not assessed the impact of these treatments on the visual
function of the fellow eye. Contrast sensitivity160–162 and
spatial integration199 can improve in the fellow eye following
occlusion therapy, and while we would predict similar gains
following successful treatment by other methods, this has not
been formally assessed. Amblyopic and fellow eye deficits in
motion-defined form perception38 are not alleviated by
occlusion therapy, so it would be useful to use this task as an
outcome measure for these new treatments to determine

whether they have a deeper impact on the visual system than
the current gold standard.

This paper explored fellow eye deficits in five visual tasks
that have been extensively studied in amblyopia. However,
children and adults with amblyopia have demonstrated
abnormalities in the fellow eye for a range of additional tasks
not discussed here: for example, in foveal function,294

pupillary response amplitudes,295 fixational eye movement
patterns,296,297 smooth pursuit,123 saccadic latency,298 visual
evoked potentials to both form and motion stimuli,226,299–302

blur discrimination,303 global shape perception,304 orientation
adaptation,305 line bisection,306 the extraction of three-
dimensional structure,307 maximum motion displacement
thresholds,308,309 single-object tracking,40 multiple-object
tracking,40,41 scene perception,310 perception of the McGurk
effect,311 and visual decision-making.312 Many of these visual
functions have been assessed during fellow eye viewing in only
a handful of studies, so more work is needed to determine how
robust these deficits are and the conditions under which they
occur. A complete account of how amblyopia impacts the
developing visual system must be able to predict the tasks on
which fellow eye deficits will be observed – or not.
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268. Sáry G, Vogels R, Orban GA. Cue-invariant shape selectivity
of macaque inferior temporal neurons. Science. 1993;260:
995–997.

269. Grill-Spector K, Kushnir T, Edelman S, Itzchak Y, Malach R.
Cue-invariant activation in object-related areas of the human
occipital lobe. Neuron. 1998;21:191–202.

270. Giaschi D. The processing of motion-defined form. In: Harris
L, Jenkin M, eds. Seeing Spatial Form. New York: Oxford
University Press, 2006:101–119.

271. Gulyás B, Heywood CA, Popplewell DA, Roland PE, Cowey
A. Visual form discrimination from color or motion cues:
functional anatomy by positron emission tomography. Proc

Natl Acad Sci U S A. 1994;91:9965–9969.

272. Kanwisher N, Yovel G. The fusiform face area: a cortical
region specialized for the perception of faces. Philos Trans

R Soc Lond B Biol Sci. 2006;361:2109–2128.

273. Rossion B, Joyce CA, Cottrell GW, Tarr MJ. Early lateralization
and orientation tuning for face, word, and object processing
in the visual cortex. Neuroimage. 2003;20:1609–1624.

274. Meng M, Cherian T, Singal G, Sinha P. Lateralization of face
processing in the human brain. Proc Biol Sci. 2012;279:
2052–2061.
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