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Abstract
Experience-dependent plasticity is closely linked with the development of sensory function.
Beyond this sensitive period, developmental plasticity is actively limited; however, new studies
provide growing evidence for plasticity in the adult visual system. The amblyopic visual system is
an excellent model for examining the “brakes” that limit recovery of function beyond the critical
period. While amblyopia can often be reversed when treated early, conventional treatment is
generally not undertaken in older children and adults. However new clinical and experimental
studies in both animals and humans provide evidence for neural plasticity beyond the critical
period. The results suggest that perceptual learning and video game play may be effective in
improving a range of visual performance measures and importantly the improvements may
transfer to better visual acuity and stereopsis. These findings, along with the results of new clinical
trials, suggest that it might be time to re-consider our notions about neural plasticity in amblyopia.
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Amblyopia (from the Greek, amblyos – blunt; opia – vision) is a developmental abnormality
that results from physiological alterations in the visual cortex and impairs form vision1.
Amblyopia is clinically important because, aside from refractive error, it is the most frequent
cause of vision loss in infants and young children, occurring naturally in about 2–4 percent
of the population; and it is of basic interest because it reflects the neural impairment which
can occur when normal visual development is disrupted. The damage produced by
amblyopia is generally expressed in the clinical setting as a loss of visual acuity in an
apparently healthy eye, despite appropriate optical correction; however, there is a great deal
of evidence showing that amblyopia results in a broad range of neural, perceptual,
oculomotor and clinical abnormalities (for reviews see Refs. 2 and 3).

Amblyopia can be reversed or eliminated when diagnosed and treated early in life. Thus,
there is a premium on early detection of amblyopia and its risk factors. It has been estimated
that as many as three quarters of a million preschoolers are at risk for amblyopia in the
United States, and roughly half of those may not be detected before school age. Moreover,
detection is likely to be more delayed in low socio-economic areas. Improved vision
screening and access to treatment could, in principle, eliminate amblyopia as a public health
issue4.
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There has been a sea-change in our thinking about amblyopia in the last decade based on a
new understanding of the underlying patho-physiology (based in part on new brain-imaging
methods such as functional MRI), and a massive shift in our thinking about adult plasticity
and the treatment of amblyopia fueled by a number of important clinical trials, and by new
rodent models of amblyopia5,6.

Critical Periods in Perceptual Development
Critical periods for experience-dependent plasticity are ubiquitous. They occur in virtually
every species, from Drosophila to human7 and for a wide range of sensory functions. Hubel
& Wiesel’s Nobel prize winning work showing the importance of sensory experience in
shaping neural connections during a critical period early in life, was inspired, in large
measure by the eighteenth century notion that early visual deprivation (e.g. blindness at
birth) resulted in brain changes that led in turn to defective visual perception8. Based in
good measure on the work of Hubel & Wiesel and subsequent anatomical and physiological
studies, it is now clear that the visual cortex is by no means a Tabula Rasa, and there is a
good deal of specification at birth9,10. However, it is also clear that there is an important role
for maturation and experience11.

It is now clear that that there are different critical periods for different functions (even within
the same sensory system12,13, different critical periods for different parts of the brain, even
within different layers of the primary visual cortex14, and different critical periods for
recovery than for induction of sensory deprivation7.

It has long been held that there is a close correspondence between sensory development and
the critical period (e.g. Ref 15), and the idea that experience-dependent plasticity is closely
linked with the development of sensory function is still widely held7. However, as we shall
discuss later, there is also growing evidence for plasticity in the adult nervous system.

Critical Periods and Neural Plasticity in Human Vision
Much of the evidence for critical periods stems from work on the effects of altered sensory
input in cat and monkey, in particular, monocular visual deprivation, strabismus or unequal
refractive error8,16. If the sensory deprivation occurs early, the animal is left with a
permanent visual impairment - amblyopia - and with permanent alterations in primary visual
cortex.

In humans, amblyopia occurs naturally in about 2–4 percent of the population1 and the
presence of amblyopia is almost always associated with an early history of abnormal visual
experience: binocular misregistration (strabismus), image degradation (high refractive error,
anisometropia), or form deprivation (cataract). The severity of the amblyopia appears to be
associated with the degree of imbalance between the two eyes (e.g. dense unilateral cataract
results in severe loss), and the age at which the amblyogenic factor occurred. Precisely how
these factors interact is as yet unknown, but it is now clear that different early visual
experiences result in different functional losses in amblyopia17,18. A significant factor that
distinguishes performance among amblyopes is the presence or absence of binocular
function17.

Clinicians are well aware that amblyopia does not develop after age 6 to 8 years of age19,20

suggesting that there is a “sensitive period” for the development of amblyopia.
Psychophysical studies of interocular transfer in humans with a history of strabismus21,22

provide an indirect estimate of the period of susceptibility of binocular connections. The
results of both studies suggest that binocular connections are highly vulnerable during the
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first 18 months of life, and remain susceptible to the effects of strabismus until at least age 7
years.

Is There a Critical Period for Treatment of Amblyopia?
The notion that there is a critical period (or periods) for the development of amblyopia, has
often been taken to indicate that there is also a critical period for the treatment of amblyopia.
This concept grew out of the work of Claude Worth19. Worth suggested that the presence of
a “sensory obstacle” (e.g., unilateral strabismus) arrested the development of visual acuity
(“amblyopia of arrest”), so that the patient’s acuity remained fixed at the level achieved at
the time of onset of strabismus. In this view, the depth of amblyopia is a direct function of
the age of onset of the “sensory obstacle”. Worth further suggested that if amblyopia of
arrest were allowed to persist, that “amblyopia of extinction” could occur as a result of
binocular inhibition. In Worth’s view, only this “extra” loss of sensory function (i.e., the
amblyopia of extinction) could be recovered by treatment. Although this latter notion is
open to question in the light of present knowledge, the ideas of Worth have had a powerful
influence upon both clinicians and basic scientists. Thus, many of our currently held
concepts of amblyopia, such as plasticity, sensitive periods, and abnormal binocular
interaction, were already described more than a century ago, and gained currency with the
work of Hubel & Wiesel23 and the many anatomical and physiological studies that followed.
Thus, while amblyopia can often be reversed when treated early, treatment is generally not
undertaken in older children and adults. This paper will review both experimental and
clinical evidence for plasticity in the adult visual system that calls into question the notion of
a critical period for treatment.

For centuries, the primary treatment for amblyopia has consisted of patching or penalizing
the fellow preferred eye, thus “forcing” the brain to use the weaker amblyopic eye, but it is
often assumed that amblyopia cannot be treated beyond a certain age (see Ref. 24 for a
discussion). For example, in their review of randomized controlled clinical trials of patching
and penalization, Wu & Hunter4 concluded that there is “no compelling evidence that
treatment is beneficial for older (over age 10) children with amblyopia.” However a review
of the literature suggests otherwise. For example, clinical trials suggest that treatment may
be just as effective in older (13 to 17 years) patients who have not been previously treated as
in younger (7 to 12 year old) children25. To date there have been no such clinical trials in
adults with amblyopia.

Plasticity in adults with amblyopia is also evident in the report of amblyopic patients whose
visual acuity spontaneously improved in the wake of visual loss due to macular degeneration
or other forms of vision loss in the fellow (non-amblyopic) eye26,27. These studies are
consistent with the notion that the connections from the amblyopic eye may be suppressed
or inhibited rather than destroyed. Loss of the fellow eye would allow these existing
connections to be unmasked, as occurs in adult cats with retinal lesions28.

Removing the “Brakes” on Brain Plasticity in Adults with Amblyopia
The evidence suggests that there is brain plasticity in adults; however, brain plasticity is
more restricted in adulthood than during development. At a cellular and molecular level,
adult brain plasticity is actively limited. Some of these “brakes” on plasticity are structural,
such as peri-neuronal nets or myelin, which inhibit neurite outgrowth. Others are functional,
acting directly upon the balance of excitation and inhibition within local neural circuits5.
One way to non-invasively induce plasticity late in life is by regulating “functional”
excitatory and inhibitory neuromodulators6. For example, manipulations that locally reduce
inhibition (e.g. norepinephrine, acetylcholine, serotonin or dopamine) result in a more
favorable excitatory-inhibitory (E/I) balance and increased plasticity29,30,31,32. Thus,
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approaches that alter the E/I balance may provide a way to re-activate plasticity in the
mature amblyopic visual system. Indeed, other manipulations, including dark exposure, and
enriched environments can alter the E/I balance and restore plasticity in animal models of
amblyopia5,6,32. Below we describe two approaches to restoring brain plasticity in human
adults with amblyopia: Perceptual Learning (PL) and video game play.

Perceptual Learning
Human adults are capable of improving performance on sensory tasks though repeated
practice or perceptual learning (yes you can teach old dogs new tricks! – for a recent review
see ref. 33), and this learning also has consequences in the cortex (Buonomano &
Merzenich; 1998). Perceptual Learning was defined by Eleanor Gibson34 as “Any relatively
permanent and consistent change in the perception of a stimulus array following practice or
experience with this array …”. Over the last half-century or so, Perceptual Learning has
been studied intensively. It has formed the basis of thousands of articles, chapters and books
(a Google search results in over 1.2 million hits), and for several Special Issues of Vision
Research. Indeed, an advertisement for the book Perceptual Learning35 states: “A familiar
example is the treatment for a ‘lazy’ or crossed eye. Covering the good eye causes gradual
improvement in the weaker eye’s cortical representations. If the good eye is patched too
long, however, it learns to see less acutely.”

The focus here is on a rather narrower definition of perceptual learning – specifically, the
notion that practicing visual tasks can lead to dramatic and long-lasting improvements in
performing them, i.e., practice makes perfect! In adults with normal vision, practice can
improve performance on a variety of visual tasks, and this learning can be quite specific (to
the trained task, orientation, eye, etc.) 33,36.

The strong interest in visual learning stems from the possibility that the learning takes place
in early stages of visual processing. Indeed the finding that learning with simple patterns
shows non-transfer to different locations, different orientations or the untrained eye, has
been taken as evidence that the learning might take place in early stages of processing, such
as cortical area V1. However, non-transfer of learning, often thought to be early, can
sometimes be explained by later mechanisms (downstream of V1)37, and the massive
interconnectedness of cortex makes it difficult to separate early and late stages of
processing. Moreover, recent work38–40 shows complete transfer of learning from one
location or orientation to another, if the second location or orientation has been sensitized
with an irrelevant stimulus and task. The complete transfer of perceptual learning to new
retinal locations and orientations calls into question both location specificity as a key
property of visual perceptual learning, and the assumption by many researchers that the
retinotopic early visual cortex is the locus basis of perceptual learning. Rather it points to a
crucial role for non-retinotopic higher brain areas that engage attention and decision making
for perceptual learning41. This may have important implications for perceptual learning in
amblyopia.

While amblyopia can often be reversed when treated early, conventional treatment
(patching) is generally not undertaken in older children and adults. Moreover, patching itself
may lead to a reduction in binocular vision and stereopsis, and to psycho-social problems
such as a loss of self-esteem42. Thus, it is desirable to minimize the duration and extent of
patching.

Perceptual Learning in Amblyopia
Our approach to improving vision in adult amblyopia is based on perceptual learning (PL).
During PL, using only their amblyopic eye, patients are required to practice a challenging
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visual task. Our lab has mostly focused on training positional acuity because: i) the loss of
position acuity in amblyopia is tightly coupled to the loss of Snellen acuity17,43,44 (Figure
1); ii) position acuity is thought to be limited by cortical (rather than retinal) processes; and
iii) we have developed sensitive methods for measuring and modeling the deficit in position
acuity45–48. In the following sections we ask whether it is possible to repair the amblyopic
deficit through PL, and if so, how it occurs.

As noted above, in adults with normal vision, practice can improve performance on a variety
of visual tasks, and this learning can be quite specific. The improvement in performance
following practice is considered to be a form of neural plasticity. In our first studies of PL in
amblyopia, we asked adults with amblyopia to perform a Vernier acuity task with their
amblyopic eye repeatedly, with each observer completing 4000 to 5000 trials in which they
judged the position of a “test” line relative to a “reference” line, and received feedback after
each trial.

Adults with amblyopia also demonstrate substantial and significant perceptual learning of
Vernier acuity49,50. All eleven observers in our original study showed significant
improvement after practicing Vernier acuity at one orientation. The improvement was most
marked at the trained orientation, with little improvement at the untrained orientation. In
some (anisometropic amblyopes) there was substantial transfer to the untrained eye at the
trained orientation - and much less transfer at the untrained orientation. In contrast to the
marked improvement in the (trained) Vernier task, there was very little improvement in an
untrained (line detection) task. Thus, perceptual learning in amblyopia is task specific;
however, in that study, several observers also showed improvements in Snellen acuity that
were comparable to their Vernier improvement. Both the Vernier (squares) and Snellen
acuity (circles) results of one of these amblyopes is shown in Figure 2. For this observer,
Snellen acuity reached 20/20 after practicing the Vernier task.

Since our initial studies49,50, there have been more than twenty studies of PL in amblyopia
published to date, involving more than 300 amblyopic subjects, as well as several recent
review articles51,52,53,54. The extant studies cover a range of tasks including Vernier acuity,
contrast detection, letter identification (both first and second-order), position discrimination,
spatial frequency discrimination, grating acuity, letter acuity and motion coherence (see
Table 1). Most of the approximately 300 amblyopic observers showed improvement in the
trained task, although the amount of improvement varied substantially both between tasks
and between individuals.

Figure 3 summarizes the main results of each of these studies by showing the improvement,
expressed as a factor, on the trained task (gray bars) and in Snellen acuity (black bars). The
results are ordered on the improvement on the trained task, from least (top) to most
(bottom), and it is interesting to note that the ordering of the improvement in optotype acuity
does not follow the ordering of the trained task very closely. The dotted lines show that, on
average, the performance on the trained task improved by a factor of ≈2.1, while Snellen
acuity improved by a factor of ≈1.6.

Many of the studies summarized in Table 1 and Figure 3 were discussed in the review by
Levi & Li51, so here I shall focus on the more recent studies, and new insights from this
figure. One fairly obvious point is that contrast sensitivity tasks seem to have resulted in the
greatest improvements (on the trained task) as evidenced by the 6 studies at the bottom of
the graph (see also Ref 67). Indeed, the largest improvement was in a group of 5 children
(mean age 7.3 years) who had undergone patching treatment but either failed to improve, or
were non-compliant64. They practiced a contrast sensitivity task for, on average, 33 hours,
and played a computer game between training blocks. The improvement, averaged across
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spatial frequencies was more than a factor of 4; however, there was little improvement at
low spatial frequencies (where performance was nearly normal) and very substantial
improvement at high spatial frequencies (almost a factor of 15 at 12 cpd).

At the other end of the scale, only one study failed to show any improvement on the trained
task – Ref. 70 – Liu 11PT in Figure 3) in a group of juvenile amblyopes (mean age ≈ 12)
who had been successfully patched for more than two years, and whose acuity had already
improved by, on average more than a factor of three as a result of the patching. Given the
success of the patching, one might expect little additional improvement from PL. Indeed, in
general grating acuity tasks were less effective than many other tasks67. Surprisingly,
despite the absence of improvement on the trained grating acuity task, Liu’s subjects showed
a factor of 1.4 improvement in optotype acuity, and several also showed improved
stereoacuity (discussed further below). Not evident from the average data in Figure 3 is the
wide range of individual differences in PL within a given study, with some amblyopes
showing little or no learning, and others showing very substantial improvement.

While most of the PL studies reviewed here involved monocular training (typically, with the
non-amblyopic eye patched), two recent studies have used a dichoptic training task (motion
coherence) in order to attempt to reduce suppression and enhance binocular interaction in
adults68 and children 71. This training led to a substantial improvement (factor of ≈2.5) in
adults with a concomitant improvement in acuity (factor of ≈1.8) as well as improvement in
stereoacuity (discussed below). The improvement in children was smaller, but statistically
significant, suggesting the promise of the PL approach in children. Ultimately, it will be
important to determine which type of PL tasks (monocular or dichoptic; contrast sensitivity
vs position acuity) are most successful in improving visual performance in adults and
children with amblyopia, and to compare the outcome of PL to patching, which is still the
gold standard.

Interestingly, age appears to have little influence on the outcome of PL. For the trained task,
there is a small, non-significant decrease in the amount of improvement with age (Fig 4 top
panel, gray symbols and line). On the other hand, Snellen acuity appears to improve more
with increasing age (Fig 4 top panel, black symbols) in that the slope of the best fitting
power function (black line) is shallow but positive (0.25 ± 0.09). However, this may be
simply due to the fact that the youngest subjects had the briefest duration of training, and
may have the mildest amblyopia. As can be seen in Fig 4 (bottom panel), the effect of PL
increases with duration. Not apparent from this figure is the relationship between the depth
of amblyopia and the amount and duration of learning. The more severe the visual loss, the
longer the time course required to obtain the maximal effect of PL, and the greater the
benefit48,67. It should be noted that there have been no systematic studies of PL in
amblyopia in very young children (less than 5 years old) when treatment might be expected
to be most effective.

What is Learned in Perceptual Learning?
An important question is “what is learned during perceptual learning?” One approach to
answering this question is to inject “noise” into the stimulus, and to ask how that influences
performance. Our studies, using positional noise, show that practicing position
discrimination reduces spatial distortion (internal positional noise) and enhances the ability
to extract stimulus information efficiently in amblyopic vision45–48. The improved
efficiency is a result of the amblyopic visual system learning to use the most salient stimulus
information48. Through practice, observers learn to make better use of the most salient cues
for accomplishing the task, and to ignore or down weight the less important stimulus
information. In a similar vein, practicing identification of low contrast letters or gratings in
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noise improves the contrast threshold primarily through internal noise reduction and a more
efficient use of the stimulus information58,65.

A Rationale for Perceptual Learning as an Adjunct to Patching
Occlusion (patching) is considered the “gold standard” method for treating childhood
amblyopia. To date, there is no accepted treatment for adult amblyopia. In most PL studies,
amblyopic subjects are occluded while performing the visual task, so it is reasonable to ask
whether “active” PL provides an added benefit over occlusion alone. We have argued that
PL does indeed provide an added benefit for the following reasons. First, in one study we
found that PL improved both position discrimination and letter acuity in amblyopes who
were not responsive to occlusion46, and similar findings have been reported for contrast
sensitivity by Polat et al.64 Second, the dose response rate for occlusion (in children aged 6
to 8 years) is slow, with acuity in those 6–8 years old improving, on average, by a factor of
≈1.6 after about 240 hours of occlusion74. Our preliminary results suggest that occlusion
plus PL may be more efficient than occlusion alone, by as much as a factor of 8– i.e. PL has
a much faster time course than patching alone47. Thus combining occlusion with PL may be
a useful method for obtaining the optimal treatment outcome in the shortest possible time.
Eliminating or reducing the need to wear an eye patch in public would, at the very least,
reduce the emotional stress that often accompanies occlusion75. We note that this approach
is quite different from the (discredited) CAM approach, in which amblyopes passively
viewed rotating gratings for 7 minutes a day76,77. In contrast, during PL observers are
engaged in attending and making fine visual discriminations using their amblyopic eyes,
under conditions where their visual system is “challenged”, thus the learning is “intensive”
and “active”. Observers receive repeated exposure (up to 50 hours) to the same stimuli, and
are given feedback. Thus we speculate that PL in amblyopia reflects the amblyopic brain
learning to attend to and use the most salient or reliable information for the task when
viewing with the amblyopic eye. This speculation is consistent with the improvement in
efficiency45,48. It should be noted that during normal everyday life, an amblyopic patient
wearing a patch may engage in fine visual discriminations without undertaking specific PL,
and that may at least in part account for the success of patching. However, PL provides
intensive, active, supervised visual experience with feedback, requiring attention and action
using the amblyopic eye, and thus may be more efficient than simply relying on everyday
experiences. However, there are two important limitations of PL: specificity and boredom.

The Curse of Specificity
The specificity of perceptual learning noted above poses some interesting issues. If the
improvement following practice was solely limited to the trained stimulus, condition and
task, then the type of plasticity documented here would have very limited (if any)
therapeutic value for amblyopia, since amblyopia is defined primarily on the basis of
reduced Snellen acuity. Importantly, perceptual learning has a broader spatial frequency
bandwidth in amblyopia, than in normal vision61,66, and many tasks (Vernier acuity,
position discrimination, contrast sensitivity and spatial frequency discrimination) appear to
transfer, at least in part, to improvements in Snellen acuity51. In addition to visual acuity
improvement, other degraded visual functions such as stereoacuity and visual counting
sometimes improve as well45. Nonetheless, PL generally only partially transfers to Snellen
acuity, perhaps because it is specific to the orientation of the trained stimulus45,49,50.

Playing Video Games
To date, perceptual learning has had limited impact on clinical practice, because of its
limited transfer and the rather dull nature of the training, leading to boredom and compliance
issues. Work by Shawn Green and Daphne Bavelier suggests that in normal vision, similar
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to PL, action video game playing reflects the brain learning to develop the best perceptual
template for the task at hand78–81. In contrast to perceptual learning, action game play is
extremely varied in its demands and rich in the set of visual experiences it offers. Thus, they
suggest that the very act of action game playing seems to train the brain to learn, on the fly,
how to make the best use of the available information in the display, independently of the
specifics of this display allowing for the broad transfer of learning, and thus possible
improvements in quality of life81.

Does playing a video game result in improved performance in amblyopia? Li et al.72 (2011)
asked adults (18–58 years old) with amblyopia to play an off-the-shelf action video-game
(Medal of Honor: Pacific Assault) with their fellow eye patched. Acuity was measured after
every 10 hours of game play for 40 hours. All observers showed improvements in visual
acuity, from about 13 to 44%. For two amblyopes who were very mild to begin with, “after”
play acuity improved to 20/20! Figure 5 shows the average improvement in Snellen acuity
as a function of the duration of game playing in the 18 observers who completed the
experiments (solid diamonds). Unlike normal subjects who do not improve after playing a
non-action game (Tetris)78, amblyopic observers also improve when playing a non-action
game (SIM City – triangles in Figure 5) for 40 hours, and may continue to improve when
switched to an action game (Medal of Honor) for another 40 hours (open diamonds in Figure
5). It is interesting that the improvement in visual acuity with video game play seems to
parallel that for PL (small squares), although it is lower than the most effective PL results. It
is also noteworthy that the improvement may not have reached a plateau even after 80 hours
of video game play.

Other visual functions such as counting and Vernier acuity also improve following
videogame play72. Importantly, 5 anisometropic amblyopes showed substantial
improvement in stereoacuity after 40 hours of action video game play (Figure 6), 3 of them
to 20 arc sec – the lower limit of this test. Similar improvements in stereopsis occur
following monocular perceptual learning (Figure 6 – discussed further below).

Because the amblyopes played with their fellow eye patched, one might wonder whether the
improvement was simply due to the patching. To test this, Li et al. 72, had 7 adult amblyopes
wear a patch over their non-amblyopic eye for 20 hours prior to starting the action
videogames, with no improvement in visual acuity after 20 hours of patching (gray circle in
Figure 5).

The idea of using a computer game to enhance visual skills in amblyopia is far from new.
There are several computer-based programs that are now being offered and branded as
“good for vision”. However, there is a paucity of evidence-based research to support the use
of one over another. The games that Li et al., 72 used are entertainment videogames. Why
use entertainment games that were not developed for clinical applications when computer
games specially designed for vision training are readily available? There are two key
differences between entertainment video games and games developed for clinical purposes.
First, games developed for clinical purposes often mirror the type of psychophysical tasks
that are typically used in vision laboratories (reading letters, looking for a geometric shape
among other geometric shapes, etc.). In doing so they provide the player with a set of rather
specific visual tasks. In contrast, entertainment videogames are designed to give the player a
fully integrated experience in a very rich yet learnable environment. Games developers
know that successful games are challenging, yet allow the player to progress. Second, a key
to a successful video game is a good script which enables players to reach goals, unlock
mysteries, discover new lands, etc. This aspect of game play is seldom present in games
developed for clinical purposes; yet it is likely to be important in the arousal and reward
players seek in the video game experience.
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Action game play enhances not only early aspects of normal vision but also visuo-spatial
selective attention, aspects of visual short-term memory, and the ability to select a target in
an ever-changing stream of stimuli78–81. These enhanced capacities might also benefit
amblyopes who not only suffer from low-level vision problems, but also exhibit higher-level
vision deficits2,3. By capitalizing on the “fun” factor, action video game play provides the
ideal training tool by fostering deliberate practice. Videogame play is popular in part
because it is an arousing and extremely rewarding activity (after all people are ready to pay
for these games because they like playing – not because they believe it may be good for
them). These games may therefore trigger the appropriate milieu that fosters brain
plasticity4. Indeed, the literature suggests that neuromodulators associated with arousal and
reward (Ach and Dopamine) may foster brain plasticity5,6,32. Although more data are
needed on this topic, playing a simple action video game (shooting cartoon tanks) is
associated with significant release of dopamine82. This does not mean that amblyopes have
to play action games to benefit from playing. Indeed, persons with degraded vision due to
amblyopia, can also benefit from non-action video games72. Finally, and probably related to
these last points, the issue of compliance with the training regimen, which is so thorny for
more standard training methods, is much alleviated with an activity as engrossing as video
games83.

Our current studies, in collaboration with Daphne Bavelier, at the University of Rochester
and Jessica Bayliss at Rochester Institute of Technology, combine both the highly
motivating aspects of playing videogames, with the efficient (but boring) aspects of PL.
Specifically, we have developed an action videogame, played under dichoptic conditions to
reduce suppression (inhibition) and promote fusion and stereopsis, and have embedded a
psychophysical resolution task within the game, enabling a more targeted approach and
allowing us to track changes in visual performance during play. A video clip of this can be
seen at: http://www.youtube.com/watch?v=71RML96XxCI

Recovery of Stereopsis
PL has generally been aimed at improving visual acuity and visual performance of the
amblyopic eye. However, as noted above, for some amblyopes (mostly anisometropes)
improvement in stereopsis comes for “free”, either as a consequence of the improved acuity
and/or contrast sensitivity47,64,72 or because PL (and the attendant improvement in function)
alters the excitatory/inhibitory (E/I) balance between the two eyes. Figure 6 (black solid
symbols) show stereoacuity before and after monocular PL for individual amblyopes in four
different studies. Points below the gray equality line indicate improved stereopsis, in some
cases from no measurable stereopsis before training (points inside the gray vertical
rectangle). The open diamonds show a similar improvement in stereopsis in 5 anisometropic
amblyopes following monocular video game play72. For comparison, the gray symbols show
the results of dichoptic PL, aimed at reducing suppression68,71 and altering the excitatory/
inhibitory balance between the two eyes. Figure 6 suggests that both monocular and
dichoptic training may be effective in improving stereopsis in some amblyopes.

It is possible to improve stereopsis in adults with abnormal binocular visual experience
through visual training84 or perceptual learning of stereopsis per se. For example, Nakatsuka
et al.85, reported that adult monkeys reared with prisms had mild stereo deficiencies that
improved through PL after 10,000 – 20,000 trials. More recently, Ding & Levi86 provided
the first evidence for the recovery of stereopsis through perceptual learning in human adults
long deprived of normal binocular vision. They used a novel training paradigm that
combined monocular cues that were perfectly correlated with the disparity cues. Following
PL (thousands of trials) with stereoscopic gratings, adults who were initially stereoblind or
stereoanomalous showed substantial recovery of stereopsis. Importantly, these subjects
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reported that depth “popped out” in real life, and they were able to enjoy 3-D movies for the
first time. Their recovered stereopsis is based on perceiving depth by detecting binocular
disparity, but has reduced resolution and precision. A recent case report documented similar
improvements in two anisometropic adults who had undergone monocular PL followed by
stereo training87.

Beyond Perceptual Learning – Resetting the Excitatory-inhibitory (E/I)
Balance

Although much of the original work on critical periods was done in cat and monkey, recent
work in rodents, where genetic manipulations are possible and the lifespan is brief, have
provided a number of new insights into the mechanisms of plasticity and the potential for
recovery in adults5,6,32. For example, chronic administration of the antidepressant
Fluoxetine (Prozac) reduces intracortical inhibition and increases expression of brain-
derived neurotrophic factor (bdnf) in adult rats that had been monocularly deprived during
the critical period88. Most importantly, Fluoxetine also restored visual acuity in these
“amblyopic” adult rats. Other rodent studies suggest that reverse suture coupled with
environmental enrichment89, or 10 days of dark exposure90 all result in substantial recovery
of visual acuity in adult rodents5. All of these manipulations locally reduce inhibition thus
resetting the E/I balance and restoring a heightened level of plasticity5,6,32. Our working
hypothesis is that PL and video game play may operate to improve the vision in adults with
amblyopia through similar mechanisms.

A Caveat
Over the centuries, there have been many attempts to increase the effectiveness of treatment
for amblyopia. These attempts include: subcutaneous injection of strychnine, electrical
stimulation of the retina and optic nerve, flashing lights and red filters (reviewed in Ref 91),
rotating gratings76,77, administration of Levodopa/Carbidopa92,93, and shocks to the brain
via Transcranial Magnetic Stimulation94. Few have been subjected to rigorous scrutiny, and
those that were often failed to stand up to it. Thus, any “promising” new method should be
examined critically and there is a clear need for careful controlled randomized clinical trials.

SUMMARY & CONCLUSIONS
Amblyopia is, aside from refractive error, the most common cause of visual loss in children.
Thus amblyopia is a serious public health issue. When diagnosed and treated early, the
visual losses may be reversed. With early detection and treatment, amblyopia could
conceivably be eliminated. Treatment for amblyopia is generally only undertaken in
children, however as discussed above, there is now considerable evidence that PL and video
game play may also be effective in improving vision in adults with amblyopia. These
findings, along with the results of new clinical trials, suggest that it might be possible to
remove the brakes on plasticity in the adult amblyopic visual system.
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Figure 1.
Vernier acuity vs. Snellen acuity for the non-preferred eye for the entire sample of McKee,
Levi and Movshon.17 The crosses show the normal observers. The dots show the amblyopic
eyes of aniometropic (green), strabismic (blue) and mixed (i.e., both stabismic and
anisometropic – red) subjects.
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Figure 2.
The improvement in Vernier acuity (squares – left ordinate) and Snellen acuity (circles –
right ordinate) in an anisometropic amblyope following PL; after Levi, Polat & Hu.50 Each
Vernier threshold represents 125 trials.
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Figure 3.
The improvement in performance (expressed as a factor along the abscissa) following PL on
different tasks from previous studies (ordinate). Improvement on the trained task is shown
by the gray bars and in Snellen acuity by the black bars. The results are ordered on the
improvement on the trained task, from least (top) to most (bottom).
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Figure 4.
The effect of age (top) and duration (bottom) on the improvement (trained task - gray;
Snellen acuity – black) in performance following PL.
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Figure 5.
The improvement in Snellen acuity in the amblyopic eye following videogame play
(diamonds and triangles) or patching (gray circle); after Li et al.72 For comparison, the effect
of PL over the same time course is shown (small squares from Figure 4).
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Figure 6.
Stereoacuity before (abscissa) and after PL (monocular PL shown by solid black symbols;
dichoptic PL by gray symbols) or Video game play (open diamond).
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