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Broad bandwidth of perceptual learning in the visual
system of adults with anisometropic amblyopia
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Recent studies have demonstrated that training adult amblyopes in
simple visual tasks leads to significant improvements of their
spatial vision. One critical question is: How much can training with
one particular stimulus and task generalize to other stimuli and
tasks? In this study, we estimated the bandwidth of perceptual
learning in teenage and adult observers with anisometropic am-
blyopia and compared it to that of normal observers. We measured
and compared contrast sensitivity functions—i.e., sensitivity to
sine-wave gratings of various spatial frequencies—before and
after training at a single spatial frequency in teenagers and adults
with and without amblyopia. We found that the bandwidth of
perceptual learning in the amblyopic visual system is much broader
than that of the normal visual system. The broader bandwidth,
suggesting more plasticity and wider generalization in the ambly-
opic visual system, provides a strong empirical and theoretical basis
for perceptual learning as a potential treatment for amblyopia.
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mblyopia is a developmental impairment of spatial vision

that affects ~3% of the population (1). Largely a cortical
disorder resulting from abnormal visual experience in early
childhood, it cannot be corrected by refractive means (2). In
traditional clinical practice, only young child amblyopes (<8 yr
old) are treated, because of “conventional wisdom”: that spatial
vision, fully developed by that age, is no longer subject to
therapeutic modifications (3-5). On the other hand, research in
the last two decades on perceptual learning has documented
remarkable plasticity in the adult visual system (6-10). These
findings raise the possibility that the visual system of the adult
amblyopes may still retain degrees of plasticity that can be
exploited for treatment.

Attempts to use perceptual learning to treat amblyopia began
with Campbell et al. (11) but provided mixed results in subse-
quent studies (12-15). The researchers in those early studies
typically used high-contrast stimuli and short training periods
(e.g., 7 min) that were predetermined irrespective of individual
subjects’ characteristics (e.g., history, type and degree of am-
blyopia). Later studies on perceptual learning in the normal
visual system showed that it typically requires several hundreds
of training trials to significantly improve performance in per-
ceptual tasks. Several recent studies (5, 16-21) found that more
elaborate training procedures on simple spatial vision tasks can
lead to significant visual acuity improvements in adult am-
blyopes. Levi et al. (18, 19) found that Snellen acuities in two
anisometropic amblyopes were significantly improved after in-
tensive training in a Vernier acuity task. In addition, both Li and
Levi (16) and Liet al. (17) showed transfer of learning of position
acuity to Snellen acuity in amblyopes beyond the so-called
critical period (age <8 yr). Focusing on the lack of functional
spatial connections in amblyopia, Polat et al. (5) trained subjects
to detect sine-wave gratings with collinear high-contrast flankers
and gradually increased the spatial frequency of the stimulus
during training. They found that training significantly improved
the contrast sensitivity and visual acuity of adults with either
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strabismic or anisometropic amblyopia. We also observed sig-
nificant improvements in contrast sensitivity and visual acuity by
training adults with anisometropic amblyopia to detect sine-
wave gratings at their cutoff spatial frequencies (20). In a recent
publication, Chung et al. (21) found that the ability to detect
contrast-defined letters improved in 8 of 10 (4 strabismic, 3
anisometropic, and 1 both) subjects after training. Moreover,
training in contrast-defined letters also significantly benefited
their performance in a luminance-defined letter identification
task.

One critical concern of perceptual learning as an effective
therapy for amblyopia is whether training with one particular
stimulus and task generalizes to other stimuli and tasks. Al-
though all of the studies discussed in the previous paragraph
demonstrated some degree of transfer (e.g., Vernier acuity to
visual acuity, position acuity to Snellen acuity), a systematic
characterization of the degree of generalizability of perceptual
learning in amblyopia is still critically important. This is because
the hallmark of perceptual learning in the normal visual system
is its high specificity to the characteristics of the training stimulus
(6). If perceptual learning in the amblyopic visual system were
also highly specific to the characteristics of the training stimuli
and task, perceptual learning as a therapy for amblyopia would
not be very effective in improving general spatial vision. At a
minimum, multiple training stimuli and tasks must be used to
cover the range of stimuli and tasks that are important for daily
visual functions. On the other hand, perceptual learning in the
amblyopic eyes that generalizes to a wide range of untrained
stimuli and task conditions would provide a basis for efficient
training regimens.

To evaluate and compare the generalizability of perceptual
learning in amblyopic and normal vision, we estimated the
bandwidth of spatial frequencies impacted by perceptual learn-
ing at a particular spatial frequency in both normals and
amblyopes. Contrast sensitivity functions (CSFs)—sensitivity to
sine-wave gratings of various spatial frequencies—were mea-
sured before and after perceptual learning at one spatial fre-
quency in teenagers and adults with and without amblyopia.
Direct comparisons of the post- and pretraining CSFs (Fig. 1)
provides a measure of the range of spatial frequencies (the
“bandwidth”) impacted by perceptual learning (22). We found
that the bandwidth of perceptual learning in the amblyopic visual
system is much broader than that of the normal visual system.

Results

Learning Curves. For the amblyopic and normal observers in the
first control group, training at the cut-off spatial frequency
significantly improved contrast sensitivity (P < 0.01), by 10.7 dB
and 5.6 dB, respectively (Fig. 2). For the observers in the second
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