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Visual development depends on sensory input during an early
developmental critical period. Deviation of the pointing direction
of the two eyes (strabismus) or chronic optical blur (anisometropia)
separately and together can disrupt the formation of normal
binocular interactions and the development of spatial processing,
leading to a loss of stereopsis and visual acuity known as amblyopia.
To shed new light on how these two different forms of visual dep-
rivation affect the development of visual cortex, we used event-
related potentials (ERPs) to study the temporal evolution of visual
responses in patients who had experienced either strabismus or
anisometropia early in life. To make a specific statement about the
locus of deprivation effects, we took advantage of a stimulation
paradigm in which we could measure deprivation effects that arise
either before or after a configuration-specific response to illusory
contours (ICs). Extraction of ICs is known to first occur in extras-
triate visual areas. Our ERP measurements indicate that depriva-
tion via strabismus affects both the early part of the evoked
response that occurs before ICs are formed as well as the later
IC-selective response. Importantly, these effects are found in
the normal-acuity nonamblyopic eyes of strabismic amblyopes
and in both eyes of strabismic patients without amblyopia. The
nonamblyopic eyes of anisometropic amblyopes, by contrast, are
normal. Our results indicate that beyond the well-known effects
of strabismus on the development of normal binocularity, it also
affects the early stages of monocular feature processing in an
acuity-independent fashion.
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Over 50 y of research on experimental animal models has
indicated that deprivation of normal visual experience during

a developmental critical period perturbs both the structure and
function of primary visual cortex (1–4). The animal models were
developed to understand the underlying neural mechanisms of
amblyopia, a common human developmental disorder of spatial
vision associated with the presence of strabismus, anisometropia,
or form deprivation during early life (5). Amblyopia is classically
defined on the basis of poor visual acuity, but many other visual
functions are known to be affected (6–8).
The earliest experimental studies of visual deprivation focused

on the effects of monocular lid suture, and these studies showed
devastating effects on the ability of the deprived eye to drive
neural responses, retain synaptic connections, and guide visual
behavior (9–11). Later work studied less extreme forms of dep-
rivation that are common in humans, such as the effects of
strabismus (deviation of the pointing direction of the two eyes)
(12, 13) or anisometropia (chronic optical blur) (14, 15). More
recent studies (16, 17) have found that losses in cell responses in
primary visual cortex appear to be insufficient to explain the
magnitude of behaviorally measured deficits. Based on these
results, a hypothesis has been put forward that these forms of
deprivation have their primary effects in extrastriate cortex (16).
Motivated by this idea, psychophysicists have sought evidence

that extrastriate cortex is particularly impaired in human ambly-

opia. This work has used tasks whose execution is fundamentally
limited by processing resources that single-cell physiology sug-
gests are located in extrastriate cortex. As a second step, these
studies have scaled stimuli based on visual acuity and compen-
sated for contrast sensitivity losses to equate the output of early
visual cortex from the amblyopic eye to that of normal-vision
participants. Despite a nominal match at the level of early visual
cortex outputs, patients with amblyopia still show deficits on
illusory tilt perception (18), contour integration (19–23), global
motion sensitivity (8, 24–28), object enumeration (29), and object
tracking (7, 30). The impairments listed above have been inter-
preted to indicate that amblyopia may involve abnormalities in
“higher-level” (e.g., extrastriate) neural processing that occur
independent of any deficits in early processing stages (e.g., in
striate cortex). A limitation of the existing psychophysical
approaches has been the need to make an assumption that the
stimulus scaling used to equate stimuli for visibility fully equili-
brates the activity of early visual cortex. It would be preferable to
take an approach that allows one to measure neural responses
directly from both early and later stages of visual processing.
Here we use event-related potentials (ERPs) and a stimulation
paradigm that allow us to record responses from both early visual
cortex and higher-level, extrastriate areas.
Our approach is similar in spirit to existing psychophysical

approaches: We use a stimulus configuration—illusory contours
(ICs)—that previous single-unit studies have shown to be first
extracted in extrastriate cortex (31–34). ICs, also referred to as
subjective contours, render object borders that are perceptually
vivid but that are created in the absence of luminance contrast or
chrominance gradients (35). ICs have been widely used to study
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mechanisms of scene segmentation and grouping operations that
are among the most fundamental tasks the visual system has to
perform (36). ICs have garnered considerable interest because of
their “inferential” nature—despite the lack of luminance edges,
the visual system uses implicit configural cues to infer the pres-
ence of a contour. Finally, behavioral investigations in macaque
suggest that IC perception is strongly dependent on higher visual
areas, including V4 (37, 38) and inferotemporal (IT) cortex (39, 40).
Instead of attempting to equate the visibility of stimuli in the

amblyopic eye to that of normal control eyes, as has been typical
practice in the study of amblyopia, we make a close analysis of
the effects of deprivation that is based on ERP responses from
the nonamblyopic eyes of patients with anisometropic or stra-
bismic amblyopia. These eyes have normal visual acuity and
normal or even supernormal contrast sensitivity (41), making the
stimuli nominally equivisible without the need for scaling. We
then measure evoked responses at early latencies before the time
that IC selectivity arises to assess the integrity of early visual cortex,
and compare these responses to those measured at longer latencies
after robust IC selectivity has been established. Previous single-unit
studies that have used ICs of the type used in the present study
indicate that they are first extracted no later than V2 (31, 42, 43) or
V4 (34). Given the difference in species and stimuli, we will refer
in the following to evoked responses that lack IC sensitivity as
having arisen in “early” visual cortex, rather than in specific visual
areas. To further specify the site of deprivation effects, we also
study a group of stereo-blind patients with strabismus who do not
have amblyopia (normal visual acuity in each eye).
A second goal of our study is to compare the effects of dep-

rivation from unilateral blur (anisometropia) to that caused by
strabismus. The human psychophysical literature has made a
distinction in the pattern of visual loss associated with stra-
bismus versus that associated with anisometropia (44). At least
some of the differences in performance between these two types
of deprivation can be explained on the level of residual stere-
opsis, which typically differs between these two populations (41).
Whenever these two types of deprivation have been compared in
terms of their effects on the monocular cell properties of V1,
there has been little to differentiate the effects of the two types
of deprivation (16, 45, 46). Unfortunately, there are relatively
few studies of the effects of critical period deprivation on the
cell-tuning properties in extrastriate cortex of any species (15, 17,
47), and there has been no comparison of the effects of stra-
bismus vs. anisometropia in extrastriate cortex. The implication
of the existing animal literature is that strabismus and aniso-
metropia have comparable effects on early visual cortex and thus
the divergence in their behavioral phenotype, as well as the
major effects of deprivation, will lie in extrastriate cortex. Here
we show that these two types of deprivation have differential
effects very early in visual cortex, possibly as early as the transfer
of information from V1 to V2.

Results
Specific ERP Responses to Illusory Contours.A large-field, repetitive
IC display was used to enhance response amplitudes and to re-
duce the requirements on strict fixation of a small region (see
Fig. 1A for an illustration of the full display in the IC-present
state). Each inducer comprised a notched circle. When the
inducers align with the rectangular lattice underlying the pattern,
a percept of multiple illusory rectangular figures is present. This
image was alternated with a second image, in which each of the
inducers was misaligned by a 50° rotation about the center so as
to disrupt the percept of the illusory figures. These two image
states were presented for 500 ms in alternation (1 Hz; Fig. 1B,
Upper, test condition). As a control for the contribution of local
contrast and motion cues to the ERP, responses were measured
to a display that had the same number of inducers undergoing an
equivalent amount of angular rotation (e.g., 50° of rotation be-

tween offsets of 20° and 70° vs. 50° of rotation between offsets
of 0° and 50° as in the test condition; Fig. 1B). To minimize the
effects of reduced acuity in the amblyopic eyes of the patients, we
used low-spatial frequency, high-contrast inducers (see details in
Materials and Methods).
The alternation between the aligned and misaligned inducer

states created a robust percept of the appearance and disap-
pearance of rectangular illusory figures, whereas the alternation
between the two misaligned inducer states did not. For simplic-
ity, we only plot the ERP responses after the second transition
for both test and control conditions (Fig. 2), as this transition had
the most comparable orientation of the inducers (0° vs. 20°) and
because it highlights responses to perceptually different states
(IC-present vs. IC-absent). In each case, there had been a pre-
ceding 50° rotation of the inducers, and thus the local transients
and rotational motion cues were equated.
Both test and control conditions evoked an initial positive

response between ∼70 and 115 ms with a peak around 100 ms
(marked “P1”), followed by a negative response (between ∼120
and 220 ms) with a peak around 170 ms (marked “N1”) and
a late response (∼230–400 ms; marked “L”) in all three groups:
normals (normal observers), anisometropic amblyopia (aniso-
amblyopia), and strabismic amblyopia (strab-amblyopia). IC-
selective responses were defined as a differential response to
test vs. control conditions. In Fig. 2, the black dots (bolded sections)
on the waveforms indicate the time points that were significantly
different between the test and the control condition on permu-
tation testing with a run-corrected P value of less than 0.05 (48).
The N1 and L components were significantly larger in the IC-
present condition than in the IC-absent condition in the domi-
nant eye of each group and were also significantly different on
the trailing edge of the P1 component, starting at ∼110 ms in the
normal group. We consider these larger P1, N1, and L compo-
nents to be “IC-selective responses” because they occur after the
onset of the configuration that supports IC perception but not
after an equivalent local change in the inducers. The IC effect
was significant at all active electrode derivations. The data in
Fig. 2 are from the O2 electrode (right hemisphere), where the
responses to the IC stimulus were largest among five active
electrode derivations (PO7, O1, OZ, O2, and PO8). Larger, right-
hemisphere IC-selective responses with similar timing have been
reported previously in normal-vision participants (49, 50).

Response Abnormalities in Both Amblyopic and Dominant Eyes of
Patients. In contrast to normal-acuity eyes, IC-selective respon-
ses were not measurable in the amblyopic eyes of both aniso- and

Fig. 1. Schematic illustrations of the stimuli used in the experiments. (A)
The display comprised 45 notched-circle inducers. In the IC-present state, the
inducers were aligned (0°), creating the percept of a set of illusory rec-
tangles. The x in the center of the display indicates the fixation point. (B) ERP
responses were measured under two conditions: a test condition in which
the inducers alternated between a misaligned state (50°, IC-absent, the first
500 ms) and an aligned state (0°, IC-present, the second 500 ms), and a control
condition in which the alternation was between two IC-absent misaligned
states (70°, the first 500 ms and 20°, the second 500 ms). The motion cue due to
rotation was the same (50°) in both test and control conditions.
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strab-amblyopes (Fig. 2, Right). Instead, amblyopic eyes showed
reduced and delayed responses to both test and control con-
ditions relative to their dominant eyes and both eyes of normals.
It is also apparent from inspection of Fig. 2 that the dominant-
eye response of the participants with strabismic amblyopia differs
from those of both normal and aniso-amblyopic participants,
despite the fact that all these eyes have equivalent visual acuity.
To show this more clearly, we replot the data from Fig. 2,
comparing the waveforms across participant groups (Fig. 3A).
The response from the dominant eyes of the anisometropic
participants is very similar to that of the normal controls, but the
response from the dominant eyes of strabismic patients is
depressed—despite their normal visual acuity. One can also see
that the magnitude of the differences between eyes and con-
ditions is reduced in the participants with strabismus.
To capture the full multivariate structure across the two

stimulus conditions, two tested eyes, and three participant groups,
we used partial least squares (PLS) regression to reduce the
dimensionality of the data (51). PLS generates spatiotemporal
response components that reflect the combination of factors
in the experimental design, independent of any prior identifica-
tion of specific components, such as at P1 or N1 (see details in
Materials and Methods). This analysis allowed us to quantify
multivariate differences between groups, eyes, and stimuli at
all time points while controlling for multiple comparisons. PLS
yielded two significant latent variables (LVs) (P < 0.0001). The
time courses for each LV are shown in Fig. 3B (Left), with time
points of significant multivariate difference highlighted by black
dots. The LV “design” weights associated with each condition
are shown (Fig. 3B, Right). The pattern of the first LV weights
indicates that both eyes of the normals and the dominant eye of
anisometropic amblyopes performed similarly in both test and

control conditions—the weights for each of these eyes are all
strongly positive, and more so in the test than in the control con-
dition (Fig. 3B, Upper). By contrast, the weight of the dominant
eye of the participants with strabismic amblyopia is negative, as is
the weight for amblyopic eyes in the test and control conditions.
Thus, the response pattern in the dominant eye of the patients
with strabismic amblyopia more closely resembles that of amblyopic
eyes than of the dominant eyes of normals or participants with
anisometropic amblyopia. This pattern of difference was asso-
ciated with significant differences during the time of the P1 and
N1 peaks and during the time of the L peak. The multivariate
difference, which presents as early as ∼100 ms, is maximal between
∼150 and 200 ms. This result is surprising, because the dominant
eyes of the patients with strabismic amblyopia have normal levels

Fig. 2. Comparison of evoked responses between test (IC-present; red
curves) and control (IC-absent; green curves) conditions in the same eye. The
responses were averaged from each group (n = 10) at the O2 derivation.
Black dots (bolded sections) on the waveforms indicate the time points that
were significantly different between the test and the control conditions on
permutation testing (P < 0.05). IC-selective responses are defined here as
a differential response to test vs. control conditions. In the normal-vision
participants, IC selectivity is first seen around 110 ms on the downward slope
of the P1 response peak and continues through the N1 and L time periods
(gray bands) in both eyes. In the patients with anisometropic amblyopia, IC
selectivity is present with a slight delay in the dominant eye but is not
measurable in the nondominant, amblyopic eye. An IC-selective response is
present with a delay in the dominant eye of the patients with strabismic
amblyopia but not in their nondominant, amblyopic eye.

Fig. 3. Summary of differences in eyes, participant groups, and stimulus
conditions. (A) Replotted data from Fig. 2 comparing waveforms across
participant groups. The colors code the tested eyes. (B) Partial least squares
analysis of multivariate spatiotemporal differences for A indicated two sig-
nificant latent variables (P < 0.0001). (Left) Time courses for each latent vari-
able with the time points of significant multivariate difference highlighted
by black dots. Significant differences are present over the P1, N1, and L time
periods. (Right) Weight patterns associated with the time courses (Left) (see
text for details).
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of visual acuity. Intact high-spatial frequency processing such
as that reflected in letter-acuity tasks appears to be sufficient to
produce a normal first LV in both test and control conditions in
the dominant eyes of patients with anisometropic amblyopia, but
not in patients with strabismic amblyopia.
The second LV weights were all negative in the test condition

and mostly positive in the control conditions, indicating that this
LV primarily reflects response differences between the test and
control conditions (Fig. 3B, Lower). These differences were
smallest between amblyopic eyes, reflecting the reduced IC-
selective response seen in the time averages. Time points of
significant difference associated with this pattern were present
during the P1 period and a time period that spans the transition
between the N1 and L peaks of the averaged response. Multi-
variate analysis thus reveals time courses of difference that are
closely associated with the timing of ERP peaks in the case of the
first LV and dissociated from them in the case of the second LV.
The average responses shown in Figs. 2 and 3B are a composition
of these two underlying processes. The individual subject “scalp”
scores for the PLS analysis in Fig. 3B are provided in Fig. S1. The
scalp scores represent the extent to which an individual partici-
pant expresses the pattern of weights for a given LV (51). The
range of variability is comparable across groups and conditions,
so the effects are not dominated by a small number of outliers.

Strabismic Patients Without Amblyopia. Because all of the partic-
ipants with strabismic amblyopia had normal visual acuity in
their dominant eyes, it is surprising to find abnormalities in their
evoked responses. In addition to their amblyopia, these partic-
ipants also had very poor or absent stereopsis. This raises the
question of whether the dominant-eye abnormalities in strabis-
mic amblyopia are related to the other eye’s amblyopia (e.g., as
a result of interocular interference), or whether they are related
to other factors such as lack of normal binocular integration
during early development. To address this question, we recorded
ERP responses from 10 strabismic patients without amblyopia
who had normal visual acuity (20/20–25 vision or better) in both
eyes but who had strongly reduced or absent stereopsis.
Fig. 4 compares the evoked responses in strabismic patients

with and without amblyopia. The responses from the dominant
eye and the nondominant eye of strabismic patients without
amblyopia are plotted in Fig. 4 (Upper and Middle, respectively).
Fig. 4 (Lower) replots the responses from the dominant eyes of
strabismic amblyopes from Fig. 2. As can be seen in Fig. 4, IC-
selective responses during the N1 peak in both eyes of strabismic
patients without amblyopia are similar to that of the dominant
eyes of strabismic amblyopes. In other words, strabismic patients
without amblyopia replicated the dominant-eye performance of
strabismic amblyopia to IC stimuli.
Although nonamblyopic strabismic patients demonstrate IC-

selective responses in both their dominant and nondominant
eyes, their responses are abnormal, as can be seen when their
responses are compared with those of normal-vision participants
with fully functioning stereopsis (Fig. 5A). Compared with the
participants with normal vision, strabismic patients without am-
blyopia have a general reduction in evoked-response amplitude
in both test and control conditions. This reduction is especially
apparent during the N1 component. We used the PLS approach to
extract the latent structure underlying the multivariate responses
and found two significant LVs (P < 0.0001 for the first LV and
P < 0.05 for the second LV), as seen in Fig. 5B. The weight
pattern of the first LV (Fig. 5B, Upper Right) indicates that this
component reflects a common deficit in both test and control
responses in both eyes of the patients, relative to both eyes of the
normal controls. The time course of the first LV (Fig. 5B, Upper
Left) shows the largest magnitude of difference during the time
of the N1 peak of the averaged evoked response, as was seen
in the multivariate comparison in Fig. 3B (Left). Differences

between patients and controls thus increase at longer latencies at
the N1 peak.
The second LV time course (Fig. 5B, Lower Left) shows the time

points of significant difference during the P1 peak of the aver-
aged response and again during the transition between the
N1 and L peaks. The weight pattern of the second LV (Fig. 5B,
Lower Right) primarily reflects differences between test and
control conditions, with these differences being of smaller mag-
nitude in the patients than in the controls, as can be seen by the
smaller difference between the positive and negative weights
associated with the control and test stimuli, respectively. The
individual subject scores from the PLS analysis of Fig. 5B are
provided in Fig. S2. These results indicate that strabismus alone
is sufficient to create strong abnormalities in the evoked re-
sponse and that these abnormalities are independent of visual-
acuity deficits, as both eyes of this group of patients had normal
visual acuity.

Discussion
Two previously unidentified results have emerged from this
study. First, strabismus generates significant abnormalities in
both early and later stages of cortical processing, and these ab-
normalities are independent of visual-acuity deficits. Second, the
visual processing in the normal-acuity nonamblyopic eyes of
anisometropic amblyopes, by contrast, is normal, suggesting that
these two forms of visual deprivation have different effects on
early visual cortex.
Using stimuli that contain local motion and contrast cues as

well as higher-order illusory contours, we found that the evoked
responses from the normal-acuity dominant eye of patients with
strabismic amblyopia and those from both eyes of strabismic

Fig. 4. Comparison of evoked responses in strabismic patients with and
without amblyopia. The responses were averaged from both eyes of stra-
bismic patients without amblyopia (Upper and Middle; n = 10) and the
dominant eyes of strabismic amblyopes (Lower; replots from Fig. 2). The test
condition (IC-present) is shown in red and the control condition (IC-absent)
is in green. Black dots on the waveforms indicate the time points that were
significantly different on permutation testing between test and control
conditions (P < 0.05). IC-selective responses (differential responses to test vs.
control conditions) during the N1 peak in both eyes of strabismic patients
without amblyopia are similar to those of the dominant eyes of strabismic
amblyopes.
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patients without acuity losses were abnormal during a phase of
response that is before the time when IC sensitivity is first
expressed. In contrast, the dominant-eye responses in the
patients with anisometropic amblyopia were normal during this
early time period and at a later time period when IC selectivity is
formed. In normal-acuity eyes of strabismic patients with or
without amblyopia, the deviation from the normal response
pattern then increased during the later period of the response
when IC configural activity is normally robust. Taken together,
these results indicate that strabismus has an effect on both early
and later stages of cortical processing, which is independent of
any effect of reduced contrast sensitivity or spatial resolution.
Disruptions of visual processing at this early stage may have had
downstream consequences on the later, configuration-specific
part of the response. Consistent with this, we also found that the
amblyopic eyes of both strabismic and anisometropic amblyopes
showed deficits over both the early and late time period of the
evoked response. This result is less surprising given that the
deficits in contrast sensitivity and spatial tuning properties, which
are subtle in V1, become clearly manifest in V2 (17).
Our results in amblyopic eyes are broadly consistent with cur-

rent thinking regarding the effects of deprivation on the de-
velopment of visual cortex. Previous data from V1 of macaque
models of amblyopia have suggested that, beyond a loss of
binocular cells, there is insufficient difference between ambly-

opic and nonamblyopic eyes to explain the magnitude of behavioral
losses in spatial contrast sensitivity (16, 17). This led to the notion
that amblyopia is a consequence of cascading abnormalities in
areas downstream of V1 (16). The first direct experimental evi-
dence for this model comes from a recent study of deprivation in
a macaque experimental strabismus model. Bi and coworkers (17)
found that ocular dominance shifts strongly toward the unoper-
ated eye in severe strabismic amblyopia in V2 but not in V1.
Moreover, spatial tuning properties are measurably abnormal in
V2 but not in V1. These results are consistent with the notion that
behavioral amblyopia is the result of a cascading of loss over in-
creasingly higher levels of visual processing. Bi and coworkers
argued that the more severe effects of deprivation in V2 are due to
suppressive interactions between eyes that begin in V1 and are
also present in V2. The extent of suppression also correlated with
behavioral amblyopia.
One of our contributions is to show that deprivation from

strabismus has its effects earlier in this processing chain than
the deprivation from chronic blur (anisometropia). The early part
of the evoked response is abnormal in strabismus but normal in
anisometropia. Importantly, the effect in strabismus is independent
of losses in spatial sensitivity; for example, it is independent of
amblyopia per se, which has historically been defined on the basis
of a loss of visual acuity. Very little data is available on the relative
effects of these two forms of deprivation in animal models. When
these two forms of deprivation have been compared in macaque,
no clear differences have been found in cell tuning at V1 (16, 45).
To our knowledge, there has been no demonstration of deficits in
the monocular properties of the fellow eyes in either anisometropic
or strabismic amblyopia. Our work thus places the likely site of
divergence between the behavioral phenotypes of these two forms
of deprivation at an earlier rather than later stage of processing.
Beyond showing differences in the timing and magnitude of

effects of the two types of deprivation on neural responses in
humans, our results from the normal-acuity eyes of strabismic
patients suggest that traditional ocular dominance histograms,
which index the proportion of cells that can be driven by either
eye (8), may not be particularly sensitive to the absolute level of
monocular performance of the cells under test. A simple loss of
binocular cells does not readily explain the loss of both early
nonconfigural responses (at P1) and configural ones (at N1) in
the dominant, fixating eye of strabismic amblyopes. A previous
study has suggested that the primary deficit in V1 of strabismic
animals is a loss of excitatory binocular interactions, combined
with a pattern of abnormal binocular interaction. Therefore, the
ratio of binocular to monocular response rates is reduced by
deprivation (17). Bi and coworkers suggest that these disruptions
of binocularity in V1 lead to abnormal development in down-
stream areas, such as at V2 (17). Our results suggest that the
normal development of these processes and possibly others is
necessary for complete development in early visual cortex, in-
cluding nominally monocular response properties. Asymmetric
suppression between the two eyes may exacerbate these losses
and lead to the loss of spatial resolution that is the defining
characteristic of amblyopia. The fact that the normal-acuity eye
of strabismic patients with amblyopia develops the same deficit
pattern as the two eyes of strabismic patients with no amblyopia,
who typically have very strong, alternating (symmetric) suppression,
further emphasizes the importance of intact binocular integration
processes for normal development of form vision. Importantly,
suppression prevents stereopsis, the perception of depth from
horizontal disparity. Disparity tuning is strongly dependent on
normal excitatory interaction, and excitatory inputs from the
nonfixating eye are preferentially lost in strabismus (52–54).
Most of our anisometropic amblyopes had measurable stere-

opsis, but most of the patients with strabismus did not. Whereas
the dominant eyes of patients with anisometropic or strabismic
amblyopia each rarely, if ever, experience suppression, the

Fig. 5. Comparison of evoked responses between normal-vision partic-
ipants and strabismic patients without amblyopia. (A) Waveform comparison
across participant groups; data are replotted from Fig. 2 for normal partic-
ipants and from Fig. 4 for strabismic patients without amblyopia. The colors
code the tested eyes. DE, dominant eye; NDE, nondominant eye. (B) Partial
least squares analysis for the data in A for the first latent variable (Upper; P <
0.0001) and the second latent variable (Lower; P < 0.05). (Left) Time courses
for each latent variable with the time points of significant multivariate
difference highlighted by black dots. Significant differences are present over
the P1, N1, and L time periods. (Right) Weight patterns associated with the
time courses (Left) (see text for details).
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dominant eye of the anisometropic patients participates in some
degree of binocular interaction. Preserved excitatory interactions
in anisometropic amblyopia may thus be sufficient to promote
normal development of responses in areas that are both before
and after the stage at which IC extraction is performed. In the
absence of suppression, these responses and later ones develop
normally. In the case of strabismus, we propose that suppression
eliminates excitatory binocular interactions that are essential for
the complete development of both early and later stages of the
visual pathway. Perhaps these interactions afford better de-
velopment of the monocular response properties through an
instructive role of correlated binocular interactions or an im-
proved ability to develop scene-segmentation mechanisms under
the guidance of stereoscopic cues for object and surface depths.

The Locus of Strabismic Deficits. A critical feature of our analysis is
the use of the timing of the onset of IC-selective responses as
a means of “locating” the acuity-independent deficit in strabis-
mus. As noted in the introduction, the IC paradigm is attractive
because the emergence of IC sensitivity is relatively well un-
derstood. In macaque, a reliable response to IC stimuli can first
be recorded in V2 (31, 42, 43). IC and real contours produce
similar activation in macaque V4 (55), and cells in IT of macaque
are tuned for shapes defined by Kanisza-type ICs (55). IC se-
lectivity has also been relatively well studied in humans (56).
ERP studies have shown that ICs can modulate the first negative
component (N1), peaking ∼145–160 ms poststimulus onset (57–
59). This effect appears to begin on the downward slope of the
preceding P1, as can be seen in our data and in those of previous
studies (49, 56, 60). Other studies using high-density ERPs
combined with functional magnetic resonance imaging (fMRI)
(49, 61, 62), high-density ERP alone (50, 58, 60, 63–65), mag-
netoencephalography (66), and fMRI alone (67, 68) suggest that
IC-selective processing first occurs within higher-tier object-
recognition areas of the lateral occipital complex (LOC) without
a substantial contribution from earlier areas such as V1 or V2
(49, 58, 61, 62, 67–69) to the dominant effect at N1. Taken to-
gether, evidence from single-unit electrophysiology and func-
tional neuroimaging studies in humans suggests that ICs are
strongly represented in second-tier extrastriate cortex (e.g., LOC
in humans, V4/IT in macaque), but that the first stages of this
process may begin as early as V2. In our data, IC selectivity is
first measurable on the downward slope of P1 at around 110 ms
poststimulus. In the normal-acuity eyes of strabismic patients,
the entire P1 response is depressed, including the portion of the
response that occurs before IC sensitivity is first expressed. As
just noted, there is evidence that IC selectivity may occur as early
as V2, and we now know that the amblyopic deficit begins to be
expressed more clearly in the properties of V2, possibly as a re-
sult of failed input from V1 (17). Our results are thus consistent
with the strabismic deficit being due to a failure of transfer of
information as early as from V1 to V2 (17). The IC task is more
complex than the simple spatial-tuning task used to measure cell
responses in V1 and V2, and may therefore be more sensitive to
losses in the nonamblyopic eye. In our study, it is likely that P1
contains responses from both V1 and V2 and possibly V3. What
is important about our results is that the response is abnormal as
soon as we can measure it in strabismus. This places monocular
aspects of the strabismic deficits early in the pathway at a stage
of processing that is not affected by another common form of
deprivation (anisometropia) in humans.

Visual Deficits in the Fellow Eye of Amblyopes. Visual deficits in the
normal-acuity fellow eyes of patients with amblyopia have been
reported previously in psychophysical studies. These fellow-eye
abnormalities have been found in motion-discrimination tasks
(27, 70, 71), global form tasks (19, 21, 72, 73), and second-order
target-detection tasks (74). These deficits are more common in the

fellow eyes of strabismic amblyopes than in anisometropic fellow
eyes (75), but have also been noted in some tasks in anisometropia
(22, 70). The most pronounced fellow-eye deficits reported in the
fellow eye of anisometropes are in a contour-in-noise task in
a macaque model (22) and in a motion-defined form task in hu-
man children (70, 76). These tasks each involved the integration of
noisy local measurements of orientation or motion into a global
percept and are thus quite different from the task we have studied.
Deficits are also found in both eyes of strabismic patients with no
amblyopia, as we find here. These bilateral deficits in strabismus
have been reported in a contour-integration task (21) and in
a related second-order flanker task (74).
Our results shed new light on these previous psychophysical

studies. These studies interpreted the failures as being due to
selective losses in extrastriate areas. The basis for this inference
was an assumption that early visual processing was normal be-
cause acuity was normal (in nonamblyopic eyes) or because the
stimuli were equated for low-level feature visibility (in amblyopic
eyes). These inferences are necessarily indirect. By studying the
temporal evolution of the ERP, a direct measure of neural ac-
tivity, we have shown that even the earliest stages of visual
processing, as manifest in the P1 peak, are affected in the nor-
mal-acuity nonamblyopic eyes of strabismic patients but not in
the nonamblyopic eyes of anisometropes. This suggests that the
strabismic deficit begins very early in cortex, is present in both
eyes, and is not related to visual-acuity loss. The amblyopic deficit
increases at later time points/high-cortical areas in both types of
amblyopia. The two types of patients thus differ in the initial site
of abnormality, but both types demonstrate increasing levels of
deficit in the higher level of visual processing that is tapped by the
late activity in our IC task.

Materials and Methods
Participants. A total of 40 adult observers (20–66 y old) participated. All
normal-vision observers (n = 10) were individually age-matched to amblyopic
and strabismic observers within 20% of their age. Observers with a history
of anisometropic amblyopia (n = 10), strabismic amblyopia (n = 10), and
strabismus without amblyopia (n = 10) participated. All participants were
refracted under noncycloplegic conditions by a pediatric ophthalmologist
before the experiments. All patients were screened for the presence of
monocular fixation instability and eccentric fixation using a direct oph-
thalmoscope. Participants who had eccentric fixation and nystagmus or
latent nystagmus (nystagmus that appears when covering one eye) were
excluded from the study. Visual acuity was evaluated with a LogMAR chart
(Bailey–Lovie) and was measured with best optical correction. Stereoacuity
was measured with Randot stereotests (Stereo Optical) at a near distance
with best optical correction. All normal-vision observers had 20/20 or
better optotype acuity in each eye and stereoacuity of at least 30 arc·s.
They also had no prior history of strabismus, amblyopia, or any other
eye diseases.

Patient participants were classified into three groups: (i) anisometropic
amblyopia: Amblyopic observers with unequal refractive error between the
two eyes of at least 1 diopter in any meridian and with no constant ocular
deviation or history of strabismus surgery; (ii) strabismic amblyopia: Am-
blyopic observers with a constant ocular deviation or a history of prior
strabismus surgery with or without anisometropia; and (iii) strabismus without
amblyopia: Strabismic patients who had equal acuity that was better than 20/
25 in each eye. All patient participants had no history of other eye diseases
(e.g., cataract, ptosis, glaucoma, lens implant, etc.). The two amblyopic
groups had similar visual-acuity distributions, with mean visual acuity of 20/
83 (SD 20/50) and 20/80 (SD 20/63) for eyes with anisometropic and strabis-
mic amblyopia, respectively (P = 0.8). However, most of the anisometropic
amblyopes had relatively good stereopsis (i.e., between 50 and 200 arc sec-
ond) or residual stereopsis (i.e., between 200 and 400 arc second). In most of
the strabismic amblyopes and strabismic patients without amblyopia, stere-
opsis was not measurable using Randot stereotests with 2,000 arc second as
the maximum measurable stereoacuity. Refractive errors were corrected for
the testing distance (70 cm) in all observers during the experiments. Clinical
details of the observers with amblyopia and strabismus are shown in Table 1.

The research protocol was approved by the Institutional Review Board of
the California Pacific Medical Center and conformed to the tenets of the
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Declaration of Helsinki. Written informed consent was obtained after the ERP
recording procedure was explained.

Stimuli. Illusory contours were generated in a display composed of an array of
black, notched circles (inducers) on a white background (Fig. 1A). There were
45 inducers arranged in 5 rows with 9 inducers in each row. The inducers
were separated from their neighbors by 2.86° horizontally (along rows) and
3.68° vertically (along columns). Each inducer spanned 2.5° of visual angle.
When the inducers were aligned (0°), there were 40 illusory rectangles (IC-
present). Each illusory rectangle subtended 1.6° × 1.5°. When the inducers
were misaligned (e.g., 20°, 50°, and 70° offset from alignment), the illusory
rectangles disappeared (IC-absent) (Fig. 1B). The stimuli were presented on
a color CRT monitor (Mitsubishi; Diamond Pro 2070) running in monochrome
mode (black inducers on a white background). The display was set at an 800 ×
600-pixel resolution and a 72-Hz refresh rate. It was positioned at 70 cm, gen-
erating a 27° by 18° visual field. The mean luminance of the background was
constant at 125 cd/m2. The contrast of inducers was 90% (Michelson definition).

Perceptual Reports. A perceptual report was elicited from each eye of the
patients by asking them to compare spatially filtered and unfiltered ICs across
their two eyes. A reference IC target (Fig. 1A) was blurred using the Pho-
toshop Gaussian blur tool at four levels, with each level adding 1 pixel ad-
ditional radius to the filter (1 pixel equals 0.007 arc·min). Patients first
viewed the unfiltered image with their dominant (fellow) eye and then with

their nondominant (amblyopic eye). They were then asked to choose the
filtered image viewed by their fellow eye that best matched their percept of
the unfiltered image shown to their amblyopic eye. Patients reported clear
IC percepts when viewing with their fellow eyes in the case of patients with
amblyopia and in both eyes in patients without amblyopia. The matches to
the amblyopic eye percepts spanned a range of blur levels. Among the 20
amblyopic eyes, 9 matches occurred at level 1 of blur, 6 at level 2, and 5 at
level 3. None of the participants used the level 4 blurred image as a match.

ERP Recording. Grass E-6H gold-cup surface electrodes were used to collect
EEG data. The EEG was amplified at a gain of 50,000, with amplitude band
pass-filter settings of 0.3–100 Hz (model 12BIN/8CH-23C; Grass Instruments).
Five active electrodes were placed over the occipital pole at PO7, O1, OZ, O2,
and PO8 of the International 10-20 system (77). The reference and ground
electrodes were placed at CZ and PZ, respectively. Impedance was measured
and maintained between 3 and 10 kΩ. The EEG was digitized to a nominal
16-bit accuracy at a sampling rate of 432 Hz via a National Instruments PCI-
MIO16XE-50 card controlled by in-house software that also performed signal
processing and user-interface functions. The observers were instructed to fix-
ate on a small fixation point in the center of the monitor. Viewing was mon-
ocular for all observers, with the nonviewing eye occludedwith a black eye patch
during the experiment. An ERP recording session consisted of 10 trials per con-
dition and per eye for all observers. Each trial lasted 12 s, with the first and last
seconds being discarded. The same stimulus condition was repeated 100 times.

Table 1. Clinical details of the patients

Visual acuity Refractive errors
Stereoacuity,
arc secondPatient Dominant eye Nondominant eye Ocular alignment Dominant eye Nondominant eye

1 20/20 20/50–1 ortho-XT 6pd +3.00 +5.50+0.50*15 NA
2 20/16–1 20/50+3 ortho plano +1.50+1.00*65 70
3 20/20–3 20/50+1 ortho −1.00 −5.50+0.50*40 NA
4 20/20 20/50 ortho +0.50 +0.50+2.00*180 70
5 20/20 20/60 ortho −0.25 +3.00+0.50*90 340
6 20/16–1 20/63+1 ortho plano +3.50+0.50*140 400
7 20/20+1 20/63–1 ortho −0.50+0.50*90 −1.00+3.00*90 400
8 20/20–1 20/125 ortho +2.00+1.00*70 +4.00+2.00*110 400
9 20/12.5 20/125 ortho plano +3.00+2.50*140 200

10 20/20 20/200 ortho +6.00–2.00*25 +7.50–2.50*180 NA
11 20/20 20/40 ET 15pd, DVD −6.00 −6.00 NA
12 20/20–3 20/40+3 XT 2pd +4.00+1.00*10 +2.00+1.00*170 NA
13 20/20–1 20/50–2 ET 40pd, L/R 6pd plano-1.50*140 +2.25–2.50*20 NA
14 20/20 20/50 XT 8–12pd, L/R 5pd −5.25 −12.25 200
15 20/20–1 20/40+2 ortho-exophoria −1.00–0.50*170 −0.75–0.50*30 NA
16 20/20+2 20/63+2 XT 16pd, R/L 6pd −4.00+1.00*90 −3.50+1.50*90 NA
17 20/20+2 20/80–2 XT 12pd, R/L 4pd −0.50+

0.50*140
−9.00–1.00*50 NA

18 20/16–2 20/80+3 ET 6pd, R/L 8pd −2.25–2.00*175 −16.5–4.00*172 NA
19 20/12.5–2 20/100–2 ET 3pd, L/R 3pd +3.00–0.75*110 +3.25–1.25*80 NA
20 20/20+2 20/250 XT 6pd −0.50–1.25*90 +4.00+2.00*90 NA
21 20/16–2 20/20 XT 12–14pd plano +1.00 200
22 20/16+2 20/25–2 ET 8pd, L/R 16–20pd plano +2.00+0.25*100 NA
23 20/20+2 20/20+1 ET 10pd −4.25–0.50*170 −4.75–0.75*170 NA
24 20/16–1 20/20–2 ET 6pd, L/R 2pd +2.25+0.75*20 +3.00+0.50*20 NA
25 20/20 20/16–1 ET 16pd −1.50+

0.50*110
−1.00–0.25*110 NA

26 20/16–1 20/25 XT 4pd, L/R 4pd +0.25+
1.00*100

+3.25+1.25*100 340

27 20/16–2 20/20+2 ET 30pd, R/L 8pd plano-1.00*80 +0.50 NA
28 20/16–2 20/20–2 XT 4–6pd +3.50+

0.50*140
+1.00 NA

29 20/20+2 20/25–1 ET 40pd, L/R 6pd −2.00+
0.75*145

+0.50+0.25*105 NA

30 20/20–1 20/25+1 XT 20pd, L/R 8pd −0.50–2.00*90 −2.00 NA

Patients 1–10 are anisometropic amblyopia; 11–20 are strabismic amblyopia; and 21–30 are strabismus without amblyopia. Stereoa-
cuity was measured at near distance. Stereoauity marked “NA” indicates nonmeasurable stereoacuity. Ocular alignment at near with
correction is shown in prism diopters. DVD, disassociated vertical deviation; ET, esotropia; L/R, left-eye hypertropia; R/L, right-eye
hypertropia; XT, exotropia.
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ERP Analysis. The data in Figs. 2, 3A, 4, and 5A were obtained by spectral
decomposition and back-reconstruction to the time domain (waveform). For
each subject, stimulus condition, and electrode derivation, raw recordings
for each trial were partitioned into five sequential epochs. These epochs
were averaged together within each trial and then across trials to obtain
a single grand average waveform for each observer, derivation, and stimulus
condition. Each grand average waveform was decomposed by discrete
Fourier transformation and digitally filtered by zeroing the data at 53 Hz
and above to remove 60-Hz and other high-frequency noise. A new wave-
form corresponding to a single stimulus cycle (1-s duration) was then recon-
structed by inverse discrete Fourier transformation of this filtered spectrum.
These reconstructed waveforms were then averaged together across observers
for each derivation and stimulus condition. All of the figures show the data
after the second transition (500-ms duration) of a 1,000-ms single stimulus
cycle. This time point is marked “0 ms” in the figures.

Statistical Analysis. Conventional time-locked averages were computed over
the 1,000-ms stimulus cycle. The statistical reliability of the difference at each
time point between two waveforms (Figs. 2 and 4) was tested using permu-
tation methods (78, 79). Under the null hypothesis of no difference between
two conditions, the two response waveforms are exchangeable for a given
subject. By randomly permuting which subjects had their waveforms ex-
changed, we created a large set of permuted datasets. For each permutation,
we calculated the t value (10 degrees of freedom) for each time point in the
waveform. Then, the maximum t values from each permutation were accu-
mulated into a reference distribution. Any time point from the original,
unexchanged data whose t value fell within the top fifth percentile of the

reference distribution was deemed significant and implied rejection of the null
hypothesis with a 5% probability of type 1 (false rejection) error. Such time
points in the waveform plots in Figs. 2 and 4 are indicated with black dots.

The primary analyses were conducted using partial least squares as de-
scribed by Lobaugh et al. (51) (Figs. 3B and 5B). PLS is a multivariate
technique, similar to factor analysis, that nonparametrically estimates
significance of LVs. It can be used to systematically summarize differences
between experimental conditions in terms of spatial (e.g., amplitude) and
temporal (e.g., latency) variables. After computing a mean waveform across
subjects for each relevant stimulus condition, we subtract the mean for each
condition from the mean across all conditions. The resulting deviation
waveforms for each condition are gathered into a matrix, which is then
subjected to singular-value decomposition to determine the LVs in the de-
viation matrix. Each LV consists of three parts: (i) a waveform vector that
represents the manifestation of the latent effect in time domain; (ii) a cor-
responding vector that represents the loading of each condition on this la-
tent waveform; and (iii) a scalar singular value indicating the relative weight
contributed by the latent effect to the deviation matrix. Significance of LV
singular values was obtained by permutation testing; for example, signifi-
cance of PLS waveforms was obtained by resampling from the subjects in the
original sample.
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