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Slower Rate of Binocular Rivalry in Autism
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An imbalance between cortical excitation and inhibition is a central component of many models of autistic neurobiology. We tested a
potential behavioral footprint of this proposed imbalance using binocular rivalry, a visual phenomenon in which perceptual experience
is thought to mirror the push and pull of excitatory and inhibitory cortical dynamics. In binocular rivalry, two monocularly presented
images compete, leading to a percept that alternates between them. In a series of trials, we presented separate images of objects (e.g., a
baseball and a broccoli) to each eye using a mirror stereoscope and asked human participants with autism and matched control subjects
to continuously report which object they perceived, or whether they perceived a mixed percept. Individuals with autism demonstrated a
slower rate of binocular rivalry alternations than matched control subjects, with longer durations of mixed percepts and an increased
likelihood to revert to the previously perceived object when exiting a mixed percept. Critically, each of these findings was highly predictive
of clinical measures of autistic symptomatology. Control “playback” experiments demonstrated that differences in neither response
latencies nor response criteria could account for the atypical dynamics of binocular rivalry we observed in autistic spectrum conditions.
Overall, these results may provide an index of atypical cortical dynamics that may underlie both the social and nonsocial symptoms of
autism.

Introduction
From the moment we open our eyes, we receive two slightly
dissimilar images of the world. Normally, these two sources of
input are complementary: their disparity provides dimensional
cues about elements in the environment, and they are resolved
into a rich and unified perceptual experience. This unified percept collapses when incongruous images are presented to each
eye, creating interocular conflict. During such conflict, each
image is perceived singly and serially, in stochastic alternation
(Wheatstone, 1838). This phenomenon, known as “binocular
rivalry,” is mediated by competitive interactions between populations of neurons that code for the two inputs at various levels of
visual processing. As an image is suppressed from perceptual
awareness, electrophysiology and functional imaging techniques
reveal a concomitant reduction in the amplitude of response in
brain regions that process the nondominant image, which is reversed as that percept regains dominance (Sheinberg and Logothetis, 1997; Tong and Engel, 2001). As a result, the distributions
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of the durations of sequential dominant percepts are known to be
very regular, comparable between human and monkey (Leopold
and Logothetis, 1996).
The reliance of binocular rivalry on competitive interactions
in the visual cortex makes it an ideal paradigm with which to
investigate the autistic brain. An imbalance between cortical excitation and inhibition has been posited to characterize the autistic cortex (Rubenstein and Merzenich, 2003; Vattikuti and Chow,
2010). Furthermore, such an imbalance has been proposed as the
source of varied features of autistic spectrum conditions (ASCs),
such as an enhanced perception of visual detail (Kéïta et al.,
2011), atypical motion perception (Foss-Feig et al., 2013), and a
propensity toward repetitive behaviors (Marín, 2012). But testing
these hypotheses in ASCs has proved challenging, requiring a
behavioral test that affords a simple way to quantify atypical excitatory–inhibitory interactions.
Binocular rivalry, which has been suggested to depend on the
relative levels of cortical excitation and inhibition (Laing and
Chow, 2002; Wilson, 2003), may provide such a test. Changes in
the balance of excitatory–inhibitory interactions modulate rivalry dynamics in computational models (Dayan, 1998; Klink et
al., 2010; Said et al., 2013), and pharmaceutical manipulations of
GABA levels alter rivalry in humans (van Loon et al., 2013). We
tested participants with autism and matched control subjects in a
classic rivalry paradigm, presenting different object images to
each eye and asking participants to continuously report which
object they perceived or whether they had a mixed percept. We
found that binocular rivalry dynamics were significantly affected
in autism. Specifically, autistic individuals had a reduced rate of
switching between percepts, a higher proportion of reversions to
the previous percept, and longer durations of mixed percepts—
all of which correlated with clinical measures of autistic symp-
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Table 1. Psychometric data
Subjects
ASC
Age (years)
IQ
Gender
Control
Age
IQ
Gender

N

Minimum

Maximum

Mean

SD

20
19
12 M/8 F

19
86.00

52
140.00

33.3
119.68

9.932
11.314

19
18
4 M/15 F

20
101.00

52
137.00

28.79
119.17

8.324
9.192

ASC and control groups were matched in age (t ⫽ 1.53, p ⬎ 0.13) and nonverbal IQ (t ⫽ 0.15, p ⬎ 0.88). M, Male;
F, female.

tomatology, potentially reflecting the atypical cortical dynamics
that are hypothesized to characterize the autistic brain.

Materials and Methods
Participants. Twenty adults with high-functioning autism (12 males, 8
females) and 19 control subjects (4 males, 15 females) were recruited
from the Cambridge University Autism Research Centre volunteer database (www.autismresearchcenter.com), autism clinics, and support centers throughout the United Kingdom. All patients met international
criteria for ASCs according to the Diagnostic and Statistical Manual of
Mental Disorders, 4th edition (DSM-IV), as judged by clinicians specializing in the assessment and diagnosis of ASCs. All participants had normal or
corrected-to-normal vision, and individuals with other psychiatric conditions, such as attention deficit-hyperactivity disorder, were not
recruited. Written consent was obtained from all participants in accordance with a protocol approved by the Cambridge University Psychology
Research Ethics Committee.
Psychometric testing. Participants completed the Wechsler Abbreviated
Scale of Intelligence. ASCs and control groups were matched in age (t ⫽
1.53, p ⬎ 0.13) and nonverbal IQ (t ⫽ 0.15, p ⬎ 0.88; Table 1). All
participants also completed the Autism Spectrum Quotient (AQ), a selfreport questionnaire that quantifies autistic traits across both ASCs and
control populations (Baron-Cohen et al., 2001). Additionally, an hourlong diagnostic protocol was administered to all ASC participants [Autism Diagnostic Observation Schedule (ADOS); Lord et al., 2000].
Procedure and psychophysical setup: main experiment. On each run, two
distinct objects (e.g., a baseball and a piece of broccoli) appeared on the
left and right of the screen, on the horizontal meridian (Fig. 1a). Each
object (average width: 2.79°; average height: 2.31°) was displayed
within a tinted square (green or red; width: 3.5°), which was surrounded by a black circle to support binocular fusion (radius: 4.95°;
Meng and Tong, 2004). Stimuli were chosen from a bank of standardized nonsocial objects. Different sets of images were presented in each
run, and the side of the screen on which a red or green square was
presented was counterbalanced.
Participants viewed a Dell LCD monitor (width: 43.5 cm; resolution:
1600 ⫻ 900; refresh rate: 60 Hz) from a distance of 43 cm (fixed using a
chin rest) through a mirror stereoscope. The stereoscope reflected the left
and right sides of the screen into the participants’ left and right eyes, so
that each eye was presented with only one of the two images (red/green;
Fig. 1a). Fusion was achieved for each participant by slowly moving the
two black circles from the edge toward the center of the screen until the
point at which participants reported seeing one circle. All testing took
place in a darkened room.
Before the experiment, participants were given instruction and practice with the task. Participants were instructed to continuously indicate
whether they perceived “the red image, the green image, or a mixture of
the two images.” Testing sessions were composed of two 30 s practice
runs, followed by four 60 s experimental runs. Each run was separated by
a 15 s break, the end of which was indicated by three 1-s-long beeps. At
the beginning of each run, the black circles appeared and participants
controlled object onset by pressing the “Up” key to start the run.
Participants were asked to continuously report whether they perceived
a fully dominant percept—the red image (right key) or the green image

(left key)— or a mixture of the two images (up key), which is sometimes
observed between phases of perceptual dominance (Klink et al., 2010).
Performance analysis: main experiment. Since the key press was continuous (sampling rate: 4 ms), a sequence of perceptual transitions was
computed as events in which one continuous key press was terminated
and another began (Fig. 1b). Key presses lasting ⬍150 ms or periods
where no key was pressed were omitted from the analysis. The sequence
of perceptual transitions was subdivided into two classes: switches and
reversions. “Switches” were defined as sequences in which the perceptual
report shifted from one object to the other (left (L) to right (R) or R to L),
with or without an intermediate mixed percept (Up). In contrast, reversions were defined as sequences in which the percept reverted to the
previously reported object following a mixed percept (L-Up-L or RUp-R; Fig. 1b). The frequencies of transitions, switches, and reversions,
as well as the duration of any percept (red, green, or mixed) were
calculated. Participants whose percept durations were determined to
fall outside of 2 SDs of the group mean (dominance durations: one ASC;
mixed-percept durations: one control) were excluded from the reported
analyses. All analyses were performed both with and without these participants; they did not qualitatively influence the results. All effects reported below remained significant when age, IQ, or gender were treated
as covariates of no interest (all p ⬍ 0.05).
Procedure: control experiments. A subset of the participants from our
main experiment (N ⫽ 21, 10 ASCs) participated in two “playback”
control experiments (collected during a separate testing session) during
which they viewed a simulated series of binocular rivalry alternations
through a mirror stereoscope. Throughout a run, two distinct objects
(the same used in the main experiment, e.g., a baseball and a piece of
broccoli) appeared in temporal alternation on the screen, interposed by
computer-generated mixed-image transition periods, to simulate the experience of binocular rivalry (for similar playback control experiments
used in previous studies, see Lee and Blake, 2004; Baker and Graf, 2009).
The stimuli were presented using exactly the same setup and stimulus
parameters as in the main experiment, but identical images were continuously presented to each eye. Participants were given the same instructions as in the initial rivalry experiment: to continuously report whether
they perceived a fully dominant stimulus—the red image (right key) or
the green image (left key)— or a mixture of the two images (up key).
Following two 30 s practice runs, participants performed four runs in
each of two experiments: (1) “sudden onset,” and (2) the “gradual onset.” Each run lasted for 60 s (⬃16 transitions). On average, two transitions in each run were “reversions,” to simulate the typical rivalry
experience. Reversions were omitted from any response time analyses
reported below; all results were qualitatively similar whether they were
included or not.
Stimuli: control experiments. In each control experiment, we used a
linear blending computation in MATLAB (Open GL ␣ blending) to create physical transitions between the stimuli. During a transition, the
proportion of either image displayed at any pixel was determined by 15
Gaussian filters, which were distributed randomly within the image.
In the “sudden-onset” experiment, participants viewed stepwise, sudden transitions between single-image and mixed-image stimuli (a 50%
blend of the two images; see Fig. 4a). This stepwise, sudden transition
allowed us to determine whether there were any differences in participants’ response latencies to clear, obvious transitions. The duration of
each stimulus in this condition was drawn from the duration distributions of dominant and mixed percepts that we observed in our main
experiment. Because these durations were different for each group in
the main experiment (Fig. 2e), each participant participated in two
runs during which transition durations were drawn from the ASC
group’s distributions [“autism-matched playback”: mixed-image mean
(⫾SD) ⫽ 2.75 ⫾ 1.90 s; single-image mean ⫽ 2.09 ⫾ 1.01 s], and two
runs during which mixed-image presentation durations were drawn
from the control group’s distributions (“control-matched playback”:
mixed-image mean ⫽ 1.41 ⫾ 0.72 s; single-image mean ⫽ 2.28 ⫾ 0.94 s).
All durations ⬍0.5 s were rounded to 0.5 s to ensure participants’ had
adequate time to respond. Playback trials were created from the group
distributions (rather than each subject viewing their own trace), so that
each individual could participate in both control-matched and ASC-
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Figure 1. Binocular rivalry paradigm. a, Experimental setup. Two images, each randomly selected from a bank of standard objects, were presented on the horizontal meridian of an LCD screen,
surrounded by a black circle (radius: 4.95°) and a tinted square (width: 3.5°; red or green). A mirror stereoscope reflected the left and right sides of the screen to the participants’ left and right eyes
(respectively), so that each eye viewed a unique image. This presentation is known to induce binocular rivalry, in which the two incongruous monocular inputs “rival” for perceptual awareness, so
that only one input dominates perceptual experience at any given instant. b, A sample sequence of binocular rivalry alternations. Throughout a run, participants were instructed to continuously
report their perceived image (red, green, intermediate) through button press (right, left, up). The end of an episode of perceptual dominance was labeled a “transition.” Transitions were
retrospectively divided into switches (e.g., R-Up-L) and reversions (e.g., L-Up-L).
matched playback trials, avoiding the possibility of an own-versus-other
trace effect that would be completely confounded with the type of
playback.
In the “gradual-onset” experiment, participants viewed gradual, linear
transitions between stimuli (see Fig. 5a). The onset of each of the 15
Gaussians was randomly determined during the first 20% of the transition, after which the SD of each Gaussian filter linearly ramped from zero
to a third of the image size. This allowed us to determine each participant’s response criteria: the extent of blending that led to either a mixed
or a dominant percept decision. In this experiment, mixed-image presentation durations were fixed at the mean duration of a mixed percept in
the ASC group for two runs (“autism-matched playback”) or the mean
duration of a mixed percept in the control group for two runs (“controlmatched playback”). Single-image presentation durations were drawn
from the duration distributions of dominant percepts observed in the
main experiment.

Results
Fewer perceptual transitions in ASCs
Participants with ASCs reported significantly fewer perceptual
transitions than control subjects (Fig. 2a), reporting a change in
percept an average of 14.7 times per minute, compared with 19.2
times in control subjects (t ⫽ 2.30, p ⬍ 0.028). Importantly, there
was no response bias toward any particular eye (left/right), key
(left/right), or percept (red/green): measures of the proportion of
report (frequency of event/all events), broken down by each of
these factors, revealed no significant differences in either group
(all p ⬎ 0.48). These findings indicate that the rate at which
competing percepts alternate in awareness is slower in individuals with ASCs.
To characterize the dynamics of binocular rivalry in ASCs in
more detail, we decomposed each participant’s sequence of transitions into two classes: switches and reversions.

Fewer switches in ASC
Switches were denoted as transitions in which the participant
reported one percept (e.g., red image) and subsequently reported
the alternate percept (e.g., green image), whether directly or by
way of the mixed perceptual state (Fig. 1b). We found significantly fewer switches in participants with ASC (12.6 per minute)
compared with control subjects (17.4 per minute; t ⫽ 2.51, p ⬍
0.017; Fig. 2a).
To investigate the temporal profile of this effect, for each participant we aligned the sequence of switches in a run with the time
at which the first switch occurred, and divided this sequence into
4 s bins for each run, excluding the last bin to account for individual variation in the timing of the final switch. While individuals with ASCs evidenced fewer switches throughout the run, the
rate of switches decreased equivalently in both ASC and control
individuals throughout the run (Fig. 2c). Repeated-measures
ANOVA, with time as a within-subjects factor and diagnosis as a
between-subjects factor, revealed the main effects of both time
(F(12,420) ⫽ 20.44, p ⬍ 0.001) and diagnosis (F(1,35) ⫽ 5.02, p ⬍
0.031), but no interaction between them (F(12,420) ⫽ 1.45, p ⬍
0.140). This result indicates a slower rate of binocular rivalry
alternations in ASC than control subjects throughout a run, with
the overall rate declining comparably in both groups.
More reversions in ASC
The other class of transitions, reversions, occurred when the participant reported one dominant percept (e.g., red image), and
then entered the mixed perceptual state before reverting back to
the same dominant percept (red image; Fig. 1b). The number of
reversions was comparable between the ASC and control groups
(control group: 1.7; ASC group: 2.1; t ⫽ 0.89, p ⬍ 0.379). How-
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ever, given the reduced number of transitions in ASCs, the proportion of transitions that resulted in reversions rather than
switches was significantly higher in the ASC group (17.9%) than
in the control group (9.1%; t ⫽ 2.38, p ⬍ 0.023; Fig. 2b). Thus,
after leaving a dominant percept, participants with ASCs were
almost twice as likely to “revert” back to this percept than control
individuals. This result suggests that not only do individuals with
ASCs switch perceptual states less frequently, but also each dominant percept is more perseverant.
Longer mixed percepts, but not dominance durations in ASCs
The reduced rate of perceptual switches in ASCs could correspond to longer durations of dominant percepts, mixed percepts,
or both. We therefore investigated whether the average amount
of time spent reporting a particular percept (red, green, or mixed)
differed between the two groups. Control and ASC participants
reported approximately equivalently long dominant percepts
(Fig. 2d; ASC: 2.1 s, Con: 2.4 s; t ⫽ 0.88, p ⬍ 0.383). However,
ASC participants reported mixed percepts for nearly twice as long
on average (2.8 s) as control subjects (1.4 s; t ⫽ 2.80, p ⬍ 0.008;
Fig. 2e). Further, the duration of mixed percepts was strongly
negatively correlated with the frequency of perceptual switches
across participants (Spearman’s (37) ⫽ ⫺0.75, p ⬍ 0.001), suggesting that the amount of time spent in the mixed perceptual
state is related to the speed of perceptual transitions. Longer durations of mixed percepts are unlikely to reflect response conservativeness on the part of participants with ASCs (participants
being more hesitant to report dominant percepts), as a reduced
duration of dominant percepts was not observed.
Comparable distributions of dominance durations
between groups
The distribution of the durations of perceptual episodes around
the mean duration is thought to reflect the stochasticity of the
neural competition underlying rivalry: some computational
models of rivalry propose that switching primarily influenced by
neural noise would produce a large variance in dominance durations, while switching primarily influenced by the regular adaptation of neuronal dynamics would produce a narrow
distribution (Kang and Blake, 2010). To index the relative contributions of these two factors, Shpiro et al. (2009) proposed the
coefficient of variation (CV; SD of dominance durations/mean
dominance duration), which approaches 1 if switching is highly
stochastic (Shpiro et al., 2009). We computed the CV for each
participant and run. No difference between the two groups was
observed (ASC group: 0.57 ⫾ 0.13; control group: 0.55 ⫾ 0.09;
p ⬍ 0.5). To further investigate the distribution of dominance
durations, we fit each individual’s dominance durations on each
run to a gamma distribution. We observed no differences in the
shape or scale parameters of these distributions (ASC group: 3.39
(k), 0.68 (); control group: 3.19 (k), 0.78 (); p ⬎ 0.50). These
two analyses indicate that dominant percept durations are com-

4

Figure 2. Slower rate of binocular rivalry alternations in autism. a, Individuals with ASCs
demonstrated fewer perceptual transitions between the inputs to their left and right eyes,
compared with control subjects. The mean number of these transitions that were perceptual

switches or reversions is marked for each group. b, The proportion of transitions that were
perceptual reversions (calculated as the number of reversions/number of transitions) was
greater in the ASC group. c, In both groups, the frequency of perceptual switches declined
throughout the run. Across the duration of the run, individuals with ASCs experienced fewer
perceptual switches than control subjects (mean plotted on right). d, The duration of dominance episodes was comparable between the two groups. e, However, individuals with ASCs
exhibited longer mixed percepts than control subjects. In all plots, error bars represent 1 SEM.
*p ⬍ 0.05, difference between the two groups.
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parably distributed between the two groups, as is the relative
contribution of noise to rivalry dynamics.
Switch-rate and mixed-percept duration correlate with
autistic symptomatology
Finally, we investigated how our findings of a reduced switch rate,
a higher proportion of reversions, and longer durations of mixed
percepts in ASCs relate to higher-order autistic symptomatology.
No correlations were found with a self-report measure of autistic
traits (the AQ) in either group. However, the rate of switches was
highly correlated with clinical measures of autistic symptomatology, as measured by the ADOS (Spearman’s (19) ⫽ ⫺0.52, p ⬍
0.023; Fig. 3a). Additionally, the proportion of reversions was
correlated with autistic symptoms (Spearman’s (19) ⫽ 0.56, p ⬍
0.013; Fig. 3b). Finally, and as expected from their strong inverse
correlation with the rate of switching, longer mixed perceptual
episodes strongly predicted higher autistic symptomatology
(Spearman’s (19) ⫽ 0.59, p ⬍ 0.007; Fig. 3c). All three of these
measures correlated with each other (all  ⬍ ⫺0.524; all p ⬍
0.001), suggesting that a common mechanism may underlie these
three atypicalities in rivalry dynamics in ASCs. Semipartial correlations controlling for IQ did not qualitatively alter these findings (all p ⬍ 0.05). These results suggest that these relatively
low-level perceptual markers of ASCs are associated with symptomatology defined at much more complex levels of behavior.
Typical response latencies and response criteria in ASCs
The results of our control experiments demonstrate that the atypical dynamics of binocular rivalry evidenced in ASCs cannot be
attributed to group differences in response latencies or response
criteria. Individuals with ASCs reported simulated rivalry alternations with comparable response latencies as control subjects,
whether stimulus onset was abrupt or gradual.
In our main experiment, individuals with ASCs demonstrated
the following: (1) slower rivalry alternations; (2) higher proportion of perceptual reversions than control subjects; and (3) longer
mixed percepts. In the subset of participants (N ⫽ 21, 10 ASCs)
who also participated in the control experiments, these findings
are qualitatively unchanged (longer mixed-percept durations in
ASCs: p ⬍ 0.05). However, during both control experiments,
when there were physical changes in the stimuli, identical analyses revealed that individuals with and without ASCs demonstrated comparable response frequency dynamics in all three of
these domains: (1) individuals with ASCs reported a similar proportion of perceptual switches as control subjects (both control
experiments, p ⬎ 0.98); and there was no difference in (2) the
proportion of reported reversions (both conditions, p ⬎ 0.68) or
(3) the duration of transitions (both control experiments, p ⬎
0.47). These results indicate that the findings of our main
experiment are best attributed to group differences in binocular rivalry dynamics, rather than nonperceptual differences
in the two populations.
Importantly, individuals with ASCs not only demonstrated
response frequency dynamics comparable to those of control
subjects during our simulated rivalry experiments, but similar
response latencies as well. During the sudden-onset experiment,
participants with and without ASCs exhibited comparable response latencies to the sudden onset of single-image ( p ⬎ 0.47)
4
Figure 3. The rate of rivalry predicts the severity of autistic symptoms (individuals with more
autistic symptoms, as measured by the ADOS). a– c, ADOS, a clinical measure of symptomatology,

demonstrated a lower frequency of perceptual switches (a), a higher proportion of reversions
(b), and longer durations of mixed percepts (c).
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Figure 4. Sudden-onset rivalry playback experiment. a, To test whether individuals with and without ASCs have different response latencies to report perceptual changes during rivalry, we
designed a control experiment in which participants viewed a sequence of playback rivalry alternations in which computer-generated mixed stimuli (50% blends of the two stimuli displayed in each
trial) interposed dominant stimulus presentations with instantaneous transitions. b, c, Response latencies to detect the sudden onset of mixed (solid bars) and single-image (open bars) stimuli
during the playback sequences drawn from the ASC (b) or control (c) rivalry reports. Although individuals with ASCs demonstrated atypical dynamics during actual binocular rivalry, the results of our
sudden-onset control experiment demonstrated no significant differences in response latency compare with a sequence of sudden stimuli onsets between ASC and control participants. In all plots,
error bars represent 1 SEM.

and mixed-image stimuli ( p ⬎ 0.11) in both ASC-matched and
control-matched playback types (Fig. 4b,c). This result suggests
that group differences in response latencies cannot account for
the slower rate of perceptual transitions observed in our main
experiment. Nevertheless, a weak tendency toward slower overall
response times was observed in the ASC group. To investigate this
further, we conducted a 2 ⫻ 2 ANOVA, with playback type (au-

tism matched or control matched) and image type (single image
or mixed image) as within-subject factors and diagnosis as a
between-subject factor, but the main effect of diagnosis did not
reach significance (F(1,19) ⫽ 2.245, p ⬍ 0.151), and there were no
interactions involving diagnosis (all p ⬎ 0.164). Importantly,
though, even if this trend were significant, it would be unable to
explain the longer mixed precept durations reported in our main
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experiment since the tendency was the same for both dominant
and mixed-stimulus onsets: overall slower response times in
ASCs would result in a shift in the report of both the onset and
offset of the mixed precepts, but equivalent mixed-percept durations. In sum, group differences in motor response are unlikely to
underlie our finding of atypical dynamics of binocular rivalry in
ASCs.
During the gradual-onset experiment, participants with and
without ASCs again exhibited detection comparable to that of
latencies to the onset of smoothly evolving single-image ( p ⬎
0.65) and mixed-image stimuli ( p ⬎ 0.11) in both ASC-matched
and control-matched playback types (Fig. 5b,c). This result indicates that individuals with and without ASCs require a comparable amount of perceptual evidence to report a single or mixed
image. Therefore, group differences in response criteria are unlikely to explain the slower rate of perceptual transitions observed
in our main experiment.
Finally, neither the mean response latencies nor decision criteria correlated with any of the three findings in our main experiment (all p ⬎ 0.05), indicating that individual variations in
motor response latencies or perceptual decision criteria regarding stimulus transitions are not strong contributors to the dynamics of perceptual competition under conditions of binocular
rivalry. In sum, our experiments indicate that individuals with
ASCs demonstrate atypical dynamics of binocular rivalry, despite
evidencing response latencies and response criteria similar to
those of control subjects.

Discussion
We have demonstrated that individuals with ASCs exhibit atypical dynamics of binocular rivalry, but typical response latencies
and response criteria to report rivalry playback conditions. Individuals with ASCs evidence fewer perceptual transitions than
control subjects. When transitions do occur, the interposing
mixed percepts endure for longer and disproportionately resolve
into the previous percept. Finally, each of these findings—the
frequency of perceptual switches, the duration of mixed percepts,
and the proportion of reversions—strongly predict the severity of
high-level autistic symptomatology, suggesting that a common
neural perturbation may underlie both perceptual and high-level
autistic symptoms.
Although social processing deficits have traditionally defined
ASCs, atypical perception has been noted since the earliest observations of the condition (Kanner, 1943) and was recently included as a diagnostic criterion of the condition in the DSM-V.
The severity of symptomatology across these seemingly disparate
levels shows strong covariance, both across the general population (Robertson and Simmons, 2013) and within autistic populations (Atkinson, 2009; Robertson et al., 2012), leading to the
notion that a common alteration in neural circuitry may affect
both social and perceptual processing in ASCs.
The pattern of findings within the literature on visual processing in ASCs supports such a hypothesis. Myriad studies have
reported a lack of difference between ASC and control subjects on
measures of basic visual processing, such as contrast sensitivity,
visual acuity, and flicker detection (Bertone et al., 2005; Koh et al.,
2010; Tavassoli et al., 2011), making it difficult to attribute autistic clinical symptomatology to any singular difference in visual
sensitivity. However, an increasing number of studies has reported deficits in domains of visual processing that require integration across neural populations, such as motion perception
(Kaiser and Shiffrar, 2009; Robertson et al., 2012), lateral interaction processes (Kéïta et al., 2011), and spatial attention (Rob-
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ertson et al., 2013). This pattern of findings suggests that
differences in autistic perception may arise from alterations in
connectivity between neural populations, which could potentially affect various cortical areas, and processes as disparate as
perception and social cognition.
The atypical dynamics of binocular rivalry we observed in
ASC patients may offer insight into the nature of such a perturbation in cortical circuitry. Binocular rivalry alternations are
often hypothesized to be governed by excitatory–inhibitory interactions between pools of neurons that code for the two monocularly presented images at various levels of visual processing
(Laing and Chow, 2002; Wilson, 2003; van Loon et al., 2013).
Thus, our finding of slower binocular rivalry alternations in ASCs
is consistent with the hypothesis that autism may be typified by
an imbalance in excitatory–inhibitory interactions, providing
further evidence for the importance of this balance in both rivalry
and autism. However, due to the reciprocal nature of these excitatory–inhibitory interactions, the direction of such an imbalance
in autism is unclear from our data alone.
Computational models of binocular rivalry predict that an
imbalance in either direction— driven by either reduced excitation or inhibition—would particularly lengthen the duration of
mixed percepts, causing eye-specific inputs to remain partially
excited for longer periods of time (Klink et al., 2010; Said et al.,
2013). Our results are consistent with this prediction, as longer
mixed percepts appear to drive the slower rate of rivalry found in
our ASC group. Although a previous exploration of binocular
rivalry dynamics in ASC subjects found no difference between
ASC and control participants (Said et al., 2013), it is worth noting
that the same trend toward longer mixed-percept durations was
reported. The difference between our findings and those of Said
et al. (2013) may arise from their use of less complex stimuli
(gratings rather than objects), which are known to elicit weaker
suppression and less coherent rivalry (Nguyen et al., 2001; Alais
and Melcher, 2007).
One finding in the computational literature may hint at the
direction of the potential imbalance in ASCs. Simulations with
two prominent models (Wilson et al., 2001; Noest et al., 2007)
predict that the mixed percepts during binocular rivalry with
complex stimuli, as opposed to gratings, are particularly lengthened by reducing neural inhibition (Klink et al., 2010). Interestingly, three lines of evidence within the autism literature also
largely converge toward the hypothesis that an excitationdominant synaptic imbalance may characterize the autistic cortex. First, postmortem neuroanatomical analyses of the brains of
individuals with ASCs have revealed a narrower columnar architecture in the autistic cortex (Casanova et al., 2006). The balance
of excitatory–inhibitory lateral interactions is thought to sculpt
columnar architecture during development, where reduced
GABA-mediated inhibitory interactions produce narrower columns (Hensch and Stryker, 2004). Second, a reduction in GABA
receptors has been observed in the autistic brain (Blatt et al.,
2001; Fatemi et al., 2009). Finally, an excitation-dominant synaptic imbalance has computationally reproduced features of autistic eye movements (Vattikuti and Chow, 2010).
Two further markers of autistic cortical dynamics are also
potentially manifested in our findings. First, both ASC and control participants evidenced a comparable decrease in the rate of
rivalry alternations throughout a run. This decrease has been
observed in previous studies and has been proposed to reflect a
reduction in the strength of inhibition between neural populations coding for the two competing percepts (Klink et al., 2010).
This finding therefore suggests that such long-term adaptation
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Figure 5. Gradual-onset rivalry playback experiment. a, To test whether individuals with and without ASCs have an implicitly different criterion for reporting changes in gradually evolving
stimuli, we designed a control experiment in which participants viewed a sequence of playback rivalry alternations with computer-generated gradual transitions between dominant stimuli based
on the reported rivalry from either the ASCs or control reports (see Materials and Methods). b, c, Response latencies to report the onset of the mixed-image stimulus from the onset of the transition
(solid bars) and the latency to report the onset of the single-image stimulus (open bars) during the sequences created from the ASC (b) or control (c) rivalry reports. Although individuals with ASCs
demonstrated atypical dynamics during actual binocular rivalry, the results of our gradual-onset control experiment show that they have equivalent criteria for reporting the onset of single-image
or mixed-image stimuli. This suggests that individuals with and without ASCs use similar response criteria to determine the percentage through an evolving perceptual transition at which the
stimulus is best described as being a single-image or mixed-image stimulus. In sum, more conservative response criteria are unlikely to underlie the atypical dynamics of binocular rivalry individuals
with ASCs demonstrated in our main experiment. In all plots, error bars represent 1 SEM.

may not differ in individuals with ASCs. Second, individuals with
ASCs reported a higher proportion of perceptual reversions than
control subjects. A less explored characteristic of binocular rivalry, perceptual reversions may occur when the neural populations coding for each percept are either equally adapted at the

point of transition (Pastukhov, 2011) or when neural noise disrupts the otherwise deterministic cycle of perceptual switches
(Brascamp et al., 2006). The former interpretation couples well
with our finding of longer mixed percepts in individuals with
ASCs: if the two neural populations are equally adapted, transi-
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tions between the two states will be longer and less deterministic
(Pastukhov, 2011). An increased level of neural noise in the autistic cortex is less likely to reproduce our results, as the spread in
the distributions of dominance durations, which is thought to
reflect the stochasticity of neural competition, is comparable between our ASC and control groups.
In sum, our findings of a reduced rate of binocular rivalry in
ASCs are potentially indicative of an imbalance between excitatory and inhibitory cortical interactions in the autistic cortex.
Although the direction of this imbalance cannot be inferred from
our data alone, other nascent lines of evidence from the autism
and computational literatures suggest that an excitationdominant synaptic imbalance may characterize the autistic cortex. These results at such a fundamental level of visual processing
may help to constrain future models of autistic neural circuitry
and hold promise for improving our understanding of the fundamental properties of the autistic brain.
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