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Abstract | When the two eyes view very dissimilar images, the visual
system often fails to combine the images and one experiences stochas-
tically alternating percepts. This phenomenon, called binocular rivalry,
has fascinated researchers for centuries since it provides insights into
two critical aspects of visual perception: visual consciousness and
cortical suppression. Here, we review the mechanisms of binocular
rivalry from a cognitive neuroscience perspective, focusing on empiri-
cal findings from two widely used methods—functional magnetic reso-
nance imaging (fMRI) and electroencephalography (EEG). With these
techniques, researchers have been able to identify the cortical sites
of suppression in binocular rivalry, probe neural responses evoked by
unconscious (invisible) visual stimuli, and examine the role of top-down
attentional signals in rivalry. We conclude by proposing some future
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directions for the study of binocular rivalry.

1 Introduction

One fundamental challenge the visual system
faces is to process immense amounts of input
information and construct an accurate and coher-
ent representation of the visual environment.
This process is further complicated by intrinsic
noise, ambiguities, and conflicts in visual inputs.
Binocular rivalry, one of the most captivating
perceptual phenomena, presents a unique situa-
tion where conflicts of visual inputs are so dras-
tic that the brain fails to merge them into a single
percept. In a typical binocular rivalry paradigm,
an observer views two different static images in
the two eyes. Unlike ordinary viewing conditions
where there is a single, unitary percept, subjec-
tive visual experience will stochastically switch
between the two images, with full dominance
of one image followed by full dominance of the
other (Fig. 1). This situation can be interpreted as
if the inputs into the two eyes are competing (or
rivaling) to gain access to an observer’s perceptual
awareness.
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Binocular rivalry is of particular scientific
interest because it provides insights into two fun-
damental aspects of human perception. On one
hand, binocular rivalry can be viewed as a visual
illusion in which dynamic changes in perception
occur without a change in the physical stimulus.
Thus, rivalry provides a powerful way to isolate
and study the nature of mental states, a topic that
has fascinated philosophers, thinkers, and scien-
tists for thousands of years'. On the other hand,
binocular rivalry also highlights the challenge
faced by the human brain of resolving conflict-
ing information. One effective strategy the brain
might use is to suppress weaker, less informative
signals and enhance stronger, more behavio-
rally relevant signals. Such cortical suppression
is thought to occur in real-world visual situa-
tions, and moreover, abnormalities in suppres-
sion are implicated in many visual disorders, such
as amblyopia and strabismus. Understanding the
mechanisms of rivalry, and more generally, cor-
tical suppression, could lead to development of

IISc

Press

@ Springer

! Department

of Radiology, Center

for Magnetic Resonance
Research, University

of Minnesota,
Minneapolis, MN 55455,
USA.

2 Department

of Psychology,
University of Minnesota,
Minneapolis, MN 55455,
USA.
*kendrick@post.harvard.
edu

ARTICLE


http://orcid.org/0000-0002-0654-715X
http://crossmark.crossref.org/dialog/?doi=10.1007/s41745-017-0048-y&domain=pdf

Functional magnetic reso-
nance imaging (fMRI): Func-
tional magnetic resonance
imaging is a non-invasive
brain imaging technique that
measures brain activity by
detecting changes in blood
oxygenation level. It has excel-
lent spatial resolution (e.g.,
~1-2mm) but relatively poor
temporal resolution (~ 1s).

Electroencephalography
(EEG): Electroencepha-
lography is a non-invasive
technique that measures
electrical activity in the brain
using small, flat metal discs
(electrodes) placed on the
scalp of the head. Compared
to fMRI, EEG has comple-
mentary characteristics:

poor spatial resolution but
excellent temporal resolution
(< 1 ms).

Fusiform face area (FFA):
The fusiform face area is
located on the ventral surface
of the temporal lobe on the
lateral side of the fusiform
gyrus. It is thought to engage
in specialized processing for
faces.

Parahippocampal place area
(PPA): The parahippocampal
place area is a sub-region of
the parahippocampal cortex
that lies medially in ventral
occipitotemporal cortex. It is
thought to play an important
role in processing visual
scenes.

Blood-oxygenation-level
dependent (BOLD) signal:
The BOLD signal is what

is measured in functional
magnetic resonance imaging.
Neural activity results in
increased energy usage and a
subsequent hemodynamic re-
sponse. The hemodynamic re-
sponse alters the relative levels
of oxyhemoglobin and de-
oxyhemoglobin in blood, and
these levels are reflected in the
strength of the MR signal
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Figure 1: Schematic of binocular rivalry, from Dieter and Tadin

time

. An observer is presented with two dif-

ferent images to the two eyes. During binocular rivalry, the observer experiences alternating percepts in a
temporally stochastic fashion, rather than a constant mixture of the two images.

therapeutic interventions that might help resolve
these disorders.

While binocular rivalry has a long history, sci-
entific research using modern neuroscience tech-
niques has only recently been conducted. The aim
of this review was to summarize recent work on
binocular rivalry involving different neuroimag-
ing approaches, in particular, functional magnetic
resonance imaging (fMRI) and electroencepha-
lography (EEG). Neuroimaging methods have
been particularly informative for three key
aspects of rivalry research: the cortical loci of bin-
ocular rivalry, the processing of unconscious
(invisible) information, and the role of attention
in binocular rivalry. We will also discuss several
future directions for the next stage of study on
binocular rivalry, or more broadly, suppression
mechanisms and consciousness in the human
brain.

2 Imaging Rivalry Signals in the Human
Brain

The most prominent feature of binocular
rivalry is the dynamic competition between two
monocular signals for perceptual awareness. This
astonishing perceptual phenomenon triggers
great interest in neuroscientists with respect to
its underlying neural causes. One fundamental
question is, in what part of the brain does visual
competition occur? Neuroimaging techniques are
well-suited to answer this question, as they can
be used to localize the brain regions involved in a
particular psychological process. Determining the
cortical site of binocular rivalry has critical theo-
retical implications. For instance, it is known that
the human visual system can be segregated into
an array of regions dedicated to distinct aspects of
visual processing. Such functional specialization
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has been vigorously studied® °. Linking rivalry
signals to a specific visual region would allow us
to infer the scope and limitations of binocular
vision and understand the specific stage of visual
processing at which the visual system discards
certain information and permits other informa-
tion to enter awareness. In a sense, the cortical
site of rivalry could be interpreted as the “gate”
for visual consciousness.

A large body of neuroimaging studies has
identified rivalry signals at multiple levels of vis-
ual processing in the human brain. Despite dif-
ferences in experimental details, a common
finding is that cortical activity in many higher-
level visual areas is tightly coupled to the sub-
jective perceptual alternations in rivalry. A
prototypical example comes from Tong et al. *.
This study measured blood-oxygenation-level
dependent (BOLD) responses during binocular
rivalry in fusiform face area (FFA) and parahip-
pocampal place area (PPA), two brain regions
that exhibit selectivity to face and house stimuli,
respectively. Responses within the two areas
exhibited a clear trend of rising and falling that
was temporally coincident with the participant’s
dominant percept (Fig. 2). Similar patterns of
results have been observed in several other fMRI
studies”™’. Brain responses following the tempo-
ral pattern of perceptual alternation were discov-
ered using the technique of EEG even earlier than
with fMRI. For instance, in a rivalry paradigm,
visual evoked potentials were reduced during
periods of visual suppression® °. As another
example, using frequency-tagging (a technique in
which different stimulus inputs are placed in dif-
ferent EEG frequency bands), clear evidence for
counter-phase binocular rivalry signals has been
found'*"2,
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Figure 2: Cortical correlates of binocular rivalry in face- and house-selective regions, from Tong et al.
a Stimuli. A face and a house stimulus are dichoptically presented to participants. b The cortical loci of

fusiform face area (FFA) and parahippocampal place area (PPA). ¢ BOLD signal changes following per-
ceptual switches. Once a participant reports a perceptual switch, activity in the brain area corresponding
to the dominant percept rises and activity in the other area falls.

Although there is much evidence that responses
follow perception in high-level visual areas, opin-
ion is divided as whether low-level visual areas,
especially the primary visual cortex (V1), are
involved in resolving binocular rivalry'®. Results
from different studies”” seem to depend critically
on the particular task and stimulus design used.
There is even some evidence that rivalry-related
neural signals can been found in the subcortical
lateral geniculate nucleus (LGN)'* 1>,

A limitation of these various neuroimag-
ing studies is that although they can serve as
the evidence of correlation between neural sig-
nals and perception, they cannot establish their
causal relationship. In other words, it is unclear
whether rivalry signals that dynamically rise and
fall within a given brain region produce percep-
tual fluctuations, or whether perceptual fluctua-
tions arise first and then prompt certain brain
regions to exhibit oscillations in activity. The
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former possibility suggests a feed-forward scheme
in which some intrinsic stochasticity (e.g. neural
noise) arises within sensory cortex and then gen-
erates perceptual consequences. In contrast, the
latter possibility suggests a feed-back scheme in
which a percept is decided by a high-level cogni-
tive region and then decision signals project back
to sensory cortex, thereby giving rise to fluctua-
tions of responses. Earlier fMRI work followed
the former view, but several recent studies sup-
port the latter view that rivalry-related activity
in high-level brain areas is due to cognitive pro-
cesses such as attention and self-monitoring'®2’.
For instance, neural activity in frontal and pari-
etal cortex is largely abolished when the conspic-
uousness of perceptual switches is diminished?'.
Identifying the cortical locus of binocular
rivalry also impinges on the critical question of
whether binocular rivalry takes place between
two monocular channels (eye-based)*> #* or two
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Primary visual cortex (V1):

The first cortical area to

receive inputs from the eye via
the geniculostriate pathway,
also referred to as Area 17 and

‘striate cortex’
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Multivariate pattern analysis
(MVPA): Multivariate pattern
analysis exploits the diversity
of multiple units, extracting
information from distributed
activation patterns. This con-
trasts with univariate analysis
in which responses of all units
in a region are pooled (aver-
aged) to create a summary
region-level response.
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perceptual interpretations (pattern-based)’. At
first glance, the term “binocular rivalry” implies
the former case. However, some studies have con-
tended that what actually compete are the two
visual representations that can be derived from
sensory inputs, and these representations may not
necessarily correspond to monocular channels.
On this view, binocular rivalry is similar to other
forms of bistable perception, e.g., the Necker cube
and rabbi—duck illusions. Striking evidence sup-
porting the theory of pattern-based rivalry comes
from Kovacs et al. %°. In this study, when partici-
pants viewed mosaic images composed of small
patches of a monkey and a background scene
(Fig. 3a), participants perceived a fully coherent
image (either a full monkey or a full background
scene) at each given point in time. However, one
subsequent study controlled local image differ-
ences and reached the seemingly opposite conclu-
sion that local image differences matter®®. These
conflicting findings suggest that various bottom-
up and top-down factors contribute to binocular
rivalry, which complicates our attempts to under-
stand its neural mechanisms.

Most cortical neurons respond binocularly,
that is, respond to inputs from both eyes. There
are only two sites in the visual system—the
LGN and blind spots in V1—that process purely
monocular signals, which provides an oppor-
tunity to adjudicate the eye-based and pattern-
based theories of rivalry. Two studies measured
neural activity in the LGN and V1 blind spots
and found that fluctuating responses strongly
correlate with the eye-preference of individual
voxels, thereby providing support for eye-spe-
cific competition'> ?’. Given that both eye-based
and pattern-based rivalry receive considerable
empirical support, researchers have proposed a
hybrid model in which rivalry can occur between
two monocular channels as well as between two
representations, but various top-down and bot-
tom-up factors can resolve or promote rivalry at
multiple levels of visual processing and at multi-
ple time-scales’,

3 Cortical Responses to Invisible Stimuli

Many philosophers and scientists have empha-
sized the significance of unconscious perception’.
In contrast to conscious perception in which the
participant can report his or her percept, uncon-
scious perception is unreportable. Nevertheless,
unconscious perception can still exert power-
ful influences on behavior. Researchers often use
interocular suppression (IS)?’, a paradigm closely
related to binocular rivalry, to render visual
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stimuli invisible. In IS, the experimenter inten-
tionally designs the input for one eye to be very
strong so that it completely and persistently over-
rides the input from the other eye.

One might suspect that unconscious informa-
tion is eliminated early in visual processing and
thus does not contribute to any explicit percep-
tual outcome. In contrast, a large body of evidence
indicates that unperceived visual information is
still received and analyzed by the visual system,
but the extent of unconscious processing gradu-
ally diminishes as the complexity of the visual fea-
tures rises’® 3!, For instance, some simple visual
features, such as orientation’?, spatial frequency33’
3 and color®, can produce substantial visual
aftereffects though rendered invisible (but see 36y,
whereas more complex visual features, such as
contour”’, shape38, or objects (e.g., faces>*%; see
review in *!), do not produce large effects.

Studying unconscious perception is techni-
cally challenging since suppressed information is
unreportable by the participant and, therefore,
unavailable to the experimenter. Using neuroim-
aging, a common approach is to examine whether
invisible stimuli elicit cortical activity patterns
that are similar to the situation in which stimuli
are clearly perceivable. The fundamental question
here is what aspect of visual information under
unconsciousness is still processed in the brain.
With regard to low-level visual features, Haynes
and Rees ** used multivariate pattern analysis
(MVPA)* to successfully decode the orientation
of invisible gratings in V1, indicating that V1
maintains orientation information even when the
stimulus is removed from visual awareness. For
high-level features, invisibility extinguishes corti-
cal responses to most perceptually related proper-
ties, such as face identity, but processing of
affective or semantic information seems still pre-
served*® *, For instance, robust fMRI responses
to invisible fearful faces have been found in the
amygdala, likely due to subcortical pathways for
processing emotional information** **. Similarly,
behavioral studies suggest that residual neural
processing of semantic information still persists
under 1S*® ¥, Moreover, most investigations on
unconscious perception have largely focused on
visual features that are processed along the ven-
tral visual pathway. There is also evidence show-
ing that cortical responses in the dorsal visual
pathway exhibit different patterns from in the
ventral pathway. One study contrasted face- and
tool- evoked responses towards invisible stimuli
in the ventral and the dorsal pathway and dem-
onstrated that responses in ventral FFA were very
minimal but tool-selective region in dorsal
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pathway remained active. This study suggests a
clear functional disassociation of ventral and dor-
sal visual pathways to invisible information*®.

4 Bottom-Up and Top-Down Influences
on Binocular Rivalry

It is well established that visual perception reflects
both bottom-up and top-down factors. Bottom-
up processing refers to feed-forward analysis
of sensory input, while top-down processing
involves one’s goals or beliefs, such as attention
and experience. Characterizing the distinct roles
of bottom-up and top-down interactions during
binocular rivalry has been intensely studied in the
past few decades.

Bottom-up factors certainly play a critical
role in binocular rivalry since, by definition, it is
the inconsistency between two input images that
produces binocular rivalry. In general, “stronger”
stimuli, e.g., higher contrast or luminance, gener-
ate stronger responses in the brain and thus tend
to maintain longer dominance during rivalry®.
Other factors also mediate binocular rivalry,
such as visual context®, center-surround organi-
zation®" 2, perceptual grouping™ **, and even
some high-level features®. Lee et al.’® present
a compelling demo of spatially dependent bin-
ocular rivalry (Fig. 3b). When contrast of a local
patch in a suppressed visual pattern is boosted,
the previously suppressed pattern emerges and
expands gradually from this region to others in
the visual field. The suppressed pattern eventu-
ally overrides the dominant one, resulting in a
vivid perception of traveling waves. More impor-
tantly, spatiotemporal characteristics of BOLD
responses tightly follow the perceptual waves.
This intriguing visual phenomenon highlights the
significance of image-level properties for control-
ling binocular rivalry.

Despite sensitivity to image-level proper-
ties, binocular rivalry is also subject to top-down
influence. For instance, visual perception strongly
relies on prior experience, either explicitly or
implicitly”” . One way to impose visual expe-
rience is through perceptual learning, in which
a particular visual skill is extensively reinforced
by behavioral training®® . Surprisingly, percep-
tual training has been shown to profoundly alter
eye-dominance, a low-level visual property that
is typically considered to be highly stable in the
adult brain®'. Furthermore, training not only
enhances stimulus-driven visual processing but
also strengthens the efficiency of top-down fea-

ture selection®.
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Another critical question that remains elusive
is whether binocular rivalry requires visual atten-
tion, an information-processing operation that
underlies many visual and cognitive processes®>
6% If visual attention is diverted away from com-
peting stimuli, does binocular rivalry persist or
cease? Using the aforementioned traveling-wave
paradigm, researchers have found that abolish-
ing attention eliminates rivalry-related BOLD
dynamics in V2 and V3, but these dynamics are
still preserved in V1%°. This suggests that the
absence of attention hampers the transformation
of rivalry signals from V1 to higher-level visual
areas such as V2 and V3. A separate study fur-
ther substantiates this argument by showing that
the typical counter-phase frequency-tagged EEG
signals found during binocular rivalry became
irregular when participants perform a demanding
fixation task®®. However, one recent study using
optical imaging in primates found that rivalry-
like neural signals in visual cortex are still robust
even under anesthesia®’.

4.1 Box. Computational Models
of Binocular Rivalry

Moving beyond theories that merely characterize
the mechanisms of binocular rivalry at a concep-
tual level, several quantitative models have been
proposed®®7?. Most of these models are devel-
oped within the framework of recurrent neural
networks, which have demonstrated promising
power to explain various forms of time-depend-
ent neural oscillations’* 7>, One common feature
of these models is to set active neurons in at least
two neural layers that correspond to low-level
monocular representation and high-level pat-
tern-based representation. This two-layer design
is necessary to generate rivalry-like fluctuation®®
and is consistent with the hybrid model in which
rivalry can occur as a result of both eye-based
and pattern-based processing”®. Another promi-
nent feature of these models is the feedback and
inhibitory effects implemented by recurrent con-
nections. Inhibitory connections are carried out
either linearly, such as subtraction®®, or nonlin-
early, such as divisive normalization®® 73, Finally,
neurons that detect interocular differences, which
very likely also contribute to stereo vision, have
been shown to be critical, as their feedback con-
nections onto monocular representations can
account for several seemingly conflicting behav-
ioral findings, such as binocular integration and
rivalry under different stimulus conditions®”. The
existence of these neurons receives empirical sup-
port using EEG on humans”®.
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Besides neural network models, other theoreti-
cal approaches, such as probabilistic sampling’” 7
and predictive coding’®, have also been suggested.
These approaches have the attraction of offer-
ing normative explanations for the processes
that underlie binocular rivalry. They cast rivalry
within the context of various computational the-
ories of the brain, such as probabilistic inference
or/and free energy minimization, and thereby
could show the relationship between binocular
rivalry and other visual phenomena. However,
these frameworks have seldom been directly vet-
ted against empirical data, so their veracity is still
questionable.

5 Future Directions for Binocular Rivalry
Research
The application of modern neuroimaging tech-
niques greatly expands our understanding of the
neural mechanisms underlying binocular rivalry.
Despite the exciting findings described in this
review, there remain several important unan-
swered questions.
First, results from primate neurophysiology
seem to be inconsistent with results from human

Rivary stimuli

Left eye

fMRI. In primate neurophysiology, perceptually
locked modulations of neuronal spiking in low-
level visual areas are considerably weaker than
what is found in neuroimaging. Only 20% of
sampled neurons exhibit rivalry-like activity in
V1%, Moreover, one study examined neurons in
LGN during binocular rivalry and found no sub-
stantial presence of rivalry modulations®'. One
potential explanation is that the two techniques
measure fundamentally different aspects of neu-
ral signals. The BOLD signal is believed to closely
relate to local field potentials, which is not identi-
cal to the spiking activity of individual neurons. It
would be informative to directly compare the two
types of signals within the same experiment..
Second, the relationship between binocular
rivalry and other forms of cortical suppression is
not clear. Interocular suppression, as a particular
type of binocular rivalry, renders certain stimu-
lus inputs invisible. Other forms of visual sup-
pression, such as crowding82 and masking83, can
achieve similar behavioral consequences. Are all
of these phenomena different aspects of a com-
mon suppression mechanism, or do they reflect
different neural processes? Both views so far have

Right eye

Percept

N

fMRI response
(% BOLD signal)

L

3
Time (s)

=]

=]
©

Figure 3: Perceptual grouping and spatiotemporal neural signals during binocular rivalry. a Stimuli used
in Kovacs et al. . Participants view two images that are mixed in a patch-wise fashion from a monkey

face and a background (rivalry stimuli). Subjective percepts alternate between the full monkey image and
the full background image (perceived stimuli). b Stimuli used in Lee et al. . The experimenter abruptly
enhances contrast of the top part of the low-contrast suppressed stimulus (the radial grating). Emergence

of the radial grating expands and progressively overrides the high-contrast spiral grating from top to bot-
tom. ¢ Retinotopic cortical loci of the two spots (red and blue) in (b). d BOLD dynamics of the two cortical
loci in (¢). Due to the traveling wave from top to bottom of the stimulus annulus, the location closer to the
origin of the traveling wave (red spot) receives shorter high-contrast simulation than the location distant
from the top part of annulus (blue spot) and thus exhibits lower magnitude and earlier latency in the BOLD
response.
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44, 84 oo further

received some empirical support
investigation is necessary.

Finally, future research could link our under-
standing of the neural mechanisms underlying
binocular rivalry to the diagnosis and treatment
of mental disorders involving abnormal neural
inhibition. For example, studies have demon-
strated an intriguing relationship between indi-
vidual variability in rivalry (i.e., switching rate)
and several known mental dysfunctions, such as
autism®, ADHD®, and bipolar disorder®.
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