


E
LS

E
V
IE

R
S
E
C
O
N
D

P
R
O
O
F

stimulation remains constant, is an elegant exp-
erimental approach to distinguish neural activity
related to conscious perception from that related to
physical stimulus properties. Over the past decade,
a number of studies have chosen this approach to
investigate various aspects of conscious visual per-
ception. This article summarizes the evidence that
has been derived from the neuroscientific study of
the neural correlates of consciousness using the
intriguing phenomenon of bistable perception.

s0010 Theoretical Considerations

s0015 Types of Consciousness and the
Question of Causality

p0020 When we talk about neural correlates of con-
sciousness, we first have to define what we mean
by consciousness. One fundamental and widely
accepted distinction is between level of conscious-
ness and the contents of consciousness. Level of
consciousness refers to the state of being conscious

(as opposed to being asleep, anesthetized, or oth-
erwise unconscious) and can be thought of as an
enabling factor that is required for awareness but
does not reflect specific conscious experiences. In
contrast, the content of an individual’s conscious-
ness refers to that individual being conscious of
something (e.g., an object in the environment)
versus not being conscious of it. Much of the
most interesting works on the neural correlates of
consciousness has used bistable phenomena to
characterize the neural states that are associated
with the specific contents of consciousness.

p0025A second important theoretical consideration is
the need to clarify the relationship between sub-
jective phenomenal experience of consciousness
and the neural states associated with that experi-
ence that can be measured. Importantly, it is not
clear how any physical process, such as neural
activity, can give rise to a subjective phenomenon
such as conscious awareness of something, and
even the possibility of such a causal relationship
is controversial. It must be kept in mind that
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f0005 Figure 1 (a) Rubin’s face/vase illusion, a figure-ground reversing stimulus that can be seen to alternate between a
central white shape on a black background and two black profiles of a face against a white background. (b) The
apparent motion quartet: Two dots are flashed in diagonally opposite corners of an implicit square in rapid alternation
with two dots appearing in the other two corners, typically yielding bistable perception of two dots moving either
horizontally or vertically. (c) Binocular rivalry: different images are presented to the two eyes, resulting in spontaneous
perceptual alternations between each monocular view. (d) The distribution of perceptual phase durations during
bistable perception typically follows a gamma distribution.
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empirical research on the neural correlates of con-
sciousness should be neutral to the question of
causality. Instead, this research can identify and
characterize patterns of neural activity that spe-
cifically correlate with conscious as opposed to
unconscious perception.

s0020 Anatomical-Location versus State-
Change Theories of Consciousness

p0030 What kind of information can we expect from
identifying neural correlates of conscious visual
perception? Most of the studies that used bistable
perception to investigate the neural correlates of
conscious visual perception sought to characterize
neural information processing that leads to aware-
ness in contradistinction to processing that pro-
ceeds unconsciously. One popular approach is
based on the general idea of anatomical location.
Such anatomical location theories, also referred to
as localizationism, propose that there is one neural
structure (or a set of neural structures) in the brain
that can generate conscious awareness by virtue of
its activity. Information may be processed uncon-
sciously through several stages of the brain but
will only reach consciousness through processing
in a particular structure of the brain. The most
extreme form of an anatomical location theory
postulates the existence of one single structure in
the brain that is necessary for any information to
become conscious. Alternatively, a certain class of
neurons or brain regions that share some critical
functional properties may equally be able to gen-
erate consciousness, but which exactly is critical
for consciousness depends on the type of informa-
tion that is processed. The most advanced anato-
mical location theories are known as global
workspace theories and propose a common func-
tional arrangement, but place the crucial anatomical
locus (or loci) in various sites. Most studies investi-
gating bistable perception with fMRI in humans, or
electrophysiological recordings in monkeys, are
based on such anatomical location theories as
they have tried to localize brain activity associated
with conscious states or with changes in conscious
perception.

p0035 In contrast to anatomical location theories, so-
called state-change theories postulate a special
state of neural activity resulting from a particular

way of processing that gives rise to consciousness.
The most influential theory of this type proposes
that oscillations in neuronal firing and their exact
synchrony are the crucial features for conscious
awareness. Some studies using electrophysiologi-
cal measurements in humans or nonhuman pri-
mates have used bistable perception to elucidate
the role of synchronous oscillations in conscious-
ness, while the fMRI signal is too slow to measure
these temporal aspects of neural processing at a
sufficiently high resolution. It is important to note
that anatomical-location and state-change the-
ories, fundamentally different though they appear,
are not mutually exclusive. On the contrary, it is
plausible that both aspects of neural activity, loca-
tion and oscillatory synchrony, may be important
aspects of the neural correlates of consciousness.

s0025Bistable Perception and the Neural
Correlates of Consciousness

p0040What can we learn from bistable perception about
the neural correlates of consciousness? It could be
argued that the visual ambiguity that gives rise to
bistable perception may be a special case, a situa-
tion that can be generated under laboratory con-
ditions but is rarely encountered in natural scenes.
What we can learn from the investigation of a
special case such as bistable perception may thus
be very limited and tell us little, if anything, about
the neural mechanisms associated with conscious
experience under normal conditions. However,
the observation that we usually do not experience
ambiguities in natural scenes is misleading. In fact,
human vision is routinely faced with conflicting or
ambiguous information that necessarily requires
active interpretation guided by contextual infor-
mation, prior experience, and intentions. Accord-
ingly, bistable perception can be seen as a patent
manifestation of vision as an active, interpretive
process that under normal circumstances is so
efficient and effortless that one seldom becomes
aware of its inherent difficulty. The study of
bistable perception can therefore help understand
the interpretive processes that most of the time go
unnoticed but give rise to visual consciousness in
the form of unified, coherent, and unambiguous
percepts. These interpretive processes include the
integration of prior expectations that are based on
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experience and of contextual information in the
visual scene. Moreover, visual processing may also
play an active role in continuously reevaluating
the current interpretation of the visual input,
in stabilizing perception and in weighing and
selecting the information available according to
its behavioral relevance.

s0030 Visual Stimuli Evoking Bistable
Perception

p0045 Bistable perception can arise from a wide variety
of different visual stimulus types. The common
denominator of all bistable phenomena is that,
while the visual input pattern remains the same,
perception changes spontaneously and unpredict-
ably between two states that typically remain sta-
ble for a few seconds. All bistable phenomena have
in common that periods of dominance and sup-
pression are characterized by sequential stochastic
independence, i.e., the timing of the next percep-
tual switch cannot be predicted from the history of
previous switches. Another feature that is shared
by all types of bistable perception and, in fact, is so
typical that it is sometimes used as a criterion for
bistability, is the characteristic gamma distribution
of phase durations (see Figure 1(d)). This distribu-
tion is typically skewed toward shorter durations.
Depending on the stimulus type, changes can occur
for various types of visual features, including object
category and identity, depth, direction of motion,
and visibility. Stimulus types that are known to
evoke bistable perception can be classified into
reversible figures, ambiguous motion stimuli, and
binocular rivalry.

s0035 Reversible Figures

p0050 Reversible figures include the most famous
examples of bistable perception, such as the
Necker cube and Rubin’s face/vase illusion. The
Necker cube is a perspective-reversing wire-frame
figure of a cube that can take on two distinct 3D
configurations. Further examples for perspective-
reversing figures are the Schroeder staircase and
the folded card. Rubin’s face/vase illusion is a
figure-ground reversing stimulus, which can be
seen to alternate between a central white shape

on a black background and two black profiles of
a face against a white background (Figure 1(a)).
An interesting feature of figure-ground reversing
figures is that high-level stimulus properties such
as recognizability can strongly influence the time-
course of alternation. For example, with such sti-
muli it is easier to hold a meaningful shape in the
foreground voluntarily when it is upright than
when it is inverted. Yet another group of ambigu-
ous stimuli are the classic reversing pictures, the
most famous example being Boring’s classic illu-
sion ‘‘My wife and my mother-in-law,’’ a drawing
that can be seen as depicting a young or an old
woman. Reversing pictures of this type are usually
complex drawings that accommodate two different
images by containing ambiguous image-defining
features.

s0040Ambiguous Motion

p0055Bistable motion phenomena were first described
by German Gestalt psychologists in the first half
of the twentieth century. A typical example is the
so-called Stroboskopische Alternativbewegung (strobo-



E
L
S
E
V
IE
R
S
E
C
O
N
D
P
R
O
O
F

principle no categorical differences between the
two percepts. An example for bistable motion per-
ception that involves changes between two differ-
ent types of motion are plaid stimuli. They are
composed of two orthogonal diagonal gratings
that are superimposed in the same display. Obser-
vers can perceptually segregate these surfaces and
perceive the gratings sliding on top of one another
in opposite directions (component motion); or the
two components can be integrated perceptually
into a single surface that moves in a direction
intermediate to the motion directions of the com-
ponent gratings (pattern motion).

s0045 Binocular Rivalry

p0065 When dissimilar images are presented to the two
eyes, instead of the two images being seen as
superimposed or blended, perception alternates
spontaneously between each monocular view
(Figure 1(c)). Binocular rivalry has many simila-
rities with other bistable percepts. For example,
the temporal characteristics of perceptual alterna-
tions in binocular rivalry are similar to those in
other forms of bistability. Alternations are largely
stochastic and percept durations typically follow a
gamma distribution (Figure 1(d)), and are similar
to other bistable phenomena. However, there are
also important differences. With other types of
bistable stimuli, different percepts are mutually
exclusive. However, this is not always the case in
binocular rivalry. For example, when rivalrous sti-
muli are presented very briefly (<500 ms), the two
images can be perceived as superimposed on each
other. Piecemeal rivalry can also occur, especially
with large stimuli, when a patchy mixture of the two
monocular images is perceived. Furthermore, unlike
reversible figures, it is very difficult to willfully
influence the perceptual alternations in binocular
rivalry. For example, perception of reversible figures
can be strongly biased by focusing attention on one
of the two percepts or on a particular image feature,
while such attentional affects are considerably
weaker in binocular rivalry. One possible explana-
tion for such differences is that the nature of conflict
is quite different between binocular rivalry and
other forms of bistable perception.

p0070 In the case of reversible figures or ambiguous
motion stimuli, the same information is presented

to both eyes and the ambiguity of the pattern gives
rise to perceptual conflict between two possible
interpretations. While perceptual conflict between
two images or patterns is also likely to be relevant
in binocular rivalry, conflict between monocular
signals that are processed separately at the lowest
levels of the visual system is also thought to play a
significant role in the resolution of binocular
rivalry. It is important to keep the differences
between binocular rivalry in mind when compar-
ing the results of studies investigating binocular
rivalry and those of involved in other forms of
bistable perception.

s0050Theoretical Models of Bistable
Perception and Behavioral Evidence

p0075What are the neural processes that govern the
timecourse of perceptual alternations in bistable
perception? The emerging view is that the neural
correlates of bistable perception are dispersed
throughout many areas of the visual cortex and
beyond. However, different researchers have put
different emphasis on the involvement of low-level
and high-level processes, respectively.

s0055Low-Level Theories of Bistable
Perception

p0080Proponents of low-level theories argue that
bistability results from neural activity fluctuations
at the sensory processing level (Figure 2(a)). Neu-
ronal populations that code for the two possible
perceptual interpretations of the visual input are
thought to be in dynamic competition. Spontane-
ous fluctuations and adaptation of percept-related
neural activity are two mechanisms that could con-
tribute to perceptual dominance of either percept
during ongoing rivalry. In bistable motion stimuli,
for instance, different subsets of direction-selective
neurons responding to visual motion (e.g., in
motion-sensitive area V5/MT in the lateral occi-
pitotemporal cortex, see below) code for the
two alternative percepts. The neuronal population
that codes for the currently dominant percept
will exhibit adaptation over time, with the firing
rate of these cells waning. Such adaptation will
change the competitive equilibrium between the
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sensory representations of the two alternative
percepts. This could in turn result in the currently
dominant neuronal population, and hence the sub-
jective perceptual state, to reverse.

p0085 Spontaneous fluctuations of neural activity may
additionally affect the dynamics of perceptual
alternations. Especially after adaptation of activity
coding for the currently dominant percept, spon-
taneous increases in neuronal activity that codes
for the nondominant percept could contribute to a
perceptual reversal. In addition to adaptation and
spontaneous fluctuations, competitive interactions
between neurons coding for rivaling percepts may
be an important factor in perceptual bistability.
Direct inhibition of neural activity representing
the suppressed percept by neurons that code for
the currently dominant percept has been imple-
mented in computational models for binocular
rivalry, but might also play a role in other forms
of bistability.

p0090 There is ample evidence to support the idea
that adaptation plays an important role in bistable
perception. For instance, after prolonged presen-
tation of an unambiguous version of one of the

possible interpretations of an ambiguous stimulus,
the previously adapted percept is less likely to
occur upon subsequent viewing of the ambiguous
stimulus. Similarly, prior adaptation of a monocu-
lar stimulus presented to one eye increases the
likelihood of perceiving the stimulus presented to
the other eye during subsequent binocular view-
ing. The phase duration of a percept can also be
influenced by changing the position of ambiguous
and binocular rivalry stimuli in the visual field.
Perceptual alternation rates are slowed when bin-
ocular rivalry or ambiguous stimuli move within
the visual field, thereby avoiding local adaptation.
Alternation rates can also be dramatically reduced
by showing bistable stimuli intermittently, which
can be interpreted along similar lines, implying
that intermittent removal of the stimulus prevents
adaptation. It should be noted, however, that some
features of this stabilizing effect of intermittent
stimulus removal are difficult to explain with
adaptation alone. For example, even if the stimulus
is removed for 30 s or more, observers tend to
have the same percept when the stimulus reap-
pears as they had before it disappeared. It is not
clear why the neuronal populations coding for
the two possible percepts should stay in the
same firing state over such prolonged periods of
stimulus absence.

p0095Another empirical observation that is difficult
to accommodate within models relying on adapta-
tion and competitive interactions at the sensory
level alone is that periods of dominance and sup-
pression in bistable vision are characterized by
sequential stochastic independence. This means
that the longer one percept is suppressed, the
more strongly it should compete for dominance
in the next cycle, if adaptation was the major
determinant of bistability. However, such a rela-
tionship between sequential dominance phases is
never observed in bistable perception. This has led
to the suggestion that other processes in addition
to those described at the level of sensory proces-
sing should be involved in bistable perception.

s0060High-Level Theories of Bistable
Perception

p0100Such an alternative view proposes that perceptual
alternations are influenced by a central process

P1

(a) (b)

P2

P1

P2

C

f0010 Figure 2 (a) Low-level theory of bistable perception:
spontaneous alternations of perceptual states are
explained by activity changes of neuronal populations
(‘P1’ and ‘P2’) in visual cortex that code for the two
possible percepts. Possible sources of neural activity
changes are adaptation to the currently dominant
percept, spontaneous fluctuations, and direct
competitive interactions between the two neuronal
populations P1 and P2. (b) High-level theory of bistable
perception: Perceptual alternations are governed by a
central process (‘C’) involving, for example, frontal
brain regions. This central process is thought to
evaluate the sensory input and to modify activity in
sensory areas via feedback connections. Whenever
processes in visual cortex (e.g., adaptation or
competitive interactions) act to destabilize activity that
underpins the currently dominating percept, higher-
order evaluative processes can take effect and initiate a
perceptual reorganization.
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that is involved in the evaluation of sensory input
and planning behavioral actions, and that can
modify activity in sensory areas via feedback con-
nections (Figure 2(b)). A strong argument in favor
of this view is based on the observation that the
temporal dynamics of bistability are similar to
other exploratory behaviors, such as spontaneous
exploratory eye movements, and might therefore
reflect a general process serving the continuous
automatic exploration and reevaluation of the sen-
sory environment. Accordingly, perceptual alterna-
tions may not be the consequence of a specialized
mechanism limited to situations of extreme sensory
ambiguity. Rather, they could reflect a general
mechanism that only becomes evident in cases of
extreme ambiguity in the sensory input, but is
present continually in normal vision and serves an
iterative reevaluation of hypotheses or inferences
about the perceptual significance of the current
sensory input pattern. The general notion that bis-
table perception is influenced by higher-level, or at
least nonsensory, processes is supported by a num-
ber of observations. It is a well established finding
that voluntary control can strongly influence the
temporal dynamics of bistable perception. Obser-
vers can not only willfully increase the probability
of one percept over the other but it is also possible
to change the rate of alternations voluntarily. The
latter effect cannot be attributed to retinal shifts
due to eye movements (which can also cause per-
ceptual changes), as it is still present when visual
stimuli are presented as afterimages or are stabilized
on the retina by other means. Other examples for
nonsensory influences on the dynamics of bistable
perception include expectations, intelligence, mood
disorders, laughter, and meditation.

s0065 The Special Case of Binocular Rivalry

p0105 As mentioned above, binocular rivalry needs spe-
cial consideration because of the fundamental dif-
ference from other types of bistability that there is
not only conflict between two interpretations of
one sensory input pattern, but between two differ-
ent patterns presented to the two eyes. Thus, in
addition to competition between the neural pat-
tern representations, competition between eye-
specific representations at early stages of central
visual information processing may contribute to

rivalry. Current models of binocular rivalry pro-
pose a multilevel process involving competitive
neural interactions at both monocular stages (eye
rivalry) and binocular stages (pattern rivalry) of
the visual processing hierarchy. The degree to
which eye rivalry and pattern rivalry are involved
in the resolution of binocular rivalry depends on a
variety of factors, including the exact timing para-
meters of stimulus presentation and the type of
information contained in the rivaling input pat-
terns. Complex object stimuli are more likely to
involve rivalry between high-level pattern repre-
sentations than simple grating stimuli, where com-
petition at monocular processing levels may play a
more decisive role.

s0070Neural Correlates of Bistable
Perception

p0110A variety of methodologies have been used to study
theneural correlatesof bistable perception inhumans
aswell as nonhuman primates, including invasive ele-
ctrophysiological recordings, electroencephalogra-
phy (EEG), magnetoencephalography (MEG), and
fMRI. For a better understanding of the empirical
observations made with these techniques, they are
briefly described in the following section.

s0075Measuring the Neural Correlates of
Bistable Perception

p0115Using invasive electrophysiological techniques to
record the spiking activity of neurons is often
considered to be the gold standard that is neces-
sary for a quantitative explanation of perception
and behavior in terms of its underlying constitu-
tive elements. However, it requires electrodes to be
inserted through the skull into the brain, which
puts subjects at risk of injury and infection. With
the exception of the rare case that electrodes are
implanted in humans for diagnostic reasons, e.g.,
for presurgical mapping in epilepsy, such mea-
surements are limited to nonhuman primates or
other animals for ethical reasons. In principle, such
electrodes can be used to measure single-unit
activity, multiunit activity, and local field poten-
tials (LFP). Single- and multiunit activity reflects
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the action potentials (the basic electrical signals
required for information processing in the nervous
system) recorded from one or more neurons in the
vicinity of an electrode. LFPs represent the aggre-
gate activity of a population of neurons located
close to the electrode and are thought to reflect
mainly synaptic activity associated with both input
to and output from a cortical area.

p0120 In human subjects, fMRI has become a popular
tool to study the neural correlates of bistable
perception. fMRI is based on the measurement
of a blood-oxygen level dependent (BOLD) sig-
nal, which is a component of the hemodynamic
response that is associated with local neural
activity. The BOLD signal is essentially linearly
correlated with multiunit activity and even more
strongly with LFPs. It might therefore reflect pre-
and postsynaptic activity and hence the processing
in an area more closely than multiunit activity. One
drawback of fMRI is that it does not measure neural
activity directly and that it has a limited temporal
resolution (in the range of seconds) due to the
sluggishness of the hemodynamic response. Despite
great technical improvements over the last years,
fMRI has also limited spatial resolution (in the
range of millimeters) and can therefore only mea-
sure signals that are generated by relatively large
populations of neurons. However, the spatial reso-
lution is still considerably better than that of other
noninvasive methods as EEG and MEG. The great-
est strength of fMRI is its capacity to record activ-
ity from the entire brain essentially simultaneously.
In contrast to single- or multiunit recordings,
fMRI, therefore, in principle does not require
prior assumptions as to where activity is expected
to occur.

p0125 EEG and MEG measure the electric activity of
the brain by recording from electrodes placed on
the scalp and the magnetic fields produced by
electrical activity in the brain, respectively. EEG
and MEG responses to external stimuli, so-called
event-related potentials (ERPs) are also thought to
reflect the summed electrical effects of synaptic
neurotransmission in large neuronal populations.
Similar to the association between the BOLD sig-
nal and LFPs, there is also a nearly linear relation-
ship between ERP amplitude measured with EEG
and BOLD signal measured with fMRI in sensory
cortices. While EEG and MEG have a much

higher temporal resolution than fMRI, their spa-
tial resolution is inferior to fMRI and especially
EEG, is limited to recording only electrical activ-
ity that is generated in superficial cortical regions
within the reach of scalp electrodes.

p0130Taken together, there seems to be an overall
good agreement between these various measures
of neural activity, but it is important to bear
in mind that the noninvasive methods available
(fMRI, EEG, and MEG) measure neural activity
associated with populations of neurons only indi-
rectly and therefore need to be interpreted with
caution. On the other hand, single cell measures
have – in addition to the fact that they are usually
only available from nonhuman primates and can
therefore not easily be extrapolated to humans –
the disadvantage that the number of neurons that
can be recorded simultaneously is limited.

s0080Choosing the Bistable Stimulus Paradigm

p0135The majority of studies have investigated binocu-
lar rivalry rather than other forms of bistability.
This tendency is most pronounced in electrophy-
siological studies in animals, which may be due to
the fact that bistable perception is easier to achieve
and to validate in nonhuman subjects using binoc-
ular rivalry stimuli than with reversible figures, the
ambiguity of which may rely more on higher cog-
nitive functions. But also in human studies binoc-
ular rivalry has been a very popular paradigm.
One reason for this may be that binocular rivalry
is a particularly intriguing phenomenon, but more
mundane factors such as practical feasibility
and functional anatomy of the visual system can
also bias the choice of experimental paradigm.
For example, binocular rivalry is very flexible
with regard to the stimulus material used. In prin-
ciple, any stimulus class can be used in binocular
rivalry – from grating stimuli optimal for the
investigation of low-level processing, to complex
object stimuli that are processed in higher-level
visual areas. The use of object stimuli in binocular
rivalry has the additional advantage that the pro-
cessing of some object categories is to some degree
spatially segregated in human visual cortex (see
below). Responses to two rivaling object categories
(e.g., faces and houses) can therefore easily be
dissociated using fMRI. To a limited degree, this
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may also be possible with selected reversible fig-
ures involving complex objects, but is much more
difficult with geometrical stimuli like the Necker
cube or bistable motion stimuli, where responses
to the two alternative percepts are not so clearly
segregated. As noted above, however, it should be
kept in mind that the interpretation of binocular
rivalry studies with regard to the neural correlates
of consciousness is complicated by the involve-
ment of mechanisms specifically operating at the
monocular levels of stimulus processing.

s0085 Subcortical and Early Cortical Processing

p0140 The first stage of central visual processing is the
lateral geniculate nucleus (LGN) of the thalamus.
The retinal projections from each eye terminate in
different laminae of the LGN, so that they remain
segregated and processing is hence strictly monoc-
ular. Some monocular processing is still preserved
at the lowest level of cortical visual processing, in
the ocular dominance columns of primary visual
cortex (V1). Beyond V1 visual processing is essen-
tially binocular. That is, input from corresponding
retinotopic locations from the two eyes is processed
together and information about the eye of origin
appears not to be preserved at these higher levels.

p0145 The role of the earliest stages of visual proces-
sing in the brain, the LGN and V1, in bistable
perception is controversial. This is because studies
using different methodologies (single unit record-
ings and fMRI) in different species (monkeys and
humans) have yielded diverging results. Single
unit recordings in the LGN of awake monkeys
during binocular rivalry provide no evidence for
a correlate of rivalry in the LGN, whereas fMRI
studies in humans found that BOLD responses
in the LGN reflect eye-specific dominance and
suppression. A similarly incongruent picture has
emerged from studies investigating the role of V1
in binocular rivalry. In electrophysiological record-
ings in awake monkeys, only a small percentage of
cells showed activity that reflected dominance and
suppression in binocular rivalry, while human fMRI
studies have demonstrated strong effects of binocu-
lar rivalry in V1. Differences between methodolo-
gies and species may contribute to such divergent
findings, which await further clarification. With
regard to consciousness, it has been proposed that

the evidence from human fMRI studies indicates an
important role for early visual processing, at least
in V1, for conscious awareness. However, activity in
LGN and V1 may merely reflect the dominance of
one monocular processing channel over the other,
thus gating what information reaches higher-level
visual areas rather than being directly related to
conscious perception. A similar role for early visual
cortex is suggested by fMRI findings in bistable
apparent motion perception. Whenever apparent
motion is inconsistent with additional image cues
(e.g., color), early visual cortex activity is sup-
pressed, which may reflect regulatory mechanisms
that flexibly gate early visual feature processing in
accord with an overriding perceptual decision.

s0090Intermediate Levels of Visual Processing

p0150Beyond V1, the primate visual system is organized
in a distributed fashion, with different aspects of
the visual scene being analyzed in different corti-
cal areas. Visual areas beyond V1 (striate cortex)
are at large called extrastriate visual cortex. Extra-
striate processing is divided in two major path-
ways, the dorsal and ventral streams. The dorsal
stream is associated with motion processing and
representations of object locations. It extends from
V1 through areas V2, V3A, and V5/MT to the
inferior parietal lobe. Area V5/MT is in humans
located in the lateral occiptotemporal junction and
plays a prominent role in the processing of motion
signals (Figure 3). The ventral stream passes from
V1 through V2 and V4 to inferotemporal cortex.
V4 is located in the ventral occipital cortex ante-
rior to V2 and is thought to preferentially process
color information. The inferotemporal cortex has
an essential role in higher visual functions, such as
object recognition. In humans, inferotemporal cor-
tex accommodates various functionally character-
ized areas that are associated with certain object
categories, most notably the fusiform face area and
the parahippocampal place area.

p0155Electrophysiological recordings in early extra-
striate areas (V4 and V5/MT) of awake macaque
monkeys reporting rivalry showed activity modu-
lations that were stronger than in V1 but still
modest compared with the perceptual changes
experienced during rivalry. In contrast, responses
were markedly different in inferotemporal cortex.
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Recordings showed that most of the inferotemporal
neurons were active only when their preferred
stimulus was perceived and showed essentially no
activity during the perceptual suppression of the
stimulus, indicating that inferotemporal cortex
represents a stage of processing beyond the resolu-
tion of perceptual conflict. In humans, invasive
electrophysiological recordings were made from
the temporal lobes of patients in whom electrodes
had been implanted for diagnostic reasons and
showed results compatible with those obtained
from monkeys. During binocular rivalry, medial
temporal lobe neurons tuned to a specific stimulus
category fired selectively when their preferred
stimulus was perceived, but not when it was per-
ceptually suppressed and invisible. Findings from
fMRI studies in humans experiencing binocular
rivalry support the notion that binocular conflict is
fully resolved at higher levels of the visual proces-
sing hierarchy. During rivalry, fMRI responses that
are recorded in the fusiform face area to face sti-
muli – and in the parahippocampal place area to
images of places – are large and equal in amplitude
to responses evoked by nonrivalrous stimuli. Inter-
estingly, temporary removal of binocular rivalry
stimuli, when the stimulus perceived on reappear-
ance tends to be the one in awareness as they dis-
appeared, is accompanied by persistent activity in
functionally specialized regions of human visual
cortex representing the last percept before stimulus
removal. Such activity during stimulus absence is
not measurable during removal of nonrivalrous
stimuli, suggesting a role for specialized extrastriate

cortex in stabilizing perception in situations of per-
ceptual conflict.

p0160Studies with reversible figures and ambiguous
motion stimuli support the notion that intermediate
levels of visual processing are involved in the reso-
lution of visual ambiguities and conflict. In parallel
with the observation in binocular rivalry using
house and face stimuli, fMRI activity in the fusiform
face area is greater during face perception during
viewing of Rubin’s face/vase illusion (Figure 1(a)).
Percept specific activity in extrastriate visual areas
can also be found during bistable motion percep-
tion. Electrophysiological recordings in monkeys
showed that during viewing of a bistable random-
dot kinematogram, neuronal firing in area V5/MT
correlates with the reported direction of rotation.
Distinguishing activity associated with different
directions of motion is more difficult with fMRI
because there is no spatial segregation between
cells selective of different motion directions that
could easily be resolved on the basis of fMRI signals.
However, motion stimuli that are ambiguous with
respect to the type of motion have shown differen-
tial activity in human motion-sensitive extrastriate
cortex. During viewing of ambiguous plaid stimuli
where perception alternates between global motion
and component motion, stronger activity in V5/MT
is found during component-motion perception.
Similarly, the comparison of object-motion with
illusory self-motion during large-field stimulation
with a rotating stimulus is accompanied by differ-
ential activation in V5/MT and also in area V3A.
Finally, when a simple apparent motion stimulus
composed of two dots shown in alternation in dif-
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with color cues, suggesting that extrastriate color
processing influences the resolution of perceptual
ambiguities.

p0170 While the work mentioned so far has capitalized
on identifying differences in activity associated with
different perceptual states, another line of research
has been primarily concerned with the neural events
associatedwith and time-locked to perceptual rever-
sals. fMRI studies investigating reversal-related
activity have used a variety of bistable paradigms
including binocular rivalry, reversible figures, and
ambiguous motion stimuli. In addition to distributed
activations in frontal and parietal brain regions (see
below), these studies have consistently found tran-
sient activity increases in extrastriate visual areas in
association with perceptual reversals. These activa-
tions are tuned to the visual feature or attribute that
is perceived to change. While changes involving
face or object percepts are accompanied by activa-
tions in object processing areas of the ventral stream,
perceived changes in motion direction or motion
type are associated with activations in motion-
sensitive areas, most notably V5/MT (Figure 3).

p0175 Taken together, electrophysiological and fMRI
studies have established that neural activity in
functionally specialized extrastriate cortex corre-
lates with subjective perception during bistability.
While it is difficult to make strong quantitative
statements on the basis of fMRI measurements,
single-cell recordings in monkeys suggest that the
degree of correlation increases at successive stages
of the visual processing hierarchy. While the exact
role of LGN and V1 is still controversial, it seems
now firmly established that high-level areas in
inferotemporal cortex represent a stage of proces-
sing beyond the resolution of perceptual conflict.
These findings have often been taken as evidence
for a crucial role of higher-level visual cortex in
consciousness. It has been argued that if neurons
in these areas show such strong modulations in
accord with perception, neural activity in these
areas should be a prerequisite for visual informa-
tion to gain access to consciousness.

s0095 Parietal and Prefrontal Cortex

p0180 The possible role of brain regions outside the visual
system has been investigated almost entirely in
human subjects. Neuroimaging investigations into

the neural correlates of bistable perception have
indicated that activity in the parietal and prefrontal
cortices might be associated with conscious percep-
tion in normal subjects. As mentioned in the section
titled ‘Intermediate levels of visual processing,’ these
studies measured brain activity time-locked to spon-
taneous perceptual reversals both during binocular
rivalry and for other bistable stimuli. In addition to
reversal-related activations in extrastriate visual
areas, cortical regions with activity that reflects per-
ceptual transitions include inferior parietal and infe-
rior frontal cortex, regions previously implicated
in regulating access of sensory information to con-
sciousness. While extrastriate areas are equally eng-
aged by nonrivalrous perceptual changes, parietal
and prefrontal regions show significantly greater
activation associated with perceptual alternations
during viewing of rivalrous or ambiguous stimuli.

p0185The attempt to define in more detail the func-
tional significance of reversal-related activations in
higher-order brain structures inevitably leads into
a primacy debate resembling the chicken-and-egg
problem. In one view, changes in perception are
caused by neural activity fluctuations in visual
cortex (the low-level theory propounded above,
see Figure 2(a)). Whenever a perceptual change
occurs, the underlying neural event in visual cortex
is communicated to higher-order areas and
entrains their activation in a feed-forward fashion,
similar to external stimulus changes. An alternative
view also proposes that visual cortical areas house
the competing perceptual representations and that
perceptual dominance is ultimately underpinned
by their relative degree of activity. However,
in this view, the reorganization of activity in visual
cortex during perceptual reversals is initiated
and instructed by frontal and parietal brain struc-
tures (the high-level theory described above, see
Figure 2(b)). These two scenarios differ in the
causal chain assumed to underlie changes in visual
awareness, but it remains difficult to infer causality
from correlative neurophysiological measures.
Still, temporal precedence is generally considered
good evidence in favor of a putative causal role.
Invasive neurophysiological recordingswould there-
fore appear ideally suited to resolve this question
but suffer from the uncertainty of where exactly
to place recording electrodes for instance in the
frontal lobe.
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p0190 Recent analytical approaches have made it pos-
sible to resolve latency differences between fMRI
responses in the range of a couple of hundreds of
milliseconds. Indeed, chronometric analyses of
fMRI activations in association with spontaneous
changes on apparent motion perception showed
that activations in right inferior frontal cortex
occur earlier during bistable perception than dur-
ing externally induced perceptual changes, while
such temporal precedence is absent in extrastriate
visual cortex. This suggests that prefrontal structures
may participate in initiating spontaneous reversals
during bistable perception. In line with this notion,
studies in patients with brain lesions have shown
that spontaneous perceptual alternations are slowed
down in cases of focal damage to the right prefrontal
cortex. The low-level theory that adaptation of
percept-related neural activity plays an important
role in perceptual bistability is not irreconcilable
with a causal role of higher-order processes in initi-
ating perceptual changes. The actual alternations of
perception could be determined by the joint effect
of local processes embedded into a more global
process. That is, whenever local processes (e.g.,
adaptation) act to destabilize activity that underpins
the currently dominating percept, higher-order
evaluative processes can take effect and initiate a
perceptual reorganization (Figure 2(b)).

p0195 In addition to participating in the initiation of
perceptual changes, higher-order brain structures
may also contribute to the stabilization of percep-
tion. As mentioned above, perception can be stabi-
lized by intermittently removing a bistable stimulus,
and this effect is still present when the stimulus dis-
appears for intervals in the range of tens of seconds.
An individual observer’s tendency to stabilize a
percept across such periods of stimulus removal
strongly correlates with brain activity in frontal
and parietal regions previously implicated in work-
ing memory. This suggests that higher-order brain
structures in prefrontal and parietal cortices may
not only play a role in the initiation of perceptual
reversals but also in the stabilization of perception.

s0100 The Role of Neural Synchronization

p0200 This account of the neural underpinnings of
bistable perception has so far almost exclusively
been concerned with their anatomical location.

Relatively few studies have addressed the question
of whether bistable perception may be related to
neural synchronization, an approach based on
state-change theories of consciousness. The role
of neural synchronization in binocular rivalry was
studied in awake cats viewing dichoptically pre-
sented drifting gratings with orthogonal orienta-
tions. Electrophysiological recordings from visual
cortex show that neurons representing the domi-
nant stimulus increase their synchrony, whereas
cells that process the suppressed pattern decrease
their temporal correlation. In contrast to neural
synchrony, however, the firing rates of cells respond-
ing to the dominant and the suppressed stimulus did
not differ. This finding may provide a link between
the divergent results from electrophysiological
recordings and fMRI measurements of early visual
processing, especially as the fMRI signal also corre-
lates with the degree of neural synchronization.

p0205In humans, MEG was used to identify synchro-
nization in neural activity between spatially dis-
tributed cortical areas with dominance phases in
binocular rivalry. Rival gratings flickering at differ-
ent frequencies were used to tag the MEG signals
associated with the two gratings. Over a wide array
of sensor locations encompassing the occipital,
parietal, temporal, and frontal lobes, the ampli-
tudes of the MEG responses correlated with
observers’ reports of dominance and suppression.
Dominance phases of rivalry were also associated
with marked increases in synchronization of MEG
signals recorded from widely distributed sensors,
with the most prominent examples of synchroni-
zation arising in frontal areas of the brain.

p0210Taken together, there is thus evidence demon-
strating that neural synchronization, both locally
within visual cortex and globally among spatially
remote brain regions, may contribute to the reso-
lution of visual conflict in bistable perception.

s0105Conclusions

p0215What have we learned from bistable perception
with regard to the neural correlates of conscious-
ness? Quite apart from the findings from electro-
physiological and neuroimaging studies, bistable
perception is an impressive illustration of the con-
structive nature of perception. The fact that visual
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perception can change while the physical input
remains constant clearly demonstrates that visual
perception results from active interpretive pro-
cesses in the brain. While this general argument
is historically important, empirical studies of bis-
table perception over the last decade have yielded
the following insights:

� Bistable perception is a multilevel process. Neu-
ral correlates of bistable perception are measur-
able throughout the visual system and beyond.

� Neural activity fluctuations in neuronal popula-
tions representing the competing percepts are
involved in determining the perceptual outcome
and hence influence conscious awareness.

� High-level visual areas play a key role in con-
sciousness. Activity in these areas reflects the ac-
tual perceptual outcome of the processes involved
in the resolution of visual ambiguity and conflict.

� Central processes involving prefrontal and pari-
etal brain regions can exert an influence on
bistable perception by stabilizing the current
percept or by initiating perceptual reversals.
Conscious perception is therefore a result of
local sensory processes embedded into more
global evaluative and interpretive processes.

� Neural synchronizations are likely to be invol-
ved in generating a coherent conscious percept.

We conclude that bistable perception has proven a
valuable tool for neuroscientific research and
yielded important insights into the neural corre-
lates of conscious vision. Some aspects, such as the
prominent role of high-level extrastriate visual
areas in conscious vision, are supported by a sig-
nificant number of studies using very different
paradigms and methodologies and therefore
appear to be firmly established. Research into the
neural mechanisms of bistable perception has also
shed light on the role of early visual processing,
which may be more important for conscious vision
than previously thought. However, more research
is needed to resolve controversies that have arisen
from seemingly contradictory results, and to pro-
vide a more detailed account of the role that low-
level processing, especially in V1, plays in consci-
ousness. Similarly, fascinating new insights were
gained about interactions between higher-order
frontoparietal regions and visual cortex and about
the role of neural synchronizations in conscious

vision. Future research using bistable perception
and related phenomena should try to provide a
more detailed account of how these processes
contribute to human consciousness.

See also: Neural Basis of Perceptual Awareness
(00054); Perception: Unconscious Influences on
Perceptual Interpretation (00060); Visual Imagery and
Consciousness (00083).
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