Consciousness and Complexity
Giulio Tononi, et al.
Science 282, 1846 (1998);
DOI: 10.1126/science.282.5395.1846

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of December 8, 2007 ):

This article cites 61 articles, 19 of which can be accessed for free:
http://www.sciencemag.org/cgi/content/full/282/5395/1846#otherarticles
This article has been cited by 229 article(s) on the ISI Web of Science.
This article has been cited by 21 articles hosted by HighWire Press; see:
http://www.sciencemag.org/cgi/content/full/282/5395/1846#otherarticles
This article appears in the following subject collections:
Neuroscience
http://www.sciencemag.org/cgi/collection/neuroscience
Information about obtaining reprints of this article or about obtaining permission to reproduce
this article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
1998 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on December 8, 2007

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/cgi/content/full/282/5395/1846

SCIENCE’S COMPASS
REVIEW:

●

REVIEW

NEUROSCIENCE

Consciousness and Complexity
Conventional approaches to understanding consciousness are generally concerned
with the contribution of specific brain areas or groups of neurons. By contrast, it
is considered here what kinds of neural processes can account for key properties
of conscious experience. Applying measures of neural integration and complexity,
together with an analysis of extensive neurological data, leads to a testable
proposal—the dynamic core hypothesis—about the properties of the neural
substrate of consciousness.

W

hat is the neural substrate of conscious experience? While William
James concluded that it was the
entire brain (1), recent approaches have attempted to narrow the focus: are there neurons endowed with a special location or intrinsic property that are necessary and sufficient for conscious experience? Does primary
visual cortex contribute to conscious experience? Are brain areas that project directly to
prefrontal cortex more relevant than those
that do not (2)? Although heuristically useful,
these approaches leave a fundamental problem unresolved: How could the possession of
some particular anatomical location or biochemical feature render some neurons so
privileged that their activity gives rise to
subjective experience? Conferring this property on neurons seems to constitute a category error, in the sense of ascribing to things
properties they cannot have (3).
Here, we pursue a different approach. Instead of arguing whether a particular brain
area or group of neurons contributes to consciousness or not, our strategy is to characterize the kinds of neural processes that might
account for key properties of conscious experience. We emphasize two properties: conscious experience is integrated (each conscious scene is unified) and at the same time
it is highly differentiated (within a short time,
one can experience any of a huge number of
different conscious states). We first consider
neurobiological data indicating that neural
processes associated with conscious experience are highly integrated and highly differentiated. We then provide tools for measuring
integration (called functional clustering) and
differentiation (called neural complexity) that
are applicable to actual neural processes. This
leads us to formulate operational criteria for
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determining whether the activity of a group
of neurons contributes to conscious experience. These criteria are incorporated into the
dynamic core hypothesis, a testable proposal
concerning the neural substrate of conscious
experience (4).

General Properties of Conscious
Experience
Consciousness, as William James pointed
out, is not a thing, but a process or stream that
is changing on a time scale of fractions of
seconds (1). As he emphasized, a fundamental aspect of the stream of consciousness is
that it is highly unified or integrated.
Integration. Integration is a property
shared by every conscious experience irrespective of its specific content: Each conscious state comprises a single “scene” that
cannot be decomposed into independent components (5). Integration is best appreciated by
considering the impossibility of conceiving
of a conscious scene that is not integrated,
that is, one which is not experienced from a
single point of view. A striking demonstration is given by split-brain patients performing a spatial memory task in which two independent sequences of visuospatial positions were presented, one to the left and one
to the right hemisphere (6 ). In these patients,
each hemisphere perceived a separate, simple
visual problem and the subjects were able to
solve the double task well. Normal subjects
could not treat the two independent visual
sequences as independent, parallel tasks. Instead, they combined the visual information
into a single conscious scene and into a single, large problem that was much more difficult to solve.
The unity of conscious experience is also
evidenced by our inability to perform multiple tasks, unless some tasks are highly automatic and impinge less on consciousness.
Moreover, we cannot make more than a single conscious decision within an interval of a
few hundreds of milliseconds, the so-called
psychological refractory period (7). Further-

more, we cannot be aware of two incongruent
scenes at the same time, as indicated by the
bistability of ambiguous figures and the phenomenon of perceptual rivalry (8). Unity also
entails that conscious experience is private,
that is, it is always experienced from a particular point of view and cannot fully be
shared (1).
Differentiation. While each conscious
state is an integrated whole, perhaps the most
remarkable property of conscious experience
is its extraordinary differentiation or complexity. The number of different conscious
states that can be accessed over a short time is
exceedingly large. For example, even if we
just consider visual images, we can easily
discriminate among innumerable scenes
within a fraction of a second (9). More generally, the occurrence of a given conscious
state implies an extremely rapid selection
among a repertoire of possible conscious
states that is, in fact, as large as one’s experience and imagination. Differentiation
among a repertoire of possibilities constitutes
information, in the specific sense of reduction
of uncertainty (10). Although this is often
taken for granted, the occurrence of one particular conscious state over billions of others
therefore constitutes a correspondingly large
amount of information. Furthermore, it is information that makes a difference, in that it
may lead to different consequences in terms
of either thought or action.
The informativeness of consciousness
helps dispose of many of the paradoxes
raised about conscious experience. Consider a photodiode that can differentiate between light and dark and then provide an
audible output, and a conscious human performing the same task and giving a verbal
report. Why should the differentiation between light and dark performed by the human be associated with conscious experience, while presumably that performed by
the photodiode is not? The paradox disappears if one considers the information generated by such discriminations. To the photodiode, the discrimination between darkness and light is the only one available, and
is therefore minimally informative. To a
conscious human, by contrast, an experience of complete darkness and an experience of complete light are two specific
conscious experiences selected out of an
enormous repertoire, and their selection implies the availability of a correspondingly
large amount of information. To understand
consciousness, it is important to identify
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underlying neural processes that are both
integrated and capable of such exceptionally informative differentiations.

General Properties of Neural
Processes Underlying Conscious
Experience
Distributed neural activity, particularly in the
thalamocortical system, is almost certainly
essential for determining the contents of conscious experience (4, 11). We suggested previously that a key neural mechanism underlying conscious experience are the reentrant
interactions between posterior thalamocortical areas involved in perceptual categorization and anterior areas related to memory,
value, and planning for action. Such interactions among neuronal groups in distributed
brain areas may be necessary in order to
generate a unified neural process corresponding to a multimodal conscious scene (4). Recent experimental findings are consistent
with this hypothesis and suggest some generalizations about the neural processes that
underlie conscious experience.
Activation and deactivation of distributed
neuronal populations. Changes in specific
aspects of conscious experience correlate
with changes in activity in specific brain
areas, whether the experience is driven by
external stimuli, by memory, or by imagery
and dreams (12). Conscious experience as
such, however, involves the activation or deactivation of widely distributed brain areas
(13), although what should count as the appropriate reference state for comparison is
not clear. In subjects who are comatose or
deeply anesthetized, unconsciousness is associated with a profound depression of neural
activity in both the cerebral cortex and thalamus (13). During slow-wave sleep, in which
consciousness is severely reduced or lost,
cerebral blood flow is globally reduced as
compared to both waking and REM (rapid
eye movement) sleep, two brain states associated with vivid conscious reports (14). A
more specific reference state would be the
response to a simple sensory input when a
subject is unaware of it versus when the
subject is aware of it. We have used magnetoencephalography to measure brain responses to flickering visual stimuli under conditions of binocular rivalry (15). A vertical
grating flickering at one frequency was presented to one eye and a horizontal grating,
flickering at a different frequency, was presented to the other eye. Although the stimuli
were presented together, the subjects perceived either the vertical grating or the horizontal grating, with an alternation every few
seconds. It was found that the power of
steady-state neuromagnetic responses at the
frequency of the flickering stimulus (its frequency tag) was higher by 30 to 60% in many
sensor locations when the subject was con-

scious of that stimulus. The sensors with
frequency tags that correlated with conscious
experience were widely distributed over both
posterior (occipital and temporal) and anterior (frontal) areas. Furthermore, there were
considerable variations among different subjects (Fig. 1).
A change in the degree to which neural
activity is distributed within the brain may
accompany the transition between conscious,
controlled performance and unconscious, automated performance. When tasks are novel,
brain activation related to the task is widely
distributed; when the task has become automatic, activation is more localized and may

Fig. 1. Amplitude and coherence differences
between the steady-state neuromagnetic responses during binocular rivalry when subjects
were conscious of a stimulus and when they
were not. The differences are taken between
amplitude and coherence values at 7.41 Hz
when the subjects were conscious of a vertical
grating flickered at 7.41 Hz and when they
were not (that is, when they were conscious of
a horizontal grating flickered at 9.5 Hz). Amplitude differences are topographically displayed
for two subjects. Color scale is in picotesla.
Significant positive differences in coherence at
7.41 Hz between pairs of distant sensors are
indicated by superimposed cyan lines. Blue
lines indicate negative differences in coherence.
Filled green circles indicate channels with signal-to-noise ratio .5 that have coherence values .0.3 with at least one other channel. See
(15) for details.

shift to a different set of areas (16). In animal
studies, neural activity related to sensory
stimuli can be recorded in many brain regions
before habituation. After habituation sets in
(a time when humans report that stimuli tend
to fade from consciousness), the same stimuli
evoke neural activity exclusively along their
specific sensory pathways (17). These observations suggest that when tasks are automatic
and require little or no conscious control, the
spread of signals that influence the performance of a task involves a more restricted
and dedicated set of circuits that become
“functionally insulated.” This produces a
gain in speed and precision, but a loss in
context-sensitivity, accessibility, and flexibility (18).
Integration through strong and rapid reentrant interactions. Activation and deactivation of distributed neural populations in the
thalamocortical system are not sufficient
bases for conscious experience unless the
activity of the neuronal groups involved is
integrated rapidly and effectively. We have
suggested that such rapid integration is
achieved through the process of reentry—the
ongoing, recursive, highly parallel signaling
within and among brain areas. Large-scale
computer simulations have shown that reentry can achieve the rapid integration or “binding” of distributed, functionally specialized
neuronal groups dynamically, that is, in a
unified neural process rather than in a single
place (19, 20).
Substantial evidence indicates that the integration of distributed neuronal populations
through reentrant interactions is required for
conscious experience. An indication comes
from the study of patients with disconnection
syndromes, in which one or more brain areas
are anatomically or functionally disconnected
from the rest of the brain due to some pathological process (21). In the paradigmatic disconnection syndrome (the split brain), visual
or somatosensory stimuli can activate the
nondominant hemisphere and lead to behavioral responses, but the dominant, verbal
hemisphere is not aware of them (22). Although the two hemispheres can still communicate through indirect, subcortical routes,
rapid and effective neural interactions mediated by direct reentrant connections are abolished by the lesion of the corpus callosum.
Modeling studies suggest that a telltale sign
of effective reentrant interactions is the occurrence of short-term temporal correlations
between the neuronal groups involved (19).
Experiments on cats show that short-term
temporal correlations between the activity of
neuronal groups responding to the same stimulus, but located in different hemispheres, are
abolished by callosal transections (23). Other
studies indicate that various kinds of cognitive tasks are accompanied by the occurrence
of short-term temporal correlations among
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distributed populations of neurons in the
thalamocortical system (24). The magnetoencephalographic study of binocular rivalry
mentioned above (15) also indicates that
awareness of a stimulus is associated with
increased coherence among distant brain regions (Fig. 1).
The requirement for fast, strong, and distributed neural interactions may explain why
stimuli that are feeble, degraded, or shortlasting, often fail to be consciously perceived.
Although such stimuli may produce a behavioral response [perception without awareness
(25, 26 )], they are unlikely to ignite neural
activity of sufficient strength or duration to
support fast distributed interactions. Conversely, attention may increase the conscious
salience of certain stimuli by boosting the
corresponding neural responses as well as the
strength of neural interactions (27). Neural
activity is also more likely to contribute effectively to distributed neural interactions if it
is sustained for hundreds of milliseconds.
This would lead to the functional closure of
longer reentrant loops and thereby support
reentrant interactions among more distant regions (19, 20). Experimental findings are
consistent with this idea. High-frequency somatosensory stimuli delivered to the thalamus require about 500 ms for the production
of a conscious sensory experience, while less
than 150 ms are sufficient for sensory detection without awareness (28). The sustained
evoked potentials associated with a conscious
somatosensory sensation are apparently generated by the excitation of pyramidal neurons
of primary somatosensory cortex through reentrant interactions with higher cortical areas
(29).
Evidence for a correlation between conscious experience and sustained neural activity also comes from tasks involving visuospatial working memory—the ability to rehearse
or “keep in mind” a spatial location. Working
memory is used to bring or keep some item in
consciousness or close to conscious access
(30). In working memory tasks, sustained
neural activity is found in prefrontal cortex of
monkeys, and it is apparently maintained by
reentrant interactions between frontal and parietal regions (31). Sustained neural activity
may facilitate the integration of the activity of
spatially segregated brain regions into a coherent, multimodal neural process that is stable enough to permit decision-making and
planning (32).
Differentiated patterns of activity. Although strong and fast reentrant interactions
among distributed groups of neurons are necessary for conscious experience, in themselves, they are still not sufficient. This is
strikingly demonstrated by the unconsciousness accompanying generalized seizures and
slow-wave sleep. During generalized seizures, the brain is not only extremely active,
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but most neurons fire in a highly synchronous
manner. For example, the electroencephalogram (EEG) during petit mal absences indicates that groups of neurons over the whole
brain are either all firing together or all silent
together, with these two neural states alternating every third of a second. Although such
hypersynchronous firing is indicative of
strong and distributed interactions, a subject
who is prey to such a seizure is unconscious.
Similarly, during slow-wave sleep, neurons
in the thalamocortical system are active as
well as remarkably interactive, as shown by
their synchronous firing in a stereotyped,
burst-pause pattern. During this stage of
sleep, however, it is rare to obtain vivid and
extensive conscious reports (33). By contrast,
during REM sleep, when neural activity is
not globally synchronous but resembles the
rapid and complex patterns of waking, subjects typically report vivid dreams if awakened. We suggest that the low-voltage, fastactivity EEG characteristic of waking and
REM sleep reflects the availability of a rich
and diverse repertoire of neural activity patterns. If the repertoire of differentiated neural
states is large, consciousness is possible.
Conversely, if this repertoire is reduced, as
when most groups of neurons in the cortex
discharge synchronously and functional discriminations among them are obliterated,
consciousness is curtailed or lost (34).

Theoretical Concepts and Measures
This brief review of neurological and neurophysiological data indicates that the distributed neural process underlying conscious experience must be functionally integrated and
at the same time highly differentiated. As
mentioned above, two key properties of conscious experience are that it is integrated, in
the sense that it cannot be subdivided into
independent components, and that it is extremely differentiated, in the sense that it is
possible, within a short time, to select among
an enormous number of different conscious
states. It is a central claim of this article that
analyzing the convergence between these
phenomenological and neural properties can
yield valuable insights into the kinds of neural processes that can account for the corresponding properties of conscious experience.
Such an analysis requires the availability of
satisfactory measures of integration and differentiation that can be applied to actual neural processes, as well as an understanding of
the neural mechanisms of integration.
Functional clustering: How to identify an
integrated process. How can one determine
whether a neural process is unified or simply
a collection of independent or nearly independent subprocesses? We have suggested
that a subset of distributed elements within a
system gives rise to a single, integrated process if, at a given time scale, these elements

interact much more strongly among themselves than with the rest of the system — for
example, if they form a functional cluster.
This criterion has been formalized by introducing a direct measure of functional clustering (35) which we summarize here.
Consider a jth subset of k elements (Xkj)
taken from an isolated neural system X, and
its complement (X – Xkj). Interactions between the subset and the rest of the system
introduce statistical dependence between the
two. This is measured most generally by their
mutual information MI(Xkj; X – Xkj) 5 H(Xkj)
1 H(X – Xkj) – H(X), which captures the
extent to which the entropy of Xkj is accounted for by the entropy of X – Xkj and vice versa
[H indicates statistical entropy (36)]. The
statistical dependence within a subset can be
measured by a generalization of mutual information, which is called integration and is
given by I(Xkj) 5 SH(xi) – H(Xkj), where
H(xi) is the entropy of each element xi considered independently. We then define the
functional cluster index CI(Xkj) 5 I(Xkj)/
MI(Xkj; X – Xkj) as a ratio of the statistical
dependence within the subset and the statistical dependence between that subset and the
rest of the system. Based on this definition, a
subset of neural elements that has a CI value
much higher than 1 and does not itself contain any smaller subset with a higher CI value
constitutes a functional cluster. This is a single, integrated neural process that cannot be
decomposed into independent or nearly independent components.
We have applied these measures of functional clustering both to simulated datasets
and to positron emission tomography data
obtained from schizophrenic subjects performing cognitive tasks (35). Theoretically
sound measures that can detect the occurrence of functional clustering at the time
scale (fractions of a second) crucial for conscious experience may require additional assumptions. Nevertheless, it would appear that
the rapid establishment of synchronous firing
among cortical regions and between cortex
and thalamus should be considered as an
indirect indicator of functional clustering,
since it implies strong and fast neural interactions among the neural populations involved (19, 20). The mechanisms of rapid
functional clustering among distributed populations of neurons in the thalamocortical
system have been studied with the help of
large-scale simulations (19, 20). These have
shown that the emergence of high-frequency
synchronous firing in the thalamocortical system depends critically on the dynamics of
corticothalamic and corticocortical reentrant
circuits and on the opening of voltage-dependent channels in the horizontal corticocortical
connections (37).
Neural complexity: Measuring the differences that make a difference. Once an inte-
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grated neural process is identified, we need to
determine to what degree that process is differentiated. Does it give rise to a large repertoire of different activity patterns or neural
states? It is essential to consider only those
differences between activity patterns that
make a difference to the system itself. A TV
screen may, for example, go through a large
number of “activity patterns” that look different to an external observer, but that make no
difference to the TV.
A possible approach to measuring differences that make a difference within an integrated neural system is to consider it as its
own “observer.” This can be achieved by
dividing the system (which, we assume, constitutes a functional cluster) into two subsets
and then measuring their mutual information
(38). The value of MI(Xkj; X – Xkj) between
a jth subset Xkj of the isolated system X and
its complement X – Xkj will be high if two
conditions are met. Both Xkj and X – Xkj must
have many states [their entropy must be relatively high (10)], and the states of Xkj and of
X – Xkj must be statistically dependent (the
entropy of Xkj must be largely accounted for
by the interactions with X – Xkj, and vice
versa). The expression MI(Xkj; X – Xkj) reflects how much, on average, changes in the
state of X – Xkj make a difference to the state
of Xkj, and vice versa.
To obtain an overall measure of how differentiated a system is, one can consider not
just a single subset of its constituent elements, but all its possible subsets. The corresponding measure, called neural complexity,
is given by CN(X ) 5 ½S ^MI(Xkj; X – Xkj)&,
where the sum is taken over all k subset sizes
and the average is taken over all jth combinations of k elements. Complexity is thus a
function of the average mutual information
between each subset and the rest of the system, and it reflects the number of states of a
system that result from interactions among its
elements (39).
It can be shown that high values of complexity reflect the coexistence of a high degree of functional specialization and functional integration within a system, as appears
to be the case for systems such as the brain.
For example, the dynamic behavior of a simulated cortical area containing thousands of
spontaneously active neuronal groups (38)
resembled the low-voltage fast-activity EEG
of waking states and had high complexity.
Such a system, whose connections were organized according to the rules found in the
cortex, visited a large repertoire of different
activity patterns that were the result of interactions among its elements. If the density of
the connections was reduced, the dynamic
behavior of the model resembled that of a
noisy TV screen and had minimal complexity. A large number of activity patterns were
visited, but they were merely the result of the

independent fluctuations of its elements. If
the connections within the cortical area were
instead distributed at random, the system
yielded a hypersynchronous EEG that resembled the high-voltage waves of slow-wave
sleep or of generalized epilepsy. The system
visited a very limited repertoire of activity
patterns, and its complexity was low.
Measures of complexity, like measures of
functional clustering, can also be applied to
neurophysiological data to evaluate the degree to which a neural process is both integrated and differentiated (40). This opens the
way to comparisons of the values of neural
complexity in different cognitive and arousal
states and to empirical tests of the relationships between brain complexity and conscious experience.

The Dynamic Core Hypothesis
A final issue we should consider is whether the
neural process underlying conscious experience
extends to most of the brain, as was concluded
by William James, or is restricted to varying
subsets of neuronal groups. Several observations support the latter possibility.
1) Classical lesion and stimulation studies
suggest that many brain structures outside the
thalamocortical system have no direct influence on conscious experience. Even within
the thalamocortical system, many regions can
be lesioned or stimulated without producing
direct effects on conscious experience (41).
2) Neurophysiological studies indicate a
possible dissociation between conscious experience and ongoing neural activity within
portions of the thalamocortical system. During binocular rivalry in monkeys, a large
proportion of neurons in early visual areas,
such as V1, V4, and MT, continued to fire to
their preferred stimulus even when it was not
consciously perceived (42). The activity of
only a subset of the neurons recorded in these
areas was correlated with the percept, although in higher areas such as IT and STS,
the percentage reached 95%. In our magnetoencephalographic study of binocular rivalry
in humans (Fig. 1) (15), we found that the
responses of only a subset of occipital, temporal, and frontal areas was correlated with
the conscious perception of a stimulus, although several other regions showed widespread responses to stimuli that were not
consciously perceived.
3) The firing of neurons dealing with rapidly varying local details of a sensory input or
a motor output does not seem to map to
conscious experience. The latter deals with
invariant properties of objects that are highly
informative as well as more stable and easily
manipulated. For example, patterns of neural
activity in the retina and other early visual
structures correspond faithfully to spatial and
temporal details of the visual input and are in
constant flux. During each visual fixation,

however, humans extract the meaning of a
scene and are not conscious of considerable
changes in its local details (43). Groups of
neurons responding in a stable way to invariant properties of objects are therefore more
likely to contribute to conscious experience.
4) Many neural processes devoted to carrying out highly automated routines that
make it possible to talk, listen, read, write,
and so forth, in a fast and effortless way do
not appear to contribute directly to conscious
experience, although they are essential in determining its content (44). As mentioned
above, neural circuits carrying out such highly practiced neural routines may become
functionally insulated except at the input or
output stages. There is also some evidence
that cortical regions that are part of a fast
system for controlling action, such as the
dorsal visual stream, may not contribute significantly to conscious experience (45).
5) Although the sheer anatomical connectivity of the brain may hint that, over a sufficiently long time scale, everything can interact with everything else, modeling studies
indicate that only certain interactions within
the thalamocortical system are fast and strong
enough to lead to the formation of a large
functional cluster within a few hundred milliseconds (46 ).
These observations suggest that changes
in the firing of only certain distributed subsets of the neuronal groups that are activated
or deactivated in response to a given task are
associated with conscious experience. What
is special about these subsets of neuronal
groups, and how can they be identified? We
suggest the following:
1) A group of neurons can contribute
directly to conscious experience only if it is
part of a distributed functional cluster that
achieves high integration in hundreds of
milliseconds.
2) To sustain conscious experience, it is
essential that this functional cluster be highly
differentiated, as indicated by high values of
complexity.
We propose that a large cluster of neuronal groups that together constitute, on a time
scale of hundreds of milliseconds, a unified
neural process of high complexity be termed
the “dynamic core,” in order to emphasize
both its integration and its constantly changing activity patterns. The dynamic core is a
functional cluster: its participating neuronal
groups are much more strongly interactive
among themselves than with the rest of the
brain. The dynamic core must also have high
complexity: its global activity patterns must
be selected within less than a second out of a
very large repertoire.
The dynamic core would typically include
posterior corticothalamic regions involved in
perceptual categorization interacting reentrantly
with anterior regions involved in concept for-
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changes in the functional connectivity among
distributed populations of neurons can occur
independently of firing rate (50). Recent
studies in monkey frontal cortex also show
abrupt and simultaneous shifts among stationary activity states involving several, but
not all recorded neurons (51). A convincing
demonstration of rapid functional clustering
among distributed neuronal groups requires,
however, that these studies be extended to
larger populations of neurons in several brain
areas. Another possibility would be to examine whether the effects of direct cortical microstimulation spread more widely in the
brain if they are associated with conscious
experience than if they are not. In humans,
the extent and boundaries of neural populations exchanging coherent signals can be
evaluated through methods of frequency tagging (15). Techniques offering both wide
spatial coverage and high temporal resolution
could also help establish how large a dynamic
core normally is, how its composition changes, and whether certain brain regions are always included or always excluded. It is also
significant to ask whether the dynamic core
can split, and thus whether multiple dynamic
cores can coexist in a normal subject. A
reasonable prediction would be that certain
disorders of consciousness, notably dissociative disorders and schizophrenia, should be
reflected in abnormalities of the dynamic
core and possibly result in the formation of
multiple cores.
A strong prediction based on our hypothesis is that the complexity of the dynamic
core should correlate with the conscious state
of the subject. For example, we predict that
neural complexity should be much higher
during waking and REM sleep than during
the deep stages of slow-wave sleep, and that
it should be extremely low during epileptic
seizures despite the overall increase in brain
activity. We also predict that neural processes
underlying automatic behaviors, no matter
how sophisticated, should have lower complexity than neural processes underlying consciously controlled behaviors. Finally, a systematic increase in the complexity of coherent neural processes is expected to accompany cognitive development.
The outcome of such tests should indicate
whether conscious phenomenology can indeed be related, as we suggest, to a distributed neural process that is both highly integrated and highly differentiated. The evidence available so far supports the belief that
a scientific explanation of consciousness is
becoming increasingly feasible (52).
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