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The functional and anatomical specializations of the
brain that are evident from physiological, neuropsycho-
logical and neuroimaging studies present a unique
problem. How does the brain orchestrate the symphony
of emotions, perceptions, thoughts and actions that
come together effortlessly from neural processes that
are distributed across the brain? What are the neural
mechanisms that select and coordinate this distributed
brain activity to produce a flow of adapted and unified
cognitive moments? This is the large-scale integration
problem — the central topic of this review.

Neural assemblies: a framework for analysis
Neural assemblies provide a conceptual framework for
the integration of distributed neural activity1–3. For our
purposes, neural assemblies will be defined as distrib-
uted local networks of neurons transiently linked by rec-
iprocal dynamic connections4–10. A useful analogy is
found in Worldwide Web systems such as Napster, in
which geographically distant computers briefly transfer
data to each other within transient assemblies that are
formed on a static network of hardwired connections.
In the brain, the emergence of a specific neuronal
assembly is thought to underlie the operation of every
cognitive act. Neurons that belong to a given assembly
are linked by selective interactions; that is, they interact
preferentially with a sub-ensemble of other neurons that
are interconnected (FIG. 1). These interactions are medi-
ated through direct (monosynaptic) or indirect (poly-

synaptic) connections that are typically reciprocal11,12. In
this context, as discussed by Phillips and Singer13, it is
useful to distinguish between two types of connection.
On the one hand, there are reciprocal connections with-
in the same cortical area or between areas situated at the
same level of the network. On the other, there exist con-
nections that link different levels of the network in dif-
ferent brain regions to the same assembly and embody
the true Web-like architecture of the brain. Connections
of this type have been traditionally described as feedfor-
ward and feedback (or as bottom-up and top-down)
(BOX 1). These neural assemblies have a transient,
dynamical existence that spans the time required to
accomplish an elementary cognitive act (a fraction of a
second). But, at the same time, their existence is long
enough for neural activity to propagate through the
assembly, a propagation that necessarily involves cycles
of reciprocal spike exchanges with transmission delays
that last tens of milliseconds. So, in both the brain and
the Web analogy, the relevant variable required to
describe these assemblies is not so much the individual
activity of the components of the system but the
dynamic nature of the links between them.

Phase synchrony as a mechanism for integration
Clearly, any mechanism for neural integration must
involve interactions between the participating local
networks, but the specific nature of such interactions
remains a point of debate. For some authors, the
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hierarchical organization of the brain suggests that the
associative areas that mediate between sensory and
motor areas provide the basis for integration (see REF. 14

for an example). By contrast, we and others have argued
that networks of reciprocal interactions are the key for
integration4,10.Among various modes of reciprocal inter-
actions, we favour phase synchronization between the
participating neuronal groups, which is certainly the
most studied mechanism. Note that the terms synchrony
and phase have been used in the literature with widely
different connotations; here we adhere to the meaning
derived from dynamic-systems analysis (BOX 2).

We describe here the experimental evidence that
supports the above framework, as well as its limitations
and the questions that remain unanswered. In order to
study integration through synchronization, we need to
focus on the temporal dynamics of neural networks in
the millisecond range. We therefore concentrate on dis-
cussing results obtained with methods that have fast
temporal resolution; that is, recordings of electrical and
magnetic activity at various resolution levels. The possi-
ble contribution to, and links with,‘slow’ imaging meth-
ods are discussed in BOX 3.

Box 1 | Bottom-up and top-down activity

With only few exceptions, the brain is organized on the basis of what we can call the
principle of reciprocity: if area A connects to area B, then there are reciprocal
connections from B to A11,12. Traditionally, the sensory end is taken as the starting
point, so that perception is described as a feedforward or bottom-up hierarchy from
‘lower’ to ‘higher’ stages of processing. Vision has become a paradigmatic example of
this approach, and the successive stages of elaboration of the visual stimuli from retina
to the various visual areas have been extensively studied98. However, an alternative
starting point can also be found in the endogenous activity that is provided by the
states of preparation, expectation, emotional tone and attention (among others), which
are necessarily active at the same time as the sensory inflow. Endogenous activity
concerns activity typically from the frontal lobes or the limbic system, or in the middle
of the whole network as temporal and associative cortices, but far removed from the
sensors. This activity is referred to as top-down or feedback, and there is
psychophysical and physiological evidence for their active participation even in early
stages of sensory perception1,33,68,99,100. Bottom-up and top-down are heuristic terms for
what is in reality a large-scale network that integrates both incoming and endogenous
activity; it is precisely at this level where phase synchronization is crucial as a
mechanism for large-scale integration.

Figure 1 | Schematic representation of transient distributed neural assemblies with
dynamic long-range interactions.

Box 2 | Phase and synchrony

These terms have been used with widely different
meanings, and some clarification is needed. In general,
two signals x(t) and y(t) are correlated if we can predict
the variations of one as a function of the other. This can
be estimated by the widely used correlation coefficient
(EQN 1):

(1)

where x̂ is the zero-mean, normalized transform of x
(EQN 2):

(2)

High values of C
xy

(τ) (that is, close to 1) indicate that
x reproduces the variations of y, with a time lag t that
can be different from zero, as observed in the visual
system101. Similarly, if one is interested in the relation
between the signals at a specific frequency f, one can
band-pass x and y narrowly around f, and estimate
their coherence, which is simply the correlation
coefficient between the band-passed signals102. This
classical measure has been extensively used in the
studies reported in this review.

Synchrony measures the relation between the temporal
structures of the signals regardless of signal amplitude.
Two signals are said to be synchronous if their rhythms
coincide. This idea can be made more precise in several
ways. In its classical sense, the term synchrony has been
applied to signals that had a dominant oscillatory mode,
either originally or after filtration around a chosen
frequency f. Such a signal x(t) can be written in the
frequency domain as EQN 3, a formulation in which the
instantaneous amplitude a(t) and phase φ(t) of x(t)
appear as clearly separated entities:

(3)

Working with brain signals, this separation allows us
to focus on phase as a measurement that contains all
the information about the temporal structure of neural
activity. Perfect synchrony between x and y means
simply that φ

x
(t) = φ

y
(t). Relationships between the

temporal organization of x and y are best observed by
their instantaneous phase difference (EQN 4):

(4)

where n and m are integers that indicate the ratios of
possible frequency locking. Although most studies have
focused on the case n = m = 1, evidence for 1:2 and 1:3
phase synchrony also exists.

In neuroscience, we are interested in the case when Φ
is approximately constant over a limited time window
T, which has a typical duration of hundreds of
milliseconds. This is defined as a period of phase
locking between two events, and can only be estimated
in a statistical sense. Phase locking therefore becomes
an indicator of the dynamic phase relationship between
two local networks independently of their amplitude
and is one the central concepts of this review.
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sense, the large-scale integration and the well-known
visual-binding problem address the same question but
at opposite ends of the spatial continuum. It is parsimo-
nious to assume that they share common mechanisms.
However, this is an empirical issue, and the evidence is
presented here.

Local and large-scale integration
What does ‘local’ mean? On a spatial scale of less than
2 mm, the cytoarchitectonic packing and the mixture
of excitatory and inhibitory interneurons clustered
together in (say) a CORTICAL COLUMN are prone to syn-
chronize into a common resonance mode16. However,
this tight interconnectivity is not just restricted to such
a small area, as collaterals are known to extend over
several millimeters, linking larger patches of neural tis-
sue. For example, in columns of the primary visual
cortex separated by 2–7 mm, which have non-overlap-
ping receptive fields, neurons that share similar feature
properties tend to synchronize16. A similar observation
has been made in hippocampal slices over distances of
several millimeters17. Destexhe et al.18 recorded cortical
activity from Brodmann areas 17 and 18 of the cat
with electrodes separated by 1 mm during deep sleep,
rapid-eye-movement (REM) sleep and wakefulness.
During REM sleep and wakefulness, they observed
oscillatory activities (BETA and GAMMA rhythms) that
correlated between electrodes separated by as much as
5 mm; the strength of the correlation decreased with
electrode separation. These correlations and the syn-
chronization of activity are related to one type of con-
nection mentioned before: reciprocal connections
between areas situated at the same level of the
network13. So, local integration occurs over a local net-
work distributed over an area of ~1 cm through
monosynaptic connections with conduction delays of
typically 4–6 ms (REF. 19).

Large-scale synchronization concerns neural assem-
blies which are farther apart in the brain (> 1 cm; trans-
mission delays > 8–10 ms over polysynaptic pathways)19

such as, for example, assemblies between occipital and
frontal lobes or across hemispheres, which are separated
by dozens of milliseconds in transmission time. In this
case, phase-locking synchrony (BOX 2) cannot be based
on the local cytoarchitecture but must instead reside in
distant connections, either cortico-cortical fibres or
thalamocortical reciprocal pathways5,20. These pathways
correspond to the second type of connection discussed
above; that is, feedforward and feedback connections
that link different levels of the network in different brain
regions13 (BOX 1).

Although the distinction between local and large-
scale synchronization is fairly clear, it should not be
taken rigidly. Neural synchrony can be established
between regions whose separation falls in an intermedi-
ate spatial scale, such as between parietal and visual
areas21,22. However, there is no simple continuum from
strictly local, to regional to long-range networks. Our
intention is to highlight the contrasts between local and
large-scale binding, not to oppose them but rather to
bring out the specific role of each one.

Direct evidence supporting phase synchrony as a
basic mechanism for brain integration has recently been
provided by extensive studies of visual binding. The
visual-binding problem can be stated as follows: how
are the different attributes of an object brought together
in a unified representation given that its various features
— edges, colour, motion, texture, depth and so on —
are treated separately in specific visual areas? One pro-
posed solution is based on the idea that visual objects
are coded by cell assemblies that fire synchronously15.
So, visual binding refers to the ‘local’ integration of neu-
ronal properties (that is, integration that takes place
within neighbouring cortical areas, all specialized in the
same modality), which allows the large-scale integration
necessary for vision in the context of a complete cogni-
tive moment. We argue that synchronization of neural
assemblies is a process that spans multiple spatial and
temporal scales in the nervous system (FIG. 2). In this

Box 3 | Synchrony and metabolic activity

Large-scale integration through synchrony converges naturally with studies of large-
scale interdependencies analysed through metabolic brain imaging. In fact, most
functional brain imaging research during the last decade has focused on detecting the
brain regions involved in various sensorimotor or cognitive tasks. However, as we argue
here, brain organization cannot be understood if the coupling between brain regions is
not analysed. Several works have already shown the importance of these ideas using
positron-emission tomography (PET) or functional magnetic resonance imaging
(fMRI) data92,103,104.

Functional connectivity involves the identification of regions whose interaction during a
cognitive task is reflected by a temporal correlation between the haemodynamic signals
observed in these regions. To study these connections, several approaches have been
developed103,105–107.Whereas functional connectivity concerns the correlation between
cerebral signals and might have various origins, effective connectivity represents the
strength of an effective connection established during a cognitive task; that is, the direct
influence of a region on another. Two steps are necessary to form these maps of effective
connectivity. First, a model must be defined: a group of cerebral regions is selected
together with the connections that exist between these regions. This model of interacting
regions is established from a priori anatomical knowledge and/or from maps of functional
connectivity. The next step is to estimate the strength of the existing connections between
these regions by, for example, solving the structural equations associated with the
predefined model104.

Connectivity maps are established for a given temporal range, typically a few minutes.
So, one cannot investigate phase relations directly but several alternatives to these
methods can be considered. One possibility is to estimate a coupling coefficient that
varies across time through Kalman filtering108, thereby proposing a measure of temporal
integration. A complementary line of research is to use fMRI in monkeys to guide the
implantation of microelectrodes109. This approach opens the possibility of, first,
identifying effective connections in the whole brain during a task and, second, analysing
these connections over time with electrodes selectively positioned in the interacting
areas. An equally challenging approach is the use of metabolic imaging to estimate
current sources by solving the INVERSE PROBLEM, while retaining the temporal relations of
these sources110,111.

Finally, it is now possible to modify directly the activity of selected cerebral areas
while measuring the effect of this modification in the rest of the brain. This 
procedure has been performed in humans using transcranial magnetic stimulation
(TMS) in combination with electroencephalography, fMRI and PET112. In a recent
study using a combination of PET and TMS, a correlation was found between the
number of TMS pulses in the frontal eye fields and the metabolic activity in the
superior parietal and medial parieto-occipital regions113. These and other
developments are central for bridging evidence from electrical and metabolic
couplings concerning large-scale activity.

INVERSE PROBLEM

Mathematical analysis aimed at
localizing the neural sources of
the electromagnetic field
measured at the scalp surface.

CORTICAL COLUMN

Cylinder of cortex with a
diameter up to 1 mm that
groups neurons with strong
reciprocal connections.

BETA RHYTHM

Neural rhythmic activity (12–25
cycles per second).

GAMMA RHYTHM

Neural rhythmic activity (about
25–70 cycles per second).
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Mesoscale
The previous considerations bring to the fore the most
adequate level of analysis for large-scale integration — the
mesoscale6,23–27. In the timescale of many cognitive events
(hundreds of milliseconds), a cortical neuron might fire
only a few spikes, which is not sufficient to activate a tar-
get neuron unless these spikes coincide in time with many
others from additional input neurons2,27–30. This indicates
that the most relevant level of observation for integrative
functions is the analysis of the coordinated behaviour of
local neural groups through synaptic interactions. Ob-
servation at this level requires us to record activity either
as multi-unit spike density or as summated dendritic
current, which is measured as local field potentials (LFPs).
LFPs blur the individual contribution of participating
neurons but highlight their common action because of
the topographic arrangement of neurons. One clear
example is found in the hippocampus, where the align-
ment of pyramidal cells allows for the addition of their
individual contribution to the measured electric field.
The LFP therefore reflects the modulation of the tempo-
ral pattern of spikes that act on another local network. By
this analysis, large-scale integration is optimally examined
at the mesoscopic scale, which is naturally complement-
ed by the analysis of single-neuron activity (microscale),
as well as by the use of extracortical recordings (macro-
level) that represent a synthetic measure of multiple
local circuits (FIG. 1). The mesoscale approach to synchro-
nous assemblies has required the development of meth-
ods adapted to that level of resolution, beyond those
traditionally used for single-neuron recordings (BOX 4).

Evidence for large-scale synchronization
Results from LFPs and multi-unit recordings. Large-scale
synchronization is best illustrated by a series of studies
by Roelfsema et al.31–33, who recorded LFPs from several
electrodes implanted in the cortex of cats. Cats were pre-
sented with a grating that signalled the onset of a trial.
When the orientation of this grating changed (2–4 s
later), the animal had to press a response key to obtain
food reward. The dynamic changes in the correlation
between the electrodes placed in visual, association,
somatosensory and motor areas were then analysed over
time (FIG. 3A). There was a selective increase in the corre-
lation between the respective LFPs during the execution
of the task. A coherent pattern appeared as soon as the
animal focused its attention on the stimulus. This pat-
tern was further increased until the task was completed,
particularly between areas of the visual and parietal cor-
tex, and areas of the parietal and motor cortex (FIG. 3A).
Interestingly, this coherent pattern disappeared during
the reward period, and neural activity shifted to low fre-
quencies with no correlation between areas. This is
direct evidence that large-scale synchrony (at least as
inferred through correlation) emerges as the underlying
basis for an active, attentive behaviour.

Convergent results have been reported by Bressler
et al.34–36, who recorded from the cortex of monkeys that
were trained in a GO–NO-GO paradigm consisting of a
preparation and discrimination task (FIG. 3B). The
strength of coupling between widely spaced cortical
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Figure 2 | Neural synchrony as a multiscale phenomenon. A | Local scale: within a small
brain region or local network, at least three levels of analysis can be distinguished. 
a | Synchrony between single units in monkey area V1 stimulated by a drifting grating, as
measured by a cross-correlogram. b | Local field potentials (LFPs) from eight recording
electrodes in the suprasylvian gyrus of an awake cat. Maximum separation between electrodes
was 7 mm. The overlapping traces show a brief episode of synchronization between the fast
oscillations. c | Transient episodes of synchrony within a population of neurons recorded
intracranially over the occipito-temporal junction in an epileptic patient performing a visual
discrimination task. TIME–FREQUENCY ANALYSIS revealed an enhancement of the local energy in
the gamma band around 300 ms following the visual stimulation. This enhancement
corresponds to the transient synchronization of underlying populations. d | When recorded
from a surface electrode, such synchronous patches appear as spatial summation of cortical
responses that give rise to transient increases in the gamma band. B | Large scale: patches of
local synchrony in distant brain sites can enter into synchrony during cognitive tasks.
Synchronous patterns between distant scalp electrodes were recorded in normal subjects
engaged in a face recognition task. Black lines link electrodes that are synchronous during the
perception of the face. (iEEG, intracortical electroencephalographic electrode; EEG,
electroencephalography.) (Panel Aa is adapted from REF. 123; Panel Ab is adapted with
permission from REF. 18 © (1999) Society for Neuroscience; panel Ac is adapted with
permission from REF. 54 © (2000) Blackwell Sciences Ltd and from REF. 124 © (1999) Elsevier
Science ; panel B is adapted with permission from REF. 55 © (1999) Macmillan Magazines Ltd.)
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through functional interdependency that is subserved
by large-scale coherence of LFP oscillations37–42. So,
large-scale integration seems to operate in networks
with dynamic topography and multiple frequencies.

Evidence from medium-range recordings. In addition to
these studies (which are exemplary for the analysis of
large-scale integration), several other works have pro-
vided indirect information on this issue. These studies
have focused on the strength and coupling at shorter
distances within an area or between close connected
brain areas. Spike synchrony has been observed
between neurons (up to 2 cm apart) with heightened
responses during expectancy in motor areas43, in areas
17 and 18 of the visual cortex of cat22,44 and monkey45,
between the two hemispheres46, and between hippo-
campi47. Coherence has also been observed between
LFPs from somatosensory and primary motor cortex
separated by an estimated cortical distance of 2 cm
(REF. 48), and between primary and premotor areas49

during visuomotor behaviour in monkeys50.

areas measured by frequency coherence (BOX 2) changed
dynamically during task performance and as a function
of the structures considered. Importantly, these coher-
ence changes corresponded broadly to beta and gamma
bands, and appeared in coherence episodes that lasted
50–200 ms. This timescale has been consistently
observed in most studies, at all levels of spatial resolu-
tion, and might be related to the time required for tran-
sient conjunctions between distributed areas that partic-
ipate in attention. Subsequent analysis of the same data
set36 showed that pre-stimulus coherence showed a
dynamic topography, organized in two large-scale oscil-
latory networks — dorsal and ventral. The coherence in
these two networks was characterized by two different
frequencies in the beta range. After the transition from
preparation to recognition, the two networks reorga-
nized into a new network that had peak coherence at yet
another frequency (FIG. 3B). These observations are rep-
resentative of several other studies showing that multi-
ple areas coordinate their activities during normal per-
ceptuomotor behaviour. This coordination occurs

Box 4 | Methods for the study of phase synchrony

Measuring phase synchrony in various experimental conditions is not straightforward; new
dynamic imaging methods had to be developed, and some problems still remain. For the study
of phase locking (see BOX 2), two steps are needed. First, to estimate the instantaneous phase
of each signal and, second, to quantify the degree of phase locking during a period of time
using statistical criteria (see figure). In practice, detecting phase locking between two micro-
electrodes that record single units can be reduced to the straightforward estimation of the
CROSS-CORRELATION between spike occurrences. In fact, this is what neurobiologists who carry
out single-cell studies have done for many years114. By contrast, for brain recordings at the
meso- and macroscale levels of analysis, this estimation is not so straightforward, as one
cannot rely on the intrinsic timing of spikes and the recorded signals include many frequencies.
The challenge is to provide a measure of synchrony adapted to the transient nature of cell
assemblies, despite the theoretical limitations of temporal resolution of any spectral analysis.

Two methods for instantaneous phase estimation have been introduced recently53,77. They
are equivalent115, and have adequate time and frequency resolution. Others have used an
adaptive modelling of the signals to estimate the phase61,116. One limitation of these methods,
however, is that they require the observation of multiple repetitions of the same cognitive
procedure. To overcome this caveat, two methods have recently been proposed; they allow the
estimation of synchrony on single-trials (‘one-shot synchrony estimation’) and its detection
online while the subject is performing the task117,118.

Whatever the method used, the estimated phases are buried in considerable background or
intrinsic noise.As a consequence, phase differences between electrodes fluctuate around a
constant value and the question of whether there is synchrony or not can only be treated in a
statistical sense by means of several indicators, such as surrogate data or mutual entropy.

Several problems remain to be solved before phase locking can become a robust method for
brain imaging. First, typical brain signals have broad bands and it is therefore difficult to
interpret an instantaneous phase clearly. Consequently, the studies reviewed here have been
carried out on filtered signals within a frequency band of a few Hertz.A generalized idea of
synchrony applicable to a broader class of signals is a much-needed development119. Second,
a troublesome difficulty comes from the lack of spatial resolution of electroencephalography
(EEG) and magnetoencephalography (MEG), used in all studies of normal human subjects.
In fact, two separate sensors can actually record from overlapping neural populations,
opening the possibility for spurious synchrony between sensors not due to a coupling between brain structures but to volume conduction. One way to solve
this problem is to use special techniques that enhance the spatial resolution of the data120,121.A more radical solution is to reconstruct the neural sources at
the origin of EEG and MEG signals122, and to measure synchrony directly between them110,111. This problem has been bypassed in studies on people
suffering from epilepsy or Parkinson’s disease by recording directly from intracranial electrodes implanted for therapeutic purposes53.

Last, it is important to distinguish between phase synchrony and frequency coherence (BOX 2), which has been extensively used in most of the papers
reviewed here (for example, see REFS 34,59,61). In principle, coherence mixes the effects of amplitude and phase in the interrelations between two signals.As
we are interested in exploring the hypothesis that phase locking is the relevant biological mechanism of brain integration, we favour methods that focus
exclusively on phase information.
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Results from LFPs and surface recordings in humans. We
have studied patients implanted with multiple elec-
trodes in preparation for surgical resection for epilep-
sy53,54. In these people, we observed reliable power emis-
sion in narrow frequency bands in the gamma range
when the subjects performed a simple visual-discrimi-
nation task. These intracortical oscillations showed
large-scale synchrony between temporal and frontal
lobes that appeared only during the execution of the dis-
crimination task. Similarly, Aoki et al.42 have provided
converging evidence obtained from cortical grids

Studying single units in the frontal lobe of a behav-
ing monkey during a go–no-go task, Vaadia et al.51,52

found changes in spike synchronous patterns that
could not be predicted from the firing rates of individ-
ual neurons. Interestingly, the phase organization
changed from locking to dispersion during the dura-
tion of a trial. In the perspective of large-scale integra-
tion, this indicates that a single neuron might change
its coupling to other neurons in its local vicinity and in
distant regions, and thus participate intermittently in
different ensembles.
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Figure 3 | Long-range integration studies I. A | Studies of a behaving cat during a sensorimotor task. a | Cross-correlation pattern
between local field potentials (LFPs) from areas of the visual, parietal and motor cortex, while the animal waited for rotation of a visual
pattern. Recordings from somatosensory and motor areas taken from the contralateral hemisphere (c) relative to the paw used in the
task (i, ipsilateral; m, medial; n.s., not significant). b | Strength of the correlation functions among the areas recorded during the task
period. Thick lines indicate a coefficient >10%, thin lines between 5 and 10%, dotted lines <5%. B | Studies of a behaving monkey
during a go–no-go motor task. a | Coherence values for the gamma band between two electrode pairs over the course of a motor
task. During the response onset, the striate–motor pattern changes (green lines) sharply, whereas it remains stable for the
striate–parietal pair (red lines). b | Maps of significant coherence values after the stimulation, expressed as lines between recording
sites, mapped onto the brain of one of the monkeys. Note the appreciable extent of large-scale interdependencies. (Panel A is
adapted with permission from REF. 31 © (1997) Macmillan Magazines Ltd; panel Ba is adapted with permission from REF. 34 © (1993)
Macmillan Magazines Ltd; panel Bb was provided by S. Bressler, and is adapted from REF. 36.)
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implanted over the motor cortex of patients performing
three visuomotor tasks. All subjects showed a decrease
of low frequency power emissions and an increase in
gamma oscillations. In most cases, the active sites
entered into frequency coherence during task perfor-
mance over distant regions.

Significant evidence for large-scale synchronization
has been provided recently from macropotentials re-
corded as electroencephalographic (EEG) or magneto-
encephalographic (MEG) signals. Direct support for
long-range synchrony has been found by Rodríguez
et al.55, who studied the perception of high-contrast
human faces in healthy humans. A consistent pattern of
synchrony between occipital, parietal and frontal areas
was established during face recognition (around 250
ms after stimulus presentation). This synchrony was
absent when the faces were presented upside down and
not easily recognized (FIG. 4a). In both cases, a new pat-
tern of synchrony in the gamma range emerged during
the motor response given by the subject to indicate per-
ception of the stimuli (720 ms). Interestingly, this
study also showed that the two emerging synchronous
patterns were punctuated in time by a transient but
active process of phase scattering in which the proba-
bility of finding synchrony between two electrodes fell
below the level observed before stimulation (FIG. 4a).
This alternation or balance between phase synchro-
nization and phase scattering has also been observed
within and across hemispheres during arm move-
ments56 and has also been found between single units
in behaving monkeys57,58.

Srinivasan et al.59 studied MEG responses during a
BINOCULAR RIVALRY TASK, in which two different gratings
were presented monocularly, flickering continuously at
a distinct frequency. Depending on which stimulus was
perceived, there was a marked increase in both inter-
hemispheric and intrahemispheric coherence at the
flashing rate of stimulus presentation. In another study,
von Stein et al.60 have reported EEG coherence related to
the appearance of a supramodal object. They presented
stimuli such as pictures, spoken or written words and
studied coherence patterns between auditory and visual
regions, searching for multimodal integration. A com-
mon pattern appeared in the beta band between tempo-
ral and parietal electrodes, although the low frequencies
were enhanced in this study by the use of a large analysis
window of 2 s.

Learning and attention. Miltner et al.61 showed that the
establishment of a visuotactile association was accompa-
nied by gamma coherence between visual and somato-
sensory cortices. This learned coherence vanishes after a
period of extinction. By contrast, Sarnthein et al.62

observed a consistent increase in coherence between pre-
frontal and posterior association areas in the THETA band
(4–8 Hz) during a working memory task. This increase
in coherence was possibly linked to hippocampal pace-
makers, although other frequency bands (including
gamma) were also involved. In fact, phase-locked hippo-
campal–cortical loops have been proposed to correlate
with the acquisition and retrieval of memories63.
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Figure 4 | Long-range integration studies II. a | Long-distance synchronization of the
electroencephalographic signal during a face-recognition task. The recognition of a high-
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ms after stimulus presentation (at t = 0) (upper time–frequency chart), which is absent when no
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Themes for future research
Direct proof for the role of synchrony. The evidence avail-
able so far regarding the function of synchronization is
only correlative. There is no direct proof that synchrony
leads to changes in behaviour when it is selectively
altered. Such direct evidence has only been obtained in
the olfactory system of insects. Stopfer et al.76 showed
that odour discrimination deteriorates if synchroniza-
tion patterns among olfactory bulb cells are disturbed.
The search for similar evidence in the vertebrate brain is
a daunting challenge, but future studies in this direction
are a priority.

Long-range synchrony over several frequencies. Parallel
phase synchrony over different frequency bands has been
reported in several contexts, most prominently as an
interplay between low and high frequencies33,34,77–80. This
observation raises the possibility that different bands
might carry different dimensions of the integration
process. As these frequency bands are repeatedly found
in different individuals during the same behaviour, they
constitute a characteristic frequency (or ‘eigenfrequen-
cy’), a signature of the specific spatiotemporal distribu-
tion of a resonant assembly. Friston81 proposed a method
for studying modulations across frequencies and found
that, during a hand motion, gamma frequencies in the
frontal cortex correlated with beta (20 Hz) activity in the
parietal cortex. In a study of the behaving cat, von Stein
et al.33 found a strong cross-coherence between gamma
activity in area 17 and beta activity in area 7 (FIG. 5). If
multi-frequency synchrony proves to be a pervasive
process during brain integration, then the basic syn-
chrony mechanism will have to be extended into the
study of cross-talk between frequencies and will probably
require novel methods of analysis.

Phase synchrony and phase scattering. There is some
evidence that phase synchronization is accompanied
by phase scattering in other bands55,57,79 or between
different neuron pairs58. We suggest that this novel
observation is crucial for the understanding of large-
scale integration, which must implicate not only the
establishment of dynamic links, but also their active
uncoupling to give way to the next cognitive moment.
Strictly speaking, the process of integration seems to
be based on the interplay between phase locking and
phase scattering across different bands and at different
moments in time. The cellular mechanisms responsible
for such active phase scattering are unknown at pre-
sent but most probably involve inhibitory modulations
of the neural rhythms, which lead to phase resetting of
a local ensemble.

Cellular mechanisms of synchronization. Recent stud-
ies82,83 have emphasized the different roles of the beta
and gamma bands, on the basis of an analysis of the ion
channels that give rise to the various rhythms. One
important conclusion from this analysis is that the beta
band is robust for the establishment of long-distance
synchrony; that is, over transmission delays of 10–50 ms.
By contrast, gamma rhythms tend to be more labile for

Consistent with the putative functional role of syn-
chronization, arousal and attention have repeatedly
been found to modulate distributed patterns of syn-
chronization fairly strongly64. Gamma coherence disap-
pears during deep sleep induced by anaesthesia65, but it
is enhanced during return to wakefulness or following
stimulation of the reticular formation66,67. More pre-
cisely, Steinmetz et al.68 trained monkeys to switch their
attention between visual and tactile stimuli and showed
that pairs of synchronous cells in the somatosensory
cortex followed the direction of attention. Synchrony
increased by 80% and decreased by 20% in neuron
pairs that corresponded to the modality towards which
attention was re-directed.

If large-scale synchrony is the basis for normal
brain functioning, then synchrony disruption should
cause functional abnormalities69,70. In epilepsy, the
local intrinsic frequencies become enslaved to a pace-
maker and give rise to slow, uniform oscillations that
arise over minutes71,72. In Parkinson’s disease, TREMOR

has been proposed to arise from the spread of abnor-
mal coupling patterns between the representations of
the limb muscles in basal ganglia73. It has also been
proposed that a disruption of synchrony is related to
the fragmented cognitive experience of patients with
schizophrenia74,75.

The studies that we have reviewed support the idea
that phase synchrony is essential for large-scale integra-
tion. The evidence is well grounded in single-cell
recordings and LFPs studies in animals, and also in evi-
dence from humans using more global measurements
such as EEG and MEG. Similar characteristics seem to
emerge at all levels of resolution. We seem to be scratch-
ing the tip of a large new area of brain understanding
that could become a dominant area of research in
neuroscience.
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BINOCULAR RIVALRY TASK

Task in which each eye of the
subject is shown a different
image. This results in a bistable
visual experience.

THETA RHYTHM

Neural rhythmic activity (4–8
cycles per second).

PARKINSONIAN TREMOR

Abnormal rhythmic muscular
activity (4–8 Hz) observed in
Parkinsonian patients.
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temporal scale of brain operation7,88. The transient nature
of coherence is central to the entire idea of large-scale
synchrony, as it underscores the fact that the system does
not behave dynamically as having stable attractors, but
rather metastable patterns — a succession of self-limit-
ing recurrent patterns25,26,52,89–91. In the brain, there is no
‘settling down’ but an ongoing change marked only by
transient coordination among populations, as the attrac-
tor itself changes owing to activity-dependent changes
and modulations of synaptic connections.

The various aspects of large-scale integration
through synchrony constitute the basis for several
broader considerations about brain dynamics as coordi-
nated spatiotemporal patterns23,25,26,81,92,93. A central issue
is the solution to the apparently opposing needs of local
specificity of activity versus the constraints imposed by
other areas, which has been highlighted as the hallmark
of brain complexity94. Under this vision, the brain
appears as a resourceful complex system that satisfies
simultaneously the exogenous and endogenous con-
straints that arise at each moment by transiently settling
in a globally consistent state. These novel views on the
brain might throw light on the emergent principles that
link neuron and mind, as the large-scale integration of
brain activity can be considered as the basis for the
unity of mind familiar to us in everyday experience95–97.

long-distance links and more probably serve to build
local patches of synchrony60. Electrical stimulation of
brain slices at different frequencies under optical imag-
ing provides support to these ideas5. In fact, the inter-
play between beta and gamma bands has been found in
some of the studies mentioned above. Further research
is needed to refine our understanding of the cellular
basis of the synchronization phenomena.

Relation between fast and slow brain rhythms. Although
the fast gamma and beta frequencies are most clearly
involved in the establishment of synchrony, they have to
be understood in the context of the slower ALPHA and
theta bands. The mutual influence between specific nuclei
of the thalamus and the cortex is pervasive. The same is
true for nonspecific nuclei such as the pulvinar, which
projects to multiple cortical areas. These reciprocal rela-
tions can deploy across different frequencies (including
the alpha range around 10 Hz (REFS 84,85)), which are
involved in setting and resetting the cycles of excitatory
postsynaptic potentials on pyramidal cells.A slower pac-
ing occurs in the theta band below 7 Hz in limbic struc-
tures during memory consolidation86,87. These slower
rhythms could provide the slower temporal framing for
successive cognitive moments of synchronous assemblies,
a slower beat within which beta and gamma rhythms
operate. Research in this direction is much needed.

Beyond synchrony
The experimental evidence consistently shows that syn-
chronous networks emerge and disappear in waves that
last 100–300 ms; these transients represent a meaningful

ALPHA RHYTHM

Neural rhythmic activity (8–12
cycles per second).

1. Abeles, M. Local cortical circuits (Springer, Berlin, 1982).
2. Palm, G. Cell assemblies as a guideline for brain research.

Concepts Neurosci. 1, 133–147 (1990).
3. Eichenbaum, H. Thinking about brain cell assemblies.

Science 261, 993–994 (1993).
4. Damasio, A. Synchronous activation in multiple cortical 

areas: a mechanism for recall. Sem. Neurosci. 2, 287–296
(1990).

5. Llinas, R., Ribary, U., Contreras, D. & Pedroarena, C. The
neuronal basis for consciousness. Phil. Trans. R. Soc. Lond.
B 353, 1841–1849 (1998).

6. Edelman, G. Neural Darwinism (Basic Books, New York,
1987).

7. Varela, F. J. Resonant cell assemblies: a new approach to
cognitive functions and neuronal synchrony. Biol. Res. 28,
81–95 (1995).

8. Goldman-Rakic, P. S. Topography of cognition: parallel
distributed networks in primate association cortex. Annu.
Rev. Neurosci. 11, 137–156 (1988).

9. Goldman-Rakic, P., Chafee, M. & Friedman, H. in Brain
Mechanism of Perception and Memory: from Neuron to
Behavior (eds Ono, T. et al.) 445–456 (Oxford Univ. Press,
New York, 1992).

10. Mesulam, M. M. Large-scale neurocognitive networks and
distributed processing for attention, language, and memory.
Ann. Neurol. 28, 597–613 (1990).

11. Van Essen, D. C., Anderson, C. H. & Felleman, D. J.
Information processing in the primate visual system: an
integrated systems perspective. Science 255, 419–423
(1992).

12. Van Essen, D., Anderson, C. & Olshausen, B. in Large–scale
Neuronal Theories of the Brain (ed. Koch, C.) 271–299 (MIT
Press, Cambridge, 1994).

13. Phillips, W. & Singer, W. In search of common foundations
for cortical computation. Behav. Brain. Sci. 20, 657–722
(1997).

14. Saper, C., Iversen, S. & Frackowiak, R. in Principles of
Neuroscience 4th edn (eds Kandel, E. R., Scvhwartz, J. H. 
& Jessell, T. M.) (McGraw–Hill, New York, 2000).

15. Roskies, A. The binding problem: special issue. Neuron 24,
7–125 (1999).
A special issue of Neuron with contributions from
many researchers who have worked extensively on
the binding problem. It can serve as a sourcebook and
contains a thorough bibliography.

16. Gray, C. M. The temporal correlation hypothesis of visual
feature integration: still alive and well. Neuron 24, 31–47
(1999).

17. Traub, R., Whittington, M. & Jeffreys, J. Fast Oscillations in
Cortical Networks (MIT Press, Cambridge, 1999).

18. Destexhe, A., Contreras, D. & Steriade, M. Spatiotemporal
analysis of local field potentials and unit discharges in cat
cerebral cortex during natural wake and sleep states. 
J. Neurosci. 19, 4595–4608 (1999).

19. Girard, P., Hupé, J.-M. & Bullier, J. Feedforward and
feedback connections between areas V1 and V2 of the
monkey have similar rapid conduction velocities. 
J. Neurophysiol. 85, 1328–1331 (2001).

20. Bressler, S. L. Large-scale cortical networks and cognition.
Brain Res. 20, 288–304 (1995).

21. Engel, A. K., Kreiter, A. K., König, P. & Singer, W.
Synchronization of oscillatory neuronal responses between
striate and extrastriate visual cortical areas of the cat. Proc.
Natl Acad. Sci. USA 88, 6048–6052 (1991).

22. Frien, A., Eckhorn, R., Bauer, R., Woelbern, T. & Kehr, H.
Stimulus-specific fast oscillations at zero phase between
visual areas V1 and V2 of awake monkey. Neuroreport 5,
2273–2277 (1994).

23. Freeman, W. Mass Action in the Nervous System
(Academic, New York, 1975).

24. Mountcastle, V. in The mindful brain (eds Edelman, G. &
Mountcastle, V.) (MIT Press, Cambridge, 1978).

25. Kelso, J. Dynamic patterns: The self-organization of brain
and behavior (MIT Press, Cambridge, 1995).

26. Bressler, S. L. & Kelso, J. S. A. Cortical coordination
dynamics and cognition. Trends Cogn. Sci. 5, 26–36 (2001).

27. Tononi, G., Sporns, O. & Edelman, G. M. Reentry and the
problem of integrating multiple cortical areas: simulation of

dynamic integration in the visual system. Cereb. Cortex 2,
310–335 (1992).

28. Abeles, M. Corticonics: Neural Circuits of the Cerebral
Cortex (Cambridge Univ. Press, Cambridge, 1991).

29. Roland, P. & Seitz, R. in The Principles of Design and
Operation of the Brain (ed. Eccles, J. C.) 161–177 (Springer,
Berlin, 1990).

30. Eckhorn, R. Information Processing in the Cortex
(ed. Aertsen, A.) 385–420 (Springer, Berlin, 1992).

31. Roelfsema, P. R., Engel, A. K., Konig, P. & Singer, W.
Visuomotor integration is associated with zero time-lag
synchronization among cortical areas. Nature 385, 157–161
(1997).
This careful study provides direct evidence of
synchrony over cortical regions involved in a
visuomotor task, by using multiple recordings in a
behaving animal. 

32. Munk, M., Roelfsema, P., Fries, P., Kreiter, A. & Singer, W.
Rapidly changing synchronization of gamma-frequency
oscillations across visual, parietal, and motor areas of the
macaque monkeys performing a visuo-motor task. Soc.
Neurosci. Abstr. 777, 6 (2000).

33. von Stein, A., Chiang, C. & Konig, P. Top-down processing
mediated by interareal synchronization. Proc. Natl Acad.
Sci. USA 97, 14748–14753 (2000).
This paper highlights the top-down influences of
behavioural expectation at various levels of the visual
stream, and examines the differences in
synchronization at long distances. The role of
multifrequency interaction is also examined.

34. Bressler, S. L., Coppola, R. & Nakamura, R. Episodic
multiregional cortical coherence at multiple frequencies
during visual task performance. Nature 366, 153–156 (1993).
This pioneer paper examined for the first time
frequency coherence between multiple electrodes
implanted on the cortical surface of a behaving
monkeys. The results highlight long-distance
integration between many regions. The coherence
measures need to be refined using present methods.

Links

ENCYCLOPEDIA OF LIFE SCIENCES Brain imaging:
localization of brain functions | Brain imaging: observing
ongoing neural activity 

© 2001 Macmillan Magazines Ltd



238 |  APRIL 2001 | VOLUME 2  www.nature.com/reviews/neuro

R E V I E W S

35. Bressler, S. L. Interareal synchronization in the visual cortex.
Behav. Brain Res. 76, 37–49 (1996).

36. Bressler, S., Ding, M., Liang, H., Viana di Prisco, G. &
Nakamura, R. From anticipation to perception:Dynamic
reorganization of visual large-scale networks. Cogn. Brain
Res. (submitted).

37. Kalaska, J. F. & Crammond, D. J. Cerebral cortical
mechanisms of reaching movements. Science 255,
1517–1523 (1992).

38. Burnod, Y. et al. Parieto-frontal coding of reaching: an
integrated framework. Exp. Brain Res. 129, 325–346 (1999).

39. Wise, S. P., Boussaoud, D., Johnson, P. B. & Caminiti, R.
Premotor and parietal cortex: corticocortical connectivity
and combinatorial computations. Annu. Rev. Neurosci. 20,
25–42 (1997).

40. Chafee, M. V. & Goldman-Rakic, P. S. Inactivation of parietal
and prefrontal cortex reveals interdependence of neural
activity during memory-guided saccades. J. Neurophysiol.
83, 1550–1566 (2000).

41. Classen, J., Gerloff, C., Honda, M. & Hallett, M. Integrative
visuomotor behavior is associated with interregionally
coherent oscillations in the human brain. J. Neurophysiol.
79, 1567–1573 (1998).

42. Aoki, F., Fetz, E. E., Shupe, L., Lettich, E. & Ojemann, G. A.
Increased gamma-range activity in human sensorimotor
cortex during performance of visuomotor tasks. Clin.
Neurophysiol. 110, 524–537 (1999).

43. Riehle, A., Grun, S., Diesmann, M. & Aertsen, A. Spike
synchronization and rate modulation differentially involved in
motor cortical function. Science 278, 1950–1953 (1997).

44. Nelson, J. I., Salin, P. A., Munk, M. H., Arzi, M. & Bullier, J.
Spatial and temporal coherence in cortico-cortical
connections: a cross–correlation study in areas 17 and 18 in
the cat. Vis. Neurosci. 9, 21–37 (1992).

45. Bullier, J., Hupe, J. M., James, A. & Girard, P. Functional
interactions between areas V1 and V2 in the monkey. 
J. Physiol. (Paris) 90, 217–220 (1996).

46. Engel, A. K., Konig, P., Kreiter, A. K. & Singer, W.
Interhemispheric synchronization of oscillatory neuronal
responses in cat visual cortex. Science 252, 1177–1179
(1991).

47. Buzsaki, G., Leung, L. W. & Vanderwolf, C. H. Cellular bases
of hippocampal EEG in the behaving rat. Brain Res. 287,
139–171 (1983).

48. Murthy, V. N. & Fetz, E. E. Coherent 25- to 35-Hz oscillations
in the sensorimotor cortex of awake behaving monkeys.
Proc. Natl Acad. Sci. USA 89, 5670–5674 (1992).

49. Sanes, J. N. & Donoghue, J. P. Oscillations in local field
potentials of the primate motor cortex during voluntary
movement. Proc. Natl Acad. Sci. USA 90, 4470–4474
(1993).

50. Maynard, E. M. et al. Neuronal interactions improve cortical
population coding of movement direction. J. Neurosci. 19,
8083–8093 (1999).

51. Prut, Y. et al. Spatiotemporal structure of cortical activity:
properties and behavioral relevance. J. Neurophysiol. 79,
2857–2874 (1998).

52. Vaadia, E. et al. Dynamics of neuronal interactions in
monkey cortex in relation to behavioural events. Nature 373,
515–518 (1995).

53. Lachaux, J. P., Rodriguez, E., Martinerie, J. & Varela, F. J.
Measuring phase synchrony in brain signals. Hum. Brain
Mapp. 8, 194–208 (1999).
This paper introduces in detail the methods for
synchrony analysis of non-unitary brain signals. The
importance of separating amplitude and phase is
emphasized as well as the use of surrogate methods
for statistical validation.

54. Lachaux, J. P. et al. A quantitative study of gamma-band
activity in human intracranial recordings triggered by visual
stimuli. Eur. J. Neurosci. 12, 2608–2622 (2000).

55. Rodriguez, E. et al. Perception’s shadow: long-distance
synchronization of human brain activity. Nature 397,
430–433 (1999).
This study provides direct evidence for the role of
large-scale synchrony using scalp
electroencephalographic measures during a
perceptual task. The existence of a period of phase
scattering is first described. The question of the 
level of resolution of surface recordings needs now to
be refined.

56. Cardoso de Oliveira, S., Donchin, O., Gribova, A., Bergman,
H. & Vaadia, E. Dynamic interactions between and within
cortical hemispheres during bilateral and unilateral arm
movements. (submitted). 

57. Freiwald, W., Kreiter, A. & Singer, W. in 27th Göttingen
Neurobiology Conference 491 (1999).

58. Gramont, F. Role Functionel de la Cooperativité impliqué
dans la Preparation à l’Action Thesis, Universite de
Provence, Marseille (2000).

59. Srinivasan, R., Russell, D. P., Edelman, G. M. & Tononi, G.
Increased synchronization of neuromagnetic responses
during conscious perception. J. Neurosci. 19, 5435–5448
(1999).

60. Von Stein, A., Rappelsberger, P., Sarnthein, J. & Petsche, H.
Synchronization between temporal and parietal cortex
during multimodal object processing in man. Cereb. Cortex
9, 137–150 (1999).

61. Miltner, W. H., Braun, C., Arnold, M., Witte, H. & Taub, E.
Coherence of gamma-band EEG activity as a basis for
associative learning. Nature 397, 434–436 (1999).

62. Sarnthein, J., Petsche, H., Rappelsberger, P., Shaw, G. L. &
von Stein, A. Synchronization between prefrontal and
posterior association cortex during human working memory.
Proc. Natl Acad. Sci. USA 95, 7092–7096 (1998).

63. Buzsaki, G. The hippocampo–neocortical dialogue. Cereb.
Cortex 6, 81–92 (1996).

64. Bouyer, J. J., Montaron, M. F. & Rougeul, A. Fast fronto-
parietal rhythms during combined focused attentive
behaviour and immobility in cat: cortical and thalamic
localizations. Electroencephalogr. Clin. Neurophysiol. 51,
244–252 (1981).

65. John, E. R. et al. Invariant reversible QEEG effects of
anesthetics. Conscious Cogn. (in the press). 

66. Munk, M. H., Roelfsema, P. R., Konig, P., Engel, A. K. &
Singer, W. Role of reticular activation in the modulation of
intracortical synchronization. Science 272, 271–274 (1996).

67. Herculano-Houzel, S., Munk, M. H., Neuenschwander, S. &
Singer, W. Precisely synchronized oscillatory firing patterns
require electroencephalographic activation. J. Neurosci. 19,
3992–4010 (1999).

68. Steinmetz, P. N. et al. Attention modulates synchronized
neuronal firing in primate somatosensory cortex. Nature
404, 187–190 (2000).

69. Mackey, M. C. & Glass, L. Oscillation and chaos in
physiological control systems. Science 197, 287–289
(1977).

70. Llinas, R. R., Ribary, U., Jeanmonod, D., Kronberg, E. &
Mitra, P. P. Thalamocortical dysrhythmia: a neurological and
neuropsychiatric syndrome characterized by
magnetoencephalography. Proc. Natl Acad. Sci. USA 96,
15222–15227 (1999).

71. Martinerie, J. et al. Epileptic seizures can be anticipated by
nonlinear analysis. Nature Med. 4, 1173–1176 (1998).

72. Le Van Quyen, M. et al. Anticipation of epileptic seizures
from standard EEG recordings. Lancet 357, 183–188 (2001).

73. Hurtado, J. M., Lachaux, J. P., Beckley, D. J., Gray, C. M. &
Sigvardt, K. A. Inter- and intralimb oscillator coupling in
parkinsonian tremor. Mov. Disord. 15, 683–691 (2000).

74. Hoffman, R. E. & McGlashan, T. H. Parallel distributed
processing and the emergence of schizophrenic symptoms.
Schizophr. Bull. 19, 119–140 (1993).

75. Tononi, G. & Edelman, G. M. Schizophrenia and the
mechanisms of conscious integration. Brain Res. Rev. 31,
391–400 (2000).

76. Stopfer, M., Bhagavan, S., Smith, B. H. & Laurent, G.
Impaired odour discrimination on desynchronization of
odour-encoding neural assemblies. Nature 390, 70–74
(1997).
The only study that gives direct proof of the functional
role of synchrony by showing that odour
discrimination in an insect deteriorates if the
synchronization patterns among olfactory bulb cells
are disturbed while leaving their rate modulation
unaltered. Similar experiments have yet to be done in
vertebrates.

77. Tass, P. et al. Detection of n:m phase locking from noisy
data: application to magnetoencephalography. Phys. Rev.
Lett. 81, 3291–3294 (1998).

78. Fries, P., Reynolds, J., Rorie, A. & Desimone, R. Modulation
of oscillatory neuronal synchronization by selective visual
attention. Science 291, 1560–1563 (2001).
A study of synchronized neuronal activity in
attentional selection, showing increased oscillatory
synchronized activity in the high frequency range
(35–90 Hz) and decreased activity in the low-
frequency range (<17 Hz). This phenomenon might
serve a fundamental role in enhancing behaviorally
relevant signals in the cortex.

79. Lutz, A., Martinerie, J. & Varela, F. J. Preparation strategies
as context for visual perception: a study of endogeneous
neural synchronies. (submitted).

80. Bartos, M., Manor, Y., Nadim, F., Marder, E. & Nusbaum, M.
P. Coordination of fast and slow rhythmic neuronal circuits.
J. Neurosci. 19, 6650–6660 (1999).

81. Friston, K. Another neural code? Neuroimage 5, 213–220
(1997).

82. Ermentrout, G. B. & Kopell, N. Fine structure of neural
spiking and synchronization in the presence of conduction
delays. Proc. Natl Acad. Sci. USA 95, 1259–1564 (1998).

83. Kopell, N., Ermentrout, G. B., Whittington, M. A. & Traub, 
R. D. Gamma rhythms and beta rhythms have different
synchronization properties. Proc. Natl Acad. Sci. USA 97,
1867–1872 (2000).
The different rhythms are based on different firing
properties of neurons, in turn depending on the
various ion channels used. Using Hodgkin–Huxley
equation modelling, this study reproduces the role
and interaction of the synchrony over short and long
distances, thus illuminating the process of synchrony
at the cellular level.

84. Steriade, M. & Amzica, F. Intracortical and corticothalamic
coherency of fast spontaneous oscillations. Proc. Natl Acad.
Sci. USA 93, 2533–2538 (1996).

85. Llinas, R. R. The intrinsic electrophysiological properties of
mammalian neurons: insights into central nervous system
function. Science 242, 1654–1664 (1988).

86. O’Keefe, J. & Burgess, N. Theta activity, virtual navigation
and the human hippocampus. Trends Cogn. Sci. 3,
403–406 (1999).

87. Tesche, C. D. & Karhu, J. Theta oscillations index human
hippocampal activation during a working memory task.
Proc. Natl Acad. Sci. USA 97, 919–924 (2000).

88. Dennett, D. & Kinsbourne, M. Time and the observer: the
where and when of time in the brain. Behav. Brain Sci. 15,
183–247 (1991).

89. Friston, K. Transients, metastability and neuronal dynamics.
Neuroimage 5, 164–171 (1997).

90. Le Van Quyen, M., Martinerie, J., Adam, C., Schuster, H. &
Varela, F. Unstable periodic orbits in human epileptic acivity.
Physica E. 56, 3401–3411 (1997).

91. So, P., Francis, J. T., Netoff, T. I., Gluckman, B. J. & Schiff, 
S. J. Periodic orbits: a new language for neuronal dynamics.
Biophys. J. 74, 2776–2785 (1998).

92. Friston, K. Functional and effective connectivity: a synthesis.
Hum. Brain Mapp. 2, 56–78 (1994).

93. Friston, K. J. The labile brain. I. Neuronal transients and
nonlinear coupling. Phil. Trans. R. Soc. Lond. B 355,
215–236 (2000).

94. Tononi, G. & Edelman, G. M. Consciousness and
complexity. Science 282, 1846–1851 (1998).

95. Dehaene, S., Kerszberg, M. & Changeux, J. P. A neuronal
model of a global workspace in effortful cognitive tasks.
Proc. Natl Acad. Sci. USA 95, 14529–14534 (1998).
A detailed analysis of how a cognitive task can be
modelled by means of the large-scale integration
(‘global workspace’) of various relevant brain regions
starting from local coherence and constituting a
global dynamic pattern. A comparison with
experimental results is provided.

96. Cleeremans, A. The Unity of Consciousness: Binding,
Integration and Dissociation (Oxford Univ. Press, New York,
(2000).

97. Thompson, E. & Varela, F. Radical embodiment: neural
dynamics and conscious experience. Trends Cogn. Sci. (in
the press). 

98. Zeki, S. A Vision of the Brain (Blackwell Scientific, Boston,
1993).

99. Hupé, J. M. et al. Cortical feedback improves discrimination
between figure and background by V1, V2 and V3 neurons.
Nature 394, 784–787 (1998).

100. Roelfsema, P. R., Lamme, V. A. F. & Spekreijse, H. Object-
based attention in the primary visual cortex of the macaque
monkey. Nature 395, 376–381 (1998).

101. König, P., Engel, A. K., Roelfsema, P. R. & Singer, W. How
precise is neuronal synchronization? Neural Comp. 7,
469–485 (1995).

102. Gardner, W. A unifying view of coherence in signal
processing. Signal Processing 29, 113–140 (1992).

103. MacIntosh, A., Bookstein, F., Haxby, J. & Grady, C. Spatial
pattern analysis of functional brain images using partial least
squares. Neuroimage 3, 143–157 (1996).

104. Buchel, C. & Friston, K. J. Modulation of connectivity in
visual pathways by attention: cortical interactions evaluated
with structural equation modelling and fMRI. Cereb. Cortex
7, 768–778 (1997).

105. Friston, K., Holmes, A., Poline, J., Price, C. & Frith, C.
Detecting activations in PET and fMRI: levels of inference
and power. Neuroimage 4, 223–235 (1996).

106. Strother, S. C. et al. Principal component analysis and the
scaled subprofile model compared to intersubject averaging
and statistical parametric mapping. I. ‘Functional connectivity’
of the human motor system studied with [15O]water PET. 
J. Cereb. Blood Flow Metab. 15, 738–753 (1995).

107. Worsley, K. J., Poline, J. B., Friston, K. J. & Evans, A. C.
Characterizing the response of PET and fMRI data using
multivariate linear models. Neuroimage 6, 305–319 (1997).

108. Buchel, C., Coull, J. T. & Friston, K. J. The predictive value of
changes in effective connectivity for human learning.
Science 283, 1538–1541 (1999).

© 2001 Macmillan Magazines Ltd



NATURE REVIEWS | NEUROSCIENCE VOLUME 2 | APRIL 2001 | 239

R E V I E W S

109. Logothetis, N. K., Pauls, J., Oeltermann, A., Trinath, T. &
Augath, M. The relationship of LFPs, MUA, and SUA to the
BOLD fMRI signal. Soc. Neurosci. Abstr. 309, 5 
(2000).

110. David, O., Garnero, L. & Varela, F. Studying the phase
synchrony of neural sources estimated from the 
MEG/EEG inverse problem. IEEE Trans. Biomed. 
Eng. (submitted).

111. Gross, J. et al. Dynamic imaging of coherent sources:
studying neural interactions in the human brain. Proc. Natl
Acad. Sci. USA 98, 694–699 (2001).

112. Cowey, A. & Walsh, V. Magnetically induced phosphenes in
sighted, blind and blindsighted observers. Neuroreport 11,
3269–3273 (2000).

113. Paus, T. et al. Transcranial magnetic stimulation during
positron emission tomography: a new method for studying
connectivity of the human cerebral cortex. J. Neurosci. 17,
3178–3184 (1997).

114. Perkel, D. H., Gerstein, G. L. & Moore, G. P. Neuronal spike
trains and stochastic point processes. II. Simultaneous

spike trains. Biophys. J. 7, 419–440 (1967).
115. Le van Quyen, M. et al. J. Measuring phase synchrony in

neural signals: comparing wavelet analysis and the Hilbert
transform. J. Neurosci. Meth. (submitted).

116. Ding, M., Bressler, S. L., Yang, W. & Liang, H. Short-window
spectral analysis of cortical event-related potentials by
adaptive multivariate autoregressive modeling: data
preprocessing, model validation, and variability assessment.
Biol. Cybern. 83, 35–45 (2000).

117. Schack, B. & Krause, W. Dynamic power and 
coherence analysis of ultra short–term cognitive processes
— a methodical study. Brain Topography 8, 127–136
(1995).

118. Lachaux, J. et al. Studying single-trials of phase-
synchronous activity in the brain. Int. J. Bifurcat. Chaos 10,
2429–2439 (2000). 

119. Kocarev, L., Parlitz, U. & Brown, R. Robust synchronization
of chaotic systems. Phys. Rev. E 61, 3716–3720 (2000).

120. Nunez, P. et al. EEG coherency I: statistics, reference
electrode, volume conduction, Laplacians, cortical imaging

and interpretation at multiple scales. Electroencephalogr.
Clin. Neurophysiol. 103, 499–515 (1997).

121. Friston, K., Stephan, K. & Frackowiak, R. Transient phase-
locking and dynamic correlations: are they the same thing?
Human Brain Mapp. 5, 48–57 (1997).

122. Garnero, L. et al. Introducing priors in the EEG/MEG inverse
problem. Electroencephalogr. Clin. Neurophysiol. 50,
183–189 (1999).

123. Muldonado, P., Friedman, H, Il, S. & Gray, C. Temporal
dynamics in the striate cortex of alert macaque. Cereb.
Cortex (in the press).

124. Tallon-Baudry, C. & Bertrand, O. Oscillatory gamma activity
in humans and its role in object representation. Trends
Cogn. Sci. 3, 151–162 (1999).

Acknowledgements
Thanks to Jean-Baptiste Poline for this help concerning metabolic
imaging methods. This work was partly supported by the Ministère
de l’Education et la Recherche (Action Cognitique) and the
Fundacion Puelma (E.R.)

© 2001 Macmillan Magazines Ltd


