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Abstract

Consciousness has been proposed to emerge from functionally integrated large-scale ensembles of gamma-synchronous
neural populations that form and dissolve at a frequency in the theta band. We propose that discrete moments of



perception corresponds to the reordering of a large-scale

representational ensemble by way of oscillatory synchronization

in the gamma frequency range [22]. We propose that this

mechanism can account for the selective integration of contents

into a large-scale neural coalition determining the momentary

furnishings of experience. The parameters governing cortical

oscillations are also dynamic, allowing for the integration,

disintegration, and reconstruction of gamma-oscillatory assemblies

in time. Accordingly, we propose that large-scale gamma-band

synchronization constitutes an oscillatory substrate for the stream

of consciousness.

Evidence for this proposed essential relationship between

gamma oscillations and consciousness is not limited to feature

binding. Large-scale gamma EEG synchronization is greater when

a masked stimulus is consciously perceived than when it is not

[23]. Similarly, rapid serial visual presentation has been used to

demonstrate that conscious perception of a stimulus is associated

with greater inter-regional gamma-band phase synchronization,

relative to stimuli that are not perceived [24]. The onset of a new

visual percept, gauged by perceptual switching in binocular

rivalry, coincides with a transient increase in inter-regional

gamma-band phase synchronization [25]. Cognitive processes

closely associated with consciousness, namely attention and

working memory, have also been robustly associated with the

synchronization of gamma rhythms [see 26 for review]. Previous

research has also revealed that coherent thalamo-cortical and

cortico-cortical gamma rhythms are associated with mammalian

consciousness, as they are characteristic of CNS states associated

with experience (wakefulness and REM sleep). Such rhythms also

have been proposed to be the neurobiological basis for

consciousness, a view supported by the observation that functional

decoupling of thalamus and cortex is a cardinal property of

general anesthesia [8,27–30].

If gamma rhythms embody an essential feature of the biological

basis of consciousness, and if gamma-band synchronization of

selective neural populations constructs a large-scale complex

defining the contents of consciousness, as we have proposed, then

some mechanism must exist to govern the evolution of such a

network over time in order to account for the dynamism of

experience. Notably, modulation of intra-regional gamma-band

(80–150 Hz) synchronization at a frequency in the theta band (4–

7 Hz) has been observed using subdural electrodes on human

cortex, with gamma envelope amplitude being most pronounced

during the trough of the theta cycle [31]. Moreover, this

relationship is accentuated during active cognitive processing,

particularly within task-relevant cortical regions [31]. This

important result suggests that the construction and degradation

of low gamma-band (30–50 Hz) oscillatory neural ensembles

might also be governed by theta rhythms. Locking of low gamma-

band synchronization to theta oscillations has been associated with

an array of cognitive processes including working memory,

attention, and perceptual organization [19,25,32–34]. Transient

and periodic desynchronization of gamma rhythms, or phase

scattering, has also been observed between periods of synchroni-

zation [i.e. 19]. Similarly, periods of recurrent increased long-

range gamma-band phase locking consistent with a theta-

frequency modulation are often interposed with periods of baseline

level phase locking [25,35]. We interpret such results as indications

that theta-modulated gamma synchronization serves to organize

transient functional networks across time. Specifically, we propose

that large-scale ensembles synchronously oscillating in the low

gamma frequency range enable transient functional integration of

task- and/or percept-specific neural populations, and that theta

rhythms govern the temporal dynamics according to which the life

cycle of individual gamma-oscillatory ensembles are organized.

This interpretation also suggests that only one truly discrete

perceptual experience may exist within a single theta cycle, and

that the emergence of new perceptual experiences may be time

locked to a particular phase of ongoing cortical theta rhythms.

Ascertaining the neural correlates of perceptual consciousness

requires separation of brain processes related to experience from

those embodying non-conscious stimulus processing, a distinction

made possible using binocular rivalry [36]. Binocular rivalry has

been employed to study the relationship between neural oscillations

and consciousness using flickering, frequency-tagged stimuli to

identify neural populations responding to rivaling images. Such

studies revealed that when a frequency-tagged image is perceived,

increased local and long-range neural synchronization is observed at

the flicker frequency of the stimulus, reinforcing the view that

consciousness is associated with large-scale synchronously oscillating

neural ensembles [37,38]. Localization of magnetoencephalo-

graphic rhythms generated in this fashion reveals widely distributed,

localized sources of flicker-entrained neural activity in the cortex

[39]. Importantly, when the flickering stimulus is dominant in the

rivalry, and is thus perceived consciously, inter-regional phase

synchronization between the locally synchronous sources at the

tagged frequency is also at its peak, and decreases sharply when the

flickering stimulus becomes suppressed and disappears from

consciousness. This incisive study indicates that the emergence of

a new visual percept relates to the synchronization of rhythms



hypothesis that the onset of new visual percepts may be

implemented by a recurrent gamma-oscillatory network that is

phase-locked to an ongoing cortical theta rhythm.

In order to test the hypothesis that large-scale gamma-



desynchronized (see Figure 1), i.e. during the trough in gamma

spectral power at around 400 ms prior to a response. The



patterns [45]. Activation of right motor cortex was observed

during both 220–280 ms and 540–600 ms time windows.

Inter-regional gamma-band phase synchronization
We hypothesized that gamma-band phase synchronization

would be observed between cortical areas displaying increased

gamma-band activation during the 220–280 ms and 540–600 ms

pre-response windows. In our view, gamma synchronizations

recurring at a theta rate represent the integration of relevant

neural populations into large-scale ensembles. This entails

functional integration across regions by means of gamma-band

phase synchronization. Again, this synchronization would be

expected relative to phase scattering of gamma rhythms in the

period intervening between the 220–280 ms and 540–600 ms pre-

response windows. To assess gamma-band phase synchronization

between neural sources we extracted epoched time-series data

from all sources identified by the beamformer analysis in the 2220

to 2280 ms and 2540 to 2600 ms time windows using a source

montage (BESA 5.2; Megis Software). Phase locking values (PLVs)

were then computed to assess inter-regional synchronization

relative to the 370–430 ms baseline period. This analysis revealed

gamma-band phase synchronization between many pairs of

activated cortical regions in both the 220–280 ms and 540–

600 ms time windows, and particularly in the 220–280 ms window

related to the onset of a new percept (Figure 4). Moreover, the

observed inter-regional gamma-band synchronizations appear to

partake of an ongoing pattern of intra-regional synchronizations

that recur at a frequency in the theta band. This is evidenced by

the ordered procession of increases in inter-regional gamma-band

synchronization in advance of button presses, which is accompa-

nied by largely coincident increases in intra-regional gamma-band

neuronal synchronization (Figure 5). The ongoing rhythm of both

intra-regional and inter-regional gamma-band synchronization is

consistent with a theta rate of roughly 4–6 Hz (see Figure 5).

Modulation of gamma-band network activity by theta
phase

The above results suggest that the activation of a gamma-

oscillatory network of cortical areas is modulated by the phase of

theta-band oscillations within those brain regions. To test this

hypothesis directly we examined whether gamma (40 Hz, actually

38–42 Hz filtered) z) Hamplitude was modulated by theta (6 Hz,

actually 5.7–7.3 Hz filtered) phase in each of the cortical regions

identified by beamformer analysis. In this analysis we took the

theta phases and gamma amplitudes directly from the analytic

signal over entire 1000 ms pre-response epochs and did not

normalize them relative to the 370–430 ms baseline (see Methods).

That baseline period, rather, was included in each epoch. This

means that 6 theta cycles occurred in each epoch, although

probably not exactly the same 6 cycles. Statistically significant

(p,0.05, two-tailed) modulation of gamma amplitude by theta

phase was found in bilateral SFG, left DLPFC, and right PreC

(Figure 6). Modulation of gamma amplitude by theta phase was

also apparent in right DLPFC and right ITG, but failed to reach

statistical significance for at least two successive bins (see methods).

We thus identified significant modulation of gamma activity by

theta phase in four of the five areas involved in the recurrent

gamma-oscillatory network time-locked to perceptual switching.

Interestingly, the relationship of gamma amplitude to theta phase

was virtually identical for the two SFG sites, and also for left

DLPFC, right PreC and right ITG, but differed between these two

groups by approximately p radians (180u). Moreover, neither of

the peaks of gamma amplitude occurred at the theta trough, as

found by Canolty et al [31] for 80–150 Hz amplitude, but rather

peaks in both sub-groups occurred nearer to the zero-crossing of

the theta oscillation about p/4 radians from the theta minimum

(which would occur around6p).

Phase synchronization of gamma-band oscillations between

cortical regions was also found to be modulated by theta phase.

Table 2 and Figure 7 display the results of this analysis for all pairs

that were active in both the 220–280 ms and 540–600 ms time

windows. Again, in this analysis we used the same 1000 ms pre-

response epochs and theta phases and gamma phase locking values

were not normalized relative to the 370–430 ms baseline; rather



modulation of phase locking among frontal areas by theta phase in

one or both areas of a pair. Modulation of gamma-band phase

locking by theta phase was also found between R PreCG and PreC

and between R PreCG and frontal sources. These modulations

involving R PreCG were, however, generally less pronounced that

synchronization between prefrontal and parietal regions. As was



of a strong association between inter-regional gamma-band

synchronization and the phases of ongoing theta-band cortical

rhythms.

The beamformer and phase locking analyses uncovered a gamma

oscillatory network which is recurrently activated and integrated at

a theta rate. Activation and inter-regional synchronization in this

network is modulated by theta phase but, paradoxically, the precise

relationship to theta oscillations differs between sources and source

pairs. This suggests that theta rhythms differ in phase across the

activated regions. To investigate this we analyzed theta phase



in primary visual cortex is relevant to conscious experience per se,

or whether lesions of this region simply disturb consciousness by

disrupting the flow of information to higher brain regions [55].

We found that the recurrent gamma-oscillatory network

identified in this study was modulated at a theta frequency,





in some of the analyses, likely play an important role in

implementing the stream of perceptual consciousness by ending

each ‘frame’ of perceptual experience. Notably, the beamformer

source localization techniques we employed here operate by

localizing the sources of activity within one time window relative to

activity in a second time window of equivalent length. Accord-

ingly, localization of 35–45 Hz activity from 2220 to 2280 ms

relative to 2370 to 2430 ms would provide the same source

solution as the opposite analysis, except with opposite valence of

activation/deactivation. Viewed through this relativistic lens, our

results demonstrate a network of prefrontal and parietal cortical

regions that cycles between gamma synchronization and desyn-

chronization, phase locked to cortical theta rhythms. We propose

that these oscillatory network dynamics provide a temporal

structure governing the emergence and abolition of discrete

moments of experience.

Electroencephalographic investigation of working memory, a

faculty integrally associated with perceptual consciousness, has

yielded three additional key findings suggestive of a fronto-parietal

network associated with theta-gamma oscillatory mechanisms that

may implement a ‘global workspace’ for the retention and

manipulation of to-be-remembered material. During the retention

interval (1) increased gamma-band activation is observed at frontal

and parietal electrodes, (2) coupling of theta-band and gamma-

band oscillations is observed at frontal and parietal electrodes, and

(3) theta-band and gamma-band synchronization is enhanced

between frontal and parietal electrodes [34,59,60]. Results such as

these, together with behavioural indices of working memory

suggestive of theta-modulated gamma-band mechanisms (gamma/

theta = individual working memory span; 40/6<7), have led to the

hypothesis that items are maintained in working memory by

assemblies of representational cell coalitions that are refreshed at a

gamma frequency during each theta cycle [see 61]. Such results

are consistent with accumulating evidence that cross-frequency

synchronization may be a key mechanism for the organization of

dynamic activity in the nervous system [62].

Interestingly, neuroimaging results are now converging on an

anatomical network relevant to general intelligence that is highly

correlated with working memory span and is centered in frontal

and parietal cortex [63]. On such evidence it could be speculated

that the conscious workspace, of which working memory is an

application, emerges from an essential fronto-parietal network that

achieves functional conjunction via theta/gamma oscillatory

mechanisms, and that this essential constellation of brain regions

is expanded to include other cortical regions specifically relevant to

perceptions and tasks permeating consciousness at that moment.

This notion is supported by the finding that attention, understood

as the gateway to consciousness, biases information for inclusion in

a large-scale gamma-synchronous network [35]. This network

workspace may allow for the flexible manipulation of information

and flexible expression of learned behaviour, considered to be one

of the cardinal cognitive attributes of conscious experience [64].

Accordingly, our data suggest that consciousness should not be

conceived as what remains when no task-relevant region

attributable to specific faculties is removed, but rather as the

integrated amalgamation of all momentarily relevant faculties into

a unitary constellation: the observer; the intentional actor.

The results detailed here are consistent with a more general

understanding of how mental representations arise from the

activity of distributed neural groups. Donald Hebb proposed that

memory traces and mental representations were implemented by

connectivity within a distributed network of neurons, and that the

selective re-ignition of this assembly would be tantamount to

recognition and/or recall [65]. This notion is supported by

evidence that the perception of a familiar object, even in a

degraded form, is also associated with both intra-regional and

inter-regional gamma-band synchronization [18,66]. The Heb-

bian outlook, coupled with a more modern understanding of

functional cortical anatomy, would predict that cortical regions

relevant to the representation of a memory would be activated and

functionally integrated during recognition and recall. Indeed, it

has been shown that recognition of a complex object is associated

with gamma-band activation in frontal, parietal and temporal

cortex, between which enhanced gamma-band phase synchroni-

zation and bidirectional causal interaction are observed [11,67]. In

light of the present results, this could be viewed as the integration

of temporal areas responsible for the processing of complex images

into the fronto-parietal gamma-oscillatory network integral to

perceptual experience. It is notable that schizophrenia, historically

considered to be a disorder of consciousness and characterized by

cognitive fragmentation, is associated with abnormal theta and

gamma band oscillatory activity during cognitive processing [see

68,69 for reviews]. The essential relationship between theta-

gamma mechanisms and consciousness is also highlighted by a

possible common neuropharmacological substrate. The bursting of

cholinergic projections to cortex from basal forebrain is found only

in wakefulness and REM sleep, central nervous system states

associated with consciousness, and theta and gamma activity are

correlated with bursting in these neurons [70]. Such results

demonstrate that gamma-band neural synchronization is a

fundamental mechanism for mental representation, and that its

disturbance results in alterations of conscious experience.

Implications for free will
Our results may also have implications for the interpretation of

what are perhaps some of the most disconcerting findings in

human neuroscience. Benjamin Libet used an ingenious experi-

mental paradigm to provide evidence that the conscious intention

to initiate a movement was substantially (approximately 300 ms)

preceded by the onset of the readiness potential, or RP, a buildup



those observed in complex perceptual tasks. This is consistent with

evidence that gamma-band oscillations in motor cortex are

relevant to the initiation and control of movement [74]. This

means, contrary to Libet’s conclusions, that at least one neural

indicator of the timing of conscious experience is compatible with

the view that consciousness is relevant to the initiation of volitional

action. Initiation of a behavioural response coincides with



realistic head model. This method has been demonstrated to be

effective for localization of sources of oscillatory activity within

highly specific time-frequency windows [76]. Beamformer analysis

estimates the contribution of a given voxel in the brain to activity

recorded on the scalp within a specified time-frequency window by

minimizing contributions from all other voxels in source space,

thereby implementing a spatial filter to identify neural generators

of scalp activation [77,78]. This analysis requires a baseline period

of the same duration as the time window of interest. Therefore we

applied the beamformer to 35–45 Hz activity occurring 220–

280 ms and 540–600 ms pre-response, relative to an intervening

370–430 ms baseline in the same frequency range. Beamformer

source reconstructions were obtained separately for each partic-

ipant in each of the time intervals of interest. Non-parametric

statistical analysis was then performed using functional neuroim-

aging analysis software (AFNI) [79]. Statistically significant (p,.05

or greater) sources of activity were then displayed on a three-

dimensional rendered standard brain. The statistical results

indicated the presence of bilateral generators in both DLPFC

and SFG. Due to the proximity of the prefrontal sources, however,

it was unclear whether there were actually four distinct source

locations or if any of the statistically significant sources reflected

the spread of activity from nearby neighboring sources. To ensure

that we were accurately identifying source locations for the

subsequent PLV analyses, we examined the average beamformer



regional synchronization encompassed the 30–45 Hz frequency




