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Abstract—Background: High-frequency (e.g., gamma 30 to 50 Hz) coherent neural activity has been postulated to
underlie binding of independent neural assemblies and thus integrate processing across distributed neuronal networks to
achieve a unified conscious experience. Prior studies suggest that gamma activity may play a role in perceptual mecha-
nisms, but design limitations raise concerns. Thus, controversy exists as to the hypothesis that gamma activity is
necessary for perceptual awareness. In addition, controversy exists as to whether the primary sensory cortices are
involved directly in the mechanisms of conscious perception or just in processes prior to conscious awareness. Objective: To
investigate the relation of gamma coherence and perception. Methods: Digital intracranial electrocorticographic recordings
from implanted electrodes were obtained in six patients with intractable epilepsy during a simple somatosensory detection
task for near-threshold stimuli applied to the contralateral hand. Signal analyses were then conducted using a quantita-
tive approach that employed two-way Hanning digital bandpass filters to compute running correlations across pairs of
channels at various time epochs for each patient and each perception state across multiple bandwidths. Results: Gamma
coherence occurs in the primary somatosensory cortex approximately 150 to 300 milliseconds after contralateral hand
stimuli that are perceived, but not for nonperceived stimuli, which did not differ in character/intensity or early somato-
sensory evoked potentials. Conclusion: The results are consistent with the possible direct involvement of primary sensory
cortex in elemental awareness and with a role for gamma coherence in conscious perception.
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The canonical example of the “binding problem” is
the question of how the brain associates and inte-
grates one visual feature (e.g., shape) of an object
with other visual features (e.g., location).1 However,
the term “binding problem” is actually used for a
class of problems representing different phenomena,
which concern our capacity to integrate information
across time, space, attributes, modalities, percep-
tions, or ideas.1 It is likely that binding occurs in
many different kinds of brain processes and may
represent a diverse set of functions. One proposed
solution to the binding problem is the temporal cor-
relation or neural synchronization hypothesis, which
posits that binding is achieved through the forma-
tion of dynamic cell assemblies based on selective
synchronization of distributed neural activities.2-6

There is supportive but not incontrovertible evidence
for this hypothesis.6,7 Perhaps the most challenging
binding problem involves understanding the mecha-
nisms underlying conscious awareness. A theory in-
volving synchronous neural activity has been
postulated to explain consciousness.8

Attention and binding are intimately related.9 Fo-
cused attention has been found to modulate synchro-
nized neuronal firing in primate somatosensory and
visual cortices.10,11 Electroencephalographic activity
in the gamma range (i.e., 35 to 80 Hz) has been
associated with attentional mechanisms for several
decades12,13 and has been postulated to be critical in
information processing.4,14,15 Synchronized activity in
the gamma range has been hypothesized to underlie
conscious awareness by integrating neural activity
across different cerebral areas and may form the
neural correlate of conscious awareness.8,16 Although
animal and human studies have provided some sup-
port for this hypothesis, the relationship of gamma
coherence to cognitive tasks in humans requiring
conscious perception remains controversial.17,18

Conscious perception is an intrinsically subjective
state. Thus, investigations will ultimately require
humans to ensure that conscious awareness has oc-
curred. For example, correct motor responses can be
made to unperceived stimuli.19 Gamma coherence
during perceptual tasks has been reported in a few
human studies using scalp-recorded EEG or
magneto-EEG (MEG).20-24 However, the results do
not present a uniform pattern. Marked topographic
and temporal differences exist that cannot be ex-
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plained by task differences. For example, some MEG
studies have reported continuous gamma activity in
the awake state involving the entire head with an
anterior-to-posterior phase lag,20,21 but a similar pat-
tern is absent from scalp EEG studies. In addition,
the patterns of gamma coherence in some studies
appear at odds with known anatomic behavioral cor-
relates. For example, a recent study reported scalp
EEG gamma coherence in central and left cerebral
regions for a facial recognition task.24 However, this
pattern is not consistent with other studies of face
perception, which have implicated bilateral inferior
occipitotemporal (right � left) regions, especially the
fusiform gyrus.25-30 Scalp EEG and MEG recordings
may also be contaminated by muscle artifact, which
could obscure cortical gamma or be inaccurately at-
tributed to the cortex.

Only a few studies of gamma activity have been
conducted in humans using intracranial electrocorti-
cographic (ECoG) recordings. Several of these stud-
ies have found gamma differences across behavioral
states or gamma responses to various behavioral
tasks.17,31-35 Gamma activity may dissociate from
other bandwidths,32-33 and the topographic distribu-
tions of gamma are more discrete and more consis-
tent with traditional functional anatomy than
similar maps for other bandwidths.32 Although
gamma coherence has been reported over long dis-
tances in some scalp studies, consistent findings
have not been found from intracranial studies in hu-
mans. Two studies examining ECoG gamma coher-
ence in humans found gamma coherence only over
short distances.17,33 A third study found phase-lagged
coherence in relation to the fusiform gyrus for facial
recognition, but the pattern differed from MEG and
EEG studies.28

Perhaps most critically, none of the prior scalp or
intracranial gamma studies has employed a behav-
ioral task that addresses whether the gamma activ-
ity is linked to the conscious component of the
perception. Typically, prior studies have involved
perceptual tasks requiring discrimination of stimuli
into different categories. However, irrespective of
which category is perceived, all of the stimuli in
these tasks are perceived. Thus, the crucial experi-
ment has not been conducted, which compares ECoG
responses for stimuli of identical sensory content,
but polar differences in conscious content (i.e., per-
ceived versus nonperceived). Therefore, we proposed
to test the gamma coherence hypothesis by compar-
ing ECoG epochs for perceived versus nonperceived
stimuli during a simple detection task of near-
threshold somatosensory stimuli.

Another hypothesis concerning the neural corre-
lates of awareness posits that the primary sensory
cortex is not directly involved in the activity related
to conscious awareness.36 Supporting this notion, it
is clear that neural processing can occur in the pri-
mary sensory cortex for stimuli that are not per-
ceived.37,38 Further, a few patients with severe
damage to primary sensory cortex are able to per-

ceive at least crude stimuli in the related sensory
modality.39,40 In addition, patients with lesions to the
primary visual cortex can exhibit residual visual
function in the absence of conscious awareness; this
phenomenon is called “blindsight.”41 However, it has
been argued that blindsight depends on vestiges of
geniculostriate function and that patients are un-
aware of visual stimuli because these islands of neu-
ral activity are isolated from the integrated network
of neural function.41

Suppose that two sets of simple sensory stimuli
have identical character and intensity, but one set is
perceived and the other is not. If the two sets gener-
ated identical early components of the ECoG re-
sponse in the primary sensory cortex, it would
demonstrate that both stimuli were conducted to the
primary sensory cortex and underwent identical ini-
tial processing. If the primary sensory cortex were
not involved directly in the mechanisms of conscious
perception, then one would not expect that later com-
ponents of the ECoG in the primary sensory cortex
would differ based on whether the stimuli were per-
ceived or not. We proposed to test whether the pri-
mary sensory cortex is directly involved in conscious
awareness by determining if consistent differences in
gamma coherence exist for perceived versus nonper-
ceived stimuli in the primary sensory region during
a simple somatosensory detection task of identical
stimuli near threshold.

The exact time at which conscious perception oc-
curs is uncertain, but it is must be delayed beyond
50 to 100 milliseconds as stimuli are particularly
susceptible to masking by a competing stimulus,
which is given 50 to 100 milliseconds after the target
stimulus.42 In fact, masking is greater during this
period than if the mask is given simultaneously with
the target stimulus. It has been suggested that per-
ception may occur as late as 300 to 500 milliseconds
after stimulus because extending the train duration
of repetitive stimuli up to 300 to 500 milliseconds
lowers perceptual threshold, but longer train dura-
tions do not appear to further lower the thresh-
old.43,44 As the above studies employed simple
somatosensory detection tasks, one might predict
that perception in such tasks occurs at approxi-
mately 100 to 300 milliseconds after target stimulus.
If gamma coherence is involved in perception, then it
should occur near this time range for perceived stim-
uli but be absent for nonperceived stimuli. In sum-
mary, we predicted that perceived stimuli would be
consistently associated with gamma coherence and
that the coherence would exhibit both temporal and
topographic specificity.

Methods. Subjects. Six patients (five men, one woman;
mean age 26 years, range 19 to 31 years) with intractable
epilepsy underwent intracranial electrode implantation for
strictly clinical indications to localize the seizure focus for
possible epilepsy surgery. Prior to intracranial implanta-
tion, all patients underwent a detailed clinical evaluation
including a thorough review of the history, general physi-
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cal and neurologic examination, prolonged video-EEG
monitoring, brain MRI, neuropsychological assessment, ce-
rebral angiography, and intracarotid amobarbital testing.
Patients were implanted with one or a combination of in-
tracranial subdural grid, epidural, or depth electrodes.
Electrode location varied across patients based on their
specific clinical needs.

Recordings. Studies were conducted between the 3rd
and 7th postoperative day. The recordings in the current
study were limited to the subdural grids, which consisted
of titanium electrodes (5 mm in diameter) with center-to-
center distances of 10 mm. Grid locations are depicted in
figure 1. Note that only a portion of the electrode contacts
were available for analysis in this study owing to underly-
ing lesion, epileptiform activity, artifacts, and limitations
in channel collection for computer analysis. Convergent
verification of electrode positions was obtained using sev-
eral techniques. Direct visualization of the grids placed on
the surface of the brain was done at the time of implanta-
tion and removal. Photographs were taken and graphical
notes made concerning the relationship of each electrode

position to identifiable cortical landmarks. Skull radio-
graphs were taken immediately postoperatively, and CT
scans were obtained after implantation. In addition, the
location of the cortical representation of the stimulated
finger was verified by recording somatosensory evoked po-
tentials from the grid electrodes.

Intracranial electrode locations for the six patients are
depicted in figure 1. ECoG epochs (750 to 1,000 millisec-
onds) time-locked to the stimulus presentation were col-
lected. The ECoG was amplified (5 � 1,000), sampled at
256 to 683 Hz, and filtered at 0.01 to 100 Hz with 6 dB/
octave and a 60-Hz notch. The ECoG data were stored
digitally for off-line review and processing, which included
digital resampling at 512 Hz. Electrodes with interictal
epileptiform discharges or abnormal background activity
were excluded to approximate normal brain as closely as
possible. Because of these factors and technical problems,
epochs from only a small number of electrodes outside the
primary somatosensory hand region were examined.

Procedures. After cleansing the skin surface with alco-
hol, two 20-mm pregelled disposable stimulating electrodes

Figure 1. Diagrams for grid electrode
locations in the six patients. Open circle
electrodes denote location of the pri-
mary evoked potentials for the stimu-
lated contralateral hand. Electrode
pairs enclosed by rectangular boxes in
each patient’s grid denote the two pairs
of electrodes in the primary somatosen-
sory region, which exhibited gamma
coherence to perceived stimuli as de-
picted in figure 5. (See figures E2 and
E3 on the Neurology Web site; go to
www.neurology.org.) Electrode pairs
enclosed by ovals denote two pairs of
electrodes tested outside the primary
somatosensory hand region.
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were placed 1 cm apart on the medial surface of the index
finger contralateral to the implanted grid. The distal elec-
trode was attached to the anode of the stimulator and the
proximal electrode to the cathode. A ground electrode was
attached to the back of the right shoulder. Impedances
were checked at the beginning and end of the experimental
session, and resistance was maintained at or below 5 k�.
The stimulus pulse duration was 100 microseconds. The
subject was sitting upright in bed with each arm resting on
the ipsilateral side. The investigator was seated in front of
the subject, who was asked to remain still and relax with
eyes closed. Prior to ECoG collection, the perceptual
threshold for the target finger was determined by the
method of limits using progressive titration as described
elsewhere.42 During ECoG collection, stimuli were pre-
sented randomly at 5- to 20-second intervals. Approxi-
mately 50% of stimuli are perceived when presented in
this manner at an intensity about 0.5 mA above the
threshold determined by the method of titration.42 Stimuli
were presented initially at this level and then adjusted as
needed to achieve an approximate 50:50 ratio of perceived
to nonperceived. The number of ECoG epochs analyzed at
any intensity for perceived and nonperceived stimuli were
matched. The total number of epochs analyzed was 10 to
50/subject (median � 36), half of which were perceived.

Signal analyses. The digital ECoG data were analyzed
to test our experimental hypothesis that perceived stimuli
would be consistently associated with gamma coherence.
ECoG for perceived stimuli were compared with nonper-
ceived stimuli, which were otherwise identical, assessing
the presence, timing, and topography of time-linked
gamma coherence using a frequency-adapted running cor-
relation analysis technique. Shifts and drifts were first
digitally removed from raw event-related ECoG epochs by
detrending (removing best linear fit along each time
sweep). Whole-band event-related potentials for each pa-
tient, perception state (perceived versus nonperceived),
and channel pair designation (primary sensory area versus
outside) were obtained by averaging across trials (n � 14,
8, 5, 22, 25, 25 perceived for the six patients, with these
numbers matched for nonperceived). The event-related
potentials were decomposed into four frequency bands (al-
pha � 8–12, beta1 � 12–25, beta2 � 25–35, and gamma �
35–45 Hz) via digital two-way Hanning bandpass filters. A
forward and backward pass through each filter results in
zero phase distortion and magnitude response equal to the
square of the single-pass filter’s response. The main step
involved computation of the running correlations (RC) of
these decomposed average event-related potentials across
pairs of channels across time for each patient and each
perception state across the multiple bandwidths (figure 2).
(Detailed descriptions of these computations and the sta-
tistical analyses are available on the Neurology Web site;
see the appendix of the online version of this article.)

Results. The grand mean whole-band somatosensory
evoked potentials for perceived and nonperceived epochs
are depicted in figure 3. Note that the early components
were similar for perceived and nonperceived epochs, dem-
onstrating that both underwent similar initial processing.
Although visual inspection suggests differences in the later
components, statistical comparisons of the somatosensory
evoked potentials for perceived versus nonperceived epochs
revealed no significant differences (see figure 3). Locations

of the early somatosensory evoked potentials in relation to
the ECoG experimental recordings are depicted in figure 1.
In the first two patients in this study, direct stimulation of
the cortex via the implanted electrodes was also conducted
for clinical functional mapping. Stimulation of the same
electrodes that exhibited the early evoked somatosensory
potentials produced paresthesias in the hand that had
been stimulated during our ECoG recordings, similar to a
prior study.38

For illustrative purposes, the average event-related po-
tentials of ECoG filtered at various frequency windows are
depicted for Patient 1 in figure 4. The two channels are
from the primary somatosensory region of the stimulated
hand. Note the synchrony around 200 milliseconds for the
gamma band.

Figure 5 depicts the perceived minus nonperceived dif-
ference in grand mean running correlation along with the
statistical 95th and 5th percentile CI. Note the significant
increase in gamma coherence for the perceived condition at
approximately 170 to 270 milliseconds for channel pairs in
the primary somatosensory region. (See figure E1 on the
Neurology Web site; go to www.neurology.org.) This in-
crease in gamma coherence between 100 and 300 millisec-
onds for perceived stimuli was absent from electrode pairs
outside the primary somatosensory region for the stimu-
lated hand. (see figures E2 and E3 on the Neurology Web
site; go to www.neurology.org.) Note that the apparent in-
crease in gamma coherence around 400 milliseconds is due
to a marked negative-phase coherence to nonperceived
stimuli.

Discussion. Gamma coherence occurred reliably
in the primary somatosensory area when simple so-
matosensory stimuli were perceived. The absence of
this coherence for nonperceived stimuli cannot be
explained by differences in the characteristics or in-
tensity of the stimuli. Further, both perceived and

Figure 2. Example of running correlation function over
time (RC[t]) in the bottom panel for a 1-second epoch of
simulated data for a signal pair (top panel; thin and bold
traces) at a center frequency of 30 Hz. For a sampling fre-
quency of 512 Hz, the length of the rectangular sliding
window is 68 points (Tw � 133 ms). This window is
shown at an instant during which there is near-perfect
synchronization (bottom panel; RC � 0.93).
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nonperceived stimuli appeared to undergo similar
initial processing in the primary somatosensory cor-
tex, given that they had similar primary evoked po-
tentials. This finding is consistent with prior studies
that have recorded primary somatosensory evoked
potentials to stimuli below perceptual threshold.37,38

The observed gamma coherence to perceived stim-
uli in the current study exhibited both temporal and
topographic specificity. The temporal window was
consistent with our a priori hypothesis based on
prior studies. Topographically, conscious awareness
of the elemental form of simple somatosensory stim-
uli was associated with this specific neurophysiologic
activity in the primary somatosensory area. Like
other forms of cognitive processing, we expect that
the mechanisms of conscious awareness are distrib-
uted over a neural network and that the network
varies from moment to moment depending on the
stimuli and concepts that access consciousness. In

contrast to awareness of simple elemental form, the
network for awareness of symbolic content or of more
complex stimuli must involve other regions, and the
timing of perceptual awareness is probably later and
more variable owing to the increased processing de-
mands. Detection of these more time-variable re-
sponses would require averaging RC for single trials
rather than calculating RC for the average event-
related potentials. In addition, the networks for
awareness of more complex percepts may not directly
involve the primary sensory cortex. For example, a
recent ECoG study found face-selective gamma co-
herence at 160 to 230 milliseconds after stimulus
between the fusiform gyrus (which is essential for
facial recognition) and multiple brain regions (i.e.,
temporal, parietal, and frontal cortices).45 Phase lag
increased with distance from the fusiform gyrus. In
our study, we did not find consistent phase lag coher-
ence at distant locations, but this may well be due to

Figure 3. (A) Grand averages across the six patients for normalized somatosensory evoked potentials (SEP) from the pri-
mary somatosensory region of the stimulated contralateral hand for perceived (thin black line) and nonperceived (broad
gray line) epochs. Normalized Z scores for SEP are shown on the y axis. (B) Grand mean difference SEP (solid line) for
perceived minus nonperceived epochs. Upper and lower dotted curves represent latency-dependent statistical threshold lev-
els (i.e., 95th and 5th percentile confidence boundaries) as calculated by Fisher’s permutation test. Note that the difference
curve for perceived minus nonperceived SEP never surpasses levels significantly different than that expected from normal
fluctuations.
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limited and inconsistent areas available for intracra-
nial recordings as electrode locations were deter-
mined for individual patients by clinical criteria.
Further, the lack of a consistent phase in our study
may be related to the use of subdural electrodes that
might miss responses from cortex buried in the sulci.

In contrast to our a priori hypothesis for gamma
coherence to perceived stimuli in the primary so-
matosensory hand region, the finding of negative-
phase coherence around 400 milliseconds for the
nonperceived condition was unexpected, and its sig-
nificance is uncertain. Further, the limited number
of recordings from regions outside the primary so-
matosensory hand area restricts conclusions as to
this finding. However, the phenomenon was present
in all six patients. Like our finding of positive
gamma coherence to perceived stimuli, this finding
will require replication.

Even if the gamma synchrony observed in the so-
matosensory region for perceived stimuli is necessary
for conscious awareness of simple somatosensory stim-
uli, it is unlikely to be sufficient. We suspect that it is

associated with coherence in other structures such as
the thalamus, which has been postulated to be involved
in conscious mechanisms.46 Consistent with this con-
cept, thalamic stimulation can induce topographic focal
gamma activity in the neocortex,47 and cortical feed-
back has been shown to affect synchrony of oscillations
in the thalamus.48 In addition, we have recently dem-
onstrated that loss of awareness during partial sei-
zures is associated with increase blood flow in the
thalamus or midbrain, suggesting that the loss of con-
scious awareness is the result of seizure spread to or
diaschetic effects on these critical central structures.49

As a statistical association does not offer causal
inference, the gamma coherence associated with per-
ceived stimuli in the current study cannot be conclu-
sively ascribed to conscious perception. Gamma band
synchronization may either play a functional role in
conscious perception or simply reflect associated
neuronal processes. Although the observed associa-
tion is consistent with a role for gamma coherence in
the mechanisms underlying conscious perception,
more than simple coherence must be involved be-

Figure 4. Individual intracranial elec-
trocorticographic epochs were filtered at
each of the six indicated bandwidths
and the resultant single trials averaged
to obtain event-related potentials for
perceived and nonperceived stimuli in
each bandwidth. This figure depicts the
results for Patient 1 from two bipolar
channels recorded from the primary so-
matosensory region of the stimulated
hand. Note synchronization in the
gamma range for perceived stimuli
around 200 milliseconds.
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cause patients may exhibit EEG coherence during
seizures that impair consciousness. Another example
that simple coherence is not adequate for conscious-
ness is the observation that gamma coherence has
been demonstrated between the brain (EEG) and
muscle (electromyography) during movements.50

Nevertheless, our findings may offer insight into
the neural mechanisms associated with conscious
perception. The consistent association of spatially
and temporally specific gamma coherence to per-
ceived stimuli (and its absence for nonperceived
stimuli) suggests that it does play a role. Further,
the findings suggest that the primary sensory cortex
may be directly involved in the mechanisms of con-
scious perception when detection of simple elemental
form is required. The implication from prior studies
that the primary sensory cortex is not involved in
conscious awareness may be due to the fact that
these studies involved more complex stimuli or con-
cepts, which would be expected to involve other brain
regions at higher processing levels.
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