1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Int J Psychophysiol. 2011 January ; 79(1): 9-15. doi:10.1016/j.ijpsycho.2010.10.013.

Cortical gamma responses: searching high and low

Nathan E. Crone, M.D., Anna Korzeniewska, Ph.D., and Piotr Franaszczuk, Ph.D.
Department of Neurology The Johns Hopkins University School of Medicine 600 N. Wolfe St.,
Meyer 2-147 Baltimore, Maryland 21287

Abstract

In this paper, a brief, preliminary attempt is made to frame a scientific debate about how
functional responses at gamma frequencies in electrophysiological recordings (EEG, MEG, ECoG,
and LFP) should be classified and interpreted. In general, are all gamma responses the same, or
should they be divided into different classes according to criteria such as their spectral
characteristics (frequency range and/or shape), their spatial-temporal patterns of occurrence, and/
or their responsiveness under different task conditions? In particular, are the responses observed in
intracranial EEG at a broad range of “high gamma” frequencies (~60-200 Hz) different from
gamma responses observed at lower frequencies (~30-80 Hz), typically in narrower bands? And if
they are different, how should they be interpreted? Does the broad spectral shape of high gamma
responses arise from the summation of many different narrow-band oscillations, or does it reflect
something completely different? If we are not sure, should we refer to high gamma activity as
oscillations? A variety of theories have posited a mechanistic role for gamma activity in cortical
function, often assuming narrow-band oscillations. These theories continue to influence the design
of experiments and the interpretation of their results. Do these theories apply to all
electrophysiological responses at gamma frequencies? Although no definitive answers to these
questions are immediately anticipated, this paper will attempt to review the rationale for why they
are worth asking and to point to some of the possible answers that have been proposed.
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1. Introduction

Since the advent of EEG recordings in humans and animals, investigators have observed that
functional brain activation is associated with suppression of resting EEG rhythms (e.g.
alpha, mu, beta, etc) and the appearance of low voltage activity at faster frequencies (Adrian
and Matthews, 1934; Berger, 1930; Jasper and Carmichael, 1935). Subsequent research on
EEG activity at gamma frequencies (>30 Hz) related both spontaneous and evoked activity,
particularly at 40-Hz, to cortical function in both animals and humans (Bressler and
Freeman, 1980; Galambos et al., 1981; Loring and Sheer, 1984; Spydell et al., 1979).
Interest in this activity was further intensified by experimental and theoretical work in the
80's and 90's suggesting a role for gamma oscillations in basic mechanisms of neural coding
(Gray, 1999; Gray and Singer, 1989; Singer, 1993). In particular, LFP recordings in cat
visual cortex showed that during appropriate visual stimulation, oscillatory neuronal firing

Corresponding Author: Nathan E. Crone, M.D. ncrone@jhmi.edu Tel: 410-955-6772 FAX: 410-955-0751.

Abbreviations: Electrocorticography (ECoG), electroencephalography (EEG), magnetoencephalography (MEG), local field potentials
(LFPs)



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crone et al.

Page 2

in a frequency range of 40-60 Hz became synchronized between spatially separate columns
in area 17 (Gray et al., 1989), between areas 17 and 18 (Eckhorn et al., 1988), and even
between areas 17 of the two hemispheres (Engel et al., 1991). Because this synchronization
was dependent upon global stimulus properties, it was proposed to serve a mechanism in
perceptual grouping. More generally, synchronization at gamma frequencies was
hypothesized to form a temporal code that dynamically “binds” spatially segregated neurons
(e.g. with different retinotopic receptive fields) into assemblies representing higher-order, or
global, stimulus properties (e.g. an object common to different receptive fields) (Singer and
Gray, 1995; Von der Malsburg, 1995). As a corollary, synchronization was proposed to
identify neurons belonging to different assemblies, solving the “superposition problem” of
assembly coding (Gray, 1999). These hypotheses were linked with gamma oscillations by
experiments (Murthy and Fetz, 1992; Sanes and Donoghue, 1993) demonstrating
synchronization of single unit firing bursts with LFP gamma oscillations, suggesting that
gamma oscillations facilitate and/or are facilitated by neuronal synchronization. The LFP
gamma oscillations themselves are widely believed to depend on rhythmic and coherent
firing in networks of inhibitory interneurons (Bartos et al., 2007; Buzsaki and Chrobak,
1995; Grenier et al., 2001).

Until recently, it was difficult to reliably record high frequency responses in humans, due in
part to limitations in EEG recordings and in part to low signal-to-noise ratios for this activity
at the scalp surface. This began to change, however, as digital EEG systems were introduced
with more powerful specifications and as researchers began to exploit the investigative
potential of intracranial EEG recordings in patients undergoing epilepsy surgery. Prior to
these developments, most reports of EEG gamma responses in humans were observed as
components of phase-locked (evoked) or steady-state responses at, or in the neighborhood
of, 40 Hz (Galambos et al., 1981). In addition, non-phase-locked 40-Hz activity was
observed in some subjects during activation of motor cortex (Pfurtscheller et al., 1994;
Pfurtscheller and Neuper, 1992), auditory cortex (Pantev, 1995), and visual cortex (Tallon-
Baudry et al., 1997). However, few studies had considered the possibility of non-phase-
locked responses at higher gamma frequencies. Brindley and Craggs (1972), while searching
for components of local field potentials in monkey motor cortex that could be used to drive
prosthetics, had found that if the signal was filtered between 80 Hz and 250 Hz and then
rectified and smoothed, it was reliably correlated with the monkey's movements. Although
the potential utility of this activity for controlling prostheses was recognized at the time, it
was not exploited until much later (Leuthardt et al., 2004; Miller et al., 2009b). Furthermore,
the significance of this finding with respect to cognitive neurophysiology was not fully
appreciated nor was it further explored, perhaps because the aforementioned excitement
about gamma oscillations had not yet taken hold.

In the 1980's and 1990's, as the surgical management of intractable epilepsy increasingly
relied upon long-term, extra-operative monitoring with subdural electrocorticography
(ECoG) to better localize seizure foci, clinicians and researchers began to explore ECoG as a
potential tool for both functional mapping and cognitive neuroscience research. Although
significant early progress was made in these studies by focusing on phase-locked response,
i.e. event-related potentials (Halgren et al., 1995; McCarthy and Wood, 1987; Nobre et al.,
1994), other studies began to investigate non-phase-locked responses (Crone et al., 1995;
Crone et al., 1994). Interest in these responses was based in part on a growing appreciation
for them in non-invasive EEG and MEG studies, where they were known as induced
responses (Herrmann and Knight, 2001; Pantev, 1995) or as event-related desynchronization
(ERD) and event-related synchronization (ERS) (Pfurtscheller, 1977, 1992). In addition,
their lower sensitivity to temporal jitter was considered advantageous for functional tasks
involving downstream cortical processing with more variable latencies (Herrmann et al.,
2004). Furthermore, these studies were influenced by the aforementioned experimental and
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theoretical accounts of gamma oscillations, which by then had gained substantial attention,
and which did not assume phase-locking to a stimulus or event.

2. Experimental findings in humans

While exploring human ECoG as a tool for functional mapping and cognitive neuroscience,
event-related, non-phase-locked responses to a variety of functional tasks were surveyed
across a range of frequencies, including traditional alpha (8-13 Hz), beta (13-30 Hz), and
gamma (> 30 Hz) frequencies. Using tasks designed to activate sensorimotor, auditory,
visual, and language cortices (Crone et al., 1995; Crone et al., 1994), these studies observed
spectral perturbations (e.g. ERD/ERS) that were generally in agreement with the findings of
previous non-invasive EEG and MEG studies. However, an unexpected but consistent
finding across these studies was that cortical activation was accompanied by a power
increase in a broad range of frequencies that were substantially higher than the traditional 40
Hz gamma band. Because these responses were discovered in the context of searching for
gamma oscillations in lower frequencies, without any knowledge of the studies by Brindley
and Craggs (1972) over two decades earlier, they were provisionally called “high-gamma”,
and their physiological significance was interpreted in the context of the burgeoning
literature on gamma oscillations. However, as discussed later, investigations of high gamma
responses have since revealed response properties that further distinguish them from “low”
gamma oscillations and suggest potentially different interpretations with regards to their
underlying neurophysiology.

Early accounts of ECoG spectral responses (Crone et al., 1998a; Crone et al., 1998b)
focused on their localization within the relatively predictable somatotopic organization of
sensorimotor cortex. This was done to validate these responses prior to their application to
language cortex and other brain regions with less predictable functional anatomy. Compared
to alpha power suppression (ERD) and “low gamma” power augmentation (ERS) during a
visually cued motor task, augmentation of high gamma power (70-100 Hz in this case)
appeared to be more discretely localized with respect to the expected anatomy and timing of
cortical activation. In particular, high gamma responses were typically observed in fewer
electrodes than responses at lower frequencies. Cortical stimulation at these sites usually
interfered with movement of the same body part or caused involuntary movement of it. In
addition, lower frequency responses appeared to have a slower temporal evolution, with
more delayed latencies and longer durations, while high gamma responses had an abrupt
onset and offset (Zygierewicz et al., 2005) that corresponded to the onset and offset of cued
isometric muscle contractions, i.e. changes in muscle force. These basic properties of high
gamma responses in sensorimotor cortex have been consistent across studies using a variety
of motor tasks and signal analyses (Brovelli et al., 2005; Brunner et al., 2009; Dalal et al.,
2008; Leuthardt et al., 2007; Miller et al., 2007; Ohara et al., 2000; Pfurtscheller et al.,
2003). In addition, high gamma responses in sensorimotor cortex have since been shown to
be of potential utility in the development of ECoG as a brain interface for controlling
prosthetic devices (Gonzalez et al., 2006; Leuthardt et al., 2004; Miller et al., 2009b; Reddy
et al., 2009).

Although a potential distinction between responses in high vs. low gamma frequencies was
first reported in studies of sensorimotor cortex, this suspicion was deepened by the results of
ECoG studies of auditory cortex (Crone et al., 2001a). As in studies of sensorimotor cortex,
in comparison to non-phase-locked responses in lower frequencies, high gamma responses
were observed in a smaller number of sites in posterior superior temporal gyrus (pSTG)
critical for auditory discrimination. The temporal envelopes of these responses were again
faster than those of lower frequency responses. In addition, high gamma responses in
dominant pSTG were more robust during speech discrimination than during tone
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discrimination, consistent with the critical role of this site in processing the more complex
acoustic features of speech. However, this study also afforded a more detailed analysis of
the reactivity of the power spectrum during cortical activation. This showed that in ECoG
recorded from dominant pSTG, speech discrimination was consistently associated with
power augmentation at high gamma frequencies (in this case >80 Hz). However, depending
on the electrode site or even the subject, power in lower gamma frequencies could either be
increased or decreased. Furthermore, power augmentation was evident across a wide range
of frequencies that extended well beyond 100 Hz, without any clear or consistent upper
boundary. The picture that began to emerge was that cortical activation is associated with
power augmentation over a large range of frequencies and that the lower boundary of this
power augmentation is quite variable. Sometimes this extends down to traditional gamma
frequencies, e.g. 40 Hz, but sometimes it does not. This variability in the direction of power
changes at lower gamma frequencies may be due to variability in the frequency range over
which event-related power suppression (ERD) occurs. For example, if task-related power
suppression at alpha/beta frequencies extends into low gamma frequencies, it may mask any
power augmentation in this frequency range. The most consistent power augmentation,
however, can be observed at high gamma frequencies though the lower boundary of this
response may sometimes extend down to low gamma frequencies. Subsequent studies of
auditory cortical physiology in both humans (Chang et al., 2010; Edwards et al., 2005;
Edwards et al., 2009; Kaiser and Lutzenberger, 2005; Lenz et al., 2008; Trautner et al.,
2006) and monkeys (Brosch et al., 2002; Steinschneider et al., 2008) have found non-phase-
locked responses with the same or similar time-frequency characteristics. The
aforementioned ECoG studies of sensorimotor and auditory cortices have provided
important frames of reference to verify the functional anatomy of task-related high gamma
activity and its relationship to other spectral responses. High gamma responses have also
been observed with similarly good temporal, spatial, and functional correspondences in a
variety of other functional anatomical domains, including somatosensory cortex (Gross et
al., 2007; Hauck et al., 2007; Ihara et al., 2003; Ray et al., 2008c), visual cortex
(Hoogenboom et al., 2006; Lachaux et al., 2005; Siegel et al., 2007; Tallon-Baudry et al.,
2005; Tanji et al., 2005; Vidal et al., 2006), frontal eye fields (Lachaux et al., 2006);
olfactory cortex (Miyanari et al., 2006), and language cortex (Brown et al., 2008; Canolty et
al., 2007; Crone et al., 2001b; Edwards et al., 2010; Jung et al., 2008; Lachaux et al., 2007;
Mainy et al., 2008; Sinai et al., 2005; Tanji et al., 2005; Towle et al., 2008). In addition,
several studies have found greater task-related augmentation of broadband gamma activity
when more attention is paid to the task (Brovelli et al., 2005; Jensen et al., 2007; Jung et al.,
2008; Ray et al., 2008c; Tallon-Baudry et al., 2005; Vidal et al., 2006). In addition, this
activity has been used to studied various aspects of memory (Axmacher et al., 2006; Jacobs
and Kahana, 2009; Lenz et al., 2008; Mainy et al., 2007).

It is important to note that although high gamma responses have been observed with the
greatest clarity in ECoG and depth recordings, electrophysiological responses with the same
or very similar spectral features have also been observed with MEG (Dalal et al., 2008;
Guniji et al., 2007; Kaiser and Lutzenberger, 2005; Vidal et al., 2006) and even with scalp
EEG (Ball et al., 2008; Ball et al., 2009; Darvas et al., 2010; Lenz et al., 2008). Because of
the greater distances between cortical sources and extra-cranial sensors, these non-invasive
techniques have lower sensitivity for high frequency activity and thus might not always
reveal the full spectrum over which task-related power augmentation occurs. It is even
possible, under some circumstances, that attenuation of higher frequencies may cause power
augmentation to be observed in a narrower frequency range--at the low end of the high
gamma range, than it would if it were observed with intracranial EEG. However, any
epistemological uncertainty of EEG and MEG in this regard is outweighed by the risks
associated with intracranial recordings and the potential drawbacks of studying normal
neurophysiological responses in patients with intractable epilepsy. Nevertheless, these must
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be considered when interpreting and comparing gamma responses in studies using these
different recording techniques.

The apparent ubiquity and consistency of high gamma responses across such a wide variety
of experimental tasks and cortical regions, has suggested that they are useful as a general
electrophysiological index of cortical processing. This is of great practical significance for
investigators attempting to explore less established functional-anatomic domains or those
with greater inter-individual variability. More importantly, however, this suggests that the
neurophysiological mechanisms responsible for task-related high gamma activity are
somehow fundamental to neuronal function. Regardless of how important these mechanisms
may be to the interpretation of experimental data, however, they are still largely unknown
and are therefore subject to speculation, debate, and further investigation.

3. Mechanistic considerations and interpretations

From the preceding brief review of human experimental data, it would appear that high
gamma responses are at least a very useful index of functional brain activation. But what
neurophysiological mechanisms do they reflect and what is their significance vis-a-vis
cortical function? If they are distinct from gamma oscillations at lower frequencies, how are
they different and do these differences indicate different mechanisms? In particular, do high
gamma responses have anything to do with the mechanisms previously proposed for gamma
oscillations?

One of the most consistent characteristics of high gamma responses that must be taken into
account when considering their possible neural mechanisms and/or role in cortical function,
is the occurrence of task-related power augmentation over a relatively broad frequency
range, e.g. ~60-200 Hz. The term “broadband” has been used as convenient shorthand for
this characteristic. However, its usage in this context is not intended to mean that power
augmentation is necessarily equal over all frequencies, though some have suggested this in
its strictest sense (Miller et al., 2009a). Rather, it is merely intended here to highlight the
difference between these responses and gamma responses that have been conceptualized and
measured in much narrower frequency bands. Also implicit in this usage is the variable
upper and lower boundaries of high gamma responses that make them difficult to define as a
“band”. This difficulty complicates any attempt to assign a specific frequency band to these
responses.

The relatively broad contour of high gamma frequency responses in the power spectrum
have long been difficult to reconcile with theories that have been posited regarding the role
of gamma oscillations in cortical function (Crone et al., 2001a; Crone and Hao, 2002; Crone
etal., 1998a). In many recent animal studies, similar broad spectral responses have often
been interpreted simply as gamma activity. However, the most influential and interesting
theoretical mechanisms relating gamma activity to cortical function have assumed rhythmic
oscillations that are expected to produce a peak in the power spectrum. One of these
hypotheses, for example, proposes that the strength of cortical input, e.g. stimulus intensity,
is coded by the relative phase at which output spiking occurs in the gamma cycle (Fries et
al., 2007). Such a coding scheme appears to depend on rhythmic gamma oscillations at a
relatively stable frequency. Such rhythmic oscillations have indeed appeared in experimental
data as well-defined peaks in the EEG power spectrum. These peaks have usually been
observed at low gamma frequencies (Engel et al., 2001; Fries et al., 2002), but some have
also been observed in the high gamma range (>60 Hz) (Hoogenboom et al., 2006; Siegel et
al., 2007). In many other studies, however, well-defined peaks are not seen in the spectral
contours of responses at high gamma frequencies. This distinction between band-limited and
broadband spectral contour could represent a more fundamental distinction between gamma
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responses than the distinction between “high” and “low” gamma responses, i.e. based on
arbitrary frequency ranges. If so, what does this say about the mechanisms responsible for
what are commonly known as high gamma responses?

Because of the scientific climate in which high gamma responses were initially observed in
human ECoG, they were initially interpreted within a conceptual framework that attempted
to explain broadband high gamma responses from the experimental and theoretical
perspective of narrow-band gamma oscillations (Figure 1). In particular, it was argued that
for the broadband responses to arise from band-limited network oscillations, power changes
would have to arise from the summation of oscillatory activity from multiple spatially
overlapping neural assemblies, each oscillating at different, perhaps overlapping or more
broadly-tuned frequencies (Crone and Hao, 2002; Crone et al., 1998a). Implicit in this
provisional and speculative “model” is the notion that neuronal assemblies, i.e. networks of
neurons or neuronal aggregates, representing different stimulus features, different aspects of
behavioral output, and/or different task-related computational streams, rhythmically oscillate
in parallel at different resonant frequencies, and that high gamma responses with a broad
spectral shape are observed when a large number of these assemblies and their oscillations
are averaged both in time and space. Also implicit in this model is that gamma oscillations,
narrow band or not, can occur at high gamma frequencies. Although some support for this
possibility may be found in the results of computational models of cortical networks (Bartos
et al., 2007; Frund et al., 2009), most models of cortical gamma oscillations have not
focused on such high frequencies (Jefferys et al., 1996; Kopell et al., 2000). Also implicit in
this model is the prediction that if activity from the constituents of the aforementioned
assemblies could be recorded in isolation, more band-limited oscillations would be observed
at high gamma frequencies and that these oscillations might then be functionally segregated.
Experimental testing of this prediction, however, would presumably require arrays of
microelectrodes, and even then the contributions of different assemblies to LFPs at each
recording site might be difficult to disambiguate. It might also be difficult to manipulate
experimental conditions such that assemblies oscillating at different frequencies are
preferentially engaged. In addition to spatial averaging of cortical responses, temporal
averaging of responses at different frequencies may also contribute to the broad spectral
shape of high gamma responses. The amplitude of activity at high gamma frequencies is
very low, and although a change in this activity can be detected in single trials, reliable
estimates of its power spectrum may require averaging over many trials of a task. It is
difficult to ensure that all experimental conditions are held constant over these trials, and
even if they can be, the neural assemblies and oscillatory dynamics sufficient to accomplish
a task may vary from trial to trial.

A very different explanation for the broadband spectral contour of high gamma responses
was proposed (Miller et al., 2007) in a paper reporting ECoG spectral responses in
sensorimotor cortex during a variety of motor tasks. In this paper ECoG spectral responses
were segregated into broad low frequency (8-30 Hz) and high frequency (70-100 Hz)
bands, and a model of spectral responses to cortical activation was proposed in which
suppression of resting band-limited oscillations at low frequencies is superimposed on
broadband power augmentation not only in high gamma frequencies, but across all
frequencies, including low frequencies where the aforementioned power suppression masks
power augmentation. In a subsequent paper (Miller et al., 2009a), additional details and
supporting data have been presented for this model of spectral responses that reflect a power
law and thus do not emphasize any specific frequency range. In addition to attempts to
define an exponent for this power law, a model of its generation has been proposed, based
on random, uncorrelated synaptic inputs to cortical neurons (Miller, 2010). This model does
not allow any role for narrow-band or even band-limited gamma oscillations in the
generation of high gamma responses and suggests that these responses reflect random noise
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in synaptic membrane potentials rather than any special mechanisms playing a role in neural
coding. If true, this model would tend to limit the interpretive power of these responses
though it would not diminish their practical significance and utility. This model produces
membrane activity consistent with a power law, but the lack of correlation in the inputs to
neurons implies a low degree of network connectivity. Another potential limitation of this
model is that it is based on the shape of power spectra estimated for relatively large temporal
windows (seconds) averaged across trials. A peak would be expected in these spectra if
gamma oscillations were stable over these timeframes, but if oscillatory responses were brief
and had varying latencies, durations, and/or frequencies, they could potentially be averaged
to a power law shape. In this case, the observed power law might reflect random variability
in the scale of networks and their resonant frequencies.

Yet another possible explanation for broadband high gamma responses in some, but not
likely in all circumstances, is that they are the time-frequency representations of transient
responses. Regardless of the methods used for signal analysis, there is an unavoidable
tradeoff in the time-frequency representation of a time series such as EEG, and the energy of
brief transients is distributed over a broad frequency range. This appears as a broadband
spectral response, particularly when there is a sudden change in signal energy, as for
example when recordings are made in sensory cortex at the onset or offset of a strong
stimulus in the same modality. If the latencies of these transients are sufficiently variable,
they may disappear from phase cancellation when averaged in the time domain, but survive
when averaged in the frequency domain. This possibility must be kept in mind when
interpreting very brief high gamma responses in sensory cortices, particularly when these
responses extend across a wider frequency range than is typical of high gamma responses.

4. Experimental data from animals

Ultimately, experiments in animals will be needed to fully understand the
neurophysiological mechanisms associated with high gamma responses and to determine
whether these share anything in common with the neural mechanisms posited to date for
gamma oscillations. Most studies of gamma oscillations in animals, however, have either not
focused on high gamma responses or have not distinguished them from low gamma
responses. In some of these studies, it is possible that the dominance of low gamma
oscillations was due to species differences (Jeschke et al., 2008; Lenz et al., 2008). In still
other studies, broadband gamma responses have been apparent in the power spectrum, but
these responses also included low gamma frequencies, and they were simply interpreted as
gamma responses. Regardless of the terminology and any disagreement about what
constitutes a frequency band, a small number of studies have found high correlations
between high gamma responses similar to those observed in human ECoG and increases in
population firing rates (Belitski et al., 2008; Liu and Newsome, 2006; Manning et al., 2009;
Ray et al., 2008a). These studies have provided valuable support for the utilitarian value of
high gamma responses as an index of cortical activation.

In a recent study of microelectrode recordings from macaque Sl cortex during tactile
stimulation, broadband high gamma responses were observed with spectral profiles identical
to those recorded in human iEEG (Ray et al., 2008a; Ray et al., 2008b). Detailed time-
frequency analyses of these responses using matching pursuits revealed that they were
temporally tightly linked to neuronal spikes. However, the experimental methods did not
permit their precise generating mechanisms to be determined (Ray et al., 2008Db).
Nevertheless, LFP power in the high gamma range was strongly correlated, both in its
temporal profile and in its trial-by-trial variation, with overall firing rate increases in single
units recorded with the same electrodes (Ray et al., 2008a). One possible interpretation of
these findings, along the lines of the previous discussion of time-frequency representations
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of transients, is that high gamma responses arise from the summation of transients in
membrane potentials that are tightly associated with action potentials. Although it is possible
that energy from action potentials appears in the high gamma range in LFP recordings from
microelectrodes, action potential currents are much less likely to contribute significant
energy to ECoG and especially to EEG signals (Nunez, 1981).

Whether the underlying signals giving rise to ECoG high gamma responses are oscillations
or transients, activity in such a high frequency range is much more likely to be recorded at
the mesoscale of subdural electrocorticography if there is some degree of synchronization
across a population of neural generators. In an attempt to relate the high gamma responses in
animal LFP with those recorded in human ECoG (Ray et al., 2008a), high gamma responses
recorded at the cortical surface with macroelectrodes were simulated using high gamma
waveforms decomposed with matching pursuits from animal LFP. Using a simple model of
volume conduction and summation of the LFP waveforms, firing patterns in the underlying
cortical population were varied. Although increases in firing rate and increases in neuronal
synchrony both resulted in broadband high gamma power increases, the modeled high
gamma ECoG responses were much more sensitive to increases in neuronal synchrony than
to increases in firing rate (Ray et al., 2008a). Based on this admittedly simplistic model, it is
possible that high gamma responses index neuronal synchronization to some extent even if
the underlying firing pattern is not a band-limited oscillation. In theories proposing
mechanistic roles for gamma oscillations in cortical function, their role is usually to enhance
the synchronization of neuronal firing in assemblies of neurons. Similar mechanisms have
been proposed for theta oscillations, and there is experimental evidence for phase-
modulation at theta frequencies of both band-limited gamma oscillations in scalp EEG
(Demiralp et al., 2007) and broadband high gamma responses in ECoG (Canolty et al.,
2006). Synchronization of neural firing may itself constitute a temporal coding strategy for
cortical computation that complements rate coding and plays a role in higher cortical
functions such as attention (Fries et al., 2001; Steinmetz et al., 2000). Although subthreshold
membrane oscillations, whether in gamma or other frequencies, provide a mechanism for
synchronizing neuronal firing, synchronization may occur by other means (Niebur, 2002;
Niebur and Koch, 1994), and regardless of the mechanisms responsible for synchronization,
it is intriguing to consider the possibility of a macroscopic electrophysiological index of
synchronization in the activity of neuronal populations. Without more evidence for this,
however, the safest interpretation at this point is that high gamma responses are correlated
with increases in overall population firing rates.

5. Conclusions

More experimental work will be needed to determine the relationship between high gamma
responses and other gamma responses, including the relative salience of broadband
responses vs. band-limited responses, i.e. oscillations, and the relative contribution to high
gamma responses from increases in firing rate vs. increases in synchrony. Moreover, it
remains to be determined whether these electrophysiological responses reflect mechanisms
integral to information coding and the functioning of cortical networks, or simply arise from
time-frequency analyses of increased population activity. At this point, therefore, we believe
it is most prudent to remain agnostic on these questions until more experimental data is
available from both human and animal studies and from computation modeling of neural
networks. We also believe it is important to acknowledge that any of the aforementioned
mechanisms could potentially contribute to high gamma responses observed in experimental
data. Nevertheless, even if high gamma responses simply reflect, for example, increases in
overall population firing rates, their significance and utility are unlikely to be diminished.
There is already ample experimental evidence from invasive recordings in humans and
animals that high gamma responses reflect neural activity that is tightly related to cortical
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function and can be exploited for functional mapping (Crone et al., 2009), for cognitive
neuroscience experiments (Jacobs and Kahana, 2010), and for interfacing the brain with
computers and prostheses (Schalk, 2010). In addition, there is growing evidence that these
responses can be measured noninvasively, i.e. with MEG and even scalp EEG, opening up a
vast potential for future studies in normal subjects. Thus, debate will likely continue about
how these responses should be interpreted, particularly with respect to the neural
mechanisms responsible for cortical function, and about what they should be called, i.e. high
gamma, low gamma, broadband gamma, band-limited gamma, or just plain gamma.

Acknowledgments

We thank Kurt Erler again for help in preparation of Figure 1. We thank Piotr Suffczynski, Ernst Niebur, and
Supratim Ray for past discussions of topics relevant to this paper. This work was funded by NINDS NS40596.

References

Adrian ED, Matthews BHC. The Berger rhythm: potential changes from the occipital lobes in man.
Brain. 1934; 57:355-385.

Axmacher N, Mormann F, Fernandez G, Elger CE, Fella J. Memory formation by neuronal
synchronization. Brain Research Reviews. 2006; 52:170-182. [PubMed: 16545463]

Ball T, Demandt E, Mutschler I, Neitzel E, Mehring C, Vogt K, Aertsen A, Schulze-Bonhage A.
Movement related activity in the high gamma range of the human EEG. Neuroimage. 2008; 41:302—
310. [PubMed: 18424182]

Ball T, Kern M, Mutschler I, Aertsen A, Schulze-Bonhage A. Signal quality of simultaneously
recorded invasive and non-invasive EEG. Neuroimage. 2009; 46:708-716. [PubMed: 19264143]

Bartos M, Vida I, Jonas P. Synaptic mechanisms of synchronized gamma oscillations in inhibitory
interneuron networks. Nat. Rev. Neurosci. 2007; 8:45-56. [PubMed: 17180162]

Belitski A, Gretton A, Magri C, Murayama Y, Montemurro MA, Logothetis NK, Panzeri S. Low-
frequency local field potentials and spikes in primary visual cortex convey independent visual
information. J. Neurosci. 2008; 28:5696-5709. [PubMed: 18509031]

Berger H. Uber das elektrenkephalogramm des menschen. 1l. J.Psychol.Neurol.(Leipzig). 1930;
40:160-179.

Bressler SL, Freeman WJ. Frequency analysis of olfactory system EEG in cat, rabbit, and rat.
Electroencephalogr. Clin. Neurophysiol. 1980; 50:19-24. [PubMed: 6159187]

Brindley GS, Craggs MD. The electrical activity in the motor cortex that accompanies voluntary
movement. J Physiol. 1972; 223:28P-29P.

Brosch M, Budinger E, Scheich H. Stimulus-related gamma oscillations in primate auditory cortex. J.

Neurophysiol. 2002; 87:2715-2725. [PubMed: 12037173]

Brovelli A, Lachaux JP, Kahane P, Boussaoud D. High gamma frequency oscillatory activity
dissociates attention from intention in the human premotor cortex. Neuroimage. 2005; 28:154—
164. [PubMed: 16023374]

Brown EC, Rothermel R, Nishida M, Juhasz C, Muzik O, Hoechstetter K, Sood S, Chugani HT, Asano
E. In vivo animation of auditory-language-induced gamma-oscillations in children with intractable
focal epilepsy. Neuroimage. 2008; 41:1120-1131. [PubMed: 18455440]

Brunner P, Ritaccio AL, Lynch TM, Emrich JF, Wilson JA, Williams JC, Aarnoutse EJ, Ramsey NF,
Leuthardt EC, Bischoi H, Schalk G. A practical procedure for real-time functional mapping of
eloquent cortex using electrocorticographic signals in humans. Epilepsy Behav. 2009

Buzsaki G, Chrobak J. Temporal structure in spatially organized neuronal ensembles: a role for
interneuronal networks. Curr. Opin. Neurobiol. 1995; 5:504-510. [PubMed: 7488853]

Canolty RT, Edwards E, Dalal SS, Soltani M, Nagarajan SS, Kirsch HE, Berger MS, Barbaro NM,
Knight RT. High gamma power is phase-locked to theta oscillations in human neocortex. Science.
2006; 313:1626-1628. [PubMed: 16973878]

Int J Psychophysiol. Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crone et al.

Page 10

Canolty RT, Soltani M, Dalal SS, Edwards E, Dronkers NF, Nagarajan SS, Kirsch HE, Barbaro NM,
Knight RT. Spatiotemporal dynamics of word processing in the human brain. Front Neurosci.
2007; 1:185-196. [PubMed: 18982128]

Chang EF, Edwards E, Nagarajan SS, Fogelson N, Dalal SS, Canolty RT, Kirsch HE, Barbaro NM,
Knight RT. Cortical Spatio-temporal Dynamics Underlying Phonological Target Detection in
Humans. J. Cogn. Neurosci. 2010

Crone NE, Boatman D, Gordon B, Hao L. Induced electrocorticographic gamma activity during
auditory perception. Clin. Neurophysiol. 2001a; 112:565-582. [PubMed: 11275528]

Crone NE, Boatman D, Hart J, Lesser RP, Gordon B. Electrocorticographic gamma band
augmentation: an index of cortical activation in humans. Society for Neuroscience Abstracts.
1995; 21(1):274.

Crone, NE.; Hao, L. The functional significance of event-related spectral changes (ERD/ERS) from
the perspective of electrocorticography. In: Reisin, RC.; Nuwer, MR.; Hallett, M.; Medina, C.,
editors. Advances in Clinical Neurophysiology (Supp to Clin Neurophysiol). Elsevier Science;
Amsterdam: 2002. p. 435-442.

Crone NE, Hao L, Hart J Jr. Boatman D, Lesser RP, Irizarry R, Gordon B. Electrocorticographic
gamma activity during word production in spoken and sign language. Neurology. 2001b; 57:2045—
2053. [PubMed: 11739824]

Crone NE, Hart J, Lesser RP, Boatman D, Gordon B. Spectral changes associated with regional
cerebral processing: Results of direct cortical recording in humans. Epilepsia. 1994; 35(supp):103.

Crone, NE.; Korzeniewska, A.; Ray, S.; Franaszczuk, PJ. Cortical function mapping with intracranial
EEG. In: Tong, S.; Thakor, NV., editors. Quantitative EEG analysis methods and application.
Artech House; Norwood, MA: 2009.

Crone NE, Miglioretti DL, Gordon B, Lesser RP. Functional mapping of human sensorimotor cortex
with electrocorticographic spectral analysis. Il. Event-related synchronization in the gamma band.
Brain. 1998a; 121:2301-2315. [PubMed: 9874481]

Crone NE, Miglioretti DL, Gordon B, Sieracki JM, Wilson MT, Uematsu S, Lesser RP. Functional
mapping of human sensorimotor cortex with electrocorticographic spectral analysis. I. Alpha and
beta event-related desynchronization. Brain. 1998b; 121:2271-2299. [PubMed: 9874480]

Dalal SS, Guggisberg AG, Edwards E, Sekihara K, Findlay AM, Canolty RT, Berger MS, Knight RT,
Barbaro NM, Kirsch HE, Nagarajan SS. Five-dimensional neuroimaging: localization of the time-
frequency dynamics of cortical activity. Neuroimage. 2008; 40:1686-1700. [PubMed: 18356081]

Darvas F, Scherer R, Ojemann JG, Rao RP, Miller KJ, Sorensen LB. High gamma mapping using
EEG. Neuroimage. 2010; 49:930-938. [PubMed: 19715762]

Demiralp T, Bayraktaroglu Z, Lenz D, Junge S, Busch NA, Maess B, Ergen M, Herrmann CS. Gamma
amplitudes are coupled to theta phase in human EEG during visual perception. Int. J.
Psychophysiol. 2007; 64:24-30. [PubMed: 16956685]

Eckhorn R, Bauer R, Jordan W, Brosch M, Kruse W, Munk M, Reitboeck HJ. Coherent oscillations: A
mechanism of feature linking in the visual cortex? Multiple electrode and correlation analyses in
the cat. Biol. Cybern. 1988; 60:121-130. [PubMed: 3228555]

Edwards E, Nagarajan SS, Dalal SS, Canolty RT, Kirsch HE, Barbaro NM, Knight RT. Spatiotemporal
imaging of cortical activation during verb generation and picture naming. Neuroimage. 2010;
50:291-301. [PubMed: 20026224]

Edwards E, Soltani M, Deouell LY, Berger MS, Knight RT. High gamma activity in response to
deviant auditory stimuli recorded directly from human cortex. J. Neurophysiol. 2005; 94:4269—
4280. [PubMed: 16093343]

Edwards E, Soltani M, Kim W, Dalal SS, Nagarajan SS, Berger MS, Knight RT. Comparison of time-
frequency responses and the event-related potential to auditory speech stimuli in human cortex. J.
Neurophysiol. 2009; 102:377-386. [PubMed: 19439673]

Engel AK, Fries P, Singer W. Dynamic predictions: oscillations and synchrony in top-down
processing. Nat. Rev. Neurosci. 2001; 2:704-716. [PubMed: 11584308]

Engel AK, Konig P, Kreiter AK, Singer W. Interhemispheric synchronization of oscillatory neuronal
responses in cat visual cortex. Science. 1991; 252:1177-1179. [PubMed: 2031188]

Int J Psychophysiol. Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crone et al.

Page 11

Fries P, Nikolic D, Singer W. The gamma cycle. Trends Neurosci. 2007; 30:309-316. [PubMed:
17555828]

Fries P, Reynolds JH, Rorie AE, Desimone R. Modulation of oscillatory neuronal synchronization by
selective visual attention. Science. 2001; 291:1560-1563. [PubMed: 11222864]

Fries P, Schroder JH, Roelfsema PR, Singer W, Engel AK. Oscillatory neuronal synchronization in
primary visual cortex as a correlate of stimulus selection. J. Neurosci. 2002; 22:3739-3754.
[PubMed: 11978850]

Frund I, Ohl FW, Herrmann CS. Spike-timing-dependent plasticity leads to gamma band responses in
a neural network. Biol. Cybern. 2009; 101:227-240. [PubMed: 19789891]

Galambos R, Makeig S, Talmachoff PJ. A 40-Hz auditory potential recorded from the human scalp.
Proc. Natl. Acad. Sci. U. S. A. 1981; 78:2643-2647. [PubMed: 6941317]

Gonzalez SL, de Peralta RG, Thut G, Millan JD, Morier P, Landis T. Very high frequency oscillations
(VHFO) as a predictor of movement intentions. Neuroimage. 2006; 32:170-179. [PubMed:
16631386]

Gray CM. The temporal correlation hypothesis of visual feature integration: still alive and well.
Neuron. 1999; 24:31-47. 111-125. [PubMed: 10677025]

Gray CM, Konig P, Engel AK, Singer W. Oscillatory responses in cat visual cortex exhibit inter-
columnar synchronization which reflects global stimulus properties. Nature. 1989; 338:334-337.
[PubMed: 2922061]

Gray CM, Singer W. Stimulus-specific neuronal oscillations in orientation columns of cat visual
cortex. Proc. Natl. Acad. Sci. U. S. A. 1989; 86:1698-1702. [PubMed: 2922407]

Grenier F, Timofeev I, Steriade M. Focal synchronization of ripples (80-200 Hz) in neocortex and
their neuronal correlates. J. Neurophysiol. 2001; 86:1884-1898. [PubMed: 11600648]

Gross J, Schnitzler A, Timmermann L, Ploner M. Gamma oscillations in human primary
somatosensory cortex reflect pain perception. PLoS Biol. 2007; 5:1168-1173.

Gunji A, Ishii R, Chau W, Kakigi R, Pantev C. Rhythmic brain activities related to singing in humans.
Neuroimage. 2007; 34:426-434. [PubMed: 17049276]

Halgren E, Baudena P, Clarke JM, Heit G, Liegeois C, Chauvel P, Musolino A. Intracerebral potentials
to rare target and distractor auditory and visual stimuli. I. Superior temporal plane and parietal
lobe. Electroencephalogr. Clin. Neurophysiol. 1995; 94:191-220. [PubMed: 7536154]

Hauck M, Lorenz J, Engel AK. Attention to painful stimulation enhances gamma-band activity and
synchronization in human sensorimotor cortex. J. Neurosci. 2007; 27:9270-9277. [PubMed:
17728441]

Herrmann CS, Knight RT. Mechanisms of human attention: event-related potentials and oscillations.
Neurosci. Biobehav. Rev. 2001; 25:465-476. [PubMed: 11595268]

Herrmann CS, Munk MH, Engel AK. Cognitive functions of gamma-band activity: memory match and
utilization. Trends Cogn Sci. 2004; 8:347-355. [PubMed: 15335461]

Hoogenboom N, Schoffelen JM, Oostenveld R, Parkes LM, Fries P. Localizing human visual gamma-
band activity in frequency, time and space. Neuroimage. 2006; 29:764—-773. [PubMed: 16216533]

lhara A, Hirata M, Yanagihara K, Ninomiya H, Imai K, Ishii R, Osaki Y, Sakihara K, Izumi H, Imaoka
H, Kato A, Yoshimine T, Yorifuji S. Neuromagnetic gamma-band activity in the primary and
secondary somatosensory areas. Neuroreport. 2003; 14:273-277. [PubMed: 12598745]

Jacobs J, Kahana MJ. Neural representations of individual stimuli in humans revealed by gamma-band
electrocorticographic activity. J. Neurosci. 2009; 29:10203-10214. [PubMed: 19692595]

Jacobs J, Kahana MJ. Direct brain recordings fuel advances in cognitive electrophysiology. Trends
Cogn Sci. 2010; 14:162-171. [PubMed: 20189441]

Jasper HH, Carmichael L. Electrical Potentials from the Intact Human Brain. Science. 1935; 81:51-53.
[PubMed: 17801487]

Jefferys JG, Traub RD, Whittington MA. Neuronal networks for induced “40 Hz' rhythms. Trends
Neurosci. 1996; 19:202-208. see comments. [PubMed: 8723208]

Jensen O, Kaiser J, Lachaux JP. Human gamma-frequency oscillations associated with attention and
memory. Trends Neurosci. 2007; 30:317-324. [PubMed: 17499860]

Int J Psychophysiol. Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crone et al.

Page 12

Jeschke M, Lenz D, Budinger E, Herrmann CS, Ohl FW. Gamma oscillations in gerbil auditory cortex
during a target-discrimination task reflect matches with short-term memory. Brain Res. 2008;
1220:70-80. [PubMed: 18053969]

Jung J, Mainy N, Kahane P, Minotti L, Hoffmann D, Bertrand O, Lachaux JP. The neural bases of
attentive reading. Hum. Brain Mapp. 2008; 29:1193-1206. [PubMed: 17894399]

Kaiser J, Lutzenberger W. Human gamma-band activity: A window to cognitive processing.
Neuroreport. 2005; 16:207-211. [PubMed: 15706221]

Kopell N, Ermentrout GB, Whittington MA, Traub RD. Gamma rhythms and beta rhythms have
different synchronization properties. Proc. Natl. Acad. Sci. U. S. A. 2000; 97:1867-1872.
[PubMed: 10677548]

Lachaux JP, George N, Tallon-Baudry C, Martinerie J, Hugueville L, Minotti L, Kahane P, Renault B.
The many faces of the gamma band response to complex visual stimuli. Neuroimage. 2005;
25:491-501. [PubMed: 15784428]

Lachaux JP, Hoffinann D, Minotti L, Berthoz A, Kahane P. Intracerebral dynamics of saccade
generation in the human frontal eye field and supplementary eye field. Neuroimage. 2006;
30:1302-1312. [PubMed: 16412667]

Lachaux JP, Jerbi K, Bertrand O, Minotti L, Hoffmann D, Schoendorff B, Kahane P. A Blueprint for
Real-Time Functional Mapping via Human Intracranial Recordings. PLoS ONE. 2007; 2:e1094.
[PubMed: 17971857]

Lenz D, Jeschke M, Schadow J, Naue N, Ohl FW, Herrmann CS. Human EEG very high frequency
oscillations reflect the number of matches with a template in auditory short-term memory. Brain
Res. 2008; 1220:81-92. [PubMed: 18036577]

Leuthardt EC, Miller K, Anderson NR, Schalk G, Dowling J, Miller J, Moran DW, Ojemann JG.
Electrocorticographic frequency alteration mapping: a clinical technique for mapping the motor
cortex. Neurosurgery. 2007; 60:260-270. discussion 270-261. [PubMed: 17415162]

Leuthardt EC, Schalk G, J.R. W, Ojemann JG, Moran DW. A brain-computer interface using
electrocorticographic signals in humans. J. Neural Eng. 2004; 1:63-71. [PubMed: 15876624]

Liu J, Newsome WT. Local field potential in cortical area MT: stimulus tuning and behavioral
correlations. J. Neurosci. 2006; 26:7779-7790. [PubMed: 16870724]

Loring DW, Sheer DE. Laterality of 40 Hz EEG and EMG during cognitive performance.
Psychophysiology. 1984; 21:34-38. [PubMed: 6701242]

Mainy N, Jung J, Baciu M, Kahane P, Schoendorff B, Minotti L, Hoffmann D, Bertrand O, Lachaux
JP. Cortical dynamics of word recognition. Hum. Brain Mapp. 2008; 29:1215-1230. [PubMed:
17712785]

Mainy N, Kahane P, Minotti L, Hoffmann D, Bertrand O, Lachaux JP. Neural correlates of
consolidation in working memory. Hum. Brain Mapp. 2007; 28:183-193. [PubMed: 16767775]

Manning JR, Jacobs J, Fried I, Kahana MJ. Broadband shifts in local field potential power spectra are
correlated with single-neuron spiking in humans. J. Neurosci. 2009; 29:13613-13620. [PubMed:
19864573]

McCarthy G, Wood CC. Intracranial recordings of endogenous ERPs in humans. Electroencephalogr.
Clin. Neurophysiol. Suppl. 1987; 39:331-337. [PubMed: 3477444]

Miller KJ. Broadband spectral change: evidence for a macroscale correlate of population firing rate? J.
Neurosci. 2010; 30:6477-6479. [PubMed: 20463210]

Miller KJ, Leuthardt EC, Schalk G, Rao RP, Anderson NR, Moran DW, Miller JW, Ojemann JG.
Spectral changes in cortical surface potentials during motor movement. J. Neurosci. 2007;
27:2424-2432. [PubMed: 17329441]

Miller KJ, Sorensen LB, Ojemann JG, den Nijs M. Power-law scaling in the brain surface electric
potential. PLoS Comput Biol. 2009a; 5:¢1000609. [PubMed: 20019800]

Miller KJ, Zanos S, Fetz EE, den Nijs M, Ojemann JG. Decoupling the cortical power spectrum
reveals real-time representation of individual finger movements in humans. J. Neurosci. 2009b;
29:3132-3137. [PubMed: 19279250]

Miyanari A, Kaneoke Y, lhara A, Watanabe S, Osaki Y, Kubo T, Kato A, Yoshimine T, Sagara Y,
Kakigi R. Neuromagnetic changes of brain rhythm evoked by intravenous olfactory stimulation in
humans. Brain Topogr. 2006; 18:189-199. [PubMed: 16544208]

Int J Psychophysiol. Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crone et al.

Page 13

Murthy VN, Fetz EE. Coherent 25- to 35-Hz oscillations in the sensorimotor cortex of awake behaving
monkeys. Proc. Natl. Acad. Sci. U. S. A. 1992; 89:5670-5674. [PubMed: 1608977]

Niebur E. Electrophysiological correlates of synchronous neural activity and attention: a short review.
Biosystems. 2002; 67:157-166. [PubMed: 12459295]

Niebur E, Koch C. A model for the neuronal implementation of selective visual attention based on
temporal correlation among neurons. J. Comput. Neurosci. 1994; 1:141-158. [PubMed: 8792229]

Nobre AC, Allison T, McCarthy G. Word recognition in the human inferior temporal lobe. Nature.
1994; 372:260-263. [PubMed: 7969469]

Nunez, PL. Electric fields of the brain: The neurophysics of EEG. Oxford University Press; 1981.

Ohara S, Ikeda A, Kunieda T, Yazawa S, Baba K, Nagamine T, Taki W, Hashimoto N, Mihara T,
Shibasaki H. Movement-related change of electrocorticographic activity in human supplementary
motor area proper. Brain. 2000; 123:1203-1215. [PubMed: 10825358]

Pantev C. Evoked and induced gamma-band activity of the human cortex. Brain Topogr. 1995; 7:321—
330. [PubMed: 7577330]

Pfurtscheller G. Graphical display and statistical evaluation of event-related desynchronization (ERD).
Electroencephalogr. Clin. Neurophysiol. 1977; 43:757-760. [PubMed: 72657]

Pfurtscheller G. Event-related synchronization (ERS): an electrophysiological correlate of cortical
areas at rest. Electroencephalogr. Clin. Neurophysiol. 1992; 83:62-69.

Pfurtscheller G, Flotzinger D, Neuper C. Differentiation between finger, toe and tongue movement in
man based on 40 Hz EEG. Electroencephalogr. Clin. Neurophysiol. 1994; 90:456-460. [PubMed:
7515789]

Pfurtscheller G, Graimann B, Huggins JE, Levine SP, Schuh LA. Spatiotemporal patterns of beta
desynchronization and gamma synchronization in corticographic data during self-paced
movement. Clin. Neurophysiol. 2003; 114:1226-1236. [PubMed: 12842719]

Pfurtscheller G, Neuper C. Simultaneous EEG 10 Hz desynchronization and 40 Hz synchronization
during finger movements. Neuroreport. 1992; 3:1057-1060. [PubMed: 1493217]

Ray S, Crone NE, Niebur E, Franaszczuk PJ, Hsiao SS. Neural correlates of high-gamma oscillations
(60-200 Hz) in macaque local field potentials and their potential implications in
electrocorticography. J. Neurosci. 2008a; 28:11526-11536. [PubMed: 18987189]

Ray S, Hsiao SS, Crone NE, Franaszczuk PJ, Niebur E. Effect of stimulus intensity on the spike-local
field potential relationship in the secondary somatosensory cortex. J. Neurosci. 2008b; 28:7334—
7343. [PubMed: 18632937]

Ray S, Niebur E, Hsiao SS, Sinai A, Crone NE. High-frequency gamma activity (80-150Hz) is
increased in human cortex during selective attention. Clin. Neurophysiol. 2008c; 119:116-133.
[PubMed: 18037343]

Reddy CG, Reddy GG, Kawasaki H, Oya H, Miller LE, Howard MA 3rd. Decoding movement-related
cortical potentials from electrocorticography. Neurosurg Focus. 2009; 27:E11. [PubMed:
19569886]

Sanes JN, Donoghue JP. Oscillations in local field potentials of the primate motor cortex during
voluntary movement. Proc. Natl. Acad. Sci. U. S. A. 1993; 90:4470-4474. [PubMed: 8506287]

Schalk G. Can Electrocorticography (ECoG) Support Robust and Powerful Brain-Computer
Interfaces? Front Neuroengineering. 2010; 3:9.

Siegel M, Donner TH, Oostenveld R, Fries P, Engel AK. High-frequency activity in human visual
cortex is modulated by visual motion strength. Cereb. Cortex. 2007; 17:732-741. [PubMed:
16648451]

Sinai A, Bowers CW, Crainiceanu CM, Boatman D, Gordon B, Lesser RP, Lenz FA, Crone NE.
Electrocorticographic high gamma activity versus electrical cortical stimulation mapping of
naming. Brain. 2005; 128:1556-1570. [PubMed: 15817517]

Singer W. Synchronization of cortical activity and its putative role in information processing and
learning. Annu. Rev. Physiol. 1993; 55:349-374. [PubMed: 8466179]

Singer W, Gray CM. Visual feature integration and the temporal correlation hypothesis. Annu. Rev.

Neurosci. 1995; 18:555-586. [PubMed: 7605074]

Int J Psychophysiol. Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crone et al.

Page 14

Spydell JD, Ford MR, Sheer DE. Task dependent cerebral lateralization of the 40 Hertz EEG rhythm.
Psychophysiology. 1979; 16:347-350. [PubMed: 461662]

Steinmetz PN, Roy A, Fitzgerald PJ, Hsiao SS, Johnson KO, Niebur E. Attention modulates
synchronized neuronal firing in primate somatosensory cortex. Nature. 2000; 404:187-190.
[PubMed: 10724171]

Steinschneider M, Fishman Y|, Arezzo JC. Spectrotemporal Analysis of Evoked and Induced
Electroencephalographic Responses in Primary Auditory Cortex (Al) of the Awake Monkey.
Cereb. Cortex. 2008; 18:610-625. [PubMed: 17586604]

Tallon-Baudry C, Bertrand O, Delpuech C, Permier J. Oscillatory gamma-band (30-70 Hz) activity
induced by a visual search task in humans. J. Neurosci. 1997; 17:722-734. [PubMed: 8987794]

Tallon-Baudry C, Bertrand O, Henaff MA, Isnard J, Fischer C. Attention modulates gamma-band
oscillations differently in the human lateral occipital cortex and fusiform gyrus. Cereb. Cortex.
2005; 15:654-662. [PubMed: 15371290]

Tanji K, Suzuki K, Delorme A, Shamoto H, Nakasato N. High-frequency gamma-band activity in the
basal temporal cortex during picture-naming and lexical-decision tasks. J. Neurosci. 2005;
25:3287-3293. [PubMed: 15800183]

Towle VL, Yoon HA, Castelle M, Edgar JC, Biassou NM, Frim DM, Spire JP, Kohrman MH. ECoG
gamma activity during a language task: differentiating expressive and receptive speech areas.
Brain. 2008; 131:2013-2027. [PubMed: 18669510]

Trautner P, Rosburg T, Dietl T, Fell J, Korzyukov OA, Kurthen M, Schaller C, Elger CE, Boutros NN.
Sensory gating of auditory evoked and induced gamma band activity in intracranial recordings.
Neuroimage. 2006; 32:790-798. [PubMed: 16809054]

Vidal JR, Chaumon M, O'Regan JK, Tallon-Baudry C. Visual grouping and the focusing of attention
induce gamma-band oscillations at different frequencies in human magnetoencephalogram
signals. J. Cogn. Neurosci. 2006; 18:1850-1862. [PubMed: 17069476]

Von der Malsburg C. Binding in models of perception and brain function. Curr. Opin. Neurobiol.
1995; 5:520-526. [PubMed: 7488855]

Zygierewicz J, Durka PJ, Klekowicz H, Franaszczuk PJ, Crone NE. Computationally efficient
approaches to calculating significant ERD/ERS changes in the time- frequency plane. J.
Neurosci. Methods. 2005; 145:267-276. [PubMed: 15922042]

Int J Psychophysiol. Author manuscript; available in PMC 2014 March 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Page 15

Figure 1.

Conceptual schematic illustrating a possible mechanism explaining the broad range of
frequencies involved in high gamma responses recorded with electrocorticography. An
electrode array is positioned over a slab of cortex (scaling distorted for illustration purposes)
with inverted cones “illuminating” cortical regions contributing the most to signals recorded
at each electrode. Cylinders in cortex represent assemblies of neurons with strong functional
connectivity, e.g. macrocolumns or groups of tightly interconnected columns. Black (and
white) cylinders represent neuronal assemblies that are not currently engaged in task-related
cortical processing. Different colored cylinders represent assemblies that are engaged in
different aspects of cortical processing (e.g. processing different object features) and have
different resonant frequencies at which synchronous neuronal firing and associated
membrane potential oscillations occur. Membrane potential oscillations with different center
frequencies collectively contribute to signals recorded by ECoG macroelectrodes and their
summation produces a broadband shape to high gamma responses in the power spectrum.
This would require more oscillations than can be illustrated here unless their bandwidths at
half power were quite wide (low Q). Unrelated to the mechanisms discussed in the text, red-
highlighted circular area indicates a region of cortex with event-related desynchronization
(ERD, power suppression) in alpha/beta frequencies, reflecting a thalamocortical gating
mechanism in a larger zone of cortex that permits or facilitates cortical processing related to
the current task. Reproduced with permission from Elsevier (Crone and Hao, 2002).
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