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ARTICLE INFO ABSTRACT

Article history: Neuroimaging approaches have implicated multiple brain sites in musical perception, including the posterior
Accepted 13 April 2014 part of the superior temporal gyrus and adjacent perisylvian areas. However, the detailed spatial and temporal
Available online 21 April 2014 relationship of neural signals that support auditory processing is largely unknown. In this study, we applied a

novel inter-subject analysis approach to electrophysiological signals recorded from the surface of the brain (elec-
trocorticography (ECoG)) in ten human subjects. This approach allowed us to reliably identify those ECoG fea-
tures that were related to the processing of a complex auditory stimulus (i.e., continuous piece of music) and
to investigate their spatial, temporal, and causal relationships. Our results identified stimulus-related modula-
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Alpha and high gamma activity tions in the alpha (8-12 Hz) and high gamma (70-110 Hz) bands at neuroanatomical locations implicated in au-
Granger causality ditory processing. Specifically, we identified stimulus-related ECoG modulations in the alpha band in areas
Functional connectivity adjacent to primary auditory cortex, which are known to receive afferent auditory projections from the thalamus

(80 of a total of 15,107 tested sites). In contrast, we identified stimulus-related ECoG modulations in the high
gamma band not only in areas close to primary auditory cortex but also in other perisylvian areas known to be
involved in higher-order auditory processing, and in superior premotor cortex (412/15,107 sites). Across all im-
plicated areas, modulations in the high gamma band preceded those in the alpha band by 280 ms, and activity in
the high gamma band causally predicted alpha activity, but not vice versa (Granger causality, p < 1e~#). Addition-
ally, detailed analyses using Granger causality identified causal relationships of high gamma activity between dis-
tinct locations in early auditory pathways within superior temporal gyrus (STG) and posterior STG, between
posterior STG and inferior frontal cortex, and between STG and premotor cortex. Evidence suggests that these re-
lationships reflect direct cortico-cortical connections rather than common driving input from subcortical struc-
tures such as the thalamus. In summary, our inter-subject analyses defined the spatial and temporal
relationships between music-related brain activity in the alpha and high gamma bands. They provide experimen-
tal evidence supporting current theories about the putative mechanisms of alpha and gamma activity, i.e., reflec-
tions of thalamo-cortical interactions and local cortical neural activity, respectively, and the results are also in
agreement with existing functional models of auditory processing.

© 2014 Elsevier Inc. All rights reserved.

Introduction electrophysiological imaging techniques (fMRI/PET and EEG/MEG, re-
spectively) have attempted to uncover the neural underpinnings of
Music is a perceptual experience that engages many cognitive pro- music processing. For instance, a recent fMRI study by Alluri et al.,

cesses within different regions of the brain (Stewart et al., 2006). Over 2012 investigated the BOLD responses related to the processing of tim-

the past few decades, numerous studies using hemodynamic and bre, rhythm, and tone while subjects listened to music. Other neuroim-

aging studies investigated the relationship between sound intensity and

- brain activity in auditory cortex (Brechmann et al., 2002; Hart et al.,
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These and other studies have made important progress in identify-
ing those brain regions whose activity changes with the perception of
different individual musical features (e.g., sound intensity, rhythm,
pitch), but most of them have been constrained to highly controlled ex-
periments using artificial stimuli (e.g., presenting tones at different in-
tensities or pitches). This is unfortunate, because cortical processing of
artificial stimuli may differ in important ways from the processing of
complex natural stimuli (such as music), and because evidence suggests
that the brain employs general principles that govern the processing of
complex natural stimuli (Hasson et al., 2004, 2010). In addition to ex-
perimental constraints, methodological limitations have not allowed
to simultaneously evaluate the temporal and spatial dynamics related
to music processing. For instance, fMRI and PET measure brain metabol-
ic activity with excellent spatial but reduced temporal resolution (sev-
eral seconds). Thus, they cannot track the rapid moment-to-moment
variations related to processing of continuous music. Conversely, EEG
and MEG measure brain electrical activity with excellent temporal res-
olution but poor spatial resolution (several centimeters) and cannot re-
liably ascribe activity changes to particular brain areas.

Electrocorticographic (ECoG) recordings from the surface of the
brain have recently been used to study the neural dynamics during pro-
cessing of complex sounds, in particular speech (Edwards et al., 2009;
Lachaux et al., 2007; Pasley et al., 2012; Sinai et al., 2009). This relatively
new imaging technique combines high temporal resolution with high
spatial resolution and coverage. It can also detect different neurophysi-
ological processes that subserve sensory, motor/language, or cognitive
functions (Crone et al., 1998; Hermes et al., 2012). These processes in-
clude ECoG modulations in the alpha (8-12 Hz) and high gamma
(70-110 Hz) frequency bands. Activity in the alpha band seems to re-
flect interactions between the thalamus and the cortex (Lopes Da
Silva, 1991; Steriade et al., 1990; Zhang et al., 2004), and may facilitate
information transfer to task-related cortical areas by inhibiting neural
activity in task-unrelated areas (Jensen and Mazaheri, 2010). On the
other hand, activity in the high gamma band seems to reflect task-
related activity of neural populations directly underneath the electrodes
(Crone et al., 1998, 2001; Miller et al.,, 2007, 2009; Schalk et al., 2007).

Despite this body of work, the most salient spatial and temporal re-
lationships of these neural processes during processing of a complex
natural auditory stimulus remain undefined. To address this issue, we
recorded electrical activity from electrodes implanted on the brain's
surface of ten human subjects while they were listening to music. We
used these data to define the cortical locations that modulate their
alpha or gamma activity during auditory processing and to define
their temporal and causal relationships. Our results implicate
perisylvian structures as well as superior premotor cortex, and establish
the differing spatial and temporal contributions of alpha and gamma
activity.

Materials and methods
Subjects and data collection

We recorded electrical activity from intracranial electrodes of ten
subjects (4 men, 6 women) with intractable epilepsy who were listen-
ing to a complex natural auditory stimulus (the song “Another Brick in
the Wall — Part 1” (Pink Floyd, Columbia Records, 1979)). These sub-
jects underwent temporary implantation of subdural electrode arrays
to localize the epileptogenic focus and to delineate it from eloquent
(i.e., functional) cortical areas prior to brain resection. Table 1 summa-
rizes the subjects' clinical profiles. All of the subjects gave informed con-
sent to participate in the study, which was approved by the Institutional
Review Board of Albany Medical College. None of the subjects had a his-
tory of hearing impairment. The implanted electrode grids consisted of
platinum-iridium electrodes that were 4 mm in diameter (2.3-3 mm
exposed) and spaced with an inter-electrode distance of 0.6 or 1 cm.
The total numbers of implanted electrodes were 96, 83, 109, 58, 120,

Table 1
Clinical profiles of the subjects that participated in the study. All of the subjects had normal
cognitive capacity and were functionally independent.

Subject Age Sex Handedness Seizure Focus # of Elec.
A 29 F Left temporal 86
B 30 M R Left temporal 82
C 26 F R Left temporal 103
D 45 M R Left temporal 56
E 29 F R Left temporal 108
F 45 F L Left temporal 57
G 60 M R Left temporal 53
H 17 F L Left temporal 93
I 28 M R Left temporal 110
] 25 F R Left temporal 92

58, 59, 98, 134, and 98 for the different subjects, respectively. Elec-
trodes were implanted on the left hemisphere for all subjects (see
Fig. 1 for electrode coverage). ECoG signals were digitized at
1200 Hz, synchronized with stimulus presentation, and stored
using the BCI2000 software platform (Schalk and Mellinger, 2010;
Schalk et al., 2004). ECoG signals were recorded while the subjects
were listening to the song, which was 3:00 min long, digitized at
44.1 kHz in waveform mono audio file format, and binaurally
presented to each subject using in-ear monitoring earphones. In ad-
dition, we recorded the same amount of ECoG signals while subjects
were at rest with eyes open. We visually inspected the recordings
and removed those electrodes that did not contain clean ECoG sig-
nals or had interictal activity, which left 86, 82, 103, 56, 108, 57, 53,
93, 110, and 92 electrodes for the different subjects.

Cortical mapping

We defined the brain anatomy of each subject using pre-operative
magnetic resonance imaging (MRI) scans, and the location of the elec-
trodes using post-operative computer tomography (CT) imaging. We
then created a 3D surface model of each subject’s cortex from the MRI
images, co-registered it with the location of the electrodes given by
the CT images using Curry Software (Compumedics NeuroScan), and
transformed the 3D model and electrode locations into Talairach space
(see Fig. 1).

Extraction of ECoG and sound features

To extract the time course of alpha and high gamma activity, we first
filtered ECoG signals from each electrode at each specific frequency
band (i.e., 8-12 Hz and 70-110 Hz) using an IIR band-pass filter and re-
moved spatially distributed noise common to all ECoG electrodes using
acommon average reference (CAR) spatial filter. We then computed the
envelope of the ECoG signal (i.e., the magnitude of the analytic signal) in
each frequency band. Finally, we computed the natural logarithm of the
envelope power (i.e., squaring each element of the envelope and then
computing the natural logarithm) and resampled the result to 10 Hz.
To extract the song's sound intensity, we computed the average
power derived from non-overlapping 10 ms segments of the song. We
then smoothed the sound intensity by applying a low pass IIR filter at
5 Hz and resampled the result to 10 Hz. The total length of the alpha,
high gamma, and sound intensity time courses are 1800 samples each.
All filtering operations were performed forwards and then backwards
(using Matlab's filtfilt command) to avoid an introduction of a group
delay. The following analyses then determined those locations or inter-
actions across locations that contained alpha or gamma activity that was
related to auditory processing.
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Fig. 1. Subject-specific brain models and locations of implanted and analyzed electrodes. The brain model template marked with a star shows the approximate location of implanted elec-

trodes from all subjects.

Intersubject correlation (ISC) analysis

Identifying task-related neural signals is typically accomplished
by comparing brain activity during two conditions (e.g., task vs.
baseline) or by correlating brain activity to a particular aspect of
the task (e.g., time course of sound intensity as in Potes et al.,
2012). However, these approaches either require many repetitions
of task and rest periods (to minimize the effect of spontaneous
brain activity changes that are not related to the task) or a very spe-
cific hypothesis about what aspect of the task may be reflected in
brain signals. Thus, these approaches are not amenable to identify-
ing the most relevant neural processes related to processing of a
continuos piece of music. However, recent research (Hasson et al.,
2004, 2010) has established that it is possible to identify such pro-
cesses by studying brain signals exclusively across (rather than
within) subjects.

Based on this idea, we identified task-related neural signals as
those that were correlated across subjects. This approach ensured
that all neural signals identified with this procedure are related to
the processing of music since ECoG modulations resulting from the
presentation of music were the only aspect that linked neural signals
from one subject to neural signals from another subject. It also en-
sured that the results represented only task-related neural signals
that were common across subjects. Because the location of the elec-
trodes varied across subjects, we could not compare activity changes
at the identical location across subjects. Instead, we identified, for
each electrode location in each subject, all electrodes from all other
subjects that were in close proximity (<1 cm) to that electrode.
This permitted comparison of brain activity from one individual to
brain activity from other subjects. For each such pair of electrodes,
we computed the average Talairach coordinate, which resulted in a
total of 15,107 locations (336 + 210 per subject combination)
that formed the basis for our analyses. For each of these locations/
electrode pairs, and separately for ECoG activity in the alpha and
high gamma bands, we computed the pairwise Spearman correlation
coefficient (intersubject correlation (ISC) r) and determined its sig-
nificance (i.e., p-value). The statistical significance of the resulting
correlation coefficients was computed using a bootstrapping ran-
domization test in which the envelope samples for each frequency
band and for each channel were randomly scrambled (i.e., 1000
times) across time. We repeated the same procedure for all locations
10
2
Next, we determined all locations whose p-values were significantly
different than chance after Bonferroni correction for 15,107 locations
(i.e., p<2o = 6.6e~7), and projected the negative logarithm of the
corrected p-values (—logio(p)) for each electrode on to the 3D
brain cortical template provided by the Montreal Neurological Insti-
tute (MNI).

and all combinations of subjects (i.e., ( ) =45 combinations).

To determine causal relationships between the time course of aver-
age alpha activity (calculated across all locations implicated by our anal-
yses) and the time course of average gamma activity, we calculated
Granger causality (Granger, 1969) using a model order of 10, suggested
by the Bayesian information criterion (BIC) (Schwarz, 1978). Finally, we
determined the lag between brain activity in these two time courses by
identifying the time of the peak of the cross-correlation function.

Intersubject Granger causality (ISG) analysis

We then established those pairs of locations whose activity time
course were related to each other causally and were also related to au-
ditory processing. To do this, we estimated causal interactions between
different recording sites across subjects at alpha and high gamma fre-
quencies using bivariate Granger causality. We considered Granger cau-
sality from X to Y (i.e, X — Y) if adding past values of X and Y (i.e., full
model) provide more information about future values of Y compared to
when only past values of Y (i.e., restricted model) are considered. In this
analysis, X or Y are time series representing alpha or high gamma activ-
ity in a particular electrode location and subject. Unlike previous ECoG
studies (Korzeniewska et al., 2011), our Granger causality analysis is
set to predict the power instead of the amplitude of the ECoG signal in
a particular frequency band. For our visualization of causal interactions
identified with our Granger causality analyses, we used directed arrows
that connected two specific locations on an MNI brain. In our analyses,
we considered all possible (630,800) pairs of electrode locations across
subjects.

To select the best model order for Granger causality, we comput-
ed the Bayesian information criterion (BIC) (Schwarz, 1978) across
all pairs of electrodes, which resulted in a model order of 10. To val-
idate the goodness-of-fit of each autoregressive (AR) model, we
checked whether the residuals (i.e., the errors) were serially uncor-
related using the Durbin-Watson test (Durbin and Watson, 1950)
and examined the consistency of the model (Ding et al., 2000) and
the adjusted coefficient of determination (R?) (Cameron and
Windmeijer, 1997). All significant Granger causality connections
had consistency and R? values greater than 80%, and all the residuals
passed the Durbin-Watson test.

To assess the statistical significance (i.e., p-value) of the Granger
causality between two locations X — Y, we tested the null hypothesis
(i.e., the full model does not fit the data better than the restricted
model) using the F-statistic F= ®Sr@Sin=319 where RSSr and RSSg
were the residual sum of squares of the full and restricted model, re-
spectively, k was the model order (i.e., k = 10), and n was the number
of observations (i.e., 1800). To determine statistical significance
(i.e., a p-value), we compared the F-statistic to an F-distribution
with (k, n — 3k) degrees of freedom. The null hypothesis was
rejected if the p-value was less than 1.58¢~28 after Bonferroni cor-
rection for all possible connections (i.e., p-value <981, = 1.58e%).
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The critical value of the F-distribution with (10,1170) degrees of
freedom was 0.0145.

Application of bivariate Granger causality is known to be susceptible
to spurious connections (i.e., connections that are either mediated or
confounded by another time series, e.g., alpha or high gamma activity
in a particular channel and subject). To account for this known potential
confound, we removed all spurious connections from the resulting set
of statistically significant causal interactions using the approach
described in (Hedlin et al., 2010). To display only large cortical net-
works, we removed short connections (i.e., those with a distance less
than 1 cm), and then selected the most significant one from the connec-
tions that were in close proximity (i.e., connections whose start or end
points were in a distance less than 1 cm).

Results
Spatial relationship

We first investigated the spatial relationship of locations whose
alpha or high gamma activity was related to music processing. Spe-
cifically, the results shown in Fig. 2a highlight those locations
whose alpha (upper panel) or gamma (lower panel) activity was sig-
nificantly related to music processing (left panels) as opposed to the
rest condition (i.e., relaxing on a bed with eyes open, right panels).
The black dots and colored areas in the brain figures identify these

Gamma
(70-110 Hz)

locations and their corresponding accumulated —logo(p) values.
There were a total of 500 significant locations across all subjects,
the two frequency bands, and the task and rest conditions. Specifical-
ly, for the ECoG recordings during the task condition, 80 locations
had significant alpha-ISC values (mean correlation + standard devi-
ation across the 80 locations: r = 0.13 £ 0.02, max r = 0.19) and
were primarily located in areas close to primary auditory cortex
(Fig. 2a, top-left). Moreover, 412 locations had significant gamma-
ISCvalues (r = 0.15 4 0.03, maxr = 0.27) and were not only located
in areas close to primary auditory cortex but also over auditory asso-
ciation areas as well as in premotor cortex (Fig. 2a, bottom-left).
Premotor cortex has been shown to be engaged in processing of se-
quential sounds (Platel et al., 1997), chords (Maess et al., 2001),
rhythms, and in prediction of pitch (Schubotz and von Cramon, 2002;
Schubotz et al., 2000). In contrast, for the ECoG recordings during rest,
only 8 (Fig. 2a, top-right) (mean correlation + standard deviation
across the 8 locations: r = 0.001 4 0.13, max r = 0.14) and 0
(Fig. 2a, bottom-right) locations had significant alpha-ISC and gamma-
ISC values, respectively. The number of locations with significant
alpha- and gamma-ISC values during the task was larger than those
during rest (Fisher's exact probability test, two-tail, p = 4.51e-7 for
alpha, p = 1.88e-75 for gamma). These results are summarized in
Fig. 2b. While ECoG activity during the task was correlated across sub-
jects in the alpha and high gamma bands, this was not the case for the
beta (12-30 Hz, 1 location) and low gamma (35-50 Hz, 17) frequency

B
100 4
412/500
2
S
©
8 50 1
|
©
2
80/500
.1 8/500 0/500
Alpha Gamma I Alpha Gamma
Task Rest

Fig. 2. Intersubject correlation analysis. (A) Topographical distribution of accumulated negative log of the significance of the ISC values during the task (left panels) and rest (right panels)
conditions for ECoG activity in the alpha (top row) and high gamma (bottom row) bands. Values larger than 2 are statistically significant at a confidence level of 99% (see vertical line in
color bars). (B) Number of locations with significant ISC values at each frequency band and for task (left) and rest (right) and the total number of significant locations (277). The dashed

lines on the brain topographies outline the spatial coverage of our intersubject analyses.
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bands (see Suppl. Fig. S1.) It is important to note that our results only
minimally depend on the specific metric (i.e., correlation) used here
as we obtained very similar results when we used the mutual informa-
tion metric instead of the correlation metric.

Temporal relationship

In addition to investigating the spatial relationship of locations whose
alpha or high gamma activity was related to auditory processing, we also
established the temporal relationship across alpha activity, high gamma
activity, and the song's sound intensity. For this, we first averaged the
time courses of alpha and high gamma activity across all locations
where activity was significantly correlated across individuals. Then, we
correlated the three averaged time courses of alpha activity, high
gamma activity, and the song's sound intensity with each other. The re-
sults are shown in Fig. 3 and reveal a significant negative correlation be-
tween alpha and high gamma activity (r = —0.52), indicating that high
gamma activity augmentation in auditory cortical areas during auditory
processing is accompanied by alpha activity suppression (see also
Crone et al.,, 2001). We also found significant positive correlation between
high gamma activity and sound intensity (r = 0.37), in line with our pre-
vious findings (Potes et al., 2012), as well as significant negative correla-
tion between alpha activity and sound intensity (r = —0.3). (p < 0.0001,
Spearman's correlation, n = 1800.) The scatter plots shown in Fig. 3b fur-
ther illustrate these relationships. Importantly, Granger causality analyses
revealed that high gamma activity predicted alpha activity (p <<1e™%),
but not vice versa, and cross-correlation analysis indicated that the
onset of high gamma activity preceded alpha activity by 280 ms.

Causal relationships

Finally, we tested all possible combinations of locations across sub-
jects (i.e., 630,800) for causal relationship in the alpha and high
gamma frequency bands. This analysis did not identify any significant
connection for either the task or the rest conditions in the alpha fre-
quency band, nor for the rest condition in the high gamma frequency
band. Yet, it identified 68 significant connections for the task condition
in the high gamma frequency band (Fig. 5a). After removing spurious
connections and identifying the most salient connections, these results
were reduced to 10 connections (Fig. 5b). We did not identify any signif-
icant connection for the task or rest condition in any of the other fre-
quency bands (ie beta and low gamma) (See Suppl. Fig. S2). It is

>

Amplitude

remarkable that out of 630,800 possible connections, the 10 statistically
significant connections are all in line with current understanding of cor-
tical auditory processing. Furthermore, the negative results in the rest
conditions suggest that our results reflect a highly robust account of
the most salient causal relationships between different brain regions in-
volved in auditory processing. Our final results suggested causal rela-
tionships of high gamma activity between distinct locations in early
auditory pathways within superior temporal gyrus (STG) and posterior
STG, between posterior STG and inferior frontal cortex, and between
STG and premotor cortex (Fig. 5b). Thus, our results provide electro-
physiological verification of long-standing hypotheses about the key
functional connections related to auditory processing. At the same
time, they also highlight functional connection directly from areas
close to early auditory cortex to a distinct location in superior parts of
premotor cortex, which have been suggested in fMRI studies (Grahn
and Rowe, 2009). Because our results did not reveal music-related
alpha activity in the same location, they suggest that that functional
connection may be realized by cortico-cortical projections rather than
common driving input from subcortical structures such as the thalamus.

Discussion
The role of alpha and high gamma activity in auditory processing

In the present study, we identified the ECoG activity in the alpha and
high gamma band that is related to auditory processing of a complex
natural auditory stimulus. We also characterized their spatial, temporal,
and causal relationships, and related the results to established under-
standing of the physiological origin of alpha and gamma activity, and
current understanding of central auditory processing. From an anatom-
ical perspective, recent animal and human research suggests that sig-
nals related to auditory input are relayed from the medial geniculate
nucleus of the thalamus to auditory core areas that include primary au-
ditory cortex and adjacent areas where they are processed to extract
low-level aspects of auditory stimuli (e.g., sound intensity). Auditory
signals then travel from core areas to higher-order areas (e.g., anterior
and posterior parts of the STG) to process more complex aspects of au-
ditory stimuli (e.g., timbre, pitch, or melody).

From a functional perspective, there is substantial evidence that
brain oscillations in the alpha band might reflect neural interactions be-
tween the thalamus and the cortex (Fig. 4a) (Hughes and Crunelli,
2005; Lopes Da Silva, 1991; Lopes Da Silva et al., 1973), and recent

(89)

Gamma
Sound Intensity

Sound Intensity

Alpha

High Gamma

Alpha

Fig. 3. Temporal relationship between alpha, high gamma, and sound intensity. (A) Representative part of the time course of the sound intensity (black trace) and the average time course
of ECoG gamma (blue trace) and alpha (red trace) activity. (B) Scatter plots illustrate the relationship between these three variables for all data points, as well as regression lines and their

95% confidence bands.
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Fig. 4. Relationship between anatomy of auditory processing, current understanding of ECoG physiology, and our results. (A) Auditory pathways between the medial geniculate nucleus of
the thalamus and primary auditory cortex. Thalamic neurons (i.e., thalamo-cortical (TC) and reticular (R) neurons) are shown in gray, auditory cortex (AC) neurons are shown in blue, and
their interactions are shown in red. (B) Top: Exemplary illustration of typical power spectral density of ECoG signals. Activity in the alpha (8-12 Hz) band, indicated by the red band, re-
flects thalamocortical interactions. Activity in the gamma (70-110 Hz) band, indicated by the blue band, indexes activity of local populations of neurons. Bottom: Average time course of
the first 120 sec of ECoG activity. The blue trace gives gamma activity — the red trace gives alpha activity. (C) Outline of areas with significant ISC values in the alpha and gamma ECoG
amplitudes given by the results in Fig. 2. Taken together, our results are consistent with the hypothesis that auditory information reaches the cortex in areas close to auditory cortex,
from where they are communicated to peri-sylvian and distinct frontal cortical locations (see illustrative yellow arrows).

experimental evidence in animals is beginning to confirm the important
role of thalamic modulation of cortical activity (Haegens et al., 2011;
Saalmann et al., 2012). This modulation of the cortex, reflected by aug-
mentation or suppression of the power in the alpha band (van Dijk et al.,
2010), might be the mechanism that facilitates transfer of information
to task-related brain areas by inhibiting neural activity in task-
unrelated areas. Other studies have suggested that brain activity in the
high gamma band reflects the firing rate of the cortical neuronal popu-
lation beneath each electrode (Cardin et al., 2009; Miller, 2010; Miller
et al,, 2009; Ray and Maunsell, 2011). This view is supported by many
studies that have defined strong temporal or spatial relationships of
gamma activity recorded at specific locations with specific aspects of
motor, perceptual, or cognitive function (Crone et al., 1998, 2001;
Kub'anek et al., 2009; Potes et al., 2012; Schalk et al., 2007).
Integrating this anatomical and functional evidence, one may expect
to find task-related activity in the alpha band only close to core areas
(i.e., areas that have thalamo-cortical connections), and task-related ac-
tivity in the high gamma band not only in core areas but also in higher-
order areas (because all those cortical areas are presumed to be in-
volved in auditory processing). Similarly, causal interactions between
different cortical sites should be identified primarily between the
gamma band and not the other frequency bands. Our results provide
the first direct electrophysiological confirmation of these expectations.
The locations of significant alpha-ISC values highlighted core areas
(Fig. 4c), whereas the locations of significant gamma-ISC values
highlighted not only core areas but also other cortical areas that have
been proposed to be activated in established cortical auditory models
(Griffiths and Warren, 2002; Hackett, 2008; Kaas and Hackett, 1999;
Zatorre and Belin, 2001; Zatorre et al., 2002, 2007). Our functional con-
nectivity analyses identified significant causal interactions exclusively at
high gamma but not at other frequencies. Cortical interactions at high
gamma (see Fig. 5) were generally consistent with current understanding

of cortical auditory processing. Our results are consistent with the hy-
pothesis that thalamo-cortical projections transmit auditory information
from the thalamus to early auditory cortex, from where cortico-cortical
projections relay the results to other perisylvian areas to extract complex
auditory features (Kumar et al., 2007; Zatorre et al., 2007; Zhang et al.,
2004). Specifically, previous studies have shown that neurons in the me-
dial geniculate nucleus of the thalamus send auditory information to the
cortex through projections that terminate in primary auditory cortex
(Steriade et al., 1990). In addition, neurons in auditory cortex have projec-
tions back to the thalamus. Our results identified significant alpha-ISC
values only in locations close to primary auditory cortex, and thereby
link anatomical structures with thalamocortical connections to oscillatory
electrophysiological activity and its hypothesized originating mechanism
(Figs. 4b, c). In addition, our results identified significant gamma-ISC
values in larger perisylvian areas that have previously been implicated
in auditory processing (Alluri et al., 2012; Griffiths and Warren, 2002;
Hackett, 2008; Zatorre and Belin, 2001; Zatorre et al., 2002, 2004, 2007).
Together with our findings that high gamma and alpha activity are nega-
tively correlated, and that high gamma activity predicts alpha activity, our
results support the hypothesis that activity in the alpha band reflects in-
teractions between the thalamus and the cortex (Hackett, 2008;
Saalmann et al., 2012; Zatorre et al,, 2007), and that these interactions
are driven by local neuronal activity in early auditory cortex.

Implications

The present results advocate the use of ECoG and more natural par-
adigms to obtain a comprehensive picture of auditory processing. First,
our approach provides a novel, robust, and very specific method to iden-
tify the most common aspects of task-related brain activity, which is
currently typically evaluated within subjects by either comparing
brain activity during a task to brain activity during rest, or by relating

Fig. 5. Intersubject Granger causality analysis. Causal relationships of activity in the high gamma band recorded during listening to music and between different pairs of electrode locations.
Across all possible 630,800 electrode combinations, only 68 connections were significant at o = 1.58e ™ after Bonferroni correction (A). These connections were further reduced to the ten

most salient 10 connections (B). See text for details.
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brain activity to a specific aspect of the task (e.g., sound intensity, kine-
matic parameter). Second, the approach implemented here provides
the basis for functional rather than anatomical co-registration of brains
of different individuals of the same or even different species (Mantini
et al., 2012). Third, our results suggest that high gamma activity and
alpha activity are negatively correlated, and that high gamma activity
predicted alpha activity and preceded it by 280 ms. Hence, higher
gamma amplitudes, which have been shown to be related to higher
stimulus intensity (Potes et al., 2012), lead to decrease in alpha ampli-
tudes presumably related to an increase in cortical excitability. This ev-
idence provides a link between higher stimulus intensity and a resulting
higher cortical excitability. The significant correlation between high
gamma activity and sound intensity (i.e., r = 0.37), and between
alpha activity and sound intensity (i.e., r = —0.3) suggests that low-
level perceptual mechanisms, such as those involved in processing
sound intensity, might be the common source across subjects. This no-
tion of a universal brain representation for a specific auditory stimulus
has also been demonstrated in the EEG literature (Schaefer et al., 2011).

Current experimental limitations

The results presented here are encouraging and could not be readily
derived with other neuroimaging or processing techniques. However,
our results do rely on electrode grids that have been implanted for the
localization of epileptic foci, which typically originate from a single
hemisphere. Thus, grid coverage is incomplete and variable across sub-
jects. Hence, we could not investigate brain lateralization of acoustic
processing. We also acknowledge that there are some interpersonal dif-
ferences in the ECoG responses that could be related to the patients'
clinical and cognitive states as well as the patients' music preference,
cultural background, and musical training. Despite these notable issues
and interpersonal differences, the results presented here or in similar
ECoG-based studies are usually consistent with expectations based on
the neuroanatomy or on results from other imaging modalities.

Future research questions

The present study provides new information about the neural mech-
anisms engaged in music processing, but also raises a number of impor-
tant questions. Our results suggest an important interplay between
cortical and thalamic activity. Investigation of this interplay would ne-
cessitate simultaneous recordings from the thalamus and from different
areas of the cortex, and experimental manipulations that modify exter-
nal or internal parameters (e.g., stimulus intensity, stimulus modality,
or attention). Our data-driven results determined the cortical locations
involved in auditory processing. However, their functional relevance,
in particular regarding the location in superior premotor cortex, is cur-
rently unclear. The functional relevance of the causal relationships be-
tween different brain areas is currently largely undefined. For
example, it is possible that the functional connection between auditory
cortex, Broca's area, Wernicke's area, and premotor cortex (Fig. 5b) may
be related to the processing of lyrics in the music. As another example, it
is possible that the functional connection between STG and premotor
cortex may be related to the perception of beat, as shown by Grahn
and Rowe (2009). Finally, our methods transform multi-subject data
into common and readily interpretable representations using a rigorous
processing and statistical framework. Thus, this approach could form
the basis for studies addressing questions that could not be answered
with previous subject-specific analytic methods.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.04.045.

Acknowledgments

This work was supported by grants from the US Army Research Office
(W911NF-08-1-0216, W911NF-12-1-0109), the NIH/NIBIB (EB006356

and EB000856), and the NIH/NINDS (NS21135). We gratefully acknowl-
edge Dr. Ritaccio for his help with patient interactions, the staff at Albany
Medical College for assistance with the recordings, and the cooperation
of the subjects in this study.

References

Alluri, V., Toiviainen, P., J'a“askelainen, LP., Glerean, E., Sams, M., Brattico, E., 2012. Large-
scale brain networks emerge from dynamic processing of musical timbre, key and
rhythm. Neurolmage 59 (4), 3677-3689 (URL: http://www.ncbi.nlm.nih.gov/
pubmed/22116038).

Brechmann, A., Baumgart, F., Scheich, H., 2002. Sound-level-dependent representa-
tion of frequency modulations in human auditory cortex: a low-noise fMRI
study. J. Neurophysiol. 87 (1), 423-433.

Cameron, A.C., Windmeijer, F.A.G., 1997. An R-squared measure of goodness of
fit for some common nonlinear regression models. J. Econ. 77 (2), 329-342
(URL: http://linkinghub.elsevier.com/retrieve/pii/S0304407696018180).

Cardin, J.A., Carl'en, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K., Tsai, L.H., Moore,
C., 2009. Driving fast-spiking cells induces gamma rhythm and controls sensory re-
sponses. Nature 459 (7247), 663-667 (URL: http://www.ncbi.nlm.nih.gov/pubmed/
19396156).

Crone, N.E., Miglioretti, D.L., Gordon, B., Lesser, R.P., 1998. Functional mapping of
human sensorimotor cortex with electrocorticographic spectral analysis. II.
Event-related synchronization in the gamma band. Brain J. Neurol. 121 (12),
2301-2315 (URL: http://www.ncbi.nlm.nih.gov/pubmed/9874481).

Crone, N.E., Boatman, D., Gordon, B., Hao, L., 2001. Induced electrocorticographic gamma
activity during auditory perception. Clin. Neurophysiol. 112 (4), 565-582.

Ding, M., Bressler, S.L., Yang, W., Liang, H., 2000. Short-window spectral analysis of corti-
cal event-related potentials by adaptive multivariate autoregressive modeling: data
preprocessing, model validation, and variability assessment. Biol. Cybern. 83 (1),
35-45 (URL: http://www.ncbi.nlm.nih.gov/pubmed/10933236).

Durbin, J., Watson, G.S., 1950. Testing for serial correlation in least squares regression. II.
Biometrika 37 (3-4), 409-428 (URL: http://www.ncbi.nlm.nih.gov/pubmed/14848121).

Edwards, E., Soltani, M., Kim, W., Dalal, S.S., Nagarajan, S.S., Berger, M.S., Knight, R.T., 2009.
Comparison of time frequency responses and the event-related potential to auditory
speech stimuli in human cortex. J. Neurophysiol. 102 (1), 377-386.

Grahn, J.A., Rowe, ].B., 2009. Feeling the beat: premotor and striatal interactions in musi-
cians and nonmusicians during beat perception. J. Neurosci. Off. ]. Soc. Neurosci. 29
(23), 7540-7548.

Granger, CW,, 1969. Investigating causal relations by econometric models and cross-
spectral methods. Econometrica 37 (3), 424-438 (URL: http://www.jstor.org/sta-
ble/1912791).

Griffiths, T.D., Warren, J.D., 2002. The planum temporale as a computational hub. Trends
Neurosci. 25 (7), 348-353.

Hackett, T.A., 2008. Anatomical organization of the auditory cortex. J. Am. Acad. Audiol. 19
(10), 774-779 (URL: http://openurlingenta.com/content/xref?genre=article&issn=
1050-0545&volume =19&issue=10&spage=774).

Haegens, S., N'acher, V., Luna, R., Romo, R., Jensen, 0., 2011. Oscillations in the mon-
key sensorimotor network influence discrimination performance by rhythmical
inhibition of neuronal spiking. Proc. Natl. Acad. Sci. U. S. A. 108 (48),
19377-19382 (URL: http://www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3228466&tool=pmcentrez&rendertype=abstract).

Hart, H.C, Hall, D.A,, Palmer, AR., 2003. The sound-level-dependent growth in the extent
of fMRI activation in Heschl's gyrus is different for low- and high-frequency tones.
Hear. Res. 179 (1-2), 104-112.

Hasson, U., Nir, Y., Levy, I, Fuhrmann, G., Malach, R., 2004. Intersubject synchronization of cor-
tical activity during natural vision. Science 303 (5664), 1634-1640 URL: http://www.
ncbi.nlm.nih.gov/pubmed/15016991.

Hasson, U., Malach, R., Heeger, D.J., 2010. Reliability of cortical activity during natural
stimulation. Trends Cogn. Sci. 14 (1), 40-48 (URL: http://www.sciencedirect.com/sci-
ence/article/pii/S1364661309002393).

Hedlin, H., Boatman, D., Caffo, B. 2010. Estimating temporal associations in
electrocorticographic (ECoG) time series with first order pruning. Working Papers.
Johns Hopkins University, Dept. of Biostatistics, p. 217 (Working Papers).

Hermes, D., Miller, KJ., Vansteensel, MJ., Aarnoutse, EJ., Leijten, F.S.S., Ramsey, N.F., 2012.
Neurophysiologic correlates of fMRI in human motor cortex. Hum. Brain Mapp. 33
(7), 1689-1699 (000(July 2010), n/a-n/a. URL: http://www.ncbi.nlm.nih.gov/
pubmed/21692146).

Hughes, S., Crunelli, V., 2005. Thalamic mechanisms of EEG alpha rhythms and their path-
ological implications. Neuroscientist 11 (4), 357-372.

Jensen, O., Mazaheri, A., 2010. Shaping functional architecture by oscillatory alpha activi-
ty: gating by inhibition. Front. Hum. Neurosci. 4 (186), 1-8.

Kaas, J.H., Hackett, T.A., 1999. “What” and “where” processing in auditory cortex. Nat.
Neurosci. 2 (12), 1045-1047.

Korzeniewska, A., Franaszczuk, P.J., Crainiceanu, C.M.,, Ku's, R., Crone, N.E., 2011. Dynamics
of large-scale cortical interactions at high gamma frequencies during word produc-
tion: event related causality (ERC) analysis of human electrocorticography (ECoG).
Neurolmage 56 (4), 2218-2237 (URL: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3105123&tool=pmcentrez&rendertype=abstract).

Kub'anek, J., Miller, KJ., Ojemann, ].G., Wolpaw, J.R., Schalk, G., 2009. Decoding flexion of
individual fingers using electrocorticographic signals in humans. J. Neural Eng. 6 (6),
066001.

Kumar, S., Stephan, K.E., Warren, ].D., Friston, KJ., Griffiths, T.D., 2007. Hierarchical pro-
cessing of auditory objects in humans. PLoS Comput. Biol. 3 (6), e100.


http://dx.doi.org/10.1016/j.neuroimage.2014.04.045
http://dx.doi.org/10.1016/j.neuroimage.2014.04.045
http://www.ncbi.nlm.nih.gov/pubmed/22116038
http://www.ncbi.nlm.nih.gov/pubmed/22116038
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0010
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0010
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0010
http://linkinghub.elsevier.com/retrieve/pii/S0304407696018180
http://www.ncbi.nlm.nih.gov/pubmed/19396156
http://www.ncbi.nlm.nih.gov/pubmed/19396156
http://www.ncbi.nlm.nih.gov/pubmed/9874481
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0030
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0030
http://www.ncbi.nlm.nih.gov/pubmed/10933236
http://www.ncbi.nlm.nih.gov/pubmed/14848121
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0045
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0045
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0050
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0050
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0050
http://www.jstor.org/stable/1912791
http://www.jstor.org/stable/1912791
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0060
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0060
http://openurl.ingenta.com/content/xref?genre=article&issn=1050-0545&volume=19&issue=10&spage=774
http://openurl.ingenta.com/content/xref?genre=article&issn=1050-0545&volume=19&issue=10&spage=774
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3228466&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3228466&tool=pmcentrez&rendertype=abstract
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0075
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0075
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0075
http://www.ncbi.nlm.nih.gov/pubmed/15016991
http://www.ncbi.nlm.nih.gov/pubmed/15016991
http://www.sciencedirect.com/science/article/pii/S1364661309002393
http://www.sciencedirect.com/science/article/pii/S1364661309002393
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0090
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0090
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0090
http://www.ncbi.nlm.nih.gov/pubmed/21692146
http://www.ncbi.nlm.nih.gov/pubmed/21692146
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0100
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0100
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0105
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0105
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0110
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0110
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3105123&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3105123&tool=pmcentrez&rendertype=abstract
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0120
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0120
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0120
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0125
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0125

C. Potes et al. / Neurolmage 97 (2014) 188-195 195

Lachaux, J.P., Jerbi, K., Bertrand, O., Minotti, L., Hoffmann, D., Schoendorff, B., Kahane, P.,
2007. A blueprint for real-time functional mapping via human intracranial record-
ings. PLoS One 2 (10), e1094.

Lopes Da Silva, F.H., 1991. Neural mechanisms underlying brain waves: from neural
membranes to networks. Electroencephalogr. Clin. Neurophysiol. 79 (2), 81-93
(URL: http://www.ncbi.nlm.nih.gov/pubmed/1713832).

Lopes Da Silva, F.H., Van Lierop, T.H.M.T., Schrijer, C.F., Storm Van Leeuwen, W., 1973. Or-
ganization of thalamic and cortical alpha rhythms: spectra and coherences.
Electroencephalogr. Clin. Neurophysiol. 35 (6), 627-639 (URL: http://www.
sciencedirect.com/science/article/pii/0013469473902162).

Maess, B., Koelsch, S., Gunter, T.C., Friederici, A.D., 2001. Musical syntax is processed in
Broca's area: an MEG study. Technical Report 5 Max Planck Institute of Cognitive
Neuroscience, PO Box 500 355, D-04303, Leipzig, Germany (maess@cns.mpg.de).

Mantini, D., Hasson, U., Betti, V., Perrucci, M.G., Romani, G.L., Corbetta, M., Orban, G.A.,
Vanduffel, W., 2012. Interspecies activity correlations reveal functional correspon-
dence between monkey and human brain areas. Nat. Methods 9 (3), 277-282.

Miller, KJ., 2010. Broadband spectral change: evidence for a macroscale correlate of pop-
ulation firing rate? J. Neurosci. 30 (19), 6477-6479.

Miller, KJ., Leuthardet, E.C, Schalk, G., Rao, R.P.N., Anderson, N.R., Moran, D.W., Miller, JW.,
Ojemann, J.G., 2007. Spectral changes in cortical surface potentials during motor
movement. J. Neurosci. 27 (9), 2424-2432 (URL: http://www.ncbi.nlm.nih.gov/
pubmed/17329441).

Miller, KJ., Sorensen, L.B., Ojemann, J.G., den Nijs, M., 2009. Power-law scaling in the brain
surface electric potential. PLoS Comput. Biol. 5, 1-10.

Mulert, C., Jager, L., Propp, S., Karch, S., St'ormann, S., Pogarell, O., M"oller, H., Juckel, G.,
Hegerl, U., 2005. Sound level dependence of the primary auditory cortex: simulta-
neous measurement with 61-channel EEG and fMRI. Neurolmage 28 (1), 49-58.

Pasley, B.N., David, S.V., Mesgarani, N., Flinker, A., Shamma, S.A., Crone, N.E., Knight, R.T.,
Chang, E.F.,, 2012. Reconstructing speech from human auditory cortex. PLoS Biol. 10
(1),e1001251.

Platel, H., Price, C., Baron, ].C., Wise, R., Lambert, ]J., Frackowiak, R.S., Lechevalier, B.,
Eustache, F., 1997. The structural components of music perception. A functional ana-
tomical study. Brain 120 (Pt 2), 229-243.

Potes, C., Gunduz, A., Brunner, P., Schalk, G., 2012. Dynamics of electrocorticographic (ECoG)
activity in human temporal and frontal cortical areas during music listening.
Neurolmage 61 (4), 841-848 (URL: http://www.ncbi.nlm.nih.gov/pubmed/22537600).

Ray, S., Maunsell, J.H.R,, 2011. Different origins of gamma rhythm and high-gamma activ-
ity in Macaque visual cortex. PLoS Biol. 9 (4), 15 (URL: http://www.pubmedcentral.
nih.gov/articlerender.fcgi?artid=3075230&tool=pmcentrez&rendertype=abstract).

Saalmann, Y.B,, Pinsk, M.A,, Wang, L., Li, X,, Kastner, S., 2012. The pulvinar regulates infor-
mation transmission between cortical areas based on attention demands. Science 337
(6095), 753-756 (URL: http://www.sciencemag.org/cgi/doi/10.1126/science.
1223082).

Schaefer, R.S., Desain, P., Suppes, P., 2009. Structural decomposition of EEG signatures of
melodic processing. Biol. Psychol. 3, 253-259 (URL: http://www.ncbi.nlm.nih.gov/
pubmed/19698758).

Schaefer, R.S., Farquhar, J., Blokland, Y., Sadakata, M., Desain, P., 2011. Name that tune:
decoding music from the listening brain. Neurolmage 56 (2), 843-849.

Schalk, G., Mellinger, J., 2010. A Practical Guide to Brain-Computer Interfacing with
BCI2000, 1st edn. Springer, London, UK.

Schalk, G., McFarland, D.J., Hinterberger, T., Birbaumer, N., Wolpaw, J.R., 2004. BCI2000: a
general-purpose brain-computer interface (BCI) system. IEEE Trans. Biomed. Eng. 51
(6), 1034-1043.

Schalk, G., Kub'anek, J., Miller, KJ., Anderson, N.R,, Leuthardt, E.C., Ojemann, J.G., Limbrick,
D., Moran, D., Gerhardt, L.A., Wolpaw, J.R., 2007. Decoding two-dimensional move-
ment trajectories using electrocorticographic signals in humans. J. Neural Eng. 4
(3), 264-275 (URL: http://www.ncbi.nlm.nih.gov/pubmed/17873429).

Schubotz, R, von Cramon, D.Y., 2002. Predicting perceptual events activates correspond-
ing motor schemes in lateral premotor cortex: an fMRI study. Neurolmage 15 (4),
787-796.

Schubotz, R, Friederici, A.D., von Cramon, D.Y., 2000. Time perception and motor timing:
a common cortical and subcortical basis revealed by fMRI. Neurolmage 11 (1), 1-12.

Schwarz, G., 1978. Estimating the dimension of a model. Ann. Stat. 6 (2), 461-464.

Sinai, A, Crone, N.E., Wied, H.M,, Franaszczuk, P.J., Miglioretti, D., Boatman-Reich, D., 2009.
Intracranial mapping of auditory perception: event-related responses and
electrocortical stimulation. Clin. Neurophysiol. 120 (1), 140-149.

Steriade, M., Gloor, P., Llinas, R., Lopes Da Silva, F., Mesulam, M., 1990. Basic mechanisms
of cerebral rhythmic activities. Electroencephalogr. Clin. Neurophysiol. 76 (6),
481-508 (URL: http://www.ncbi.nlm.nih.gov/pubmed/1701118).

Stewart, L., Von Kriegstein, K., Warren, ].D., Griffiths, T.D., 2006. Music and the brain: dis-
orders of musical listening. Brain 129 (Pt 10), 2533-2553 (URL: http://www.ncbi.nlm.
nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&listuids=
16845129).

Tanji, K., Leopold, D.A,, Ye, F.Q., Zhu, C., Malloy, M., Saunders, R.C., Mishkin, M., 2010. Effect
of sound intensity on tonotopic fMRI maps in the unanesthetized monkey.
Neurolmage 49 (1), 150-157.

Thaerig, S., Behne, N., Schadow, J., Lenz, D., Scheich, H., Brechmann, A., Herrmann, C.S.,
2008. Sound level dependence of auditory evoked potentials: simultaneous EEG re-
cording and low-noise fMRI. Int. J. Psychophysiol. 67 (3), 235-241.

van Dijk, H., Nieuwenhuis, L.L.C., Jensen, O., 2010. Left temporal alpha band activity increases
during working memory retention of pitches. Eur. J. Neurosci. 31 (9), 1701-1707.

Yetkin, F.Z,, Roland, P.S., Christensen, W.F., Purdy, P.D., 2004. Silent functional magnetic
resonance imaging (fMRI) of tonotopicity and stimulus intensity coding in human
primary auditory cortex. Laryngoscope 114 (3), 512-518.

Zatorre, RJ., Belin, P., 2001. Spectral and temporal processing in human auditory cortex.
Cereb. Cortex 11 (10), 946-953.

Zatorre, R}, Belin, P., Penhune, V.B., 2002. Structure and function of auditory cortex:
music and speech. Trends Cogn. Sci. 6 (1), 37-46 (URL: http://www.ncbi.nlm.nih.
gov/pubmed/11849614).

Zatorre, R]., Bouffard, M., Belin, P., 2004. Sensitivity to auditory object features in human
temporal neocortex. J. Neurosci. 24 (14), 3637-3642.

Zatorre, RJ.,, Chen, ].L,, Penhune, V.B., 2007. When the brain plays music: auditory-motor
interactions in music perception and production. Nat. Rev. Neurosci. 8 (7), 547-558
(URL: http://www.ncbi.nlm.nih.gov/pubmed/17585307).

Zhang, Z., Chan, Y.S,, He, ]., 2004. Thalamocortical and corticothalamic interaction in the
auditory system. Neuroembryol. Aging 5 (3), 239-248.


http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0130
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0130
http://www.ncbi.nlm.nih.gov/pubmed/1713832
http://www.sciencedirect.com/science/article/pii/0013469473902162
http://www.sciencedirect.com/science/article/pii/0013469473902162
mailto:maess@cns.mpg.de
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0150
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0150
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0155
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0155
http://www.ncbi.nlm.nih.gov/pubmed/17329441
http://www.ncbi.nlm.nih.gov/pubmed/17329441
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0165
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0165
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0170
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0170
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0175
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0175
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0180
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0180
http://www.ncbi.nlm.nih.gov/pubmed/22537600
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3075230&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3075230&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/19698758
http://www.ncbi.nlm.nih.gov/pubmed/19698758
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0205
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0205
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0210
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0210
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0215
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0215
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0215
http://www.ncbi.nlm.nih.gov/pubmed/17873429
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0225
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0225
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0225
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0230
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0230
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0235
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0240
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0240
http://www.ncbi.nlm.nih.gov/pubmed/1701118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&listuids=16845129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&listuids=16845129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&listuids=16845129
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0255
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0255
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0255
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0260
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0260
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0265
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0265
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0270
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0270
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0270
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0275
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0275
http://www.ncbi.nlm.nih.gov/pubmed/11849614
http://www.ncbi.nlm.nih.gov/pubmed/11849614
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0285
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0285
http://www.ncbi.nlm.nih.gov/pubmed/17585307
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0295
http://refhub.elsevier.com/S1053-8119(14)00314-0/rf0295

	Spatial and temporal relationships of electrocorticographic alpha and gamma activity during auditory processing
	Introduction
	Materials and methods
	Subjects and data collection
	Cortical mapping
	Extraction of ECoG and sound features
	Intersubject correlation (ISC) analysis
	Intersubject Granger causality (ISG) analysis

	Results
	Spatial relationship
	Temporal relationship
	Causal relationships

	Discussion
	The role of alpha and high gamma activity in auditory processing
	Implications
	Current experimental limitations
	Future research questions

	Acknowledgments
	References


