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Abstract

Performing different tasks, such as generating motor movements or processing sensory input, 

requires the recruitment of specific networks of neuronal populations. Previous studies suggested 

that power variations in the alpha band (8–12 Hz) may implement such recruitment of task-

specific populations by increasing cortical excitability in task-related areas while inhibiting 

population-level cortical activity in task-unrelated areas (Klimesch et al., 2007; Jensen and 

Mazaheri, 2010). However, the precise temporal and spatial relationships between the modulatory 

function implemented by alpha oscillations and population-level cortical activity remained 

undefined. Furthermore, while several studies suggested that alpha power indexes task-related 

populations across large and spatially separated cortical areas, it was largely unclear whether alpha 

power also differentially indexes smaller networks of task-related neuronal populations. Here we 

addressed these questions by investigating the temporal and spatial relationships of 

electrocorticographic (ECoG) power modulations in the alpha band and in the broadband gamma 

range (70–170 Hz, indexing population-level activity) during auditory and motor tasks in five 

human subjects and one macaque monkey. In line with previous research, our results confirm that 

broadband gamma power accurately tracks task-related behavior and that alpha power decreases in 

task-related areas. More importantly, they demonstrate that alpha power suppression lags 

population-level activity in auditory areas during the auditory task, but precedes it in motor areas 

during the motor task. This suppression of alpha power in task-related areas was accompanied by 

an increase in areas not related to the task. In addition, we show for the first time that these 
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differential modulations of alpha power could be observed not only across widely distributed 

systems (e.g., motor vs. auditory system), but also within the auditory system. Specifically, alpha 

power was suppressed in the locations within the auditory system that most robustly responded to 

particular sound stimuli. Altogether, our results provide experimental evidence for a mechanism 

that preferentially recruits task-related neuronal populations by increasing cortical excitability in 

task-related cortical areas and decreasing cortical excitability in task-unrelated areas. This 

mechanism is implemented by variations in alpha power and is common to humans and the non-

human primate under study. These results contribute to an increasingly refined understanding of 

the mechanisms underlying the selection of the specific neuronal populations required for task 

execution.
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1. Introduction

Performing different tasks, such as generating motor movements or processing sensory 

information, requires the recruitment of specific networks of neuronal populations dispersed 

throughout distinct cortical areas. How the brain implements the recruitment of these 

networks is still largely unclear, but there is increasing evidence that oscillatory activity 

plays an important role in this process. For example, several studies involving different 

sensorimotor modalities have reported a decrease in the power of low-frequency oscillations 

(event-related desynchronization (ERD)) in the 8–12 Hz range (alpha band) in task-related 

areas (Pfurtscheller and Neuper, 1992; Crone et al., 2001; Potes et al., 2014). This 

phenomenon is frequently coupled with an increase in alpha power (event-related 

synchronization (ERS)) in areas unrelated to the task (Pfurtscheller and Berghold, 1989; 

Pfurtscheller and Neuper, 1992; Fu et al., 2001). Separately, alpha oscillations with higher 

amplitudes modulate the firing of neuronal populations more strongly than oscillations with 

lower amplitudes (Haegens et al., 2011), which establishes a link between modulations of 

alpha power and cortical excitability. Taken together, these findings suggest that modulations 

in alpha power may index the degree of inhibition in different cortical areas, and, by 

extension, the spatial representation of selected functional networks (Klimesch et al., 2007). 

These observations have been consolidated into the gating-by-inhibition (GBI) hypothesis 

(Jensen and Mazaheri, 2010), and most recently synthesized with the communication-
through-coherence (CTC) hypothesis (Fries, 2005)) into the function-through-biased 
oscillations (FBO) hypothesis (Schalk, 2015). The view that emerges from this theoretical 

and experimental work is that the selection of functional networks is achieved by modulation 

of cortical excitability, and that cortical excitability is measured most directly by the 

instantaneous amplitude of oscillatory activity (that is influenced by oscillatory phase as 

well as oscillatory power) (Schalk, 2015).

If oscillatory activity indeed provides a general mechanism for the selection of cortical 

networks through modulation of cortical excitability, we can make three specific predictions. 
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First, increases in population-level cortical activity in task-related areas should be 

accompanied by a decrease in alpha power irrespective of the task or the involved cortical 

areas, and alpha power should increase in all other regions. Second, in top-down preparation 

for a motor output, increases in cortical excitability as measured by a decrease of alpha 

power should occur prior to increases in population-level cortical activity. On the contrary, in 

a bottom-up response to a sensory stimulus, cortical excitability modulations may also be 

affected by the stimulus, and should thus trail stimulus-induced cortical activity. While the 

suppression in the alpha band has previously been reported to precede motor movements 

(Pfurtscheller and Berghold, 1989; Pfurtscheller and Neuper, 1992) and to follow auditory 

stimulation (Crone et al., 2001), such results remained to be demonstrated using single-trial 

analyses. Third, we should observe task-selective alpha modulations not only on large spatial 

scales, e.g., across motor and auditory regions, but also on smaller scales, e.g., within 

auditory regions. Such small-scale modulations of oscillatory activity are a prerequisite if 

they were to play a central role in regulating information flow within the brain. While there 

is solid evidence supporting the idea that alpha power may constitute a selection mechanism 

across large, spatially separated areas (Pfurtscheller, 1992; Pfurtscheller and Neuper, 1994; 

Foxe et al., 1998; Thut et al., 2006), evidence that it may also support selection of small and 

interwoven networks is scarce (Harvey et al., 2013). At present, the general consensus is still 

that modulations of alpha power are spatially widespread and only poorly informative of 

detailed delineations of the functional networks underlying the performance of different 

tasks (Crone et al., 2001; Pfurtscheller et al., 2003; Crone et al., 2006; Miller et al., 2009a).

To test these predictions and to better understand the dynamics between modulatory alpha 

band oscillations and population-level cortical activity, we recorded electrocorticographic 

signals (ECoG) during auditory and motor tasks in five human subjects and one macaque 

monkey. The high spatial and temporal resolution of these signals allowed us to study these 

dynamics not only across functional networks, i.e., auditory versus motor systems, but also 

within one functional network, i.e., the auditory system. In particular, we evaluated the 

spatial and temporal patterns of alpha power in response to different types of stimuli, over 

time, and in specific locations of auditory cortex, and related them to modulations of 

population-level activity as indexed by broadband gamma (70–170 Hz) (Manning et al., 

2009; Miller et al., 2009b; Ray and Maunsell, 2011).

In agreement with the three predictions outlined above, we observed large modulations of 

alpha power across tasks: alpha power decreased in task-related areas and increased in a 

majority of task-unrelated areas. These results were common to the human subjects and the 

macaque monkey. Because alpha power has been linked to cortical excitability, these 

changes likely subserve the preferential recruitment of those functional networks necessary 

to perform a particular task. Furthermore, we found that alpha power suppression lagged 

population-level activity in auditory areas during the auditory task, but preceded it in the 

motor areas during the motor task. Finally, decreases in alpha power within auditory areas 

indexed regions where population-level activity increased the most in response to specific 

auditory stimuli. Similarly, increases in alpha power indexed regions where population-level 

activity increased the least. Taken together, our results add further evidence to a central role 

of oscillatory activity in regulating cortical excitability, and thus in regulating information 
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flow within the brain. They also suggest that this modulating mechanism might operate even 

across small cortical populations.

2. Methods

2.1. Subjects

Five human subjects at Albany Medical Center (Albany, New York) and one macaque 

monkey at Radboud University (Nijmegen, Netherlands) participated in this study. The five 

human subjects (A–E) were patients with intractable epilepsy who underwent temporary 

placement of subdural electrode arrays to localize seizure foci prior to surgical resection. 

They included two women (A and B) and three men (C, D and E). The subjects’ clinical 

profiles is summarized in Table 1. Language lateralization (LL) was established 

preoperatively using the Wada test (Wada and Rasmussen, 1960). Human subjects gave 

informed consent for the study, which was approved by the Institutional Review Board of 

Albany Medical College and the Human Research Protections Office of the US Army 

Medical Research and Materiel Command. All animal procedures were approved by the 

ethics committee of Radboud University, Nijmegen, Netherlands.

The subjects were implanted with electrode grids that were approved for human use (Ad-

Tech Medical Corp., Racine, WI; and PMT Corp., Chanhassen, MN; for human subjects), or 

polyimide-based grids (Rubehn et al., 2009, for the macaque) over one hemisphere of the 

brain. Electrodes for the humans consisted of platinum-iridium discs (4 mm in diameter, 2.3 

mm exposed), embedded in silicon and spaced 6–10 mm apart; for the macaque, electrodes 

were 1 mm in diameter and spaced 2, 2.5 or 3 mm apart. The total numbers of implanted 

electrodes were 58–134 for the humans and 252 for the macaque. In the humans, the grids 

were implanted for about 1 week and their location varied across subjects. They were placed 

over the left hemisphere for subjects A, C, D, E and the macaque, and covered frontal, 

parietal and temporal cortices. Following the placement of the subdural grid, each human 

subject had postoperative anterior-posterior and lateral radiographs, as well as computer 

tomography (CT) scans to verify grid location.

2.2. Data Collection

We recorded ECoG signals from the five human subjects at the bedside using the general-

purpose BCI2000 software (Schalk et al., 2004; Schalk and Mellinger, 2010) connected to 

eight 16-channel g.USBamp biosignal acquisition devices (g.tec, Graz, Austria). Clinical 

monitoring occurred simultaneously with the use of a connector that split the cables coming 

from the patient into one set that was connected to the clinical monitoring system and 

another set that was connected to the amplifiers. This ensured that clinical data collection 

was not compromised at any time. The signals were amplified, digitized at 1,200 Hz and 

stored by BCI2000. We used electrode contacts distant from epileptic foci and areas of 

interest for reference and ground. After visual inspection, we removed from all subsequent 

analyses those channels that did not contain clear ECoG signals (e.g., ground/reference 

channels, channels with broken connections, presence of environmental artifacts, or 

interictal activity). We also removed occipital channels to avoid any confound due to the 

visual presentation of instructions during the tasks. This left 56–121 channels for further 
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analyses. In addition to recording brain activity, we also simultaneously recorded the 

subjects’ behavior using a push button.

We recorded and amplified ECoG signals from the macaque using eight 32-channel 

headstages (Plexon Headstage 32 V-G20). We low-pass filtered these signals at 8 kHz, 

digitized them at 32 kHz (Neuralynx Digital Lynx 256 channel system) and resampled them 

at 1,200 Hz. 229 channels remained for further analysis after visual inspection for the 

presence of artifacts.

2.3. Anatomical mapping

We created subject-specific 3D cortical brain models for subjects A, C, D and E using high-

resolution pre-operative magnetic resonance imaging (MRI) scans and Curry software 

(Neuroscan Inc., El Paso, TX). MRI scans were not available for subject B. Instead, for 

visualization purposes, we used the 3D cortical template by the Montreal Neurological 

Institute (MNI)1. To identify the stereotactic coordinates of each grid electrode, we co-

registered the MRI scans with post-operative computer tomography (CT) images. Finally, 

we projected each patient’s electrode locations onto the corresponding 3D brain model and 

rendered activation maps using the NeuralAct software package (Kubanek and Schalk, 

2014).

For the macaque, the assignment of electrodes to cortical areas was based on high-resolution 

intra-operative photographs taken before and after grid placement, and used primarily sulcal 

landmarks.

2.4. Tasks and stimuli

During the auditory task, the human subjects and the macaque passively listened to natural 

auditory stimuli while otherwise resting. The stimuli consisted of 19 natural sounds that 

belonged to one of six different categories: speech (female and male voices (3 stimuli)), 

music (classical and jazz (4)), nature (forest, thunderstorm, water and waves (4)), animals 

(frogs, birds and dog (5)), engines (jet airplane and train (2)), or white noise (1). Each 

stimulus had a duration of 10 seconds. Stimuli were digitized at 44.1 kHz in waveform audio 

file format, and energy-matched.

We presented the stimuli in 10 blocks. Each block contained a randomly interleaved 

sequence of the 19 stimuli. We used binaural in-ear earphones (12 to 23.5 kHz audio 

bandwidth, 20 dB isolation from environmental noise) for the human subjects and a 

loudspeaker for the macaque. The sound volume was adjusted to a comfortable level for 

each subject.

At the end of each stimulus, we verified the human subject’s attention to the stimulus by 

engagement in a motor task in which s/he had to decide to which category the presented 

stimulus belonged. Specifically, two seconds after the end of the auditory stimulus 

presentation, we presented on a screen the names of two of the stimulus categories (e.g., 

‘speech’, ‘music’). The names were presented simultaneously and next to each other. One of 

1http://www.bic.mni.mcgill.ca
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the names was the category to which the last stimulus belonged; the other one was randomly 

chosen from the other categories. Subjects were asked to assign the last stimulus to one of 

the two categories by pressing one of two possible response keys (e.g., left button for the 

choice on the left or right button for the choice on the right). Subjects used the hand 

contralateral to the grid implantation for the button press. The stimulus presentation resumed 

after a 2-second interval. Results of the behavioral data indicated that the human subjects 

were attending to the auditory stimuli. They correctly categorized the stimuli with an 

average accuracy of 97 % (range: 92–99 %; accuracy due to chance: 50 %).

2.5. Feature extraction

To extract spectral power in the alpha and broadband gamma bands, we first high-pass 

filtered the signals at 0.1 Hz to remove drift. We then re-referenced the signals to a common 

average reference (CAR) montage for the human subjects and a bipolar montage for the 

macaque 2. We band-pass filtered the signals in the two frequency bands of interest, i.e., 8–

12 Hz (alpha) and 70–170 Hz (broadband gamma) using Butterworth filters of the same 

order for the two bands. Next, for each subject, location, and stimulus, we removed evoked 

components in the alpha band (Klimesch et al., 2007; Fujioka and Ross, 2008) by 

subtracting the amplitude of alpha averaged across trials from the individual trials, according 

to the inter–trial variance method proposed by Kalcher and Pfurtscheller in 1995. We then 

extracted amplitude envelopes by computing the absolute value of the Hilbert transform of 

the corresponding bandpass-filtered signals, followed by a low-pass Butterworth filter at 4 

Hz and down-sampling to 120 Hz. Finally, we normalized the amplitude envelopes to a 

baseline period, i.e., a 300 ms period just prior to the onset of the auditory stimulus. We 

chose this baseline period as the longest period of time that did not contain significant 

changes of broadband gamma or alpha power between averaged trials after visual inspection. 

We used the same baseline for all analyses throughout the study. For the remainder of the 

manuscript, we will refer to the signals that we obtained with these procedures as alpha and 

broadband gamma power, respectively.

To extract the sound intensity of the auditory stimuli, we first computed the square root of 

the squared amplitude of each stimulus. Similar to the neural signals, we then low-pass 

filtered the resulting signal at 4 Hz and down-sampled it at 120 Hz.

2.6. Data analyses

2.6.1. Spatial analysis—We first determined which cortical locations were responsive to 

the auditory or motor tasks, i.e., which locations exhibited higher broadband gamma power 

during the task period when compared to the baseline time period. For the auditory task, we 

defined the task period as the first 500 ms of auditory stimulus presentation. For the motor 

task, we defined the task period as the period from −250 ms to +250 ms relative to the button 

press. For each location and each task, we separately concatenated the task and baseline 

samples across all trials. We then calculated the coefficient of determination (Spearman’s r2 

value) between the baseline and task samples to determine the fraction of the total signal 

2Data for the macaque were collected across several different data acquisition systems, which invalidates the calculation of a spatial 
average across all channels.
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variance that was related to the task. We determined the statistical significance of these r2 

values using a permutation test in which we randomly reassigned the label (task or baseline) 

to each time period and calculated the corresponding random r2 value. (Note that we did not 

shuffle the samples within each time period, so the auto-correlation of the signal was 

preserved.) We repeated the randomization step 1000 times, generating a distribution of 

random r2 values. We considered an observed r2 value to be significant at the 99th percentile 

of that distribution (p < 0.01, Bonferroni-corrected for the total number of electrodes in each 

subject). Our permutation test resulted in a set of reactive locations that defined task-related 

cortical areas, i.e., areas active during the auditory or motor task. Finally, we calculated the 

size of the observed effect at each location by computing the z-score obtained after 

normalizing the observed r2 value against the mean and standard deviation of the random r2 

values distribution. The same process was applied to both the human and the macaque data 
1.

To quantify the spatial changes of alpha power in response to the auditory and motor tasks, 

we first determined whether the distribution of alpha power onset responses at each location 

was different from 0. For the locations that displayed a significant difference (two-sided t-

test, p < 0.05, Bonferroni corrected for the number of locations) we determined whether the 

difference was positive or negative using a one-sided t-test (p < 0.05). This resulted in 3 sets 

of locations that displayed either an increase, a decrease, or no change of alpha power, 

respectively. We then compared the distributions of percentages of locations displaying an 

alpha power increase or decrease for each task using a two-sided t-test (p < 0.05).

2.6.2. Temporal analyses—We first determined the temporal relationship between alpha 

and broadband gamma power, for each task period and across all the task-related locations 

previously defined. More specifically, we asked which of the two signals (i.e., alpha and 

broadband gamma) preceded the other in their modulations. To answer this question, we 

determined the delay between the positive peak of broadband gamma power and the negative 

peak of alpha power in single trials. We first low-pass filtered the power in the alpha and 

broadband gamma bands at 2 Hz (MATLAB filtfilt command for zero phase-lag filtering). 

Next, for each frequency band, we averaged the power across those locations that were 

reactive during a particular task (i.e., auditory or motor). For each trial, we then determined 

the time of the maximum amplitude in the broadband gamma signal, and minimum 

amplitude in the alpha signal. In this analysis, we used the 200 to 800 ms period after 

auditory stimulus onset in the auditory reactive locations, and the −300 to 300 ms period 

relative to the button press in the motor reactive locations. This resulted in one peak time per 

trial, task and each of the two frequency bands. From the 190 trials, we obtained a 

distribution for each task and frequency band. After removing outliers (<5th or >95th 

percentiles), we applied a two-sided paired t-test to determine which of the two bands (i.e., 

alpha or broadband gamma) preceded the other.

1Since the macaque did not use his hand to verify the auditory stimulus, we defined motor cortical locations using separately collected 
data involving controlled hand motor movements. These hand movements were highly variable in duration and movement speed. 
Thus, they did not allow us to calculate event-related motor responses in the macaque. In addition, in the macaque, we only considered 
those locations that were posterior to the central sulcus during the auditory task, or anterior to the central sulcus during the motor task.
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To further establish the temporal relationship between alpha and broadband gamma power, 

we investigated whether the times of the peaks of the responses were related to each other. 

To do this, we computed the Spearman’s correlation coefficients between the times of the 

negative and positive peaks of alpha and broadband gamma power, respectively.

2.6.3. Correlation analyses—We investigated how the moment-by-moment variations in 

alpha power, sound intensity and broadband gamma power relate to each other. Specifically, 

we quantified these relationships by computing the Spearman’s correlation coefficient 

between alpha power and sound intensity, and between alpha power and broadband gamma 

power. In this context, it is important to recognize that each location will respond to the 

auditory stimulation with a different delay. To account for this delay, we temporally aligned 

the time course of alpha power with those of sound intensity and broadband gamma power. 

To do this, for each location, we first concatenated the signal time courses across all stimuli 

after averaging across repetitions. We then shifted the alpha time course by the delay 

(between 0 and 300 ms) that minimized the cross-correlation between alpha power and 

sound intensity/broadband gamma power. We then computed the Spearman’s correlation 

coefficient r between alpha power and the sound intensity/broadband gamma power time 

courses for each location. To assess the statistical significance of the obtained observed 

correlation coefficient, we performed a permutation test in which we circularly shifted the 

reversed time course of alpha power by a random value and calculated the corresponding 

Spearman’s correlation coefficient between the obtained time courses. We repeated this 

randomization step 500 times, generating a distribution of random r values. We considered 

an observed r value to be significant at the 95th percentile of that distribution (p < 0.05, 

Bonferroni-corrected for the number of auditory locations in each subject). Finally, for each 

subject, we computed the median delay and r2 across locations displaying a significant 

correlation value, along with the percentages of those locations.

3. Results

3.1. Spatial distribution of broadband gamma activations

The locations that were reactive during the auditory and motor tasks for each subject are 

shown in Figure 1. In line with previous research, in the human subjects, we found these 

locations primarily close to superior temporal gyrus (STG) or other perisylvian regions 

during the auditory task (Crone et al., 2001; Edwards et al., 2009), and close to premotor, 

motor and somatosensory cortices during the motor task (Crone et al., 1998; Miller et al., 

2007). Thus, these results confirm that task-related increases in broadband gamma power 

can robustly localize functional cortical areas (Brunner et al., 2009; Crone et al., 2011; 

Miller et al., 2014). In the macaque monkey, these locations were largely concentrated 

around STG during the auditory task and around primary motor cortex (F1), dorsal premotor 

area (F2) and ventral premotor area (F4) during the motor task.

3.2. Differential amplitude relationship of broadband gamma and alpha modulations across 
large-scale cortical systems

To approach the main questions posed in our study, we established the relationship of the 

amplitude of broadband gamma and alpha responses to the auditory and motor tasks, i.e., 
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across two different large-scale cortical systems. According to our first prediction, we 

expected to locate decreased alpha power in task-related regions (identified by increased 

broadband gamma), and increased alpha power in task-unrelated regions. Our results 

confirm this prediction.

Figure 2 summarizes the average power in alpha and broadband gamma across all task-

related locations during auditory or motor tasks, respectively (auditory task: 200 to 800 ms 

following auditory stimulus onset; motor task: −300 to 300 ms relative to the button press). 

These results show that in the auditory locations, the broadband gamma power increase 

during the auditory task was accompanied by a decrease in alpha power (two-sided t-test; 

see Figure 2 for significance values). Such induced depression of alpha power over the 

auditory cortex is consistent with previous studies reporting a decrease of the so-called tau 

rhythm centered around 10 Hz during the presentation of auditory stimuli (Tiihonen et al., 

1991; Krause et al., 1994; Lehtelä et al., 1997). The same relationship was conserved in the 

motor locations during the motor task, where broadband gamma power increased and alpha 

power decreased (two-sided t-test; p < 0.001 for the humans). This finding is also consistent 

with the well-established event-related suppression of the mu rhythm (8–12 Hz) during 

motor movements (Pfurtscheller and Berghold, 1989).

These results also demonstrate that the reduction in alpha power in task-related areas was 

paralleled by an increase in alpha power in the task-related area of the opposite task (two-

sided t-test; see Figure 2 for significance values). For example, during the auditory task, 

alpha power was increased in motor locations both in the human subjects (left panel) as well 

as the macaque (center panel).

Finally, we were interested whether this observed increase in alpha power would extend to 

cortical areas that were not involved in any of the two tasks investigated here. To provide a 

qualitative assessment, for each of the two tasks, we projected all the electrodes of the five 

human subjects or the macaque onto a three-dimensional template brain and rendered the 

color-coded alpha power during task onset at each location. The results are shown in Figure 

3A–B. Results indicate that alpha power decreased in the corresponding reactive locations 

and increased over the majority of the cortical areas not involved in any of the tasks. 

Notably, we observed large increases in alpha power over the prefrontal and the inferior 

temporal cortices. In addition, the decrease in alpha power was spatially more restricted than 

the increase in alpha power (two-sided t-test, p < 0.05 for both tasks): 56 % of locations 

exhibited an increase in alpha power for the human subjects and 53 % for the macaque 

during the auditory task; and 60 % for the human subjects during the motor task (see Figure 

3C). These results show that the increase in alpha power occurs in a majority of the 

locations.

3.3. Temporal relationship of broadband gamma and alpha modulations

We next determined whether the task-related decrease in alpha power preceded or followed 

the increase of population-level activity in the task-related locations. According to our 

second prediction, the task-related decrease in alpha power should lag the increase of 

population-level activity in the auditory locations during the auditory task, but precede it in 

the motor locations during the motor task. This would be in line with previous studies that 
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suggested that suppression in the alpha band follows auditory stimulation (Crone et al., 

2001), while it precedes motor movements (Pfurtscheller and Berghold, 1989; Pfurtscheller 

and Neuper, 1992).

To qualitatively verify the temporal relationship between alpha power and population-level 

activity, we averaged the time traces of the power over all auditory or motor locations. The 

results for all subjects are shown in Figure 4 (see Figure S1 for individual human subjects’ 

results). They indicate that, during the auditory task, broadband gamma power showed a 

clear onset response peaking at 230 ms, consistent with the times reported in other studies 

(161–250 ms range for Crone et al. 2001 and Edwards et al. 2009). This increase was 

followed by a decrease in the alpha band with a negative peak at 450 ms. This delay of about 

200 ms between the broadband gamma and alpha power responses is consistent with the 

results observed in previous work (Edwards et al., 2009; Potes et al., 2014). During the 

motor task, a depression of alpha power peaked at 220 ms before the button press, during 

which the broadband gamma power reached its maximum. In sum, alpha power lagged 

broadband gamma power in auditory regions during the auditory task but preceded it in 

motor locations during the motor task.

We confirmed this temporal relationships of the peaks of these two signals in individual 

trials using quantitative statistical analyses (auditory task: two-sided paired t-test; p < 0.001 

for the human subjects and the macaque; motor task: two-sided paired t-test; p < 0.001 for 

the human subjects). Furthermore, single-trial analyses established that the times of the 

negative and positive peaks of alpha and broadband gamma power, respectively, were 

significantly correlated for both auditory and motor tasks (r = 0.23 for the auditory task in 

the human subjects and r = 0.49 for the macaque; r = 0.19 for the motor task in the human 

subjects; p < 0.001 for each condition). These findings, consistent across all human subjects 

and the macaque, support our hypothesis that the central nervous system can regulate 

cortical excitability during top-down preparation for motor output and during bottom-up 

responses to an auditory stimulus. In both cases, alpha power modulations index these 

changes of cortical excitability.

3.4. Differential alpha modulations within the auditory system

Finally, if indeed oscillatory activity reflects a general mechanism that gates information 

flow throughout the cortex, similar task-related patterns of decrease and increase in alpha 

power should also be present within the small scale of a single cortical system (e.g., the 

auditory system).

Initial investigations suggested that this was the case. Specifically, while alpha power 

dropped consistently across the whole auditory system across all different types of auditory 

stimuli, alpha modulations in individual locations varied substantially across different types 

of stimuli. Figure 5 gives exemplary time course of alpha and broadband gamma power over 

the whole duration of the stimulus for two exemplary locations and four different exemplary 

stimuli in subject A.

We first investigated how the moment-by-moment variations in alpha power, sound intensity 

and broadband gamma power related to each other. The results of our correlation analyses 

de Pesters et al. Page 10

Neuroimage. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



showed that alpha power was significantly negatively correlated with broadband gamma 

power in 69 ± 7 % of the auditory locations (mean r2 = 0.13, p < 0.05, Bonferroni-corrected 

for the number of auditory locations in each subject), and was lagging it by a median of 160 

ms. In contrast, alpha power was significantly negatively correlated with sound intensity in 

only 2 % of the auditory locations (mean r2 = 0.04, p < 0.05, Bonferroni-corrected for the 

number of auditory locations in each subject), and lagged it by 170 ms. Because alpha power 

variations clearly trail broadband gamma power variations, our results suggest that during 

auditory stimulation, cortical excitability in the auditory locations is predominantly affected 

by variations in population-level cortical activity rather than variations in stimulus intensity.

To further quantify these modulations of broadband gamma and alpha power, we first sought 

to determine whether the alpha power decrease in response to each sound affected all 

locations within the auditory system or was instead limited to a subset of auditory locations. 

Hence, we computed the percentage of locations that displayed any type of change (i.e., 

increase or decrease) of alpha power during the auditory stimulation when compared to 

baseline. To do this, we first concatenated the whole alpha power time courses for stimuli of 

each category. We then computed the significance of a two-sided t-test on the obtained 

distributions (p < 0.05 Bonferroni corrected for the number of locations). We averaged 

across subjects the percentages of locations displaying a significant change of alpha power. 

This revealed that 91 ± 4 % of auditory locations displayed a significant change of alpha 

power in response to auditory stimulation.

We then investigated how these changes varied with categories. When broken down across 

the 6 different sound categories, we observed that 68 ± 15 % locations responded with a 

decrease of alpha power to speech stimuli, 58 ± 12 % to music stimuli, 48 ± 31 % to animal 

sounds, 35 ± 25 % to engine sounds, 25 ± 23 % to nature stimuli and 21 ± 22 % to the white 

noise stimulus (onesided t-test, p < 0.05 Bonferroni corrected for the number of locations 

and sound categories). Bar plots displaying the percentages of locations with a decrease, 

increase or non-significant change of alpha power for each sound category are presented in 

Figure S2.

Next, we identified the locations within the auditory system that responded the most or the 

least to each particular auditory stimulus. To do this, we averaged the broadband gamma 

power of each stimulus across trials and time, which yielded one value for each auditory 

location, subject and stimulus. In each subject and for each stimulus, we identified those 

locations whose broadband gamma power was within the top and bottom 25% of these 

distributions (i.e., the most and least reactive auditory locations, respectively). In summary, 

this procedure identified the sets of locations that responded the most or the least to a 

particular stimulus. These reactive locations were largely different across stimuli; on 

average, only 30% of the most reactive locations were common across a pair of stimuli. 

Finally, we averaged the broadband gamma and alpha power across the most or least reactive 

locations and across all stimuli and human subjects. Results for human subjects are shown in 

Figure 6. Notably, the alpha power decreased in the most reactive locations (two-sided t-test; 

p < 0.001), and was increased in the least reactive locations (two-sided t-test; p < 0.05), 

mirroring the increase versus decrease of alpha power previously observed across the 

auditory and motor systems. In the macaque, alpha power was higher than baseline in both 
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the least and most reactive locations, which may be attributed to the lack of sustained 

attention to the auditory stimulus.

Finally, we determined whether these dynamics were also present on a single-stimulus basis. 

To do this, we determined, for each stimulus, whether the alpha power in the least reactive 

locations was indeed larger than the alpha power in the most reactive locations: we averaged 

alpha power across trials, time and the least or most reactive locations for each stimulus and 

subject. This resulted in two distributions (i.e., one for the most reactive locations and one 

for the least reactive locations), where each data point represented the alpha power for one 

stimulus and one subject. A paired t-test between these two distributions revealed that alpha 

power in the least reactive locations was indeed robustly larger than in the most reactive 

locations on a single-stimulus basis (paired t-test, p < 0.001).

4. Discussion

4.1. Summary of results

In this study, we investigated the spatial and temporal dynamics of alpha and broadband 

gamma power modulation across two distinct systems (auditory and motor) and within the 

auditory system in both humans and one non-human primate. Our results confirm results 

from previous studies that showed increased broadband gamma power and decreased alpha 

power in task-related areas (Crone et al., 2001; Miller et al., 2007; Edwards et al., 2009; 

Potes et al., 2014). More importantly, our results demonstrated increased alpha power in 

task-unrelated areas, both across but also within large-scale cortical systems. In addition, the 

decrease in alpha power in the motor locations preceded gamma increases during the motor 

movement, but followed it in the auditory locations during the auditory task.

In sum, the results shown in this paper further highlight the critical role of oscillatory 

modulations in facilitating or inhibiting task-related processing, even within interwoven and 

spatially restricted networks.

4.2. Population-level activity, cortical excitability and the selection of functional networks

Throughout the study, we used modulations of broadband gamma power as a measure of 

population-level cortical activity. In contrast to the alpha band (8–12 Hz) and the canonical 

gamma band (30–60 Hz, Fries 2005; Engel et al. 2001), broadband gamma is widely 

believed not to be an oscillatory phenomenon. Several studies have demonstrated that 

modulations in broadband gamma power strongly correlate with the asynchronous firing of 

neuronal populations in humans (Manning et al., 2009) and non-human primates 

(Whittingstall and Logothetis, 2009; Ray and Maunsell, 2011). As such, broadband gamma 

is a direct and robust measure of population-level activity levels that is related to the average 

firing rate of populations of neurons directly underneath the recording electrode. It should be 

noted that the frequency range that we considered in our study (70–170 Hz) is a sufficient 

approximation of the wider broadband signal reported by Miller et al. (Miller, 2010; Miller 

et al., 2014), which is not theoretically limited by any cutoff frequencies except for the ones 

imposed by the noise-floor of the recording device and the sampling rate of the recording 

(Miller et al., 2009b).
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Over the last decade and increasingly during the last few years, several ECoG studies have 

demonstrated that broadband gamma power specifically increases in task-related locations. 

Such results have been obtained during a large variety of tasks, such as auditory perception 

(Crone et al., 2001; Canolty et al., 2007; Edwards et al., 2009; Potes et al., 2012), motor 

movements (Crone et al., 1998; Miller et al., 2007), visual spatial attention (Gunduz et al., 

2011, 2012), auditory attention (Golumbic et al., 2013; Mesgarani and Chang, 2012; 

Dijkstra et al., 2015) or imagined speech (Pei et al., 2011a,b). Here, we used the broadband 

gamma response to locate areas that responded to the auditory and motor tasks. Our set of 

selected locations in the humans and the macaque monkey were in line with expectations 

based on prior studies investigating auditory processing (Crone et al. 2001; Edwards et al. 

2009, for results in humans; Hackett et al. 1998; Rauschecker et al. 1995, for results in the 

macaque) and motor movements (Crone et al. 1998; Miller et al. 2007, for results in humans; 

Rizzolatti et al. 1998, for results in the macaque). Moreover, the locations in the humans co-

localized with the hemodynamic responses observed during fMRI studies investigating 

complex sound processing (Mukamel et al., 2005) and hand movement (Lotze et al., 1999). 

Within the auditory network, we found that the responses in broadband gamma power during 

the auditory task were strongly specific to the type of auditory stimulus presented. Such 

specificity is in agreement with the compartmentalized representation of the auditory cortex 

derived from single-neuron studies in non-human primates (Rauschecker et al., 1995; Wang 

et al., 2005) and ECoG and fMRI studies in humans (Crone et al., 2001; Staeren et al., 2009; 

Leaver and Rauschecker, 2010). Taken together, these results support the view that increased 

broadband gamma power can accurately be used as an index of increased population-level 

activity and of task-related functional cortical networks.

In contrast, we found that the power in the alpha band consistently decreased over those 

same task-related areas and increased in task-unrelated areas, both across and within cortical 

systems. While the physiological origin of alpha oscillations has not yet been fully 

elucidated, it is well accepted that alpha power decreases with increased population-level 

activity, as demonstrated by its negative correlation with broadband gamma power (Crone et 

al., 2001; Miller et al., 2009a; Potes et al., 2014) and the blood-oxygen-level dependent 

(BOLD) response (Mukamel et al., 2005). The mechanisms supporting these apparent 

interrelationships between alpha and broadband gamma power are still unclear (but see 

Podvalny et al. 2015; Voytek et al. 2015; Voytek and Knight 2015). At the same time, alpha 

power decreases are clearly not simply a direct reflection of population-level activity since 

alpha power decreases can be observed in the absence of population-level activity and in 

preparation for an upcoming stimulus (Romei et al., 2010; Mazaheri et al., 2014). Hence, 

decreased oscillatory power is more likely an index of increased cortical excitability (i.e., an 

increased probability of cortical excitation) rather than a direct reflection of actual cortical 

excitation (Klimesch et al., 2007; Romei et al., 2008; Sauseng et al., 2009; Rajagovindan 

and Ding, 2011).

Conversely, an increase in alpha power is associated with a decrease of cortical excitability 

(Romei et al., 2008; Sauseng et al., 2009). Long considered a simple passive idling state 

(Adrian and Matthews, 1934; Pfurtscheller et al., 1996), alpha oscillations have more 

recently been shown to modulate population-level activity in a time-specific manner, with 

lower broadband gamma power (Osipova et al., 2008; Voytek et al., 2010) or lower firing 
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rates (Haegens et al., 2011) coinciding with the peaks of the alpha wave. Moreover, studies 

have demonstrated that increases in alpha power are not simply caused by a return to 

baseline from previously active cortical areas (Fu et al., 2001; Kelly et al., 2006). Therefore, 

increased alpha power has been considered to reflect an active inhibition phenomenon 

involved in the gating of cortical information (Klimesch et al., 2007; Jensen and Mazaheri, 

2010).

The high spatial resolution of alpha power modulations that we observed within the auditory 

system in our study opposes the common notion that alpha oscillations are spatially 

widespread (Crone et al., 2001; Pfurtscheller et al., 2003; Crone et al., 2006; Miller et al., 

2009a). Interestingly, most auditory studies investigating broadband gamma and alpha 

modulations employ short stimuli (Crone et al., 2001; Edwards et al., 2005, 2009), while the 

stimuli employed in the current study were 10 seconds long. It is possible that the stimulus 

specificity of alpha power modulations during sustained auditory stimulation changes over 

time, as has been demonstrated in previous studies (Picton et al., 1978a,b).

4.3. Current experimental limitations

As is the case with practically all human ECoG studies, the location of the electrode grids 

implanted in the five human subjects was dictated solely by clinical requirements. Thus, 

electrode coverage was variable across subjects, and limited to a single hemisphere. 

Furthermore, the clinical and cognitive state of the subjects is usually variable, both across 

but also within subjects over time, and can be influenced by their post-operative treatment 

plan and associated factors such as medication regimen or quality of sleep. At the same time, 

our behavioral validation indicated that all patients were able to meet the demands of the 

task and attend to the auditory stimuli. In addition, our results were consistent with the 

findings from other imaging modalities. Finally, definitively establishing the generalization 

of our results to macaques would require data collection in more macaque subjects.

5. Conclusion

In summary, the results of our study showed that alpha power is decreased in task-related 

areas and increased in task unrelated areas, both across but also within large-scale cortical 

systems. We also showed that alpha power decreases lag gamma power increases in the 

auditory system during an auditory task, but precede gamma power in the motor system 

during a motor task. We conclude that our results further strengthen the view that oscillatory 

activity shapes task-related cortical networks by differentially biasing cortical excitability. 

Our results suggest that this mechanism might operate not only across but also within large-

scale functional networks, and may be conserved across species. Future research could 

further determine the generality of this mechanism, establish the causal role of oscillatory 

activity in this process, and delineate both the origin of oscillatory activity as well as its 

guiding parameters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increases in broadband gamma power index functional cortical locations
For each of the human subjects (A–E) and the macaque monkey (F), colored circles 

represent locations that were reactive during the auditory task (blue circles) or motor task 

(red circles). The size of the circle corresponds to the size of the response (see reference 

circles at the bottom of the figure). Small black circles denote non-reactive locations. They 

do not include artifactual and occipital electrodes that were removed from the analysis. AS, 

arcuate sulcus; CS, central sulcus; IPS, intraparietal sulcus; LuS, lunate sulcus; STS, 

superior temporal sulcus.
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Figure 2. Alpha power is suppressed in task-related locations and increased in non-related 
locations
The bar plots show the amplitude of the responses, averaged across all task-related locations 

(i.e., auditory or motor areas), during the auditory task in humans (left panel), macaque 

(middle panel), and motor task in humans (right panel) for broadband gamma (blue) and 

alpha (red) bands. Error bars denote the standard error. *: p < 0.05; **: p < 0.01; ***: p < 

0.001.
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Figure 3. A localized decrease in alpha power in the task-related locations is accompanied by an 
increase in the majority of the remaining locations
A, B) The topographies show color-coded alpha power averaged during the auditory task for 

all human subjects (200–800 ms; top left panel) and the macaque (200–800 ms; bottom left 

panel) and motor task (−300–300 ms; top right panel). Colored circles represent locations 

that were reactive during the auditory task (blue circles) or the motor task (red circles). AS, 

arcuate sulcus; CS, central sulcus; IPS, intraparietal sulcus; LuS, lunate sulcus; STS, 

superior temporal sulcus. C) The bar plots show the percentage of all locations for which 

alpha activity decreased (blue), increased (red) or did not change (green), for the human 

subjects during the auditory (left) and motor (middle) tasks, and for the macaque during the 

auditory task (right). Error bars represent the standard error.
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Figure 4. Alpha power suppression lags broadband gamma power in auditory areas during the 
auditory task, but precedes it in the motor areas during the motor task
The time courses depict the averaged responses in auditory locations during the auditory 

task in humans (left panel), macaque (middle panel) and in motor locations during the motor 

task in humans (right panel) for broadband gamma (blue) and alpha (red) bands. Semi-

transparent shading represents the standard error. The vertical dashed lines indicate the 

timing of the positive peaks of the broadband gamma band (blue) and the negative peaks of 

alpha band (red) for each task.
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Figure 5. The same auditory location can exhibit drastically different modulations of alpha and 
broadband gamma power according to the type of auditory stimulus presented
For two different auditory locations in subject A (left and right panels, respectively), the 

average time courses in response to four different auditory stimuli are shown for alpha and 

broadband gamma power (red and blue, respectively). Semi-transparent areas represent the 

standard error.
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Figure 6. Within the auditory system, patterns of alpha power suppression in reactive locations 
and increase in non-reactive locations parallel the modulations of alpha power across systems
The bar plots show the amplitude of the responses in broadband gamma (blue) and alpha 

(red) power, averaged across the most or least reactive locations of the human subjects. Error 

bars denote the standard error. *: p < 0.05; ***: p < 0.001.
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