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The human auditory cortex is engaged in monitoring the speech of interlocutors as well as self-generated speech. During vocalization,
auditory cortex activity is reported to be suppressed, an effect often attributed to the influence of an efference copy from motor cortex.
Single-unit studies in non-human primates have demonstrated a rich dynamic range of single-trial auditory responses to self-speech
consisting of suppressed, nonsuppressed and excited auditory neurons. However, human research using noninvasive methods has only
reported suppression of averaged auditory cortex responses to self-generated speech. We addressed this discrepancy by recording
electrocorticographic activity from neurosurgical subjects performing auditory repetition tasks. We observed that the degree of suppression varied across different regions of auditory cortex, revealing a variety of suppressed and nonsuppressed responses during vocalization. Importantly, single-trial high-gamma power (␥High , 70 –150 Hz) robustly tracked individual auditory events and exhibited stable
responses across trials for suppressed and nonsuppressed regions.

Introduction
During speech production we continuously monitor our own
voice and compensate for changes in auditory feedback (Levelt,
1983). For example, speakers change their voice both in intensity
and pitch when they are introduced to a noisy acoustic environment (Lane and Tranel, 1971). Furthermore, delaying a speaker’s
auditory feedback will disrupt fluent speech production (Yates,
1963). Despite the importance of auditory feedback for accurate
production, it remains unclear how auditory cortex processes
self-generated speech during vocalization.
Single-unit studies in non-human primates as well as humans
have reported suppressed auditory neuronal responses during
vocalization (Müller-Preuss and Ploog, 1981; Creutzfeldt et al.,
1989). Although many of the single-unit responses showed a
marked suppression in activity, a large population of auditory
neurons exhibited an excited response to self-generated vocalization. Recent work with vocalizing marmosets has reported auditory neurons with a varying degree of suppressed responses. A
majority of neurons showed some type of suppression while a
smaller number exhibited excited responses. These results suggested that while auditory neurons showed a spectrum of responses, the average of the population exhibited a suppressed
response (Eliades and Wang, 2005, 2008).
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sponses using functional imaging and electrophysiological
studies (Numminen et al., 1999; Wise et al., 1999; Ford et al.,
2001; Houde et al., 2002; Christoffels et al., 2007). Electrophysiological studies have reported suppression in the N100 and M100
components of auditory-evoked potentials peaking at 100 ms
(Numminen et al., 1999; Ford et al., 2001).
The suppression of auditory cortex during vocalization has
often been attributed to the influence of motor cortex. Current
theories present a forward model where corollary discharge signals, representing a prediction of impending self-generated stimuli, modulate auditory cortex activity (Ford et al., 2001; Houde et
al., 2002). Recent single-unit work has shown that normally suppressed auditory neurons enhanced their activity when auditory
feedback was altered (Eliades and Wang, 2008), in accord with
evidence from human EEG and magnetoencephalographic studies (Houde et al., 2002; Heinks-Maldonado et al., 2005). Although speech suppression in human auditory cortex is well
accepted, the temporal dynamics of suppression and its stability
at the level of single-trials remains unknown. Furthermore, the
spatial distribution and variability of auditory cortex suppression
are unknown.
Electrocorticographic (ECoG) signals acquired directly
from the surface of the human cortex have a high signal-tonoise ratio ideal for single-trial analysis and provide a better
spatial sampling of neuronal populations than scalp EEG.
ECoG studies to date have only shown an averaged suppression of high-gamma (␥High) band (␥High ⬎70 Hz) power responses (Crone et al., 2001; Towle et al., 2008). Although ␥High
has been linked to single-unit and BOLD activity (Mukamel et
al., 2005; Allen et al., 2007; Belitski et al., 2008; Sohal et al., 2009),
it is unclear whether the suppression occurs in other frequency
bands and how it changes over trials. Similarly, it is not known
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whether suppression is uniform across auditory cortex or instead
shows a regional topography of the degree of suppression.

Materials and Methods
Subjects. Seven subjects (S1–S7) undergoing neurosurgical treatment for
refractory epilepsy participated in the study. During clinical treatment
the subjects were implanted with one or more electrode arrays with an
interelectrode spacing of 1 cm. Electrode placement and medical treatment were dictated solely by the clinical needs of the patient. Electrophysiological signals were subsequently monitored by clinicians for a
period of ⬃1 week. During lulls in clinical treatment, subjects willing to
participate in the study provided written and oral consent. Four male
subjects (S1–S4, ages 18, 38, 12 and 18 respectively) participated at Johns
Hopkins Hospital. One male subject (S5, age 34) and two female subjects
(S6, S7, ages 33, 51 respectively) participated at University of California,
San Francisco (UCSF) Hospital (see supplemental Table 1, available at
www.jneurosci.org as supplemental material for pathology details). All
subjects were fluent in English as a native tongue and had no language
production deficits. Subjects were not receiving anti-epileptic medications during the recording period and were seizure free for at least 3 h
before performing the task. All subjects gave written consent to participate in the study as well as an additional oral consent immediately before
recording the task. The study protocol was approved by the UCSF, University of California (UC) Berkeley, and Johns Hopkins Committees on
Human Research.
One male subject (S8) participated in a separate pilot study intraoperatively at UCSF while undergoing neurosurgical treatment for tumor
resection. The procedure involves one surgical procedure including intraoperative awake language and motor mapping followed by tailored
resection of the seizure focus under ECoG guidance. After all clinical
mapping was performed, the surgeon placed a high density electrode
array with interelectrode spacing of 4 mm. The subject performed a
phoneme repetition task for several minutes after which time the grid was
removed and the surgeon continued clinical treatment. The subject provided written and oral consent before the surgery and was informed that
the task was for research purposes. During surgery, the subject was informed by the surgeon when the clinical mapping was over and the
research task was completed under the discretion of the surgeon. The
study protocol was approved by the UCSF and UC Berkeley Committees
on Human Research.
Task and stimuli. Seven subjects (S1–S7) performed a phoneme repetition task consisting of nine English vowels (/i/, /u/, /I/, /ə/, /o /, /e/,
/⌳/, /æ/, / ɒ /). The stimuli were digitally recorded from a female native
speaker of English, acquired at a sampling rate of 44 kHz and 16-bit
precision. Recorded stimuli varied in length (215–350 ms) with a mean of
282 ms and SD of 46 ms. The subjects were presented with the digital
audio recordings of the vowels via two speakers in front of them. Subjects
were instructed that they were going to hear several speech sounds and
they were to repeat aloud each speech sound they heard as best they
could. The subjects’ responses were recorded by up to three different
microphones: one close to the mouth, one close to the ear and a third in
the ceiling which is part of the clinical video recording system. One
microphone closest to the subject was fed directly to the recording system
to record responses simultaneously with the electrophysiological signals.
Similarly, the presented acoustic stimuli signal was sent to the recording
system to ensure simultaneous acquisition. The experiment consisted of
a total of 72 vowels presented in a pseudorandom fashion with a jittered
interstimulus interval of 4 s ⫾250 ms (random jitter). One subject (S8)
was part of a pilot study performing a separate task intraoperatively. The
task was similar in design and presentation although the stimuli consisted of synthesized /ba/ and /pa/ phonemes.
Subjects S1, S2, and S4 performed an auditory word repetition and
visual word reading task in addition to the phoneme repetition task (see
supplemental material, available at www.jneurosci.org). Auditory and
word stimuli consisted of monosyllabic or disyllabic words which were
presented via speakers or computer monitor in front of the subject. The
subject was instructed to repeat each word they heard during the auditory
repetition task and to read aloud each word on screen during the visual
reading task.

Electrode localization. A structural preoperative magnetic resonance
imaging (MRI) was acquired for all subjects as well as a postimplantation
computed tomography (CT). The MR and CT were reoriented and
resliced to a conformed 1 mm space. Using OsiriX Imaging Software, a
neurosurgeon marked several anatomical fiducials that were visible both
on the CT and MRI (example fiducials include the cerebellar pontine
axis, naison, optic nerves, etc.). Once the anatomical markers were placed
an affine point-based registration was performed to localize the CT and
MRI in the same space. The fused images were rendered in three dimensions and assessed for anatomical accuracy (bone structure, visible soft
tissue, etc.). The three-dimensional (3D) render was then compared with
an intraoperative image of the exposed grid after it was sutured to the
dura. Electrodes covering the superior temporal gyrus and sylvian fissure
were marked according to the 3D reconstruction and the intraoperative
image. In one case the subject did not have a CT scan due to an additional
surgery performed to reduce swelling. In this case the auditory electrodes
were marked by a neurosurgeon based on the intraoperative image alone.
Data acquisition. Electrophysiological and peripheral auditory channels were acquired using a custom built Tucker Davis Technologies recording system (256 channel amplifier and Z-series digital signal
processor board) at the UCSF site and a clinical 128-channel Harmonie
system (Stellate) recording system at Johns Hopkins. EEG channels were
sampled at 3052 Hz (UCSF) and 1000 Hz (Johns Hopkins) while the
peripheral auditory channels were sampled at 24.4 kHz (UCSF) and 1000
Hz (Johns Hopkins). Additional microphones in the room sampled
speech at 44 kHz. Electrophysiological data were recorded using a subdural electrode as reference and a scalp electrode as ground. The reference electrode was assigned postoperatively according to clinical needs.
Electrode selection. Subjects were implanted with 64 –100 electrodes
covering extensive perisylvian regions varying per subject. For each subject a subset of 8 –16 STG (superior temporal gyrus) electrodes were
selected based on anatomy. The exact criterion was coverage of the middle through posterior STG and sylvan fissure. For each STG electrode
auditory spectral responses were computed for seven different frequency
bands (raw power: 1–300 Hz; , 4 – 8 Hz; ␣, 8 –12 Hz; ␤, 12–30 Hz; ␥,
30 –70 Hz; ␥High, 70 –150 Hz; ␥Very high, 150 –300 Hz). Spectral responses
were computed by calculating the log transformed power across the entire data time-series and then extracting event-related windows. The log
transform was used to ensure the data are normally distributed and can
be assessed using a t test. Poststimulus power was defined as the averaged
power across a 300 ms window after hearing onset (0 –300 ms) and
baseline power was defined as the averaged power across a 300 ms window before hearing onset (⫺350 to ⬎⫺50 ms). An STG electrode was
defined as an auditory electrode if it exhibited a statistically significant
power response in any of the seven frequency bands. Statistical significance was assessed using a single-tailed two-sample t test comparing
baseline power with poststimulus power. t tests were applied with a confidence interval of p ⬍ 0.001 without assuming equal variance (BehrensFisher problem) and were corrected for multiple comparisons using
Bonferroni correction (accounting for the number of electrodes tested
and the number of frequency bands). ␥High auditory electrodes refer to
auditory electrodes that exhibited a statistically significant power response in the ␥High band (70 –150 Hz).
Data analysis. All ECoG channels were manually inspected by a neurologist to identify channels with interictal and ictal epileptiform activity
and artifact. Channels contaminated by epileptiform activity, electrical
line noise (60 Hz) or abnormal signal were removed from further analysis. All remaining channels were re-referenced to a common averaged
reference defined as the mean of all the remaining channels. Epochs in
which ictal activity spread to adjacent channels were removed from further analysis. Speaker and microphone channels recorded simultaneously with ECoG activity were manually inspected to mark onset of
stimulus and the subsequent response. The audio channels were inspected using both the raw time-series as well as a time-frequency representation (spectrogram) to ensure accurate onset estimation. Trials in
which the subject did not respond with a phoneme were removed from
analysis; similarly trials overlapping with ictal activity were discarded.
Event-related potentials were computed on the band-passed signal
(0.1–20 Hz) and were baseline corrected for a 100 ms window (⫺100 to
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Figure 1. a, Auditory event-related potentials locked to hearing (solid) and speaking
(dashed) vowels. b, Difference signal between hearing and speaking compared with baseline
across the different frequency bands. Error bars represent the SEM across subjects.
⬎0 ms). Statistical significance was assessed using a paired t test comparing negative peaks (minimum amplitude within 100 –200 ms window)
across subjects for hearing versus speaking conditions.
The spectral suppression signal (Fig. 1b) was computed for a given
electrode and trial by computing the averaged spectral power in a 300 ms
time window relative to hearing (0 –300 ms after hearing onset), speaking
(0 –300 ms after speaking onset) and baseline (⫺350 to ⫺50 ms before
hearing onset). The suppression signal was defined as 100 * (Phear ⫺
Pspeak)/Pbaseline, where P is the averaged spectral power for a given time
window and frequency band. Frequency bands included the raw signal
(1–300 Hz),  (4 – 8 Hz), ␣ (8 –12 Hz), ␤ (12–30 Hz), and eight different
20 Hz bands between 30 and 190 Hz (i.e., 30 –50, 50 –70, . . ., 170 –190
Hz). The suppression signal was averaged across trials and electrodes for
each subject and the mean across subjects is plotted in Figure 1b. Statistical significance was assessed using a one-sample t test on spectral suppression values across subjects for a given band. The suppression index
was calculated by computing the averaged spectral power relative to
hearing and speaking (same 300 ms windows as above). The suppression
index was defined as (Phear ⫺ Pspeak)/(Phear ⫹ Pspeak), where P is the
averaged spectral power for a given time window.
Single-trial ␥High traces were computed by first calculating the spectral
power time series (70 –150 Hz) for the entire block of data. Event-related
windows of the time series were extracted and transferred to units of
percentage change compared with baseline (averaged spectral power
within ⫺200 to ⬎0 ms prestimulus). Power traces were either averaged
across trials (Fig. 2) or shown in single-trials (see Fig. 4). Single-trial
analysis across all trials and electrodes (see Fig. 5) was based on the
spectral power in the ␥High range (70 –150 Hz) during 300 ms timewindows (0 –300 relative to hearing and speaking; ⫺350 to ⬎⫺50 for
baseline). Regression analyses (see Fig. 5b; supplemental Fig. S4, available
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at www.jneurosci.org as supplemental material) were performed on logtransformed spectral power values (before averaging over the timewindows). A statistical bootstrapping procedure was used to compare
hearing and speaking spectral responses to baseline within each ␥High
electrode (see Fig. 5a). For each spectral power condition (hearing,
speaking and baseline) two thousand random pairs of single-trials were
pooled and the mean of each pair was computed. These two thousand
means form a distribution, which is normally distributed and is comparable across conditions. All hearing and speaking bootstrapped values
were transformed to units of baseline by subtracting the mean of the
baseline distribution and then dividing by the SD of the baseline distribution (z-score). The bootstrapped statistics were done for each individual electrode separately. ␥High spectral responses locked to hearing words
as well as producing auditory and visual words in the supplemental material (available at www.jneurosci.org) were computed for all electrodes
identified as ␥High auditory electrodes in the phoneme repetition task
(see Electrode selection). ␥High spectral responses were averaged across
electrodes and the mean values across subjects are depicted in supplemental Figure S3 (available at www.jneurosci.org as supplemental material). Statistical assessment of spectral values within a task (phoneme and
word repetition) was performed using a two sampled t test while assessment between tasks was performed using a nonparametric rank-sum
Wilcoxon test.
In the ANOVA specified in the Results (see Suppression onset and
peak, and Response variability across STG), the anatomical location of
each electrode was defined as posterior, anterior or central (within 1 cm)
to the lateral surface of Heschl gyrus. Heschl gyrus was identified and
marked manually within each subject.
Suppression onset and peak analysis. Every pair of electrode and frequency band (see Data analysis for frequency ranges) that exhibited a
significant auditory response during hearing compared with baseline was
selected for analysis (significance was assessed similar to the method in
Electrode selection). For each pair, a spectral power time series was computed, segmented into event-related windows (⫺200 to 400 ms relative
to hearing or speaking onsets) and then resampled using a sliding window approach (50 ms window with 50% overlap). That is, any time point
in the new event-related time series represents a mean of 50 ms of data
and shares 25 ms of data with any neighboring time point. For every
electrode and frequency pair there now exists a set (defined by the number of trials) of the resampled hearing event-related time series and
speaking event-related time series. Each event-related time point was
statistically assessed by comparing a hearing time-point with its speaking
counterpart (single-tailed two-sample t test). Suppression onset was defined as the first of at least 3 consecutive significant time-points. Suppression peak was defined as the maximal value reached after the suppression
onset. t tests were corrected for multiple comparisons (accounting for the
number of time points tested) using a false discovery rate (FDR) correction of q ⫽ 0.05 (Benjamini and Hochberg, 1995). Only electrode and
frequency pairs with a suppression onset are included in supplemental
Figure S1 (available at www.jneurosci.org as supplemental material).
Spectral decomposition. Spectral signal analysis was implemented using
a frequency domain Gaussian filter (similar to that described by Canolty
et al., 2007). An input signal X was transformed to the frequency domain
signal Xf using an N-point fft (where N is defined by the number of points
in the time-series X ). In the frequency domain a Gaussian filter was
constructed (for both the positive and negative frequencies) and multiplied with the signal Xf. The subsequent filtered signal was transformed
back to the time-domain using an inverse fft. Power estimates were calculated by taking the Hilbert transform of the frequency filtered signal
and squaring the absolute value. All frequency domain filtering and
power estimations are comparable to other filtering techniques, such as
the wavelet approach (Bruns, 2004).

Results
Auditory responses across subjects
To assess auditory cortex responses to speech during listening
and production we first selected electrodes with clear auditory
spectral responses. Electrodes were selected if they covered the
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STG and showed a statistically significant
auditory spectral response in any frequency band (1–300 Hz, including power
of the raw signal) compared with baseline
( p ⬍ 0.001, t test Bonferroni corrected).
Event-related potentials (ERPs) for both
listening to vowels and producing the
same vowels were computed for each auditory electrode and averaged per subject.
A grand average across all subjects is
shown in Figure 1a. A negative potential
peaking ⬃150 ms is evident for the hearing ERP (solid trace) and this response is
severely reduced for the speaking ERP
(dashed trace; t test, p ⬍ 0.05). This finding is similar to previous scalp EEG studies reporting a reduction in the auditory
N100 ERP component (Ford et al., 2001;
Heinks-Maldonado et al., 2005).
We assessed auditory responses in the
frequency domain by comparing auditory
spectral responses during hearing vowels
with spectral responses during produc- Figure 2. Averaged ␥High power traces locked to hearing (red) and speaking (blue) vowels in five different electrodes across the
STG of subject S3.
tion of the same vowels. In each subject
four to eight auditory electrodes exhibiting a significant spectral response were selected for analysis (same
selection criteria described above). Power in different frequency
bands, averaged during a 300 ms poststimulus-onset time window, was measured while hearing versus speaking vowels and a
difference signal was computed for each subject. This signal was
computed by taking the average difference in power between the
hearing and speaking window after normalization to a prestimulus baseline. Figure 1b shows the difference signals averaged
across subjects, representing the degree of suppression in each
frequency band. Maximal suppression was found in the 80 Hz,
100 Hz and 120 Hz bands (70 –130 Hz: t test, p ⬍ 0.01 for 70 –90
Hz band and p ⬍ 0.001 for 90 –110, 110 –130 Hz bands). In the
lower frequencies, power in the  band (4 –7 Hz) was also suppressed, though with higher variability across subjects (t test, p ⬍
0.05). The raw power (0.1–300 Hz) exhibited lower suppression
values, which nevertheless passed significance threshold (t test,
p ⬍ 0.05).
Figure 3. Electrode SIs for all 36 ␥High auditory electrodes sampled from all subjects. SI ⫽
(Phear ⫺ Pspeak)/(Phear ⫹ Pspeak), where P denotes event-related ␥High power.

Suppression onset and peak
To examine the temporal dynamics of the suppressed responses
during speech we computed a power time series for each electrode and frequency band using a sliding window approach (50
ms window, 50% overlap). Suppression onset and peak were calculated for each time series exhibiting significantly larger activity
during hearing compared with speaking for at least 3 consecutive
time-points, equivalent to 100 ms ( p ⬍ 0.05, t test FDR corrected). Only frequency bands within the ␥High range showed
consistent suppression across all the subjects with a mean onset
time of 89.5 ms and a mean peak time of 173 ms across the ␥High
frequency bands (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). The 90 –110 Hz band
had the largest number of electrodes exhibiting suppression with
a mean onset time of 104 ms and a mean peak time of 176 ms. The
suppression onset times in this band were not significantly different across electrode anatomical location (F(2,21) ⫽ 1.3 p ⫽ 0.29,
one-way ANOVA). Lower frequency bands exhibited less consistent results across subjects with two bands exhibiting a small
number of suppression onset times before articulation ( and ␣

bands; see supplemental Figure S1, available at www.jneurosci.
org as supplemental material).
Response variability across STG
We assessed the spatial distribution of auditory responses across
the STG focusing on the ␥High band (␥High, 70 –150 Hz), which
showed the maximal degree of suppression. We found a wide
distribution of the degree of suppression across the STG. Figure 2
depicts subject S3 with typical auditory responses to hearing (red
traces) and speaking (blue traces) vowels. While three electrodes
show a robust suppression during speaking compared with hearing the same vowels, two adjacent electrodes exhibit only mild to
no suppression. We quantified the degree of suppression for all
␥High auditory electrodes using a suppression index (SI) varying
from 1 (completely suppressed) to ⫺1 (completely enhanced).
Figure 3 shows a wide spectrum of responses with a varying degree of suppression in the different auditory electrodes. The spatial distribution of the SI for each subject is shown in Figure 4.
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Figure 4. Regional suppression topography of all the ␥High auditory electrodes in each subject. Colored dots represent suppression indices in each electrode. Above each subject are vertically
stacked single-trial ␥High traces shown for a representative electrode from each subject. Single-trial traces are locked to hearing stimuli (red arrow) and black lines denote speech onset (blue arrow).

Each individual subject exhibited a regional topography of suppressed auditory responses, which varied spatially across the STG
and remained stable across trials.
To examine the spatial distribution of suppression every electrode was classified as posterior, anterior or central (within 1 cm)
to the lateral surface of Heschl gyrus. The suppression values
across the three spatial groups did not differ statistically (F(2,33) ⫽
0.26 p ⫽ 0.77, one-way ANOVA). Interestingly, the two electrodes which showed evidence of excited responses during
self-generated speech were posterior to Heschl gyrus (see supplemental Fig. S2, available at www.jneurosci.org as supplemental
material). Three of the seven subjects performed a visual reading
task to rule out repetition suppression effects. ␥High activity during production of auditory stimuli did not differ significantly
from ␥High activity during production of visual stimuli (Wilcoxon rank-sum, p ⬎ 0.05; see supplemental Fig. S3, available at
www.jneurosci.org as supplemental material).
Single-trial responses
We investigated single-trial auditory responses in all subjects.
Figure 4 shows stacked single power traces from a representative
electrode for each subject. The single-trial traces track the induced spectral responses to the spoken auditory stimuli, which
on average commenced at 100 ms and lasted for 300 ms. Singletrial responses locked to hearing vowels are robust across trials
while responses during production (marked in black) are consistently suppressed. This demonstrates a robust and stable re-

sponse pattern during both the hearing and production phase of
the task at the single-trial level. To quantify the auditory response
fidelity of the single-trials we ran a bootstrapping procedure to
compare single-trial auditory responses during hearing and
speaking with the prestimulus baseline. Figure 5a shows responses to hearing (red) and speaking (blue) for all ␥High auditory
electrodes in units of z-scores compared with the bootstrapped
baseline power distribution. A majority of hearing events (red)
crossed significance threshold (65.3% of events across all electrodes were significant, p ⬍ 0.05). Speaking events (blue) were
significant for some electrodes but on average were less robust
(27.1% of events across all electrodes were significant, p ⬍ 0.05).
Further examination of all the individual single-trial events revealed a linear relationship (r ⫽ 0.55, p ⬍ 0.001) between the
magnitude of ␥High responses during hearing and speaking as
shown in Figure 5b. This relationship held within all individual
subjects (supplemental Fig. S3, available at www.jneurosci.org as
supplemental material).
Independent spatial responses
The anatomical distribution of responses across the STG provides evidence for independent signals at the 1 cm resolution of
most of our grids. We report data from one subject implanted
with a high-density grid with 4 mm interelectrode spacing over
STG (Fig. 6a). Two adjacent electrodes separated by 4 mm of
cortex exhibit functionally distinct responses. Electrode A responds robustly to external stimuli and is suppressed during vo-
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calization (suppression index of 0.36).
Electrode B is minimally responsive to external stimuli and is highly selective to self
generated speech (suppression index of
⫺0.3). These functionally distinct patterns of cortical activity at 4 mm separation are also observable at the level of
single-trial responses (Fig. 6b).

Discussion
This study addresses the temporal fidelity
and spatial topography of auditory cortex
suppression during vocalization and resolves a controversy in the animal versus
human literature. We first examined aver- Figure 5. a, Bootstrapped hearing (red) and speaking (blue) events for all ␥ auditory electrodes compared with a baseline
High
aged ECoG responses across auditory distribution ( p ⬍ 0.05 significance levels marked by black horizontal lines). Electrodes are sorted according to the mean of hearing
electrodes in seven different subjects. We events. b, Single-trial ␥High power values for hearing versus speaking across all electrodes.
found a reduction in the N100 component of the ECoG auditory ERP as well as a
reduction of induced spectral responses
that peaked at 100 Hz, corresponding
with the ␥High band. However, examining
each auditory electrode with a ␥High response revealed differential degrees of suppression across auditory cortex. Moreover,
within each subject different regions of
auditory cortex exhibited different types
of self-speech modulation of ECoG auditory responses. Single-trial analysis of
these electrodes revealed a consistent response across the different trials. Both
highly suppressed and nonsuppressed
electrodes revealed the same pattern of response in single-trials across the experimental session. Only a few sites demonstrated
substantial excitation in the posterior
STG during self-generated speech. This
finding is in accord with previous singleunit data reported in human and nonhuman primates (Müller-Preuss and Ploog,
1981; Creutzfeldt et al., 1989; Eliades and
Wang, 2003). Last, we found a correlation
between single-trial responses during
speech and hearing suggesting that auditory Figure 6. a, Intraoperative image of a high-density 4 mm electrode grid. b, High-frequency oscillatory responses are shown for
responses during vocalization, though sup- two adjacent electrodes during a 2 s epoch (raw traces filtered at 70 –150 Hz). Electrode A responds selectively to external stimuli
(speaker plotted in red), while electrode B responds predominantly to self-produced speech (microphone plotted in blue). c,
pressed, often remain above noise level.
Noninvasive studies in humans have Averaged event-related power changes locked to hearing (red) and speaking (blue) stimuli in the two adjacent electrodes.
demonstrated suppression of averaged reSrinivasan, 2005) as well as noise from scalp (Goncharova et al.,
sponses from auditory cortex, indexed by a reduction in the N100
2003; Fu et al., 2006), facial (Whitham et al., 2008), and extraocand M100 components of auditory ERPs (Numminen et al.,
ular (Yuval-Greenberg et al., 2008) muscles. In contrast, intracra1999; Curio et al., 2000; Ford et al., 2001; Houde et al., 2002). Our
nial recordings largely circumvent these issues providing high
finding of a pronounced reduction of a negative ERP component
SNR, richer spectral content, as well as physical sampling from a
in this latency range during speech supports these noninvasive
well defined region of cortex.
findings. Auditory ERPs recorded directly from the surface of
Two previous electrocorticographic studies have reported a
cortex are much larger in amplitude than scalp ERPs and are
reduction in ␥High power during speech (Crone et al., 2001; Towle
likely generated by local neuronal populations in the STG, alet al., 2008). These studies used narrow criteria for the ␥High band
though volume conduction from adjacent planum-temporal
(Towle et al., 2008: 70 –100 Hz; Crone et al., 2001: 80 –100 Hz)
generators cannot be ruled out.
and did not address suppression in other frequency bands. We
The signal strength of human EEG spectral power is inversely
specifically probed the entire physiologically relevant frequency
proportional to the frequency and drops as a function of distance
spectrum of local field potentials and found a maximal peak of
from the cortex (Pritchard, 1992; Freeman, 2004; Bédard et al.,
self-speech suppression at 100 Hz, as well as lower degrees of
2006). Furthermore, scalp EEG signals are susceptible to both
signal suppression in the  range and in the overall power of the
volume conductance effects causing spatial smearing (Nunez and
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raw signal. The high degree of signal suppression at the 100 Hz
band and adjacent frequencies provide evidence for a functional
band of oscillatory activity. The suppressions observed both in
the  band and in the raw signal, which is dominated by power in
low frequencies, are most likely due to the previously reported
reduction in the N100 ERP component (Ford et al., 2001).
High ␥ activity has been reported in a variety of functional
modalities, including auditory-related (Crone et al., 2001;
Edwards et al., 2005; Trautner et al., 2006), motor-related (Crone
et al., 1998; Miller et al., 2007), and language-related (Crone et al.,
2001; Brown et al., 2008) tasks. The ␥High response has been
linked to neuronal firing rate and is believed to emerge from
synchronous firing of neuronal populations (Mukamel et al.,
2005; Liu and Newsome, 2006; Allen et al., 2007; Belitski et al.,
2008; Ray et al., 2008; Cardin et al., 2009). The reduced ␥High
responses we found in a substantial number of auditory electrodes during vocalization suggest a reduction in neuronal population activity in the underlying tissue. This attenuated response
is consistent with previous reports of reduced auditory responses
in noninvasive human studies as well as suppressed single-unit
responses (Ford et al., 2001; Eliades and Wang, 2003). Although
all single-unit studies report suppressed responses, there have
been conflicting reports as to what proportion of the recorded
neurons are suppressed during vocalization. Müller-Preuss et al.
reported that over half the auditory neurons in the squirrelmonkey STG were suppressed, Eliades et al. found suppression
in three quarters of marmoset-monkey STG neurons while
Creutzfeldt et al. found only a minority of neurons suppressed in
the human STG (Müller-Preuss and Ploog, 1981; Creutzfeldt et
al., 1989; Eliades and Wang, 2003). Although the variability of
these findings could be due to differences in species, our results
suggest that it could be due to sampling of neurons from different
regions of STG. The differential degree of suppression we
observed in adjacent electrodes could be the direct result of averaging the activity of neuronal populations with different proportions of suppressed versus nonsuppressed neurons. Most of the
auditory electrodes we recorded exhibited some degree of suppression, thus averaging these regions would result in an overall
suppression as reported by noninvasive studies (Ford et al., 2001;
Houde et al., 2002).
Auditory cortex suppression during vocalization has often
been attributed to the influence of motor cortex. Eliades et al.
have reported suppression of auditory neurons commencing as
early as several hundred milliseconds before vocalization (Eliades
and Wang, 2003). Nonetheless, there is no direct evidence in
human or non-human primates linking this suppression to motor cortex activity. We examined phase-locking and coherence
measures between auditory electrodes and other regions of cortex
including motor, premotor and frontal electrodes but observed
no consistent coupling pattern. Similarly, Towle et al. (2008)
were unable to find phase locking with motor regions. In both
these studies the electrode coverage was limited to a 1 cm spacing
over the lateral surface of the STG without direct recordings from
primary auditory cortex. Although our results do not exclude
motor cortex as the source of suppression they suggest a possible
alternate model wherein the neuronal architecture of the auditory cortex itself supports suppression of self-generated speech
through local corticocortical interactions.
Current theories support a forward model whereby corollary
discharge signals from motor cortex, representing a prediction of
impending acoustic input, modulate auditory cortex activity
(Ford et al., 2001; Houde et al., 2002; Heinks-Maldonado et al.,
2005). The theoretical framework for this model is based on work
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in the visual domain where an efferent copy of a motor command
may be used to predict its sensory outcome (Sperry, 1950; Von
Holst and Mittelstaedt, 1950). Evidence supporting this model in
the auditory domain include two major findings: (1) the auditory
cortex is mostly suppressed during vocalization; and (2) altering
the expected auditory feedback abolishes auditory suppression
(Curio et al., 2000; Ford et al., 2001; Houde et al., 2002; Eliades
and Wang, 2003, 2008). The source of the suppression remains
unknown although it is widely assumed to originate in motor or
premotor cortex. Our results provide evidence of differential levels of suppression as well as excited responses suggesting that
auditory cortex is not homogenously suppressed by a remote
cortical source. An alternate possibility is that speech production
shifts the auditory cortex to a different processing state (resulting
from a global signal or a corollary discharge) where some subregions are suppressed, some excited and some remain unchanged.
While it is possible that some subregions are directly attenuated
by a remote source, the suppression and excitation might also be
internally produced by the neuronal architecture of the auditory
cortex.
Our current single-trial results provide evidence for stable
responses within subjects across trials. Although different electrodes exhibit differences in the degree of suppression, these responses are remarkably consistent across trials. This suggests that
every time we produce speech the auditory cortex responds with
a specific pattern of suppressed and nonsuppressed activity. This
clarifies previous results—auditory cortex is not merely statistically suppressed on average but is functionally suppressed in a
specific topographical pattern.
The human auditory cortex appears to have a specific topography of self-speech suppression that is stable across time, suggesting an intertwined mosaic of neuronal populations with
suppressed and nonsuppressed auditory responses. During vocalization the averaged activity of these populations exhibit a
stable spatial pattern of varying suppression on the surface of the
cortex, which is recorded as an averaged suppressed response
from scalp electrodes. Our results complement both single-unit
and noninvasive studies by offering an intermediate level of recording with a strong SNR, providing both temporal and spatial
information. Furthermore, our data with higher density electrode recordings and other recent observations in humans
(Chang et al., 2010; Flinker et al., 2010) provides evidence of
independent auditory responses at 4 mm spacing. This observation suggests that the current typical ECoG sampling with 1 cm
resolution is insufficient since it is averaging over smaller subregions of auditory cortex with potentially different response types.

References
Allen EA, Pasley BN, Duong T, Freeman RD (2007) Transcranial magnetic
stimulation elicits coupled neural and hemodynamic consequences. Science 317:1918 –1921.
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