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Abstract

There is considerable interest in understanding cortical processing and the function of top-down and bottom-up
human neural circuits that control speech production. Research efforts to investigate these circuits are aided by anal-
ysis of spectro-temporal response characteristics of neural activity recorded by electrocorticography (ECoG). Further,
cortical processing may be altered in the case of hearing-impaired cochlear implant (Cl) users, as electric excitation
of the auditory nerve creates a markedly different neural code for speech compared with that of the functionally in-
tact hearing system. Studies of cortical activity in Cl users typically record scalp potentials and are hampered by
stimulus artifact contamination and by spatiotemporal filtering imposed by the skull. We present a unique case of a
Cl user who required direct recordings from the cortical surface using subdural electrodes implanted for epilepsy as-
sessment. Using experimental conditions where the subject vocalized in the presence (Cls ON) or absence (Cls OFF)
of auditory feedback, or listened to playback of self-vocalizations without production, we observed ECoG activity pri-
marily in y (832-70Hz) and high y (70-150Hz) bands at focal regions on the lateral surface of the superior temporal
gyrus (STG). High v band responses differed in their amplitudes across conditions and cortical sites, possibly reflect-
ing different rates of stimulus presentation and differing levels of neural adaptation. STG y responses to playback
and vocalization with auditory feedback were not different from responses to vocalization without feedback, indicat-
ing this activity reflects not only auditory, but also attentional, efference-copy, and sensorimotor processing during
speech production.
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This unique study directly examined cortical activity during speech vowel sound vocalization and listening
tasks in a deaf subject with bilateral cochlear implants (Cls) and medically intractable epilepsy. Because the
subject could not experience bone or air-conducted auditory feedback, unique insights into speech produc-
tion were made possible. Our findings demonstrate that y activity in the superior temporal gyrus (STG) re-
flects a combination of auditory and non-auditory related activation of the auditory cortex during speech
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Introduction

Cortical evoked potentials aid studies of brain function
and auditory coding provided by cochlear implants (Cls).
Electroencephalography (EEG), magnetoencephalography,
and functional magnetic resonance imaging have improved
brain mapping efforts. Additionally, neurosurgical sub-
jects with medically intractable epilepsy provide unique
opportunities to directly record local field potentials
(LFPs) through subdural electrodes during periopera-
tive monitoring periods.

Subdural recordings provide clinical benefits, foremost
being precise localization of seizure foci for directed tis-
sue resection and mapping of language areas for preser-
vation of speech function (Elger and Burr, 1994; Towle et
al., 2008). Parallel research studies also benefit from bet-
ter localization of neural generators and improved record-
ing quality because of the absence of scalp and bone
tissues that spatially and temporally low-pass filter and at-
tenuate neurogenic activity (Pfurtscheller and Cooper,
1975). Compounding the difficulties in studying CI-
evoked cortical responses are large electrical artifacts
from the Cls themselves that contaminate recordings
(Gilley et al., 2006).

A unique case of a subject with bilateral Cls who under-
went clinical and research protocols related to epilepsy
was described previously (Nourski et al., 2013b), the first
report of electrocorticographic (ECoG) responses from a
Cl user. That report established the feasibility of recording
Cl-evoked LFPs and described cortical responses to au-
ditory stimuli ranging from click trains to speech.
Averaged evoked potentials (AEPs) and event-related
band-power (ERBP) spectrograms were reported, with a
conclusion that responses were comparable to those of
normal-hearing subjects. Here, we focus on cortical re-
sponses to self-vocalization tasks in the same subject to
investigate patterns of activation within auditory cortex
during vocal production.

The subject described here provided a rare opportunity
to evaluate possible roles of auditory feedback and other
mechanisms (e.g., motor commands or somatosensory
feedback), as all auditory feedback could be eliminated
by deactivating the subject’s Cls. Our unique investiga-
tion is relevant to better understanding sensorimotor in-
teractions subserving vocal production, refinement of
vocal control models (Guenther, 2006), and potential de-
velopment of cortically-based prostheses to restore
speech to impaired individuals. This subject’s reliance on
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Cls for auditory perception eliminated the confounding ef-
fect of bone conduction present in normal-hearing sub-
jects; thus, acoustic masking was not needed to block
auditory feedback. This is advantageous, as masking
sounds also activate auditory cortex and may complicate
ECoG or EEG interpretation.

We had a particular interest in modulation of auditory
cortical activity by different auditory feedback conditions.
It is known that cortical activity in the high y range (70—
150 Hz) to self-vocalization with normal auditory feedback
is typically attenuated relative to the condition of listening
to played-back vocalization (Houde et al., 2002; Flinker et
al., 2010; Behroozmand and Larson, 2011; Greenlee et
al., 2011). Conversely, unanticipated experimental audi-
tory feedback alterations during speaking (e.g., level or
pitch shifts) alter high y responses in higher-order audi-
tory (Greenlee et al., 2013) and somatosensory (Chang et
al., 2013) cortices such that response attenuation is not
typically observed. Likewise, alterations in attention
during a listening task can modulate high y responses in
lateral superior temporal gyrus (STG; Ray et al., 2008).
Taken together, these findings support the concept of
top-down projections modulating auditory cortical func-
tion. One such top-down model of corticocortical inter-
action during speech production is centered on the notion
of the “efference copy” mechanisms where motor-related
neural activities (i.e., corollary discharges) are postulated
to internally predict incoming sensory feedback associ-
ated with the intended vocal outputs (Feinberg, 1978;
Ford and Mathalon, 2005; Wang et al., 2014). A conse-
quence of this effect is the attenuation of auditory neural
responses to normal speech feedback that is predicted
by efference copies (Houde et al., 2002; Flinker et al.,
2010; Behroozmand and Larson, 2011). It is posited that
the efference copies are also implicated in feedback-
based monitoring and control of speech production errors
(Guenther, 2006), consistent with the hypothesis of in-
creased high vy activity during altered auditory feedback
as a possible manifestation of an externally induced error
signal (Guenther, 2006; Chang et al., 2013; Greenlee et
al., 2013). Top-down and bottom-up circuits may involve
cortical activity within different frequency bands, with
high v uniquely involved in top-down control (Fontolan et
al., 2014). Indeed, high y coherence between frontal and
auditory cortices during speech production is reported
(Kingyon et al., 2015).

Because the current subject presented the opportunity
to eliminate auditory feedback during vocalization, the
roles of somatosensory feedback and efference copy ac-
tivity produced during vocalization could be explored in-
dependent of activating the auditory system. Previous
studies have demonstrated that auditory cortex receives
somatosensory input (Tremblay et al., 2003; Tourville et
al., 2008; Golfinopoulos et al., 2011; Lametti et al., 2012).
As movement of the orolaryngeal apparatus occurs during
vocal production, ECoG responses in the absence of au-
ditory feedback might reflect somatosensory bottom-up
mechanisms. This, in part, motivated our study.

Finally, we sought to demonstrate how signal process-
ing can reduce electrical artifacts in neural recordings
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obtained during CI stimulation. Cl artifacts interfere with
scalp-based EEG measures, leading to various approaches
to their amelioration (Gilley et al., 2006; Martin, 2007;
Friesen and Picton, 2010; Sinkiewicz et al., 2014). We
examined the utility of the spline-Laplacian transform,
which has had wide application to scalp potential stud-
ies, and noted how the transform influenced our ECoG
data analyses.

Materials and Methods

Subject

The subject was a 58-year-old female with bilateral
hearing loss induced by ototoxic antibiotic treatment at
age 38. Pure-tone thresholds were at or worse than 90-
dB hearing loss bilaterally, with 0% correct scores on
spondee, Northwestern University Auditory test six words
(Tilman and Carhart, 1966), and Central Institute of the
Deaf sentences (Hirsh et al., 1952). Her right cochlea was
implanted with an eight-channel Clarion C1 prosthesis at
age 39 and an Advanced Bionics HiRes 90K implant in
her left cochlea at age 53. The subject had used stable ClI
settings for months before this study. Specifically, the right
Cl used an Advanced Bionics Harmony processor with mo-
nopolar continuous-interleaved sampling (406 pulses/s per
channel, 150-ps/phase biphasic pulses). As electrode three
was defective, seven of eight intracochlear electrodes were
used. The left Cl used an Advanced Bionics Auria BTE proc-
essor and 14-channel HiRes-P program (3458 pulses/s per
channel, 21-ps/phase biphasic pulses). At the time of data
collection, her consonant-nucleus-consonant (monosyl-
labic) word scores were as follows. For the right ear,
she achieved %-correct phoneme and word scores of
66 and 39, respectively, for the left ear scores were 60
and 31, and with bilateral stimulation, scores were 73
and 51. With her implants off, the subject reported an
inability to hear any sound, including her own voice,
and did not report any sensation or vibration in her head
during vocalization.

After her hearing loss, the subject developed medically
intractable epilepsy and underwent a 3-d period of tem-
porary implantation of subdural recording electrodes
positioned over the temporal lobe to localize seizure foci
before definitive neurosurgical treatment. This electrode
array was clinically necessary, as non-invasive evaluation
of the subject’s epilepsy suggested a seizure focus in the
left temporal lobe but did not precisely locate a site suita-
ble for resection. Preoperative amobarbital Wada testing
(Geschwind, 1970) confirmed left cerebral dominance for
language.

The inpatient video-ECoG monitoring confirmed a sei-
zure focus within the mesial left temporal lobe; this focus
did not involve any of the cortical sites activated by CI
stimulation (Nourski et al., 2013b). The subject had no
other significant medical conditions and she gave written
informed consent for participation in this study, including
publication of results. Study protocols and consent were
approved by the University of lowa Institutional Review
Board in compliance with federal regulations and the prin-
ciples expressed in the Declaration of Helsinki.
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Study design and experimental stimuli

We focused on examining y (32-70Hz) and high y (70-
150 Hz) LFPs recorded from the lateral surface of the tem-
poral lobe, with emphasis on the posterior STG as a re-
gion implicated in speech perception. The choice of
these frequency bands was motivated by previous re-
search demonstrating their task-related and attention-
related modulations (Crone et al., 2011; Nourski and
Howard, 2015; Nourski, 2017). Accordingly, we hy-
pothesized that modulation of y and high y responses
would differ during vocalization with (Cls ON) versus
without (Cls OFF) auditory feedback conditions, with
the possibility that the latter may reveal responses
mediated by somatosensory feedback and/or efference
copies otherwise obscured by dominant auditory feed-
back. We also examined the use of the spline-Laplacian
transformation (Nunez and Pilgreen, 1991; Nunez et al.,
1994) to reduce Cl-induced artifacts. This method is ap-
propriate for minimizing Cl artifacts, as they presumably
are common to many recording channels. Based on the
second spatial derivative of LFPs, the spline-Laplacian
attenuates common-mode signals and “sharpens” or
produces more spatially localized LFPs at the expense
of distant, volume-conducted potentials. We also ex-
amined very high y (156-300 Hz) responses, as our re-
cording system acquired potentials at a sampling rate
sufficient to explore this frequency band.

We sought to observe how AEPs from the STG were
modulated under different vocalization and feedback con-
ditions through four experiments. These were based on
hypothesized presence or absence of auditory system
feedback, somatosensory feedback, and the efference
copy. Under all conditions, the speech sound was a sus-
tained vowel phonation/a/continued at a constant pitch,
produced either by the subject during each trial or played
back to her from recordings made during previous vocal-
ization trials. To replicate the conditions that the subject
used in everyday listening and vocal production, both left
and right Cls were active and at her optimized, presurgical
settings.

In the first experiment, the subject vocalized at a self-
guided pace and auditory feedback was provided through
the Cls, using their internal microphones (“vocalization-
microphone feedback” condition). In the second, the sub-
ject again vocalized, but auditory feedback was provided
by an external microphone whose output was routed to
the two Cl auxiliary input jacks (“vocalization-Aux In feed-
back”). This condition was used as a control to facilitate
comparisons with the fourth (playback) condition where
the input jacks were used to deliver recorded utterances
back to the subject. The third condition also required vo-
calization, but both Cls were turned off, depriving the
subject from auditory feedback (“vocalization-no audi-
tory feedback”). Finally, the fourth condition was stud-
ied in which the subject did not vocalize, but a
recording of her previous vocalizations was played
back using the CI auxiliary inputs (“no vocalization-
playback via Aux In”). Each of these previous vocaliza-
tions was obtained from those recorded during the
“vocalization-Aux In” condition so that the subject
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Table 1: Summary of the four experimental conditions with notations of the presence or absence of auditory feedback, so-
matosensory feedback, and presumed vocal-motor efference copy

Task and auditory stimuli Auditory feedback? Somatosensory feedback? Efference copy?
Vocalization: microphone feedback Yes Yes Yes
Vocalization: Aux In feedback Yes Yes Yes
Vocalization: no auditory feedback (Cls off) No Yes Yes

No vocalization: playback via Aux In Yes No No

heard each of those 40 unique vocalizations as each play-
back trial. She was instructed to listen to the recording.
Table 1 outlines the four experimental conditions.

For the three vocalization conditions, the subject was
instructed to repeatedly phonate for approximately a 1-s
duration at a self-determined pace and to maintain a con-
sistent loudness, using her normal conversational level.
As her everyday CI settings were not manipulated, this
could result in different vocal efforts across experiments,
since feedback was either eliminated, provided by the
built-in Cl microphones, or provided through our micro-
phone with its signal routed to the Cl Aux In port. Note
that because of the physical connecting to and activation/
deactivation of the Cls, it was not possible to interleave
the four experimental conditions and they were performed
sequentially as listed in Table 1.

Electrophysiological recording

LFPs were recorded for clinical and research purposes
using a 96-contact array of platinum/iridium electrode
disks embedded in a flat, flexible, SILASTIC -carrier
(AdTech). Its 2.3-mm diameter disks had a 5-mm center-
to-center spacing and were arranged in a uniform 8 x 12
grid layout of contacts, providing a rectangular area of
coverage of 3.5 x 5.5cm, measured from electrode cen-
ters. Localization of this array over the left temporal lobe
was determined through registration of preimplantation
and postimplantation CT scans, as well as intraoperative
photography (Nourski et al., 2013b). Electrode coordi-
nates were then mapped onto a template brain (ICBM152
average, Montreal Neurologic Institute) to obtain a 3-D
surface rendering of all recording sites as well as the ipsi-
lateral Cl receiver package.

Stimulus delivery and response recordings were con-
trolled by a TDT RZ2 multichannel real-time processor
(Tucker-Davis Technologies). All LFPs were recorded in
monopolar fashion using single electrodes of the array
and a subgaleal reference electrode placed under the
scalp in the left posterior frontal area. LFPs were first low-
pass filtered by a TDT PZ2 unity-gain preamplifier module
(0.35Hz to 7.5kHz 3-dB frequencies, 24-dB/octave filter
slopes) and digitized at 24,414 samples/s with 18-bit resolu-
tion. This representation was downsampled by the TDT RZ2
BioAmp Processor at 2034 samples/s for more efficient
storage and processing of large datasets. During downsam-
pling, bandpass filtering was performed by a TDT RZ2 digital
filter with 0.7- to 800-Hz cutoff frequencies.

The output of a Shure Beta 87C electret microphone
(Shure) was used to record all vocalizations. Its output
was amplified (10dB) by an UltraLite mk3 Hybrid sound
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processor (MOTU) before being sampled by a TDT RP2.1
Real-Time Processor which low-pass filtered the micro-
phone output at 5127 Hz (3-dB cutoff) and digitized at
12,207 samples/s at 24-bit resolution. Digitized LFPs and
microphone signals were stored to disk for post hoc anal-
ysis. We sought to collect 40 repeated trials in each of the
four conditions; as noted below, fewer trials were ob-
tained in some conditions.

Data analysis and transformations

All ECoG and voice waveforms were analyzed using
custom MATLAB scripts (MathWorks). The following
denoising algorithms were used to remove large transi-
ents and narrowband noise (such as line noise) in the
ECoG recordings. Transients were identified by iteratively
transforming voltages to z scores and discarding values
greater than z=10 until no further outliers remained; visual
inspection of all trials was used for confirmation. Trials
with outliers were removed from the dataset before aver-
aging and not analyzed. This rejection served to remove
artifacts created by interictal spiking or muscle activity.
Narrowband line noise was reduced using the complex
demodulation approach (Papp and Ktonas, 1977; Ktonas
and Papp, 1980; Kovach and Gander, 2016).

Voice onset times were first determined for each trial by
threshold detection of audio waveform amplitude exceed-
ing noise background levels and then confirmed/refined
via visual inspection of onset of each utterance. Trials
with voice waveforms found to contain artifacts were dis-
carded. Vocalizations were assessed for duration, interutt-
erance interval, level as recorded by our microphone, and
voice fundamental frequency (Fo) as derived by Praat
speech analysis software (http://www.praat.org; Boersma,
2001). Voice onset times were used to define the onset of
analysis windows so that event-related across-trial AEPs
and ERBP spectrograms could be computed (Greenlee et
al., 2011, 2013).

ERBP spectrograms were calculated by using a preutt-
erance, 200-ms silent period (500-300 ms before voice
onset) to which the postvoice onset amplitude data within
each frequency band were normalized. The energy in
each frequency band was derived using Morlet wavelet
decomposition (Oya et al., 2002) for frequencies ranging
from 2 to 300Hz, yielding a total of 75 3.973-Hz-wide
analysis bins. Band-specific responses were derived from
ERBPs by averaging the power across contiguous bins
for each of the three y bands (i.e., vy, high v, and very
high v with frequency ranges defined above). For graphi-
cal portrayal in this report, ERBP-derived band time
waveforms were smoothed using a 50-ms rectangular
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moving average filter so that the envelopes were empha-
sized; however unsmoothed waveforms were used for
statistical analyses.

The LFP is dominated by the electric activity of neurons
in restricted regions beneath each recording electrode;
however, they may also contain volume-conducted com-
mon-mode activity from distant sources. In the case of Cl
stimulation, LFP recordings will also likely be contami-
nated by Cl-generated electric artifacts, as they are in
scalp potential recordings. Thus, we examined the effi-
cacy of applying a two-dimensional version of the spline-
Laplacian transformation (Nunez and Pilgreen, 1991;
Nunez et al., 1994) to the recorded LFP waveforms (i.e.,
20-Hz lowpass filtered). The spline and the subsequent
Laplacian used here are analytical solutions, rather than
numerical approximations, to the second-order spatial
derivatives required for the computation. This technique
performs high-pass spatial filtering based on the second
spatial derivative across the two-dimensional array of re-
cording sites, reducing common-mode signals and em-
phasizing local activity. The spline-Laplacian is commonly
used and has been previously used with ECoG data
(Reale et al., 2007; Nourski et al., 2013a).

Statistical analyses

Statistical significance of differences observed in the
assessments of vocalization parameters were determined
using non-parametric Wilcoxon rank-sum tests, corrected
for multiple comparisons using the false discovery rate
approach (Benjamini and Hochberg, 1995). Evaluation of
the ECoG responses focused primarily on the mean
power in the v, high v, and very high y bands. Mean
power resulting from vocalizations or playback of vocal-
izations were assessed over a 400-ms window that began
at the onset of vocalization or playback of vocalization.
These mean power values were referenced to the mean
power computed during a 290-ms analysis window oc-
curring 390-100ms before vocalization or playback
onset. The preonset window was selected to fall in a “si-
lent” period and avoid contamination from any preceding
utterance and allow for identification of any activity occur-
ring before vocalization. The postonset window was cho-
sen to cover the time period of maximal high-frequency
response amplitude. As we examined ECoG band power
across two analysis time windows, four largest amplitude
recording sites, and four experimental conditions, ANOVA
was required. It was conducted using least square errors
to fit general linear models, as implemented by the GLM
procedure of SAS (SAS Institute), as its flexibility permits
non-homogeneity of variance and unequal sample sizes.

Results

Vocalization characteristics

Across the four conditions (“vocalization-microphone
feedback,” “vocalization-Aux In feedback,” “vocalization-
no auditory feedback,” and “no vocalization-playback via
Aux In”), we obtained 41, 33, 36, and 33 individual trials,
respectively. Given the inherent variability in human vocal-
ization and the four feedback conditions investigated, we
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Figure 1. Comparison of voice measures for the three vocal
production conditions. A, Utterance duration did not differ
across feedback conditions. B, Voice Fy was slightly lower and
more variable when subject vocalized without auditory feed-
back. C, Intervals between successive self-paced utterances
were longer during the microphone feedback condition com-
pared with the no auditory feedback condition. D, Sound level
as captured by the recording microphone (V,ns) varied as a
function of feedback condition and was greatest when during
the microphone condition, and least when the Aux In port was
used to present auditory feedback during vocalization. In each
violin plot, colored circles represent individual trials, white circle
denotes the median, thick gray bar denotes Q; and Qs, and
whiskers show the range of lower and higher adjacent values
(i.e., values within 1.5 interquartile ranges below Qi or above
Qa, respectively); p values indicate results of Wilcoxon rank-
sum tests, FDR corrected for multiple comparisons.

examined the subject’s vocal production as summarized
in Figure 1. Although there were four distinct experimental
conditions, the same vocalizations obtained in the “vocal-
ization-Aux In feedback” condition were played back in
the “no vocalization-playback via Aux In” experiment;
thus, three vocalization datasets are shown in Figure 1.
Vocalization duration and voice F, did not vary in a stat-
istically significant way across the three vocalization con-
ditions (Fig. 1A,B), indicating that the subject maintained
consistent duration across the study. Across all utteran-
ces, median vocalization duration was 956 ms, median
voice Fo was 183 Hz. The interutterance intervals (Fig. 1C)
were computed as the time since the end of the previous
vocalization to the start of the subsequent self-paced vo-
calization. Interutterance intervals in the “vocalization-mi-
crophone feedback” condition had a median of median of
983 ms (Q; — Qz = 749-1257 ms) and were significantly
longer compared with those in the “vocalization-playback
via Aux In” condition (median 693 ms; Q; — Q3 = 620-
818 ms, W=1767, p <0.0001) and the “vocalization-no
auditory feedback” experiment (median 645 ms; Q; - Q3 =
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Figure 2. Location of electrode array on brain surface and representative response plots. A, Estimated recording locations of the
96-electrode array as projected onto a template brain surface rendering. Shaded ring indicates the approximate position of the ipsi-
lateral Cl receiver. SF: Sylvian fissure; TTS: transverse temporal sulcus, STG: superior temporal gyrus; STS: superior temporal sul-
cus; MTG: middle temporal gyrus; ITS: inferior temporal sulcus. B, Exemplary data (raw and spline-Laplacian-transformed AEPs
and ERBPs) from five recording sites (A-E) are shown for vocalization with auditory feedback via Aux In condition. C, D,
Comparison of raw (C) and spline-Laplacian-transformed (D) AEP (black lines) and ERBP (color plots) data for all 96 recording sites
for the vocalization with auditory feedback via Aux In condition. Note the very brief, high-amplitude, broadband ERBP response felt
to be Cl artifact occurring at the time of voice onset (dashed lines) in the raw data that are eliminated by the transform. The artifact
is seen at numerous sites but clusters mainly in the superior-posterior quadrant of the array; prominent artifact is also noted at more
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continued

anterior, non-contiguous sites. Note a different, longer duration high-frequency response at the two sites marked with asterisks; this
is also felt to be Cl artifact and is not significantly affected by the transform. The transform adds noise to the AEPs for ~3/4 of the
sites but effectively removes the positive component beginning at time 0 in the posterior-most contacts. Gray lines indicate major

sulci. Axes in C, D are scaled as they are in B.

558-731ms, W=1983, p <0.0001). Across-experiment
changes were observed in the recorded vocalization
amplitude, as defined by the microphone level (Fig.
1D). Microphone level (V) varied significantly across
all three vocalization conditions. “Vocalization-micro-
phone feedback” had greater output levels than both
“vocalization-Aux In feedback” (W=2171, p <0.0001)
and “vocalization-no auditory feedback” (W=655 p=
0.000192) conditions. Measured vocalization amplitude
was significantly lower in the “vocalization-Aux In feedback”
experiment compared with “vocalization-no auditory feed-
back” condition (W=1991, p <0.0001). In summary, nota-
ble across-experiment changes in vocal production as a
function of auditory feedback condition were observed as a
decrease in voice Fy when auditory feedback was absent,
interutterance duration progressively shortened over the
course of the experimental session, and changes in micro-
phone output level across the three feedback conditions did
not demonstrate an obvious physiologic pattern.

AEPs, frequency-time spectrograms, and
spline-Laplacian transform

We observed a prominent brief, transient component in
the AEP and ERBP responses on STG (Fig. 2A,B) when
the CI Aux In ports were used for stimulation. Given the
unphysiologic temporal properties of these responses in
comparison to previous STG responses to self-vocaliza-
tion in normal-hearing subjects (Flinker et al., 2010;
Greenlee et al., 2011, 2013; Chang et al., 2013), we inter-
preted them as contaminated with Cl-related artifacts.
AEP time waveforms and ERBP time-frequency plots,
selected on the basis of sites with significant activity
compared with baseline as visualized in the broadband
time-frequency plots, are shown in Figure 2B for the “vocal-
ization-Aux In feedback” condition for both unprocessed
and spline-Laplacian-transformed data. This experimental
condition was chosen for display, as in contrast to the “vo-
calization-microphone feedback” condition, it demonstrated
high-amplitude transients and broadband responses shortly
after vocalization onset that were considered artifactual.

These artifacts are notable in two ways. First, they were
not uniformly distributed across the 96 recording sites (Fig.
2C), and second, they did not follow a simple pattern of vol-
ume conduction in which one might expect an intensity gra-
dient based on the posterior-inferior location of the CI
receiver relative to the recording array (Fig. 2A). While the
strongest artifacts clustered in the superior-posterior quad-
rant of the recording array, several sites in the superior-ante-
rior corner of the array, farthest from the CI receiver,
demonstrated prominent artifacts as well (Fig. 2C).

Application of the spline-Laplacian transform was effec-
tive in reducing Cl-induced electrical artifacts superim-
posed on neural responses. As shown in Figure 2C, many
recording sites exhibited large amplitude, broad band,
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and very short duration ERBP increases at vocalization
onset. This type of artifact was effectively attenuated by
the transform (Fig. 2B,D). This is consistent with the algo-
rithm’s tendency to reduce common-mode signals, as
this “onset” artifact occurred (as judged by visual inspec-
tion) in about one-third of the 96 recording sites.
However, using the transform also increased noise in the
AEPs for many recording sites, as can be seen by com-
paring the AEPs before and after the transform for the
sites in the lower half of the recording array (Fig. 2C,D).

At two recording sites, we identified sustained high-fre-
quency (>150Hz) ERBP increases that persisted for the
duration of vocalizations (Fig. 2C,D, asterisks). This pat-
tern is atypical of self-vocalization neurophysiological re-
sponses reported in other studies in that its time course is
not characteristic of the time-decaying high y response
from lateral STG (Flinker et al., 2010; Greenlee et al.,
2011). This very focal ERBP increase was not appreciably
altered by the spline-Laplacian, due likely to the very focal
nature (i.e., two of 96 contacts) and the insensitivity of the
spline-Laplacian to non-common-mode components.

We quantified AEPs before and after transformation to
characterize how the spline-Laplacian altered AEPs, using
the time epoch 0.4-0.1 s before vocalization onset to avoid
event-related neural activity. Figure 3A shows the overall
preservation of the waveform morphology and latency be-
tween raw AEP and spline-Laplacian-transformed time
waveforms from a recording site with no obvious evoked
response (site A; see also Fig. 2). Figure 3A also demon-
strates characteristic amplitude increases at this site in the
transformed waveforms (note different scale bars). Linear
regression between these two waveforms (i.e., raw vs
spline) revealed strong correlation (r=0.957) that was
highly significant (t=65.9, peror < 0.0001). In this case,
92% of the variance in the spline-Laplacian-transformed
waveform is explained by the raw waveform amplitudes.

As with recording site A, good correlations between raw
and spline-Laplacian-transformed AEP waveforms were
identified for all 96 recording sites. Figure 3B shows linear
regression correlation coefficients for each of the 96 sites,
with a median coefficient of 0.718. Finally, we examined
the relationship between the raw and spline-Laplacian-
transformed waveforms in terms of the rms value of their
amplitudes. Figure 3C demonstrates the relationship be-
tween spline-Laplacian rms amplitude and raw rms ampli-
tude was correlated (r=0.683; t=18.6 and pPeror <
0.0001). After these analyses to validate the fidelity of the
spline-Laplacian-transformed data, subsequent analyses
were performed on the transformed AEP and ERBP data.

Hypothesis evaluation

ERBP results for all four experimental conditions are
shown in Figure 4. In the three conditions in which
the subject received auditory feedback (Fig. 4A,B,D),
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responses were evident in a limited number of sites clus-
tered on the posterior portion of the STG (recording sites
C, D, and E) and a single recording site (B) on the middle
STG. Responses at these sites were predominantly in the
v and high y bands. Because the subject provided a con-
dition without any auditory feedback, unique insights into
the roles of y and high v STG responses can be gained.
To test our hypothesis that high y responses would reflect
feedback conditions, we examined these responses in
detail from the four recording sites that yielded the largest
magnitude responses to the vocalizations (sites B-E;
Figs. 2, 4). We sought to complement the ERBP response
characteristics evident in the time-frequency spectral
plots (Fig. 2) by converting the responses to mean power-
versus-time waveforms for the vy, high v, and very high vy
bands for the four sites and four experimental conditions
(Fig. 5).

All four sites exhibited comparable degrees of vy re-
sponse amplitude across the four experimental conditions
(Fig. 5, top row) and no statistical differences were found
by ANOVA. This suggests that the y band responses from
higher-order auditory cortex of the STG are not because of
efference copy (which would be absent in playback), soma-
tosensory feedback (absent in playback), or auditory feed-
back (absent when Cls were off) mechanisms. Notably, all of
these lateral STG sites, three of which are located in the
posterior STG (sites C, D, and E) are higher-order auditory
regions, as confirmed by this subject’s responses to a vari-
ety of acoustic stimuli as reported previously (Nourski et al.,
2013b). That report showed in particular that site D re-
sponded robustly to both basic auditory stimuli (click trains)
and speech stimuli.

In the case of high y power, the responses across sites
did differ by feedback condition (Fig. 5A,B8, second row).
Specifically, high y response amplitudes at sites C, D,
and E were significantly attenuated during the “vocaliza-
tion-no feedback” condition (Fig. 5A,B, second row,
green waveforms) compared with the other three condi-
tions. Importantly, high v amplitude did not differ between
the three conditions with auditory feedback, including
both vocalization and playback tasks. The very high y re-
sponse amplitudes were only significantly lower in the
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“vocalization-no feedback” condition at one site (Fig.
5A,B, third row, site D).

To test these observations regarding different high +y re-
sponses, a 2 x 4 factorial ANOVA was used to determine the
effects of experimental condition and recording. Our metric of
interest was the mean ERBP as determined in the postvoice
(and postplayback) onset interval spanning 0—-400ms (Fig.
5B), normalized to the mean power in the prevocalization si-
lent interval (i.e., 390-100 ms before onset). Experimental con-
diton was treated as two groups, one being the three
conditions in which the subject received feedback or playback
and the second being the one without auditory feedback.
Four recording sites (B through E) were chosen. The main
effects of experimental condition (F(1 539)=68.04, Perror <
0.0001) and recording site (Fz539=14.88, Perror <
0.0001) were statistically significant. The interaction factor
of experimental condition and recording sites failed to
reach significance.

The interpretation of the effect of experimental condi-
tion is straightforward; ECoG (spline-Laplacian trans-
formed) high y responses with auditory feedback (either
during vocalization or playback) had significantly larger
amplitudes than the responses evoked by vocalizations
without auditory feedback. The main effect of recording
site occurs because the experimental condition effect is
significant (perror < 0.0001) for all but one site (site B) as
assessed by Tukey-Kramer adjustment for multiple pair-
wise comparisons. As the datasets had unequal sample
sizes, we calculated least-squares adjusted means for ex-
perimental condition levels and 95% confidence limits
(o = 0.01) for each adjusted mean and each difference in
adjusted means. The smaller high y amplitude for the no
feedback condition excluded zero values (i.e., response
was present) except for recording site B, which had small-
er amplitudes overall in comparison to the site C, D, and E
responses. Consistent with the literature (for review, see
Crone et al., 2006), the high y responses appear to decay
(i.e., return to baseline) at a faster rate than do the vy
responses.

In the very high vy band, responses are evident for site D
but are smaller at the other sites. A 2 x 4 factorial ANOVA
was used to assess the effects of experimental condition
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Figure 4. Spline-Laplacian-transformed ERBP results for vocalization with feedback via (A) microphone and (B) Aux In port, (C) with-
out feedback, and (D) playback [no vocalization] experimental conditions. Largest-amplitude responses clustered in sites C, D, and
E on the posterior STG for all four conditions. Site B also showed responses more anteriorly on STG. Dashed black lines denote voice
onset. Gray lines denote major sulci (see also Fig. 2A). Asterisks indicate channels with persistent Cl artifact in the two conditions
where the CI’'s Aux In port was used to present auditory stimuli (B, D). Spline-Laplacian was not effective in removing this artifact.

(feedback or playback vs no feedback) and recording site
(B through E) on the very high y band responses. Both
main effects of experimental condition (F,540)=22.0,
Perror < 0.0001) and recording site (F(3 540)=17.3, Perror < 0
0.0001) were statistically significant, although their interac-
tion factor was not significant. Single degree-of-freedom
tests indicated that the experimental condition effect for
very high v ERBP responses to the feedback/playback
conditions had significantly larger values than those
evoked during the no feedback condition only at record-
ing site D (F(1,540)=17.1, Perror < 0.0001). The 95% confi-
dence limits (o = 0.01) for adjusted means showed that
the smaller very high y amplitude for the no-feedback
condition excluded zero values only for site D, with a
mean of 1.0dB and confidence intervals of 0.48 and
1.6 dB. Thus, vocalization-related changes in ECoG ex-
tend to the very high vy band.

Raw (Fig. 5A, fourth row) and spline-transformed (Fig.
5A, bottom row) AEPs were compared in detail for the
same largest ERBP amplitude contacts B-E for the four
experimental conditions. The largest peak AEP responses
occurred with postvoice onset latencies of 155-250ms
across the four conditions with a smaller earlier peak ob-
served 55-73ms in the two Aux In conditions (Fig. 5A,
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fourth and bottom rows, blue and orange waveforms).
Two observations are noteworthy. First, responses ob-
tained during use of the Aux In port showed reversed po-
larity and slight prolongation of the largest peak (Fig. 5A,
fourth row, blue and orange compared with green, red
waveforms). Second, the vocalization no feedback condi-
tion had notably attenuated AEP peaks.

Discussion

Results of ECoG recordings in our deaf Cl user provide
unique insights into the neural mechanisms of vocal auditory
feedback processing. Our main finding was that significant
v responses, and to a lesser extent high y and very high v,
were observed in higher-order auditory cortex on STG in the
absence of auditory feedback. We have also demonstrated
the utility of the spline-Laplacian transform in removal of CI
artifact contamination of neural responses.

Auditory cortical y and high y responses in the
absence of auditory feedback

Non-primary regions of the temporal lobe auditory cor-
tex in the posterior STG can demonstrate highly focal re-
sponses to speech sounds (Crone et al., 2011; Greenlee et
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al., 2011; Mesgarani et al., 2014). Responses produced dur-
ing speech and perception from normal hearing subjects
originate from primary and non-primary posterior STG audi-
tory cortical sites (Trautner et al., 2006; Steinschneider et al.,
2011; Greenlee et al., 2014). Studies have confirmed the
focal nature of these STG responses to various types of
sound stimuli (Howard et al., 2000; Brugge et al., 2008;
Steinschneider et al., 2011). Our profoundly hearing-im-
paired Cl user demonstrated ECoG responses to speech
and non-speech sounds consistent with normal hearing
subjects (Nourski et al., 2013b). While this is not unex-
pected, the nature of the stimulus provided by a Cl is sub-
stantially different from in the case of acoustic stimulation
of the normal ear (Kiang, 1965; van den Honert and
Stypulkowski, 1986). Our new data from this Cl user further
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show STG responses comparable overall to those found in
normal-hearing subjects specific to vocalization.

We observed two novel findings in the STG vy and high
v responses across the auditory feedback and no feed-
back conditions. First, we found that STG higher-order
auditory cortex y and high y responses were observed
not only during conditions in which the subject received
auditory feedback, but also when auditory feedback was
absent (with the Cls turned off). This suggests that STG y
and high y band responses do not only reflect auditory
feedback, efference copy, or somatosensory coding
mechanisms, as each one of these mechanisms was ab-
sent in at least one of the four experimental conditions
(Table 1). We observed that for the STG y responses spe-
cifically, the band-specific power increased during the
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no-feedback condition and was not significantly different
in amplitude than all other experimental conditions, con-
sistent with our hypothesis that this cortical region re-
sponds in a multi-modal fashion. For example, this
region’s responsiveness is already known to be modified
by visual stimuli related to speech production (Reale et
al., 2007).

Potential additional influences on the STG responses

Another significant finding was a diminution in high y
and very high + activity during vocalization without audi-
tory feedback (Fig. 5). One might predict such a smaller
response because of the more limited neural activity (gen-
erated only by laryngeal somatosensory feedback or ef-
ference copy) during this condition. Importantly, speech
production did vary across our four experimental condi-
tions (Fig. 1), which may have biased our ECoG findings.
We therefore address their potential effects.

Voice Fo was only slightly and non-significantly lower
when vocalization occurred without feedback (Fig. 1B).
This is atypical because the Lombard effect typically re-
sults in upward shifts in male speakers with upward or no
changes from females (Junqua, 1993). There are no extant
data on the effect of within-subject changes in Fy on pos-
terior STG responses.

The largest across-experiment changes in the subject’s
performance were her vocal levels as recorded by our mi-
crophone, with the largest magnitude observed during the
CI microphone feedback condition (Fig. 1D). We specu-
late that this may be attributed to unequal sensitivity of
the Cl microphone and aux input signal paths. There was
a small increase across vocalization-Aux In feedback and
vocalization-no feedback conditions, which is within the
range of reported effects with noise masking (Stowe and
Golob, 2013) and de-activating the Cl of deaf subjects
(Svirsky et al., 1992). This finding is also consistent with
Lombard and sidetone effects, where reductions in per-
ceived feedback lead to increased vocal intensity pro-
duced (Chang-Yit et al., 1975; Eliades and Wang, 2012).
In our subject’s case, increased vocal effort could affect
cortical responses through modification of the putative ef-
ference copy and/or the concomitant changes in the mag-
nitude of somatosensory feedback. One might initially
hypothesize that such increased activity would result in
larger high y responses; however, the opposite was ob-
served. Greater neural adaptation at higher stimulus levels
may also confound interpretations of the amplitude of the
high vy responses across stimulus conditions, although
our datasets cannot address level-versus-response ef-
fects. Extant literature on posterior STG responses and
vocal effort have not addressed this issue.

Notably, we observed that during “vocalization-play-
back via Aux In” and “vocalization-no auditory feedback”
condition utterances, the subject produced/a/tokens at a
faster rate (i.e., shorter interutterance interval; Fig. 1C)
compared with the “vocalization-microphone feedback.”
We are uncertain as to the cause of this; it may relate to
subject fatigue across experimental trials. Howard et al.
(2000) showed that evoked potentials from the STG are
vulnerable to stimulus-rate effects, with diminished AEP’s
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observed as interstimulus interval was reduced from 2—
0.5 s. From the “microphone feedback” to the “no feed-
back” condition, the subject’s median interutterance in-
tervals were reduced from 983 to 645 ms. These values
fall within the steep portion of the posterior STG ECoG
amplitude-recovery function reported by Howard et al.
(2000); thus, it is likely that our observed reductions in
high and very high y response are due, at least in part, to
utterance-rate (i.e., neural adaption) effects.

Given this caveat regarding the differential effects of
neural adaptation across our datasets, we cannot defini-
tively ascribe the preserved vy but reduced high y and
very high y responses during the “no feedback” condition
to specific feedback mechanisms. Follow-on studies in
which utterance (or stimulus) rate was controlled across
experimental conditions would address this confounding
effect. Our statistical analyses of the trends shown in
Figure 5 suggest that, relative to y responses, the higher-
frequency ECoG components (high and very high vy re-
sponses) may be more vulnerable to utterance-rate ef-
fects. We are not aware of published data that address
this possibility, although study of the influence of stimu-
lus-rate-related neural adaptation on the different ECoG
frequency responses would benefit future ECoG data in-
terpretation and could help refine computational models
of feed-forward and feed-back cortical mechanisms.

Additionally, our experiment was not designed to con-
trol for attention, which may have varied across our four
experimental conditions. Clearly, self-paced vocalization
requires attention to the task to produce the sounds, and
indeed produced utterance duration and mean voice Fq
did not statistically change across the three vocalization
conditions. The playback experiment did not require a be-
havioral task; the subject was only instructed to listen to
recorded utterances. We are unable to further quantify her
attentional state during playback. We can state that she
was awake and alert during all tasks, completed all tasks
without difficulty, and some of her brain physiology (i.e., vy
power) and behavioral (i.e., utterance duration, voice F)
metrics were similar for all conditions.

It is not possible, in this single subject and the tasks
employed, to definitively separate the contribution of
top-down influence and somatosensory bottom-up
feedback in the preserved vy responses we obtained.
Specifically, the playback condition with uncued, un-
predictable, sound onset times would not be expected
to produce top-down predictions that would be pre-
sumed present in the self-paced vocalization task. In
addition, somatosensory bottom-up feedback is elimi-
nated as well during playback. As mentioned, this com-
bination raises the possibility that the unchanged y
response across all four of our experimental conditions
may be because of uncontrolled attentional changes.

Changes in attentional states have been reported to
modulate auditory cortical responses. ECoG responses
from the posterior lateral STG are generally enhanced
when subjects attended to an acoustic stimulus using a
dichotic listening task (Neelon et al., 2006). In a study of
ECoG responses from subjects involved in tasks where
attention was directed toward a somatosensory or an
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auditory detection task, attention-related high y increases
occurred and were specific to somatosensory and poste-
rior lateral STG regions, respectively (Ray et al., 2008).
One study also showed modulation of scalp obtained re-
sponses during an audio-vocal integration paradigm with
pitch-shifted auditory feedback (Hu et al., 2015). We hope
that our unique dataset will lead to development of stud-
ies to further investigate the role of y responses specifi-
cally, and their relationship with other frequency bands,
in additional normal hearing subjects. For example, data
from three human subjects reported (Fontolan et al.,
2014) demonstrated such frequency segregation, using
cortical depth electrodes and the Granger causality method
to explore directionality of across-brain-region information
flow (Granger, 1969; Bressler and Seth, 2011).

Distinct from the y responses, we found high y STG re-
sponses that were smaller in amplitude when vocalization
occurred in the absence of auditory feedback compared
with when auditory feedback was provided by the Cls.
This observation supports the model where high vy re-
sponses reflect processing of auditory feedback and
bottom-up processing. On the other hand, we did not
observe high y attenuation during vocalization com-
pared with playback. While such attenuation has been
reported (Flinker et al., 2010; Greenlee et al., 2011;
Chang et al., 2013), posterior STG sites can show no at-
tenuation in studies of normal hearing subjects (Flinker
et al., 2010; Greenlee et al., 2011). Speech-motor-in-
duced attenuation of activity in auditory cortex is hypothe-
sized to be because of top-down efference mechanisms
(Guenther, 2006; Tourville et al., 2008). Across-site variability
in degree of STG attenuation is likely because of the varied
corticocortical connectivity of different auditory subregions
(Romanski et al., 1999; Romanski and Averbeck, 2009). This
subject did not have electrode coverage beyond the tempo-
ral lobe (e.g., prefrontal, premotor, motor cortices) and also
did not cover more posterior regions of the posterior STG,
where additional speech-production activity is reported
(Llorens et al., 2011; Leonard et al., 2019); thus, activity be-
yond the covered sites cannot be assessed.

It is characteristic of y responses to persist for a longer
duration, from stimulus onset to offset, relative to high y
responses, which decay faster from the time of stimulus
onset (Crone et al., 2006, 2011). The very high y re-
sponses were of smaller amplitude than those of y and
high y responses. Also, relative to high vy, very high v re-
sponse durations were smaller, consistent with the pat-
tern of shorter-duration responses as the ECoG response
band increases in frequency.

Cl artifacts and the spline-Laplacian transform

As in EEG studies, we noted Cl-induced electrical arti-
facts in ECoG recordings. At the scalp, Cl artifacts can be
5-10 times larger than evoked potentials and persist
across the duration of processed speech (Gilley et al.,
2006). Likewise, ECoG captures both neural responses
and CI artifacts. With the spline-Laplacian (Nourski et al.,
2013b) revealed ECoG from this Cl subject that demon-
strated response characteristics like those observed in
normal-hearing individuals. Our study adds to that
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report and provides before and after comparisons of
this transforms effect on AEP and ERBP data. We iden-
tified Cl artifacts were of two types: a broadband re-
sponse temporally restricted to voice onset and high-
frequency power increases sustained throughout the
vocalization at only two sites. The more common onset
artifact was observed for the two experiments in which
sound stimuli were delivered to the Aux In jack but was
not observed for the Cl microphone experiment. The
subject’s vocal output intensity did differ between
these conditions (Fig. 1D). Thus, the Cl sound proces-
sor may have reacted differently between the micro-
phone and aux input conditions. If input levels to the
processor were greater for the aux input condition, this
may have caused a stronger compensatory response
by the automatic gain control (AGC) circuit. As a result,
arelatively large transient may have resulted before sta-
bilization of the AGC.

The spline-Laplacian was effective at removing the
onset type of Cl artifact. As the algorithm computes the
second spatial derivative of the neural responses, we ex-
pected a spatial sharpening of noise components since
numerous recording sites contained the artifact. We in-
deed noted high correlations between raw and trans-
formed waveforms. Conversely, the very focal nature of
the other Cl artifact type (sustained high-frequency re-
sponse in only two of 96 sites) likely explains why this arti-
fact type was not significantly altered by the transform.

It is notable that the Cl artifacts were not distributed in a
simple manner predicted by the proximity of recording
site and ClI receiver and electrodes. Several factors may
be implicated. First, some electric generators of the arti-
facts may be dipoles of various orientations (Hughes et
al., 2004). Second, in cases where the Aux In jack was
used, the connecting cable may have acted as an antenna
for both input signals (our feedback signals) and electric
activity produced by the Cl itself. Future studies in which
subdural recording electrodes are used as electric sour-
ces may help shed light on the conduction of potentials
across the brain.

Comparison of cortical AEP findings with previously
reported scalp AEP data

In this bilateral Cl user subject, we identified AEPs from
the largest amplitude cortical sites during speech produc-
tion containing a dominant single peak (Fig. 5A, raw AEP
row, sites C, D, and E). This peak had latencies of 155—
250 ms and was observed, at least at site D, to be present
in all four experimental conditions. At adjacent sites, the
vocalization without feedback condition did not elicit an
AEP response within this time window that exceeded
background noise levels. Of interest, the polarity of this
peak was positive during both Aux In conditions (feed-
back, no feedback), while the response during the Mic In
and vocalization without feedback conditions were nega-
tive and slightly later compared with Aux In condition
peak latencies. Because of the observed microphone
level differences between the Mic and Aux In conditions
(Fig. 1D), it is difficult to directly compare the AEPs from
these two inputs and account for the morphology
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differences across conditions. Future work with scalp re-
cordings where stimulus level was systematically ex-
plored could more fully characterize AEP amplitude
growth and morphology. As noted earlier, our artifact-re-
duction transform (Fig. 5A, spline-Laplacian AEP row) in-
creases waveform noise relative to the “raw” waveforms
at some sites. In the case of our datasets, the raw
waveforms have relatively good signal-to-noise charac-
teristics and readily apparent neural responses, under-
scoring the value of examining both preprocessed and
postprocessed waveforms.

Little literature reporting scalp EEG findings in Cl users
during speech production exists, and two studies report
mismatch negativity changes without detail on waveform
characteristics during produced speech (Hidalgo et al.,
2019; Salo et al., 2002). Conversely, numerous reports
exist for speech perception. Debener et al. (2008) ob-
tained scalp AEPs from a single CI user, using speech
stimuli and independent component analysis (ICA) to sup-
press stimulus artifacts and found an N1 peak at 112 ms.
With dipole source modeling, the modeled generator po-
tential at the STG exhibited a phase reversal such that a
positive peak occurred at 112 ms. Sandmann et al. (2009)
obtained scalp AEPs from 12 CI users, using dyadic tone
combinations with 150 ms durations. Their derived “grand
average” AEPs, averaged across all subjects, showed N1
at 107 ms, a relatively broad P2 with an initial peak at
~160ms, and the computed STG dipole waveform dem-
onstrated a positive peak in place of the N1 peak like the
Debener et al. (2008) study. Finke et al. (2016) obtained
speech-evoked scalp AEPs from 13 postlingually deaf-
ened Cl listeners, reporting a triphasic response with a
small P1 at 65ms, N1 at 134ms, and a P2 peak at
240 ms; the N1 potential was generally most prominent,
with peak latencies between 107 and 136 ms, somewhat
shorter than what we observed in our recordings.

In conclusion, although this subject represents an ex-
tremely rare case, the data obtained offer insights into
vocal motor and sensorimotor integration relevant to
normal human speech control. We determined that the
posterior STG produced v, high vy, and very high vy re-
sponses not only for vocalization tasks with auditory
feedback, but when the deaf subject vocalized without
any auditory feedback. This finding suggests that the
STG is responsive to a possible combination of atten-
tional, efference-copy, and sensorimotor activity related
to speech production. We also demonstrated that, spe-
cific to Cl users, ways of reducing Cl artifact contamina-
tion of neurophysiologic responses, such as in more
commonly used scalp EEG, is germane to obtaining in-
terpretable results.

References

Behroozmand R, Larson CR (2011) Error-dependent modulation of
speech-induced auditory suppression for pitch-shifted voice feed-
back. BMC Neurosci 12:54.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J R Stat Soc
Series B Stat Methodol 57:289-300.

Boersma P (2001) Praat, a system for doing phonetics by computer.
Glot International 5:341-347.

January/February 2021, 8(1) ENEURO.0181-20.2020

Research Article: New Research 13 of 14

Bressler SL, Seth AK (2011) Wiener-Granger causality: a well estab-
lished methodology. Neuroimage 58:323-329.

Brugge JF, Volkov 10, Oya H, Kawasaki H, Reale RA, Fenoy A,
Steinschneider M, Howard MA (2008) Functional localization of au-
ditory cortical fields of human: click-train stimulation. Hear Res
238:12-24.

Chang EF, Niziolek CA, Knight RT, Nagarajan SS, Houde JF (2013)
Human cortical sensorimotor network underlying feedback control
of vocal pitch. Proc Natl Acad Sci USA 110:2653-2658.

Chang-Yit R, Pick HL Jr, Siegel GM (1975) Reliability of sidetone am-
plification effect in vocal intensity. J Commun Disord 8:317-324.
Crone NE, Sinai A, Korzeniewska A (2006) High-frequency gamma
oscillations and human brain mapping with electrocorticography.

Prog Brain Res 159:275-295.

Crone NE, Korzeniewska A, Franaszczuk PJ (2011) Cortical y re-
sponses: searching high and low. Int J Psychophysiol 79:9-15.

Debener S, Hine J, Bleeck S, Eyles J (2008) Source localization of audi-
tory evoked potentials after cochlear implantation. Psychophysiology
45:20-24.

Elger CE, Burr W (1994) Subdural electrodes. Acta Neurol Scand
Suppl 152:44-50.

Eliades SJ, Wang X (2012) Neural correlates of the Lombard effect in
primate auditory cortex. J Neurosci 32:10737-10748.

Feinberg | (1978) Efference copy and corollary discharge: implica-
tions for thinking and its disorders. Schizophr Bull 4:636-640.

Finke M, Blchner A, Ruigendijk E, Meyer M, Sandmann P (2016) On
the relationship between auditory cognition and speech intelligibil-
ity in cochlear implant users: an ERP study. Neuropsychologia
87:169-181.

Flinker A, Chang EF, Kirsch HE, Barbaro NM, Crone NE, Knight RT
(2010) Single-trial speech suppression of auditory cortex activity in
humans. J Neurosci 30:16643-16650.

Fontolan L, Morillon B, Liegeois-Chauvel C, Giraud AL (2014) The
contribution of frequency-specific activity to hierarchical informa-
tion processing in the human auditory cortex. Nat Commun
5:4694.

Ford JM, Mathalon DH (2005) Corollary discharge dysfunction in
schizophrenia: can it explain auditory hallucinations? Int J
Psychophysiol 58:179-189.

Friesen LM, Picton TW (2010) A method for removing cochlear im-
plant artifact. Hear Res 259:95-106.

Geschwind N (1970) The organization of language and the brain.
Science 170:940-944.

Gilley PM, Sharma A, Dorman M, Finley CC, Panch AS, Martin K
(2006) Minimization of cochlear implant stimulus artifact in cortical
auditory evoked potentials. Clin Neurophysiol 117:1772-1782.

Golfinopoulos E, Tourville JA, Bohland JW, Ghosh SS, Nieto-Castanon
A, Guenther FH (2011) fMRI investigation of unexpected somatosen-
sory feedback perturbation during speech. Neuroimage 55:1324—
1338.

Granger CW (1969) Investigating causal relations by econometric
models and cross-spectral methods. Econometrica 37:424-438.
Greenlee JDW, Jackson AW, Chen F, Larson CR, Oya H, Kawasaki
H, Chen H, Howard MA (2011) Human auditory cortical activation

during self-vocalization. PLoS One 6:e14744.

Greenlee JDW, Behroozmand R, Larson CR, Jackson AW, Chen F,
Hansen DR, Oya H, Kawasaki H, Howard MA (2013) Sensory-
motor interactions for vocal pitch monitoring in non-primary
human auditory cortex. PLoS One 8:e60783.

Greenlee JD, Behroozmand R, Nourski KV, Oya H, Kawasaki H,
Howard MA (2014) Using speech and electrocorticography to map
human auditory cortex. Annu Int Conf |IEEE Eng Med Biol Soc
2014:6798-6801.

Guenther FH (2006) Cortical interactions underlying the production
of speech sounds. J Commun Disord 39:350-365.

Hidalgo C, Pesnot-Lerousseau J, Marquis P, Roman S, Schén D
(2019) Rhythmic training improves temporal anticipation and ad-
aptation abilities in children with hearing loss during verbal interac-
tion. J Speech Lang Hear Res 62:3234-3247.

eNeuro.org


http://dx.doi.org/10.1186/1471-2202-12-54
https://www.ncbi.nlm.nih.gov/pubmed/21645406
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1016/j.neuroimage.2010.02.059
https://www.ncbi.nlm.nih.gov/pubmed/20202481
http://dx.doi.org/10.1016/j.heares.2007.11.012
https://www.ncbi.nlm.nih.gov/pubmed/18207680
http://dx.doi.org/10.1073/pnas.1216827110
https://www.ncbi.nlm.nih.gov/pubmed/23345447
http://dx.doi.org/10.1016/0021-9924(75)90032-5
https://www.ncbi.nlm.nih.gov/pubmed/802981
http://dx.doi.org/10.1016/S0079-6123(06)59019-3
https://www.ncbi.nlm.nih.gov/pubmed/17071238
http://dx.doi.org/10.1016/j.ijpsycho.2010.10.013
https://www.ncbi.nlm.nih.gov/pubmed/21081143
http://dx.doi.org/10.1111/j.1469-8986.2007.00610.x
https://www.ncbi.nlm.nih.gov/pubmed/17910729
http://dx.doi.org/10.1111/j.1600-0404.1994.tb05185.x
https://www.ncbi.nlm.nih.gov/pubmed/8209655
http://dx.doi.org/10.1523/JNEUROSCI.3448-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22855821
http://dx.doi.org/10.1093/schbul/4.4.636
https://www.ncbi.nlm.nih.gov/pubmed/734369
http://dx.doi.org/10.1016/j.neuropsychologia.2016.05.019
https://www.ncbi.nlm.nih.gov/pubmed/27212057
http://dx.doi.org/10.1523/JNEUROSCI.1809-10.2010
https://www.ncbi.nlm.nih.gov/pubmed/21148003
http://dx.doi.org/10.1038/ncomms5694
http://dx.doi.org/10.1016/j.ijpsycho.2005.01.014
https://www.ncbi.nlm.nih.gov/pubmed/16137779
http://dx.doi.org/10.1016/j.heares.2009.10.012
https://www.ncbi.nlm.nih.gov/pubmed/19878712
http://dx.doi.org/10.1126/science.170.3961.940
https://www.ncbi.nlm.nih.gov/pubmed/5475022
http://dx.doi.org/10.1016/j.clinph.2006.04.018
https://www.ncbi.nlm.nih.gov/pubmed/16807102
http://dx.doi.org/10.1016/j.neuroimage.2010.12.065
https://www.ncbi.nlm.nih.gov/pubmed/21195191
http://dx.doi.org/10.2307/1912791
http://dx.doi.org/10.1371/journal.pone.0014744
https://www.ncbi.nlm.nih.gov/pubmed/21390228
http://dx.doi.org/10.1371/journal.pone.0060783
https://www.ncbi.nlm.nih.gov/pubmed/23577157
http://dx.doi.org/10.1016/j.jcomdis.2006.06.013
https://www.ncbi.nlm.nih.gov/pubmed/16887139
http://dx.doi.org/10.1044/2019_JSLHR-S-18-0349
https://www.ncbi.nlm.nih.gov/pubmed/31433722

eMeuro

Hirsh 1J, Davis H, Silverman SR, Reynolds EG, Eldert E, Benson RW
(1952) Development of materials for speech audiometry. J Speech
Hear Disord 17:321-337.

Houde JF, Nagarajan SS, Sekihara K, Merzenich MM (2002)
Modulation of the auditory cortex during speech: an MEG study. J
Cogn Neurosci 14:1125-1138.

Howard MA, Volkov |10, Mirsky R, Garell PC, Noh MD, Granner M,
Damasio H, Steinschneider M, Reale RA, Hind JE, Brugge JF
(2000) Auditory cortex on the human posterior superior temporal
gyrus. J Comp Neurol 416:79-92.

HuH, LiuY, Guo Z, Li W, Liu P, Chen S, Liu H (2015) Attention modu-
lates cortical processing of pitch feedback errors in voice control.
Sci Rep 5:7812.

Hughes ML, Brown CJ, Abbas PJ (2004) Sensitivity and specificity of
averaged electrode voltage measures in cochlear implant recipi-
ents. Ear Hear 25:431-446.

Junqua JC (1993) The Lombard reflex and its role on human listeners
and automatic speech recognizers. J Acoust Soc Am 93:510-524.

Kiang NYS (1965) Discharge patterns of single fibers in the cat’s au-
ditory nerve. Cambridge: The MIT Press.

Kingyon J, Behroozmand R, Kelley R, Oya H, Kawasaki H,
Narayanan NS, Greenlee JDW (2015) High-gamma band fronto-
temporal coherence as a measure of functional connectivity in
speech motor control. Neuroscience 305:15-25.

Kovach CK, Gander PE (2016) The demodulated band transform. J
Neurosci Methods 261:135-154.

Ktonas PY, Papp N (1980) Instantaneous envelope and phase ex-
traction from real signals: theory, implementation, and an applica-
tion to EEG analysis. Signal Processing 2:373-385.

Lametti DR, Nasir SM, Ostry DJ (2012) Sensory preference in speech
production revealed by simultaneous alteration of auditory and so-
matosensory feedback. J Neurosci 32:9351-9358.

Leonard MK, Cai R, Babiak MC, Ren A, Chang EF (2019) The peri-
Sylvian cortical network underlying single word repetition revealed
by electrocortical stimulation and direct neural recordings. Brain
Lang 193:58-72.

Llorens A, Trébuchon A, Liégeois-Chauvel C, Alario FX (2011) Intra-
cranial recordings of brain activity during language production.
Front Psychol 2:375.

Martin BA (2007) Can the acoustic change complex be recorded in
an individual with a cochlear implant? Separating neural responses
from cochlear implant artifact. J Am Acad Audiol 18:126-140.

Mesgarani N, Cheung C, Johnson K, Chang EF (2014) Phonetic feature
encoding in human superior temporal gyrus. Science 343:1006-1010.

Neelon MF, Williams J, Garell PC (2006) The effects of auditory attention
measured from human electrocorticograms. Clin Neurophysiol 117:504—
521.

Nourski KV (2017) Auditory processing in the human cortex: an intra-
cranial electrophysiology perspective. Laryngoscope Investig
Otolaryngol 2:147-156.

Nourski KV, Howard MA 3rd (2015) Invasive recordings in the human
auditory cortex. Handb Clin Neurol 129:225-244.

Nourski KV, Brugge JF, Reale RA, Kovach CK, Oya H, Kawasaki H,
Jenison RL, Howard MA (2013a) Coding of repetitive transients by
auditory cortex on posterolateral superior temporal gyrus in hu-
mans: an intracranial electrophysiology study. J Neurophysiol
109:1283-1295.

Nourski KV, Etler CP, Brugge JF, Oya H, Kawasaki H, Reale RA,
Abbas PJ, Brown CJ, Howard MA (2013b) Direct recordings from
the auditory cortex in a cochlear implant user. J Assoc Res
Otolaryngol 14:435-450.

Nunez PL, Pilgreen KL (1991) The spline-Laplacian in clinical neuro-
physiology: a method to improve EEG spatial resolution. J Clin
Neurophysiol 8:397-413.

Nunez PL, Silberstein RB, Cadusch PJ, Wijesinghe RS, Westdorp
AF, Srinivasan R (1994) A theoretical and experimental study of

January/February 2021, 8(1) ENEURO.0181-20.2020

Research Article: New Research 14 of 14

high resolution EEG based on surface Laplacians and cortical
imaging. Electroencephalogr Clin Neurophysiol 90:40-57.

Oya H, Kawasaki H, Howard MA 3rd, Adolphs R (2002)
Electrophysiological responses in the human amygdala discrimi-
nate emotion categories of complex visual stimuli. J Neurosci
22:9502-9512.

Papp N, Ktonas P (1977) Critical evaluation of complex demodula-
tion techniques for the quantification of bioelectrical activity.
Biomed Sci Instrum 13:135-145.

Pfurtscheller G, Cooper R (1975) Frequency dependence of the
transmission of the EEG from cortex to scalp. Electroencephalogr
Clin Neurophysiol 38:93-96.

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

Reale RA, Calvert GA, Thesen T, Jenison RL, Kawasaki H, Oya H,
Howard MA, Brugge JF (2007) Auditory-visual processing repre-
sented in the human superior temporal gyrus. Neuroscience
145:162-184.

Romanski LM, Averbeck BB (2009) The primate cortical auditory sys-
tem and neural representation of conspecific vocalizations. Annu
Rev Neurosci 32:315-346.

Romanski LM, Tian B, Fritz J, Mishkin M, Goldman-Rakic PS,
Rauschecker JP (1999) Dual streams of auditory afferents target
multiple domains in the primate prefrontal cortex. Nat Neurosci
2:1131-1136.

Salo S, Peltola MS, Aaltonen O, Johansson R, Lang AH, Laurikainen
E (2002) Stability of memory traces for speech sounds in cochlear
implant patients. Logoped Phoniatr Vocol 27:132-138.

Sandmann P, Eichele T, Buechler M, Debener S, Jancke L, Dillier N,
Hugdahl K, Meyer M (2009) Evaluation of evoked potentials to dy-
adic tones after cochlear implantation. Brain 132:1967-1979.

Sinkiewicz D, Friesen L, Ghoraani B (2014) Analysis of cochlear im-
plant artifact removal techniques using the continuous wavelet
transform. Annu Int Conf IEEE Eng Med Biol Soc 2014:5482-5485.

Steinschneider M, Nourski KV, Kawasaki H, Oya H, Brugge JF,
Howard MA 3rd (2011) Intracranial study of speech-elicited activity
on the human posterolateral superior temporal gyrus. Cereb
Cortex 21:2332-2347.

Stowe LM, Golob EJ (2013) Evidence that the Lombard effect is fre-
quency-specific in humans. J Acoust Soc Am 134:640-647.

Svirsky MA, Lane H, Perkell JS, Wozniak J (1992) Effects of short-
term auditory deprivation on speech production in adult cochlear
implant users. J Acoust Soc Am 92:1284-1300.

Tillman TW, Carhart R (1966) An expanded test for speech discrimi-
nation utilizing CNC monosyllabic words. Northwestern University
Auditory Test No. 6. SAM-TR-66-55. Tech Rep SAM-TR 1-12.

Tourville JA, Reilly KJ, Guenther FH (2008) Neural mechanisms
underlying auditory feedback control of speech. Neuroimage
39:1429-1443.

Towle VL, Yoon H-A, Castelle M, Edgar JC, Biassou NM, Frim DM,
Spire J-P, Kohrman MH (2008) ECoG gamma activity during a lan-
guage task: differentiating expressive and receptive speech areas.
Brain 131:2013-2027.

Trautner P, Rosburg T, Dietl T, Fell J, Korzyukov OA, Kurthen M,
Schaller C, Elger CE, Boutros NN (2006) Sensory gating of auditory
evoked and induced gamma band activity in intracranial record-
ings. Neuroimage 32:790-798.

Tremblay S, Shiller DM, Ostry DJ (2003) Somatosensory basis of
speech production. Nature 423:866-869.

van den Honert C, Stypulkowski PH (1986) Characterization of the
electrically evoked auditory brainstem response (ABR) in cats and
humans. Hear Res 21:109-126.

Wang J, Mathalon DH, Roach BJ, Reilly J, Keedy SK, Sweeney JA,
Ford JM (2014) Action planning and predictive coding when
speaking. Neuroimage 91:91-98.

eNeuro.org


http://dx.doi.org/10.1044/jshd.1703.321
https://www.ncbi.nlm.nih.gov/pubmed/13053556
http://dx.doi.org/10.1162/089892902760807140
https://www.ncbi.nlm.nih.gov/pubmed/12495520
http://dx.doi.org/10.1002/(SICI)1096-9861(20000103)416:1&hx003C;79::AID-CNE6&hx003E;3.0.CO;2-2
http://dx.doi.org/10.1038/srep07812
https://www.ncbi.nlm.nih.gov/pubmed/25589447
http://dx.doi.org/10.1097/01.aud.0000145111.92825.cc
https://www.ncbi.nlm.nih.gov/pubmed/15599191
http://dx.doi.org/10.1121/1.405631
https://www.ncbi.nlm.nih.gov/pubmed/8423266
http://dx.doi.org/10.1016/j.neuroscience.2015.07.069
https://www.ncbi.nlm.nih.gov/pubmed/26232713
http://dx.doi.org/10.1016/j.jneumeth.2015.12.004
https://www.ncbi.nlm.nih.gov/pubmed/26711370
http://dx.doi.org/10.1016/0165-1684(80)90079-1
http://dx.doi.org/10.1523/JNEUROSCI.0404-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/22764242
http://dx.doi.org/10.1016/j.bandl.2016.06.001
https://www.ncbi.nlm.nih.gov/pubmed/27450996
http://dx.doi.org/10.3389/fpsyg.2011.00375
https://www.ncbi.nlm.nih.gov/pubmed/22207857
http://dx.doi.org/10.3766/jaaa.18.2.5
https://www.ncbi.nlm.nih.gov/pubmed/17402299
http://dx.doi.org/10.1126/science.1245994
https://www.ncbi.nlm.nih.gov/pubmed/24482117
http://dx.doi.org/10.1016/j.clinph.2005.11.009
https://www.ncbi.nlm.nih.gov/pubmed/16458596
http://dx.doi.org/10.1002/lio2.73
https://www.ncbi.nlm.nih.gov/pubmed/28894834
http://dx.doi.org/10.1016/B978-0-444-62630-1.00013-5
https://www.ncbi.nlm.nih.gov/pubmed/25726272
http://dx.doi.org/10.1152/jn.00718.2012
https://www.ncbi.nlm.nih.gov/pubmed/23236002
http://dx.doi.org/10.1007/s10162-013-0382-3
https://www.ncbi.nlm.nih.gov/pubmed/23519390
http://dx.doi.org/10.1097/00004691-199110000-00005
http://dx.doi.org/10.1016/0013-4694(94)90112-0
https://www.ncbi.nlm.nih.gov/pubmed/7509273
http://dx.doi.org/10.1523/JNEUROSCI.22-21-09502.2002
https://www.ncbi.nlm.nih.gov/pubmed/871500
http://dx.doi.org/10.1016/0013-4694(75)90215-1
https://www.ncbi.nlm.nih.gov/pubmed/45909
http://dx.doi.org/10.1016/j.clinph.2007.09.136
https://www.ncbi.nlm.nih.gov/pubmed/18037343
http://dx.doi.org/10.1016/j.neuroscience.2006.11.036
https://www.ncbi.nlm.nih.gov/pubmed/17241747
http://dx.doi.org/10.1146/annurev.neuro.051508.135431
https://www.ncbi.nlm.nih.gov/pubmed/19400713
http://dx.doi.org/10.1038/16056
https://www.ncbi.nlm.nih.gov/pubmed/10570492
http://dx.doi.org/10.1080/140154302760834868
https://www.ncbi.nlm.nih.gov/pubmed/12498354
http://dx.doi.org/10.1093/brain/awp034
https://www.ncbi.nlm.nih.gov/pubmed/19293240
http://dx.doi.org/10.1093/cercor/bhr014
https://www.ncbi.nlm.nih.gov/pubmed/21368087
http://dx.doi.org/10.1121/1.4807645
https://www.ncbi.nlm.nih.gov/pubmed/23862838
http://dx.doi.org/10.1121/1.403923
https://www.ncbi.nlm.nih.gov/pubmed/1401516
http://dx.doi.org/10.1016/j.neuroimage.2007.09.054
https://www.ncbi.nlm.nih.gov/pubmed/18035557
http://dx.doi.org/10.1093/brain/awn147
https://www.ncbi.nlm.nih.gov/pubmed/18669510
http://dx.doi.org/10.1016/j.neuroimage.2006.04.203
http://dx.doi.org/10.1038/nature01710
https://www.ncbi.nlm.nih.gov/pubmed/12815431
http://dx.doi.org/10.1016/0378-5955(86)90033-x
https://www.ncbi.nlm.nih.gov/pubmed/3754550
http://dx.doi.org/10.1016/j.neuroimage.2014.01.003
https://www.ncbi.nlm.nih.gov/pubmed/24423729

	Neural Correlates of Vocal Auditory Feedback Processing: Unique Insights from Electrocorticography Recordings in a Human Cochlear Implant User
	Introduction
	Materials and Methods
	Subject
	Study design and experimental stimuli
	Electrophysiological recording
	Data analysis and transformations
	Statistical analyses

	Results
	Vocalization characteristics
	AEPs, frequency-time spectrograms, and spline-Laplacian transform
	Hypothesis evaluation

	Discussion
	Auditory cortical γ and high γ responses in the absence of auditory feedback
	Potential additional influences on the STG responses
	CI artifacts and the spline-Laplacian transform
	Comparison of cortical AEP findings with previously reported scalp AEP data

	References


