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ABSTRACT

Electrical stimulation of the auditory nerve with a
cochlear implant (CI) is the method of choice for
treatment of severe-to-profound hearing loss.
Understanding how the human auditory cortex re-
sponds to CI stimulation is important for advances in
stimulation paradigms and rehabilitation strategies. In
this study, auditory cortical responses to CI stimula-
tion were recorded intracranially in a neurosurgical
patient to examine directly the functional organiza-
tion of the auditory cortex and compare the findings
with those obtained in normal-hearing subjects. The
subject was a bilateral CI user with a 20-year history of
deafness and refractory epilepsy. As part of the
epilepsy treatment, a subdural grid electrode was
implanted over the left temporal lobe. Pure tones,
click trains, sinusoidal amplitude-modulated noise,
and speech were presented via the auxiliary input of
the right CI speech processor. Additional experiments
were conducted with bilateral CI stimulation. Auditory
eventrelated changes in cortical activity, character-
ized by the averaged evoked potential and event-
related band power, were localized to posterolateral
superior temporal gyrus. Responses were stable across
recording sessions and were abolished under general

anesthesia. Response latency decreased and magni-
tude increased with increasing stimulus level. More

apical intracochlear stimulation yielded the largest
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responses. Cortical evoked potentials were phase-
locked to the temporal modulations of periodic
stimuli and speech utterances. Bilateral electrical
stimulation resulted in minimal artifact contamina-
tion. This study demonstrates the feasibility of intra-
cranial electrophysiological recordings of responses to
CI stimulation in a human subject, shows that cortical
response properties may be similar to those obtained
in normal-hearing individuals, and provides a basis for
future comparisons with extracranial recordings.
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INTRODUCTION

Hearing loss is a major public health problem, and
electrical stimulation of the auditory nerve with a
cochlear implant (CI) is the therapeutic option of
choice for cases of severe-to-profound sensorineural
hearing loss (NIH 1995). In a CI, an array of
electrodes implanted in the cochlea restores the sense
of hearing by directly stimulating fibers of the
auditory nerve. CIs have been in clinical use since
the early 1980s, with more than 219,000 devices
implanted worldwide (NIDCD 2011). Development
of novel electrode designs, stimulation paradigms,
and surgical techniques over the years has contributed
to the “modern miracle” of hearing restoration with
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CIs (Ashley 2000), which can provide users with a
high degree of speech perception accuracy (Krueger
et al. 2008).

Central auditory processing plays a critical role in
the utilization of auditory information provided by the
CI (Moore and Shannon 2009). Studies in experi-
mental animals and in human subjects provide
evidence for improvements in CI performance over
the weeks and months following implantation (Fallon
et al. 2009). These improvements are thought to
parallel changes in auditory cortex functional organi-
zation, suggesting that plasticity in the auditory cortex
may play a role in this enhanced performance (Klinke
et al. 1999, 2001; Giraud et al. 2001; Irvine et al. 2006;
Kral and Tillein 2006). In order to further improve
the design of Cls and refine postimplantation reha-
bilitation strategies, it is important to gain a better
understanding of how the human auditory cortex
responds to stimulation by these devices.

Research performed in our laboratory employs
direct intracranial recording in neurosurgical patients
to study the functional organization of the human
auditory cortex. This method provides an opportunity
to study the human auditory cortex with high spatial
and temporal resolution (Engel et al. 2005; Cervenka
et al. 2011; Howard et al. 2012). We have previously
described an acoustically responsive area on the
posterolateral portion of the superior temporal gyrus
(STG), functionally distinct from primary and prima-
ry-like auditory cortex of Heschl’s gyrus (Howard et al.
2000). We refer to this area as the posterolateral
superior temporal auditory area (PLST). This area,
which may comprise more than one functional field,
responds robustly to a wide range of stimuli, including
pure tones, trains of acoustic clicks, modulated noise
bursts, and speech utterances (Reale et al. 2007;
Brugge et al. 2008b; Nourski et al. 2010; Greenlee et
al. 2011; Nourski et al. 2013a, b).

The current study presents the first case of direct
recordings from the auditory cortex in a bilateral CI
user. The patient had medically intractable epilepsy
and underwent intracranial electrode implantation
as part of her epilepsy surgery treatment plan. This
provided a unique opportunity to examine directly
the functional organization of the human auditory
cortex in a deaf subject with CIs and to compare
these findings with those of normal-hearing neuro-
surgery patients who were studied using comparable
stimulus paradigms and intracranial recording
methods.

Noninvasive recording of cortical averaged evoked
potentials (AEPs) using scalp electroencephalography
(EEG) in CI users has proven to be technically
difficult. CI stimulation generates an electrical artifact
that interferes with identification of the AEP, often
requiring application of specialized artifact rejection

strategies (Singh et al. 2004; Gilley et al. 2006; Martin
2007; Brown et al. 2008; Viola et al. 2012). In contrast,
recording directly from the cortical surface has the
advantage of yielding highly localized responses with a
relatively high signal-to-noise ratio. In this study, we
determined that it was possible to record responses to
CI stimulation directly from the brain and that the
stimulus artifact was a relatively minor factor in the
recording.

The major goal of this study was to compare
activity elicited on the posterolateral surface of the
STG by electrical stimulation of the CI with that
observed in normal-hearing subjects in response to
acoustic stimuli. Most processing strategies used in
ClIs are based on extraction and accurate repre-
sentation of temporal envelope information. In
contrast, the amount of spectral information pro-
vided to the auditory system is limited due to
the relatively small number of independent CI
stimulation channels (Shannon 2007; Wilson and
Dorman 2009). Temporal processing abilities in
CI wusers have been shown to strongly correlate
with speech recognition performance (Fu 2002).
Therefore, we used a range of periodic and
amplitude-modulated stimuli to focus on cortical
representation of temporal sound features, for
which we have previously recorded responses from
PLST in normal-hearing listeners (Nourski et al
2008, 2010, 2013a).

Additionally, we used time-compressed (acceler-
ated) speech sentences. Previous studies in normal-
hearing listeners have demonstrated that time
compression of speech led to decreases in intelli-
gibility and in phase locking of the auditory
cortical responses to the temporal envelopes of
these sentences (Ahissar et al. 2001; Ahissar and
Ahissar 2005). Our previous studies have used
these stimuli to establish that time locking to the
speech temporal envelope could be present in core
auditory cortex even when speech was severely
time-compressed and, as a result, incomprehensible
(compression ratio 0.20). In contrast, time locking
of responses recorded from PLST was limited to
moderately compressed speech (compression ratios
0.75-0.40) (Nourski et al. 2008, 2009). Accordingly,
we used these stimuli to tax the temporal process-
ing mechanisms in a controlled manner and to
compare the brain responses recorded in the CI
user to those obtained in subjects with normal
hearing.

Portions of this study have appeared previously
in abstract form (Nourski et al. 2012). Two
companion studies have investigated cortical re-
sponses to self-vocalization and audiovisual speech
in the same subject (Greenlee et al. 2012; Rhone
et al. 2012).
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METHODS
Subject

The subject was a 58-year-old female with 20 years of
experiencing CI use. She had a history of toxic shock
syndrome with coma in 1991 at the age of 38. She was
treated with ototoxic antibiotics, which resulted in
profound bilateral sensorineural hearing loss.
Audiometric testing conducted a few months prior
to placement of her first (right) CI showed relatively
flat thresholds, above 90 dB HL, bilaterally. A 3-month
hearing aid trial provided no benefit. Word recogni-
tion testing conducted at the time resulted in scores
of 0 % on all of the following tests: spondee
recognition, Northwestern University #6 words
(Tillman and Carhart 1966), and Central Institute of
the Deaf sentences (Hirsh et al. 1952).

This subject received an eight-channel Clarion C1 CI
in her right ear in 1992, 14 months after she lost her
hearing. In 2006, she received an Advanced Bionics
HiRes 90K CI with 16 intracochlear contacts in her left
ear. Both implant surgeries were performed at the
University of Iowa Hospitals and Clinics. The surgeries
were without complications, and full electrode insertions
were obtained in both cochleae.

Both CIs were programmed to operate in
monopolar stimulation mode. The right ear was fit
with a Harmony BTE processor loaded with a seven-
channel continuous interleaved sampling program
(406 pulses/s per channel rate, 150 ps pulse dura-
tion). Channel 3 was found to be defective and was
disabled. For clarity of presentation in this paper,
intracochlear stimulation sites are referred to by
numbers, while cortical recording sites are referred
to by upper case letters. The left ear was fit with an
Auria BTE processor loaded with a 14-channel HiRes-
P program (3,458 pulses/s per channel rate, 21 ps
pulse duration).

At the time of the experiments, the subject had
been using the right ear CI for 20 years and bilateral
CIs for 6 years. The subject has been using the same
speech processor in the right ear for the last 2 years
and the same processing strategy for over 6 years. In
the left ear, she has been using the same speech
processor and processing strategy since they were
activated 6 years ago. The patient reported that she
received benefit from both devices. She achieved a
total score of 22 on the Hearing Handicap Inventory
for the Elderly, corresponding to a mild emotional
and situational hearing handicap (Ventry and
Weinstein 1982). At the time of testing, the subject’s
consonant-nucleus-consonant monosyllabic words
scores were 66 % phonemes correct and 39 % words
correct for the right ear, 60 % phonemes and 31 %
words correct for the left ear, and 73 % phonemes
and 51 % words correct when tested in the binaural

listening mode. Her binaural City University of New
York sentence score (Boothroyd et al. 1985) was 72 %.
The subject was also assessed using the Hearing in
Noise Test sentences (Nilsson et al. 1994) presented
to the right ear only and received scores of 95 %
correct in quiet and 85 % correct when testing was
conducted in noise. Neuropsychological evaluation
indicated strong left-handedness. Intracarotid amytal
(Wada) test indicated left hemisphere language
dominance and right-lateralized anterograde memory
function.

We chose to carry out the majority of the experi-
ments with the subject using the CI in her right ear
and the speech processing program she used for
everyday listening. Intracranial recordings were made
from the left hemisphere in this subject (see below).
We chose to focus attention on contralateral CI
stimulation thinking that this would result in the
strongest cortical excitation patterns and that the
electrical pulses generated by the contralateral CI
would be less likely to interfere with the intracranial
recordings.

The subject developed medically intractable epi-
lepsy subsequent to her hearing loss. As part of her
diagnostic and treatment plan for refractory epilepsy,
she underwent a short-term (3-day) intracranial elec-
trode implantation over the left temporal lobe. The
intracranial electrode grid was implanted for the
purpose of electrical stimulation mapping of language
areas on the left temporal lobe to spare areas critically
involved in language function during resection sur-
gery. The seizure focus was localized to the left mesial
temporal lobe, and none of the acoustically respon-
sive cortical sites on the lateral surface of the STG
exhibited evidence of epileptic activity.

Click train-evoked AEP latencies obtained from the
CI user were compared to those obtained under the
same stimulus conditions from a group of ten normal-
hearing neurosurgical patients (three females and
seven males, between 28 and 47 years old). Auditory
cortical responses obtained in these control subjects
have been presented in earlier reports from our
group (Brugge et al. 2009; Nourski et al. 2013a).

Stimulation

Experimental auditory stimuli were delivered to the
CI speech processors through the auxiliary input. The
majority of the experiments detailed in this report
were carried out using stimulation of the right ear CI
only, i.e., contralateral to the hemisphere onto which
the recording grid was placed. In order to focus on a
narrow region of the tonotopically organized cochlea,
single-channel stimulation was carried out by driving
custom speech processor programs with pure tone
bursts (duration 300 ms, 5 ms on/off ramp). The
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tones matched the center frequencies of the pass-
band of the target CI channels on the right side. Each
CI channel was stimulated for a total of 100 trials.

A variety of other stimuli were employed using
the patient’s everyday clinical program. Previous
work in our laboratory has involved recording
electrocortigographic (ECoG) responses to the
same stimuli delivered acoustically in normal-hear-
ing neurosurgery patients implanted with intracra-
nial electrodes. These stimuli included click trains
(Brugge et al. 2009; Nourski et al. 2013a), sinusoi-
dally amplitude-modulated (SAM) noise bursts
(Brugge et al. 2008a; Nourski et al. 2010), and
time-compressed speech sentences (Nourski et al.
2008, 2009). Click train stimuli were generated
digitally as equally spaced rectangular pulses (0.2 ms
duration). SAM noise stimuli were generated by modu-
lating a Gaussian noise burst carrier with sinusoids. Click
trains and SAM noise bursts were presented at rates of 4,
8,16, 32, 50, and 100 Hz (duration 1 s). Stimuli of the six
rates were each presented 50 times in random order.
These stimuli were presented in a passive listening
paradigm, without any task direction.

Speech sentences, digitized at a sampling rate of
24,414 Hz, were time-compressed to ratios between
0.75 and 0.20 of the natural speaking rate using an
algorithm that preserved the spectral content of the
stimuli, as implemented in Sound Designer II software
(Digidesign, Daly City, CA, USA). The experimental
protocol employed a set of six time-compressed
speech stimuli: five of the stimuli were time-com-
pressed versions of a sentence “Black cars cannot
park,” presented at compression ratios of 0.75, 0.50,
0.40, 0.30, and 0.20. The sixth stimulus, “Black dogs
can all bark,” presented at a compression ratio of 0.75,
was used as a target in an oddball detection task
designed to maintain the subject in an alert state and
evaluate comprehension of the sentences in the least
compressed condition. The subject was instructed to
press a button whenever the oddball stimulus was
detected. The duration of the speech stimuli ranged
from 0.29 to 1.05 s (at compression ratios of 0.20 and
0.75, respectively). This protocol was run twice, once
with contralateral CI stimulation and once with
simultaneous stimulation of both Cls.

The interstimulus interval in all experiments was
chosen randomly within a Gaussian distribution to
reduce stimulus predictability and to allow more
efficient AEP estimation. The mean onset-to-onset
interval was 2 s for single-channel pulse trains, click
trains, and SAM noise, and 3 s for speech sentences;
standard deviation was 10 ms for all stimuli. Stimuli
were presented at a level that the subject judged to be
comfortably loud. Stimulus delivery and data acquisi-
tion were controlled by a TDT RZ2 real-time proces-
sor (Tucker-Davis Technologies, Alachua, FL, USA).

Previously, we showed that the AEP recorded from
posterolateral STG was abolished by general anesthe-
sia (Howard et al. 2000). A similar opportunity arose
to obtain recordings from the CI subject in the
operating room before and after induction of general
anesthesia with propofol (100 pg/kg/min, iv.). For
this purpose, we used 300 ms electric pulse trains
delivered to channel 1 of the contralateral CI using a
custom speech processor program and 50 Hz click
trains (duration 500 ms) presented using the patient’s
everyday clinical program of the contralateral CI.

Response recording

ECoG recordings were obtained from a multicontact
subdural grid electrode (AdTech, Racine, WI, USA)
implanted over the lateral surface of the left temporal
lobe (Fig. 1). The recording array consisted of
platinum-iridium disc electrodes (2.3 mm exposed
diameter, 5 mm interelectrode distance), embedded
in a silicon membrane. The electrodes were arranged
in an 8x12 grid, yielding a 3.5x5.5-cm array of 96
contacts. The electrode grid was placed solely on the
basis of clinical requirements. The electrical potential
obtained at each recording contact was referenced to
a subgaleal electrode placed under the scalp in the
left posterior frontal area of the skull.

Presence of bilateral CIs in this subject precluded a
pre-implantation structural magnetic resonance imag-
ing (MRI) study and limited the exposure and
visualization of the brain surface during the surgery
to a relatively small craniotomy (Fig. 1A). Anatomical
location of the recording sites was determined using
co-registration of postimplantation and post-resection
high-resolution computed tomography (CT) scans
with a template brain volume, aided by intraoperative
photography. Two high-resolution postoperative CT
scans (0.59x0.59 mm in-plane resolution, 1.0 mm slice
thickness) were obtained postoperatively, one the day
after recording electrode implantation and the other
one the day after recording electrode removal and
seizure focus resection. The two CT scans were co-
registered using a six-parameter linear transformation
(rigid co-registration) (Fig. 1B). Recording contacts
were identified in the postimplantation CT scan and
transferred onto a template ICBM152 average brain
(average of 152 normal MRI scans in the Montreal
Neurological Institute space) (Fig. 1C). Post-resection
CT volume and the ICBM152 volume were first co-
registered using a linear Affine transformation,
followed by a nonlinear morphing of the CT volume
onto the MRI template volume using symmetric
diffeomorphic mapping (Avants et al. 2006, 2008).
Both mutual information and point set matching were
used for the mapping procedure.
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FIG. 1. Placement of the recording grid electrode. A Intraoperative photo. B 3D reconstruction of the post-implantation CT scan. C Projection
of the contact location onto ICBM152 template brain. SF sylvian fissure, STG superior temporal gyrus, STS superior temporal sulcus, MTG middle

temporal gyrus.

Data analysis

ECoG data obtained from each recording site were
analyzed as the AEP and, in the time—frequency
plane, as eventrelated band power (ERBP) (reviewed
by Cervenka et al. 2011). Data analysis was performed
using custom software written in the MATLAB
Version 7.13.0 programming environment
(MathWorks, Natick, MA, USA).

Pre-processing of ECoG data included downsampling
to 1 kHz for computational efficiency, followed by
removal of power line noise (60 Hz and its
harmonics) by an adaptive notch filtering proce-
dure (Nourski et al. 2013a). Additionally, single-
trial (peri-stimulus) ECoG waveforms with voltage
peaks or troughs greater than 2.5 standard de-
viations from the mean were eliminated from the
data set prior to further analysis. This would
include activity generated by electrical interference,
epileptiform spikes, high-amplitude slow-wave activ-
ity, or movement artifacts.

ECoG data recorded in response to contralateral
CI stimulation and pre-processed as described above
were essentially free from electrical stimulus artifact.
The proximity of the ipsilateral CI to the recording
electrode resulted in an electric stimulus artifact
evident in ECoG recordings obtained during bilateral
CI stimulation. To minimize the artifact that could
potentially obscure physiological responses, single-
trial waveforms from the 96 recording sites in this
stimulus configuration were transformed with a spatial
filter using the surface Laplacian operation (Nunez
1981; Nunez and Pilgreen 1991; Reale et al. 2007).
The surface Laplacian is independent of the refer-
ence electrode and ameliorates the effects of spatial
smearing of ECoG voltage due to volume conduction
in the tissue and fluid of the brain. The surface
Laplacian required an accurate representation of the
spatial distribution of potential, which was derived
using spline interpolation (Perrin et al. 1987; Law et

al. 1993). This results in a close correspondence
between pre- and post-transformation waveforms,
particularly at recording sites that are the closest to
the foci of cortical activity (Reale et al. 2007).

The latency of each of the four prominent peaks
(Pq, No, Pg, and Np) and the Ny—Pg peak-to-peak
amplitude of the AEP were measured (Howard et al.
2000). AEP peak latencies of responses to 100 Hz click
trains obtained in the CI user were compared with
latencies measured in response to the same stimulus
waveforms presented acoustically in ten normal-hear-
ing subjects, studied previously (Brugge et al. 2009;
Nourski et al. 2013a). The frequency-following re-
sponse (FFR) to repetitive stimuli (click trains and
SAM noise bursts) was visualized by high-pass filtering
the AEP waveforms with a cutoff frequency of 1 octave
below the stimulus repetition rate.

Time—frequency analysis of the ECoG was
performed using wavelet transforms based on
complex Morlet wavelets following the approach
of Oya et al. (2002). Center frequencies ranged
from 20 to 200 Hz in 5 Hz increments. ERBP was
calculated for each center frequency on a trial-by-
trial basis and normalized to median baseline
power, measured for the same center frequency
within a window of 100 to 200 ms prior to stimulus
onset. ERBP values were then log-transformed and
averaged across trials.

For quantitative analysis of ERBP, we focused on
the high gamma ECoG frequency band (Crone et
al. 2001; Brugge et al. 2009; Edwards et al. 2009),
which was defined in the present study within a
range of center frequencies between 70 and
150 Hz. The wavelet constant ratio used for time-
frequency analysis was defined as fy/0,=9, where fy
is the center frequency of the wavelet and oy is its
standard deviation in frequency. Contribution of
energy from poststimulus onset interval to the
estimate of baseline power was negligible for the
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range of center frequencies analyzed. The magni-
tude of high gamma response was quantified by
averaging high gamma ERBP within the time
window of 50-250 ms after stimulus onset.

Representation of the temporal stimulus envelope
in the cortical activity was quantified in the time
domain using cross-correlation analysis (Ahissar et al.
2001; Abrams et al. 2008; Nourski et al. 2009).
Envelopes of the speech stimuli were obtained by
calculating the magnitude of the Hilbert transform of
the speech signal waveform and low-pass filtering at
50 Hz using a fourth-order Butterworth filter. Peaks of
cross-correlograms between the stimulus envelope
and the cortical response (AEP waveform and high
gamma ERBP) were found between lags of 0 and
150 ms. Following the approach of Millman et al.
(2013), stimulus-response cross-correlation in the
time domain was evaluated using a bootstrap proce-
dure to generate surrogate data, followed by an
approximate permutation test that provided the
estimated P values and critical thresholds (Nichols
and Holmes 2002). A surrogate data set was generated
from the original single-trial ECoG waveforms by
selecting, at random, half of the trials and inverting
their waveforms. The measured peak of the cross-
correlogram between the stimulus envelope and the
surrogate AEP provided a value of the statistic that
would be expected to occur by chance. The permu-
tation distribution of this statistic under the null
hypothesis (i.e., no correlation between the stimulus
and the response) was obtained by generating 5,000
surrogate data sets and measuring the peaks in their
resulting cross-correlograms. The null hypothesis was
rejected when the peak of cross-correlogram between
the stimulus envelope and the original AEP was
greater than the 100(1 — a)th percentile (a=0.05) of
the permutation distribution. Similarly, significance of
cross-correlation between the stimulus envelope and
high gamma ERBP response was evaluated by
constructing surrogate data sets (n=5,000) from
single-trial high gamma ERBP waveforms and using
the 95th percentile of the permutation distribution as
the threshold criterion.

RESULTS
Responses to single-channel pulse trains

We characterized ECoG responses to electric pulse
trains presented on single stimulation channels of
CI using custom programs for the speech processor
on the right (contralateral) ear. Pitch ranking
conducted during programming of the CI speech
processor revealed all functional channels (1
through 8, except channel 3) to be in the correct
order, from low to high. Responses elicited by

stimulation on the most apical electrode (i.e., channel 1)
are presented in Figure 2. In this figure, placement of the
recording grid is shown along with exemplary AEP and
ERBP data from four different recording sites (Fig. 2A)
and the entire recording grid (Fig. 2B). The strongest
cortical responses were obtained from the most posterior
recording sites on the STG. AEPs and ERBP obtained by
CI stimulation were similar to those obtained from field
PLST in response to acoustical stimulation. ERBP was
maximal in the high gamma frequency range, and its
spatial distribution across the cortical surface was more
restricted compared to the AEP. One site (site A, Fig. 2)
was characterized by both highest amplitude AEPs and
largest high gamma ERBP in response to all stimuli used
in this study. Other cortical sites exhibited different
response patterns, including AEPs in the absence of high
gamma ERBP (e.g., site B, Fig. 2), high gamma responses
without AEP onset deflections (site C, Fig. 2), or showed
neither AEP nor ERBP responses (site D, Fig. 2). Taken
together, we interpret the obtained CI responses as most
likely arising from the anterior portion of what we
previously described as area PLST in normal-hearing
subjects.

Previous work has demonstrated that AEPs recorded
from PLST are stable over multiple recording sessions
and are abolished under general anesthesia (Howard et
al. 2000). Similar results were obtained from the CI
subject. AEPs were collected in four different sessions
over 2 days (Fig. 3A), followed by a recording session in
the operating room before and after induction of
general anesthesia (Fig. 3B). The stimulus was a 300-ms
406-Hz pulse train delivered on channel 1 of the right CI.
Cortical responses were stable throughout the duration
of the monitoring period in terms of their magnitude
and waveform. AEPs were no longer in evidence shortly
after induction of general anesthesia with propofol.

The effects of stimulus intensity and the intracochlear
place of stimulation were examined by presenting
electric pulses on different CI channels at different
intensities. The intensity-related changes in magnitude
and latency of the AEPs obtained in response to these
stimuli from site A of Figure 2 are summarized in
Figure 4. Intracochlear electrodes 1 and 8 were
the most apical and the most basal, respectively, as
shown schematically in Figure 4A. The latency of
AEP peak N, generally decreased with stimulus
intensity, although these changes were not always
systematic for all stimulation sites (Fig. 4B), and
the same trends were seen in the other three
prominent peaks of the AEP waveform (data not
shown). The magnitude of cortical responses, measured
as the peak-to-peak amplitude of the AEP waveform and
average high gamma ERBP within the 50-250-ms post-
stimulus interval (left and right panels in Fig. 4C,
respectively), generally increased with stimulus intensity.
The magnitude of cortical responses was also influenced
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FIG. 2. Responses to 300 ms 406 Hz electric pulse trains,
presented on channel 1 of the contralateral (righty Cl. A AEP
waveforms (black lines; negative voltage plotted upwards) and ERBP
(color plots) recorded from four representative contacts on the STG

by the intracochlear location of the stimulus elec-
trode; stimulation of more apical channels generally
elicited larger cortical responses. We did not
observe changes in the location of maximal cortical
activity associated with the choice of intracochlear
stimulation channel; cortical site A of Figure 2
featured the largest responses across the entire
recording grid, regardless of intracochlear stimulus
location and intensity.

Responses to click trains

Auditory cortical responses to repetitive acoustic
stimuli, such as click trains or bursts of SAM, may be

(A, B, C, D, location shown in the center panel). The stimulus is
schematically shown on the top left in gray. B AEPs and ERBP
recorded from the whole grid. Defective contacts are marked with an
“X.” Cortical sulci are outlined by thick gray lines.

characterized in normal-hearing individuals by the
AEP, the FFR, and ERBP (Brugge et al. 2009; Nourski
and Brugge 2011; Nourski et al. 2013a). Figure 5
summarizes these cortical responses to trains of
acoustic clicks presented via the CI. The stimuli were
delivered through the auxiliary input using the
clinical program of the right CI. Overall spatial
activation patterns, shown in Figure 5A for 50 Hz
click trains, were similar to those elicited by single-
channel CI stimulation (see Fig. 2). The largest
responses remained localized to the posterior edge
of the recording grid (e.g., sites A, B), but in this case,
responses could also be seen more anteriorly along
the STG (e.g., site C).
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FIG. 3. Stability of electrically evoked cortical responses over time.
AEPs recorded from site A (see Fig. 2A) in response to 300 ms 406 Hz
electric pulse trains, presented on channel 1 of the contralateral (right)
Cl. A AEP morphology over four experimental sessions (2 days). B AEP
morphology before and after induction of general anesthesia (top two
and bottom two traces, respectively).

Latencies of the AEP waveform peaks Py, Ny, P,
and N from the maximally responsive site A were 73,
120, 223, and 366 ms, respectively, for the 100-Hz 1-s
click train stimulus (Fig. 5B). AEP peak latencies
measured in the CI user were not significantly
different from those that characterized responses to
the same click train stimulus in normal-hearing sub-
jects. The latencies of all four peaks were within the
95 % confidence intervals of latencies measured in
the normal-hearing control group (N=10), and the
two negative peaks (N, and Np) were within the
middle quartiles.

Detailed response properties of the four exemplary
sites on the lateral STG are shown in Figure 5C for
click rates between 4 and 100 Hz. As the pulse rate of
individual stimulation channels on the right CI was
406 Hz, sparse sampling of the modulation envelope
by the carrier pulse train (McKay et al. 1994)
precluded analysis of responses to click trains of
higher rates. Click train stimulation elicited robust
responses characterized by AEP waveforms consistent
with those previously ascribed to PLST in normal-
hearing subjects (Howard et al. 2000; Reale et al.
2007; Nourski et al. 2013a) including onset and offset
responses and growth in amplitude with increasing
click rate.

Superimposed on the low-frequency AEP was an
FFR. This response, emphasized for clarity in
Figure 5C (red) by high-pass filtering the AEP
waveforms with a cutoff frequency of 1 octave below
the driving frequency, was evident at rates of up to
50 Hz on sites A and B. The FFR could also be
observed for click rates of 32 and 50 Hz in the time-
frequency plots as horizontal bands of ERBP at ECoG
frequencies corresponding to the click rates (filled
arrowheads in Fig. 5C). In contrast, there were no
demonstrable phase-locked responses at the driving
frequency of 100 Hz. Time—frequency analysis, how-
ever, revealed a subharmonic phase-locked compo-
nent at 50 Hz in response to the 100-Hz click trains
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FIG. 4. Effects of stimulation site and stimulus intensity on the
latency and amplitude of cortical responses recorded from site A. A
Schematic of right Cl electrode placement. B N, peak latencies
plotted as functions of stimulus level for different stimulation
channels. C Peak-to-peak AEP amplitudes (left panel) and average
high gamma ERBP, measured between 50 and 250 ms after stimulus
onset (right panel), plotted as functions of stimulus intensity. Stimuli—
300 ms 406 Hz electric pulse trains. Different colors in B and C
represent different stimulation channels of the right Cl, as depicted in A.

(open arrowhead Fig. 5B, site B). Overall, the capacity
of the brain response to phase-lock to a periodic
stimulus was comparable to that seen in normal-
hearing subjects (Nourski et al. 2013a).

Click train stimuli also elicited ERBP changes in
the high gamma frequency range. Similar to re-
sponses to single-channel CI stimulation, the spatial
distribution of ERBP change was more restricted than
that of AEPs. Comparison of time—frequency analysis
of data recorded from sites A and B revealed a much
more prominent high gamma response at site A.

An additional, more anterior, focus of cortical
activity, exemplified in Figure 5C by sites C and D,
was characterized by relatively long-latency and low-
amplitude AEPs and absence of FFRs to any of the
tested click rates. On the more responsive site C,
ERBP was the largest in response to 100 Hz click
trains and had a longer latency compared to more
posterior sites A and B.

During the experiment performed in the oper-
ating room before and after induction of general
anesthesia, 50 Hz 500 ms click trains were
presented using the clinical program of the con-
tralateral CI (Fig. 6). Recordings from two cortical
sites A and B demonstrate that, prior to anesthesia
and in the awake state, site A featured a larger
amplitude AEP and a stronger high gamma re-
sponse than site B, while site B was characterized
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the clinical program of the contralateral (right) Cl. A AEPs (black
lines) and ERBP (color plots) recorded from the whole grid in
response to 50 Hz click trains. Defective contacts are marked
with an “X.” Cortical sulci are outlined by thick gray lines. B
AEP peak latencies measured in response to 100 Hz click trains
in the ClI subject (circles) and ten normal-hearing subjects (gray

contacts on PLST

(A-D;

top to bottom).

confidence intervals are shown). C AEPs (black lines),
lines), and ERBP (color plots), recorded from four representative
Filled and open
arrowheads indicate phase-locked responses to the driving
frequency and its subharmonic,
schematically shown on top.

FFRs (red

respectively. The stimuli are
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by a stronger FFR (Fig. 6, left column). Following
induction of general anesthesia, the AEP, the FFR,
and ERBP were no longer in evidence, thus
confirming and extending results obtained with
single-channel CI stimulation (see Fig. 3).

Responses to SAM noise stimuli

SAM noise bursts, presented via auxiliary input of the
contralateral CI using its clinical program, elicited
responses at modulation rates between 4 and 100 Hz,
as shown in Figure 7 for four representative cortical
sites. Responses from sites A and B were time-locked
to the temporal structure of the stimulus for rates of
up to 50 Hz. At relatively low modulation rates (4-
8 Hz), cortical locking to the stimulus envelope was
evident in the unfiltered AEP waveforms, while at
higher rates, activity phase-locked to the stimulus
envelope was better revealed in the bandpass-filtered
AEP waveforms. These patterns of cortical activity
were similar to those observed in recordings from
PLST in normal-hearing subjects (Nourski et al. 2010).
Responses from more anterior portions of the grid
(sites C and D in Fig. 7) were characterized by low-
amplitude AEPs, absence of FFRs, and relatively small
ERBP with longer latency compared to that recorded
from sites A and B.

Responses to time-compressed speech

We examined cortical responses to time-compressed
speech sentences “Black dogs cannot bark” and “Black
cars cannot park,” the same stimuli as used in our
earlier studies (Nourski et al. 2008, 2009). The CI
subject was instructed to press a button whenever she
heard the target sentence “Black dogs cannot bark.”
During contralateral CI stimulation, the subject cor-
rectly identified all 50 trials of the target sentence and
produced 11 “false alarm” responses to the nontarget
sentence presented at a compression ratio of 0.75 and
one “false alarm” response to the nontarget sentence
compressed to a ratio of 0.50. All but one “false alarm”
responses occurred within the first third (5 min) of
the experimental session. When the protocol was
repeated with bilateral CI stimulation, the subject
correctly identified 48/50 trials of the target sentence
and did not respond to any of the 250 nontarget
stimuli.

Figure 8 presents analysis of cortical activity
recorded from four sites in response to time-com-
pressed speech sentences. Responses to both contra-
lateral (Fig. 8A) and bilateral (Fig. 8B) CI stimulation
were characterized by AEPs that tracked the temporal
envelopes of moderately compressed sentences (com-
pression ratios 0.75-0.40; sites A and B). Sustained
ERBP responses reflected the overall duration of the
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FIG. 6. Effects of general anesthesia on cortical AEP, FFR, and

ERBP. Responses to 50 Hz click trains (duration 500 ms), recorded
before and after induction of general anesthesia (left and right
columns, respectively), are shown for two representative recording
sites, A and B. The stimuli are schematically shown on top.

sentences yet did not appear to be modulated by their
temporal envelopes. Site D, located relatively anterior
on the recording grid and immediately dorsal to site
C, yielded relatively strong responses to compressed
speech compared to nonspeech stimuli (see Figs. 2, 5,
and 7). No consistent differences were observed
between responses to target and nontarget stimuli in
terms of magnitude of the AEP or high gamma
response. Bilateral electrical stimulation introduced
a stimulus artifact (data not shown) which was
minimized by applying a spline Laplacian transform
to the data. Overall, responses from individual sites
were comparable between contralateral and bilateral
modes of stimulation.

Phase locking of the cortical response to the
stimulus envelope at different compression ratios was
quantified using cross-correlation analysis (Ahissar et
al. 2001; Abrams et al. 2008; Nourski et al. 2009).
Envelope following by the AEP and ERBP was
measured as peaks of cross-correlograms between
speech envelopes and AEPs and high-frequency
ERBP envelope (70-150 Hz; see “Methods”),
spectively. Figure 9 presents the results of this
analysis performed on data obtained from four
different sites. In more posterior sites A and B,
correlation between the stimulus envelope and the
AEP waveform envelope remained significant at
moderate degrees of compression (0.75-0.40), but
failed to reach significance at the two most
compressed conditions (0.30-0.20). In contrast,
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shown on the top in gray.

stimulus envelope following by high gamma ERBP
was only found to be significant in the least
compressed condition. Sites C and D, located more
anteriorly along the STG, only featured significant
correlations between stimulus envelope and the
AEP in the least compressed stimulus conditions.
Overall, there were no consistent differences in
cross-correlation values between contralateral and
bilateral stimulation conditions, or following of
target vs. nontarget sentences presented at a
compression ratio of 0.75.

DISCUSSION

To our knowledge, this is the first reported case
where intracranial auditory cortical recordings were
obtained in a deaf patient with cochlear implants.
The direct recording method provided a unique
opportunity to study the response properties of a
relatively well-defined region of nonprimary audi-
tory cortex (presumed PLST) resulting from elec-
trical stimulation of the cochlea and compare these

properties with those exhibited in normal-hearing
subjects.

Area PLST in normal-hearing individuals is
characterized by robust responses to a wide range
of auditory stimuli and typically features one or
more foci of maximal activity (Howard et al.
2000; Reale et al. 2007; Brugge et al. 2008b;
Steinschneider et al. 2011; Nourski et al. 2013a,
b). Spatial activation patterns on PLST elicited by
pure tone stimuli typically vary as a function of
stimulus frequency. Occasionally, an area is found
representing low frequency separating areas
representing higher frequency; typically, however,
more complex and distributed patterns are seen
(Nourski et al. 2013b). In the present study,
changes in location of intracochlear stimulation
were perceived by the subject (as determined by
pitch ranking) but were not paralleled by changes
in the spatial distribution of cortical activity. One
cortical site was consistently most responsive to all
the tested stimuli that were presented. This site was
located on the posterior edge of the recording
grid. The relatively anterior placement of the
recording grid in this subject could have missed
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other columns). AEPs (black lines) and ERBP (color plots), recorded
from four representative contacts on PLST (A-D; top to bottom). Left

much of area PLST located posteriorly and this could, at
least in part, account for the observed lack of spatial
distribution of cortical activity. In addition, the relatively
poor spatial (electrodotopic) resolution of the CI may
have contributed to the observed lack of effects in this
subject.

In normal-hearing subjects, PLST often presents
with topographically segregated response patterns,
suggesting that this area may include multiple func-
tional fields (Brugge et al. 2008b; Nourski et al.
2013b). In the present CI subject, an additional focus
of activity, located more anteriorly along lateral STG,

Time after stimulus onset (0.25 s/div)

NETET = P

to right: moderate to severe compression. Temporal envelopes of the
stimuli are shown on the top in gray. A Responses to stimulation of
the contralateral (right) Cl. B Responses to bilateral CI stimulation.

was characterized by responses that varied significant-
ly as a function of the type of stimulus delivered. This,
along with the observation that high gamma activity
recorded from anterior sites had longer onset laten-
cies than that on more posterior sites, suggests that
these foci of activity may correspond to two different
functional fields identified in area PLST in normal-
hearing subjects.

CI users have to rely heavily on temporal envelope
information for speech perception, as the amount of
spectral information (independent stimulation chan-
nels) provided by the implant is limited (Fu 2002;
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contralateral and bilateral CI stimulation are shown in the left and
right columns, respectively.

Shannon 2007; Wilson and Dorman 2009). Chronic
intracochlear electrical stimulation has been shown
to affect temporal responsiveness of Al neurons in
deafened cats, with increases in the upper limit of
frequency following (Fallon et al. 2007). In our
study, strong FFRs were observed in response to
both click trains and bursts of SAM noise
presented at rates up to 50 Hz. Although PLST in
some normal-hearing subjects can exhibit FFRs to
higher rate stimuli, including 100 Hz click trains
(Nourski et al. 2013a), this was not observed in the
present study. The fact that the most posterior
region of PLST may not have been covered by the

recording grid could explain this finding. A
subharmonic component at 50 Hz was detected in
the time—frequency analysis of responses to 100 Hz
click trains. This could be a result of aliasing,
wherein the 100-Hz click trains used to modulate
406 Hz CI pulse train carriers produced a 50-Hz
component at the output of the speech processor
due to sparse sampling of the modulation envelope
by the carrier (McKay et al. 1994).

AEPs elicited by time-compressed speech sentences
were phase-locked to the temporal envelope of speech
at moderate compression ratios (0.75-0.40). Clinical
considerations limited the duration of experimental
sessions and the amount of data that could be
collected. This limit precluded a detailed psychophys-
ical evaluation of the subject’s comprehension of time-
compressed speech. However, the subject could
discriminate between the target and the nontarget
sentence presented in the least compressed condition.
Decline in temporal envelope tracking by the AEP
with increasing speech compression in this subject
paralleled changes in comprehension of such
sentences by normal-hearing individuals reported
previously (Nourski et al. 2009). This indicates that
speech envelope information of stimuli presented
within the intelligible range is preserved at the
level of noncore cortex of PLST in this CI user.
This is different from core auditory cortex, where
temporal envelope following through modulation
of high gamma activity could exceed perceptual
capacity (Nourski et al. 2009), but is consistent with
our observations from PLST obtained in normal-
hearing subjects (Nourski et al. 2008).

This CI user had extensive (over 20 years) CI
experience and good speech recognition perfor-
mance. The CI user experienced many years of
altered sensory input to the auditory cortex. Absence
of neurotrophic support from hair cells and
supporting cells to spiral ganglion neurons likely
caused at least some degree of degeneration of the
auditory nerve (Linthicum and Anderson 1991;
Linthicum et al. 1991; Fayad and Linthicum 2006;
Shepherd and Hardie 2001). Despite this, the overall
waveform shape and peak latency of responses
recorded from this nonprimary auditory cortex was
similar to that observed in individuals with normal
hearing.

AEPs derived from auditory cortical responses
recorded with scalp EEG electrodes are generally
characterized by a series of positive and negative
peaks with latencies ranging from about 50 to
300 ms after stimulus onset (Nditinen and Picton
1987; Ponton et al. 1999). Studies in adult CI
users have generally shown waveforms similar to
those recorded with acoustic stimulation, although
several studies have reported slightly shorter
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latencies and smaller N; amplitudes in CI users
compared to normal-hearing controls (Micco et al.
1995; Ponton et al. 1996; Firszt et al. 2002; Kelly
et al. 2005). The response measures in the present
study generally showed activity on a comparable
time scale with similar waveforms, suggesting a
common cortical source. AEP latencies for our
subject with a long history of CI use were very
similar to those of normal-hearing subjects. This
result is consistent with the earlier findings of
Pantev et al. (2002), who reported scalp-recorded
cortical AEP latencies to be similar when obtained
by acoustic and electric stimulation in the same
subject before and after implantation. Other scalp
EEG studies carried out in CI patients also showed
that AEP latencies changed over time, with longer
periods of CI use being associated with latencies
that more closely resemble normal values (Jordan
et al. 1997; Sandmann et al. 2012).

The ECoG provides the advantage of consider-
ably higher spatial and temporal resolution as
compared to extracranial recording. The main
finding of the present study is the similarity of
response properties that characterized noncore
auditory cortex on the lateral STG with those
previously described in normal-hearing individuals
(Brugge et al. 2009; Nourski et al. 2008, 2013a).
Thus, while similarities in cortical responses be-
tween CI and normal-hearing subjects have been
previously reported in extracranial studies, we were
able to localize this to a specific auditory cortical
area. Taken together, the intracranial and extra-
cranial data suggest that in experienced successful
CI users, there may be a relatively normal pattern
of activation in the central auditory pathways
projecting to noncore auditory cortex on PLST.
To facilitate interpretation of surface recordings
from a wider population of CI users, plans are
underway to follow-up the present study with scalp
EEG-based investigations in the same subject.

Spatiotemporal patterns of auditory cortical
activity during CI stimulation have been previously
studied using recordings from the cortical surface
in experimental animals (e.g., Kral et al. 2009).
Ponton and Eggermont (2001) compared scalp
EEG data from implanted children with direct
cortical recordings obtained in deaf white kittens
and suggested that the effects of deafness and
electrical stimulation of the auditory nerve were
similar across the two mammalian species. Invasive
electrophysiology studies in experimental animals
demonstrate that long duration deafness leads to
considerable changes in the organization of the
auditory cortex. These changes include decoupling
of primary from higher order auditory cortex and
cross-modal reorganization (Kral et al. 2002, 2005;

Lomber et al. 2010). The extent of cortical
reorganization depends on timing of deafness
onset relative to sensitive periods in early auditory
cortical development; it is most pronounced in
cases of congenital deafness (Kral et al. 2001; Kral
and Sharma 2012). Thus, direct comparison of
animal studies done in congenitally or neonatally
deaf animals with our present findings obtained in
a postlingually deaf patient with a long (and
successful) history of CI use is not straightforward.
We note, however, that chronic electrical stimula-
tion of the auditory nerve, particularly when
coupled with behavioral training, can improve
temporal processing within the primary auditory
cortex of experimentally deafened animals (Beitel
et al. 2011; Vollmer and Beitel 2011). The present
report is consistent with these animal electrophys-
iology studies and extends their findings to human
nonprimary auditory cortex.
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