bioRxiv preprint doi: https://doi.org/10.1101/2023.09.09.556985; this version posted September 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A frequency peak at 3.1 kHz obtained from the spectral analysis of the

cochlear implant electrocochleography noise

Javiera Herrada!", Vicente Medel®*", Constantino Dragicevic**, Juan C. Maass',

Carlos E. Stott! and Paul H. Delano!>>°.

1. Servicio Otorrinolaringologia, Hospital Clinico de la Universidad de Chile. Santiago, Chile.

2. Departamento de Neurociencia, Facultad de Medicina, Universidad de Chile. Santiago,
Chile.

3. Latin American Brain Health Institute (BrainLat), Universidad Adolfo Ibafiez. Santiago,
Chile.

4. Departamento de Fonoaudiologia, Facultad de Medicina, Universidad de Chile. Santiago,
Chile.

5. Centro Avanzado de Ingenieria Eléctrica y Electronica, AC3E, Universidad Técnica
Federico Santa Maria. Valparaiso, Chile.

6. Biomedical Neuroscience Institute, Facultad de Medicina, Universidad de Chile. Santiago,

Chile.
*These authors contributed equally and share the first author.
Corresponding author:

Paul H. Delano

Email: pdelano@hcuch.cl

Servicio Otorrinolaringologia

Hospital Clinico Universidad de Chile

Dr. Carlos Lorca-Tobar 999, Independencia
Santiago, Chile

Running title: 3.1 kHz peak in cochlear implant noise


https://doi.org/10.1101/2023.09.09.556985
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.09.556985; this version posted September 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Abstract

Introduction: The functional evaluation of auditory-nerve activity in spontaneous
conditions has remained elusive in humans. In animals, the frequency analysis of the round-
window electrical noise recorded by means of electrocochleography yields a frequency
peak at around 900 to 1000 Hz, which has been proposed to reflect auditory-nerve
spontaneous activity. Here, we studied the spectral components of the electrical noise
obtained from cochlear implant electrocochleography in humans. Methods: We recruited
adult cochlear implant recipients from the Clinical Hospital of the Universidad de Chile,
between the years 2021 and 2022. We used the AIM System from Advanced Bionics® to
obtain single trial electrocochleography signals from the most apical electrode in cochlear
implant users. We performed a protocol to study spontaneous activity and auditory
responses to 0.5 and 2 kHz tones. Results: Twenty subjects including 12 females, with a
mean age of 57.9 + 12.6 years (range between 36 and 78 years) were recruited. The
electrical noise of the single trial cochlear implant electrocochleography signal yielded a
reliable peak at 3.1 kHz in 55% of the cases (11 out of 20 subjects), while an oscillatory
pattern that masked the spectrum was observed in seven cases. In the other two cases, the
single-trial noise was not classifiable. Auditory stimulation at 0.5 kHz and 2.0 kHz did not
change the amplitude of the 3.1 kHz frequency peak. Conclusion: We found two main
types of noise patterns in the frequency analysis of the single-trial noise from cochlear
implant electrocochleography, including a peak at 3.1 kHz that might reflect auditory-nerve

spontaneous activity, while the oscillatory pattern probably corresponds to an artifact.
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Introduction

The functionality of the auditory nerve is essential for transmitting afferent activity
to the central auditory system, allowing sound perception and speech comprehension
(Kiang 1965; Kiang et al., 1967; Louage et al., 2004). Several methods have been developed
to study the auditory nerve function, such as the auditory-evoked compound action
potentials obtained with electrocochleography (Galambos, 1956; Delano et al., 2007;
Eggermont, 2019), electrically evoked compound action potentials (ECAPs) obtained with
cochlear implants (CI) (Hey and Miiller-Deile, 2015), wave I auditory brainstem responses
(Steinhoff et al., 1988; Kujawa and Liberman, 2009), or auditory-nerve compound
responses recorded during neurosurgery in humans (Yamakami et al., 2003; Ishikawa et al.,
2017). However, these techniques need to evoke neural responses using auditory or
electrical stimulation (Maggu, 2022), making it unfeasible to record auditory-nerve
spontaneous activity.

In order to study auditory-nerve spontaneous activity, researchers have performed
invasive recordings in animal models, including cats, guinea pigs and chinchillas (Kiang et
al., 1976; Manley et al., 1976; Liberman, 1978; Temchin et al., 2008). These studies
evaluated auditory-nerve single fiber activity, allowing the waveform characterization of
the spontaneous spiking activity, which is also known as the “unitary response” of auditory-
nerve neurons. These waveforms last less than 1 ms in cats (Wang, 1979), and it is accepted
that their additive responses to synchronizing stimuli, such as clicks or electrical pulses,
constitute auditory-nerve composed responses (Wang, 1979; Dolan et al., 1983), such as
ECAPs (Hey and Miiller-Deile, 2015). However, to our knowledge, the spontaneous
activity of auditory-nerve single fibers in humans has never been reported (Dong et al.,
2020; Dong et al., 2021; Dong et al., 2023).

An interesting approach, which has been used to study spontaneous auditory-nerve
activity in animals, was introduced by Dolan et al. in 1990. These authors studied the
electrical noise recorded with a round-window electrocochleography in guinea pigs, and
reported a frequency peak around 900 Hz obtained from the spectrum of the spontaneous
electrical activity. Later, Searchfield and colleagues (2004) showed that this peak at 900 Hz

disappeared after blocking neural conduction with tetrodotoxin, suggesting a neural origin.
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In humans, we used non-invasive tympanic membrane electrocochleography with
wick electrodes, and found a reliable peak at 1 kHz in the frequency spectrum of the
electrical noise recorded from the eardrum in silent conditions (Pardo-Jadue et al., 2017).
However, the amplitude of this frequency peak was affected by stimuli of different
modalities in a non-specific manner, as auditory and bithermal caloric vestibular
stimulation could elicit responses, suggesting a mixed origin for this peak, not limited to
the auditory modality, and probably including peripheral and central nervous structures as
possible sources.

Cochlear implants are neuroprosthetic devices that have become the gold standard
for the treatment of severe to profound hearing loss (Rauschecker and Shannon, 2002;
Carlyon and Goehring 2021). In addition to the primary goal of restoring audition, cochlear
implants can also be used for recording intracochlear electrocochleography, allowing the
measurement of auditory-nerve ECAPs (Undurraga et al., 2010; Hey and Miiller-Deile,
2015), or acoustically evoked cochlear microphonics (CM), as a measure of cochlear hair
cell function (Giardina et al., 2019; O'Leary et al., 2023). However, a reliable method for
recording the spontaneous activity of auditory nerve neurons in humans is still lacking
(Dong et al., 2020; Dong et al., 2021; Dong et al., 2023).

Here, we propose to study the frequency components of the single-trial electrical
noise recorded with cochlear implant electrocochleography in spontaneous and acoustically

induced conditions in humans.

Methods

Subjects: Adult unilateral cochlear implant (HiRes, Advanced Bionics®) recipients
from the Otolaryngology Department at the Hospital Clinico de la Universidad de Chile
program, were recruited between the years 2021 and 2022. All procedures were approved
by the Institutional ethical committee of the Hospital Clinico de la Universidad de Chile,
and all volunteers signed an informed consent.

Evaluations: All subjects were evaluated with a comprehensive battery of
audiological tests, including unaided pure tone audiometry using headphones, free field
audiometry, speech comprehension in silence and noise conditions in aided conditions with

cochlear implants. Hearing thresholds, and free field hearing thresholds with cochlear
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implants were obtained using a clinical audiometer (AC40 Hybrid - Interacoustics®) at
0.25,0.5,1,2,3,4,6 and 8 kHz.

Speech comprehension in quiet conditions: We used the International Matrix Test
(Oldenburg Measurement Applications) to determine the minimum intensity (in dB) to
obtain 50% of speech intelligibility presenting 30 sentences in quiet conditions.

Speech in noise: We used the International Matrix Test (Oldenburg Measurement
Applications) to determine the minimum signal to noise relation (SNR in dB) to obtain 50%
of speech intelligibility, presenting 30 sentences in background broad-band noise conditions
at 65 dB SPL.

Electrocochleography: Postsurgery electrocochleography recordings were
performed at least six months after cochlear implant surgery. We used the cochlear implant
(HiRes, Slim J and MidScala) connected to an AIM System from Advanced Bionics® to
obtain single-trial electrocochleography signals from the most apical electrode in cochlear
implant recipients. We also performed an experimental control in ex-vivo conditions using
a cochlear implant (HiRes, Slim J) immersed in 0.9% saline solution to record the input
signal during the 9-minutes protocol (see below). Electrocochleography data was obtained
at 9280 samples per second, while electrode impedances were <12 kQ. We calculated the
amplitude of cochlear microphonic responses to the 0.5 kHz and 2 kHz stimuli from the
power spectral density (PSD) by using the median of the short-time Fourier Transform
(STFT) using two different strategies: evoked and induced PSDs. Evoked spectrums were
obtained by calculating the STFT over the averaged signal of all trials, while induced
spectrums were obtained by the average of all single-trial STFT. In order to measure the
baseline level of noise, we used spectral parametrization (Donoghue et al., 2020) to obtain
broadband power and narrowband relative power measures using the fitting oscillations and
one-over-F (FOOQF) algorithm.

Auditory stimuli: We performed a nine-minute protocol to record the cochlear
implant electrocochleography signal during spontaneous and auditory stimulation
conditions (Figure 1). The protocol included three periods of three minutes each: (i)
spontaneous activity in silent condition, (i1) evoked and induced responses at 0.5 and 2 kHz
presented at 115 and 110 dB correspondingly, and (ii1) post-stimulus spontaneous activity

in silent conditions. Tones were presented using alternating phases (180° difference) in odd
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and even trials, with a duration of 50 ms per trial and on/off ramps of five ms. Each three
minute period included a total of 3600 single-trials, including 1800 trials per phase in the
period of acoustic stimulation. The complete 9-minute protocol included 10,800 trials.
Electrocochleography recordings were performed in two different soundproof rooms of the
Otolaryngology Department, located in the first and fourth floor of the Hospital. A digital
microphone recorder TASCAM DR-05 (sampling rate: 44100 Hz, digitized at 16 bits) was

used in control experiments to rule out a sound source at the 3.1 kHz frequency band.

Results

Measurements were obtained from twenty adult subjects (12 female, 57.9 + 12.6
years (mean =+ standard deviation), range between 36 and 78 years old; 14.4 £+ 3.5 years of
education (mean + standard deviation)) with bilateral, severe to profound sensorineural
hearing loss implanted with unilateral cochlear implants. A summary of demographic and
audiological data is presented in Table 1. Regarding hearing thresholds, subjects had
unaided pure tone averages (PTA) above 80 dB HL, while using cochlear implants, the
average PTA was better than 50 dB HL (Figure 2).

Electrocochleography

We used two different methods to analyze the same electrocochleography data,
including “evoked” and “induced” approaches (see methods section for more details), in
spontaneous conditions (silence), and during auditory stimulation with a 0.5 and 2 kHz tone.
Briefly, in the evoked condition, trials were averaged over time, and an STFT was computed
for the averaged (evoked) signal, while in the induced analysis method, single-trial STFTs
were calculated, and the STFT power spectrums of the 3600 trials (or 1800 trials of each
phase) were averaged to obtain a grand average STFT of a given condition in the
experimental protocol. These approaches gave us two STFT of the same data, evoked and
induced, that we show and compare in the following results.

Figure 3 shows an example of the spectrograms obtained with the evoked and
induced analyses of the cochlear implant electrocochleography signals in spontaneous
(silence) conditions. Notice that in the induced condition a frequency peak at 3.1 kHz can

be observed in the spectrum, and that the broadband power (background noise level) was
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greater when measured with induced techniques as compared to the evoked analysis (Figure
3). We found the frequency peak at 3.1 kHz in 55% of the cases (11 out of 20), while an
oscillatory pattern that masked the 3.1 kHz frequency band in the spectrum was observed
in seven cases (7 out of 20) (Figure 4). In addition, in two cases the single trial noise was
not classifiable (not shown).

Figure 4 shows examples of the 3.1 kHz frequency peak and the oscillatory pattern
obtained during auditory stimulation with a 2 kHz tone. Cochlear microphonics responses
were obtained with both types of analysis as a frequency peak at 0.5 or 2 kHz. We found
that on average the amplitude of the 0.5 and 2.0 kHz cochlear microphonics responses were
larger with evoked than with induced conditions (0.5 kHz: t-test, p=2.584e-4; 2 kHz: t-test,
p=1.921e-4).

To test whether the 3.1 kHz frequency peak found with the single trial STFT induced
method analysis is an artifact of the cochlear implant electronics, we recorded the same
protocol using a cochlear implant immersed in saline solution outside a human being. Figure
5 shows that in the ex-vivo condition there was no frequency peak at 3.1 kHz, as compared
to the spontaneous recordings made in silent conditions in a human patient with a cochlear
implant.

To rule out a possible artifact from the neighboring equipment in the recording
rooms, we also performed the experimental protocol in two subjects, in two different
soundproof rooms, located in the first and fourth floors of our hospital, obtaining the 3.1
kHz in both rooms (Figure 6). In addition, to rule out a possible auditory stimulation at 3.1
kHz, we performed an additional control using a microphone during the 2 kHz protocol and
found no acoustic peak at the 3.1 kHz frequency region (Figure 7).

Next, we evaluated the number of trials needed to obtain the two types of spectrum
noises (peak at 3.1 kHz and the oscillatory pattern) and found that ~100 trials are necessary
to obtain a reliable peak at 3.1 kHz (Figure 8), while the oscillatory pattern spectrum
appears with less than 10 trials. To control for possible aliasing artifacts, we randomly
resampled the signal into a new sampling frequency between 7 and 10 kHz, and repeated
this 1000 times. We found no difference in the 3.1 kHz peak. Additionally, we oversampled
the signal up to 10 times Nyquist frequency, to relax anti-aliasing filters and possible phase

distortion of the signal, and found no effect in the detection of 3.1 kHz peak (Figure 9).
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Finally, we evaluated whether the amplitude of the 3.1 kHz frequency peak was
affected by the auditory 0.5 and 2 kHz stimuli in the 11 cases that displayed the 3.1 kHz
frequency peak in the induced activity. There were non-significant changes in the amplitude

of the 3.1 kHz peak with 0.5 kHz and 2 kHz tones (Figure 10).

Discussion

We found a frequency peak at 3.1 kHz in the electrocochleography spectrum
obtained by averaging single-trials STFT during spontaneous (silent) and stimulus-induced
conditions in 55% of the cochlear implant subjects. In addition, in 35% of the subjects, we

found an oscillatory pattern that masked the power spectrum at the 3.1 kHz frequency band.

A biological origin for the 3.1 kHz peak in the electrocochleography noise of cochlear
implants

The discovery of a new frequency component at 3.1 kHz recorded from the single-
trial noise of the cochlear implant electrocochleography raises several questions, including
whether this component arises from a biological source. Several controls were performed
to try to answer this question: (1) the peak is not present when recording from an ex-vivo
cochlear implant in saline solution; (2) in our experimental setup there is no auditory
stimulus at 3.1 kHz as evidenced by the microphone control; (3) re-sampling methods are
able to reconstruct the signal and re-obtain the peak at 3.1 kHz; (4) there is a need of
averaging at least ~100 trials to improve the signal to noise ratio; (5) the 3.1 kHz peak was
obtained in different soundproof rooms of the hospital, one located in the fourth floor and
the other in the first floor; (6) The fact that the 3.1 kHz frequency peak was observed only
when using induced analysis methods, but not with evoked analysis, indicates that the origin
of this signal has temporal jitter, which is generally observed in biological signals. Taken
together, these arguments let us propose that the 3.1 kHz frequency peak obtained from the
cochlear implant electrocochleography in spontaneous conditions, probably has a biological
origin.

On the other hand, the oscillatory pattern observed in around one third of the
subjects (7/20) is probably an artifact, as it has multiple frequency components that are

evident with less than 10 averaged trials. Understanding the origin of this oscillatory noise
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could help to develop tools to remove this oscillatory noise and clean the spectrum signal,

which might probably help in obtaining the 3.1 kHz frequency peak.

Is the 3.1 kHz frequency peak a measure of spontaneous auditory-nerve activity?

We have argued that the 3.1 kHz frequency peak probably has a biological origin.
The next question is whether it is a measure of the spontaneous auditory-nerve activity. The
amplitude of the 3.1 kHz frequency peak did not change with pure tone stimulation at 0.5
and 2 kHz. These results are intriguing, but they could be explained by the fact that we were
using pure tones to induce auditory responses in severe to profound deaf subjects. In
addition, the 3.1 kHz frequency peak needs hundreds of single-trials to emerge from
background noise. We can speculate, in a putative scenario, that with better residual hearing
and using wide band stimuli, such as white noise or clicks as auditory elicitors, it might be
possible to obtain significant changes in the amplitude of the 3.1 kHz frequency peak.

One interesting argument in favor of single unit origin for the 3.1 kHz peak is the
temporal profile of auditory-nerve neuron waveforms. The waveform of auditory-nerve
neurons in humans is unknown, while different animal models have given insights into their
temporal profile (Kiang et al., 1976; Manley et al., 1976; Liberman, 1978; Wang, 1979;
Temchin et al., 2008). These works show that single unitary activity of the auditory-nerve
neurons in animals lasts less than 1 ms.

Regarding humans, deconvolution algorithms have been used to predict single fiber
unitary waveforms from ECAPs recorded with electrocochleography in cochlear implant
users (Dong et al., 2020; Dong et al., 2021; Dong et al., 2023). These works have predicted
a width for auditory-nerve single fiber waveforms of around 0.2 to 0.4 ms, which is in
agreement with a peak at 3.1 kHz (predicting a waveform width of 0.32 ms in humans).
However, whether this frequency peak at 3.1 kHz corresponds to a measure of single fiber

activity of the auditory-nerve is still an open question.

Induced versus evoked analyses in electrocochleography
The standard methods for obtaining cochlear microphonics with frequency analyses
in electrocochleography calculate the fast-Fourier transform of the averaged waveform in

time, corresponding to an “evoked” method (Koka et al., 2017; Giardina et al., 2019;
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O’Leary et al., 2023). From animal studies, it is known that the evoked potential analysis
methods can eliminate important information from the single-trial frequency domain that is
not time-locked to the synchronizing stimuli (Delano et al., 2008; Yusuf et al., 2017). In
our experiments, we found that the cochlear microphonic responses (to the 0.5 and 2 kHz
stimuli) of the same data were larger when evaluated with evoked methods than with
induced methods. On the other hand, the 3.1 kHz frequency peak only appeared when using
induced methods. Therefore, we propose the combined use of evoked and induced methods
for obtaining complimentary information from the cochlear implant electrocochleography

signal.

Conclusion

We found two main types of patterns in the frequency analysis of the single-trial
cochlear implant electrocochleography noise, including a frequency peak at 3.1 kHz that
might correspond to auditory-nerve spontaneous activity, and an oscillatory pattern that

probably reflects an artifact.
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Table 1. Summary of participants demographic and audiological data.

Study | Age | Gender | Education | Implant PTA Speech Speech in noise
ID (years) type/electrode average perception (SNR dB to 50%)
with CI (dB to 50%)
S1 78 F 12 HiRes/Slim J 21.3 57.2 3.7
S2 56 F 13 HiRes/Slim J 23.8 75.6 7.8
S3 72 M 17 HiRes/Mid Scala 25.0 NR NR
S4 64 M 14 HiRes/Slim J 23.8 46.3 4.8
S5 59 F 14 HiRes/Slim J 36.3 58.6 0.9
S6 65 M 19 HiRes/Slim J 32.5 60.8 9.3
S7 48 F 17 HiRes/Slim J 25.0 68.1 6.5
S8 35 F 12 HiRes/Slim J 15.0 78.8 15.9
S9 46 M 17 HiRes/Slim J 23.8 57.0 0.6
S10 76 F 12 HiRes/Slim J 42.5 89.0 25.3
S11 65 M 10 HiRes/Slim J 46.3 90.5 22.2
S12 36 F 15 HiRes/Slim J 30.0 81.7 14.6
S13 51 M 18 HiRes/Slim J 37.5 59.2 1.6
S14 60 F 11 HiRes/Slim J 42.5 61.1 10.5
S15 57 F 11 HiRes/Slim J 36.3 77.6 9.1
S16 66 F 9 HiRes/Slim J 42.5 84.9 15.3
S17 67 F 12 HiRes/Slim J 25.0 NR NR
S18 54 M 17 HiRes/Slim J 30.0 62.7 4.6
S19 37 F 14 HiRes/Slim J 35.0 84.4 17.7
S20 |66 M 23 HiRes/Mid Scala 27.5 57.8 7.1
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9-minutes protocol (10,800 trials)

Acoustic Stimulation
Spontaneous conditions (0.5 or 2.0 kHz) Spontaneous conditions
3600 trials 3600 trials (1800 trials per phase) 3600 trials
3-minutes 3-minutes 3-minutes
ECOCHG recording ECOCHG recording ECOCHG recording

Figure 1. Timeline of the 9-minutes protocol. The protocol included three periods of
cochlear implant electrocochleography (ECOCHG) recordings. The first and last three-
minutes periods were acquired in spontaneous (silent) conditions, while the middle period
included acoustic stimulation with 0.5 or 2 kHz tones. Each three-minutes period included

3600 trials. The 3600 trials of the stimulation period included 1800 trials of two 180°

alternating polarity stimuli.
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Figure 2. Audiogram thresholds (n=20). (A) Audiogram thresholds of the implanted ear
without cochlear implants (red trace shows mean = SEM). (B) Free field audiogram
thresholds using cochlear implants (blue trace shows mean + SEM). Segmented lines

1llustrate individual cases.
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Figure 3. Spectrograms obtained with evoked (red trace) and induced (purple trace)
analysis methods in spontaneous conditions (no auditory stimulation) for the same
electrocochleography cochlear implant data. Notice the presence of a 3.1 kHz peak in the
power spectrum of the induced, but not in the evoked analysis method. Box-plots (n=20)
show that the broadband noise (total power under the curve) is larger in the induced
condition as compared to the evoked method (****t-test paired samples p=2.34e-07) (AU:

arbitrary units).
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Figure 4. Power spectra of the cochlear implant noise obtained from two individuals (top
and bottom panels) during the 2 kHz tone stimulation. Induced and evoked STFTs were
normalized to the aperiodic 1/f baseline curve for better comparison of the amplitudes of
the frequency peaks. Red spectra were calculated to the averaged waveform (evoked STFT),
while purple spectra were computed averaging single trial STFT (induced STFT). The
upper row illustrates an example of a case in which there was a peak at the 2 kHz cochlear
microphonic response and at 3.1 kHz observed with both alternating stimuli (phase 0° and
180°) in induced conditions (purple STFT). If the same signal is averaged (evoked), and the
STFT is computed to the averaged waveform, only the evoked 2 kHz cochlear microphonic
response is present, while the 3.1 kHz peak is not found (red STFT). The bottom row shows
an example obtained from another subject, in which the induced STFT yields an oscillatory
pattern (purple spectrum) that masks the power spectrum, including the 3.1 kHz frequency
band. On the other hand, in the evoked STFT a clear cochlear microphonic response at 2
kHz is visible.
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Figure 5. Ex-vivo (black trace) and in-vivo (gray trace) normalized STFT calculated
from data analyzed with evoked and induced frequency-analysis methods in
spontaneous (silence) conditions. There are no peaks in the ex-vivo and in-vivo evoked
conditions. Note that, in the cases of induced analyses, there is a peak at 3.1 kHz in the in-
vivo condition (gray trace), which is absent in the case of an ex-vivo recording performed

with a cochlear implant immersed in saline solution (black trace).
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Figure 6. Normalized power spectrums of the cochlear implant noise obtained from one
volunteer in two different rooms located in the first and fourth floors in the hospital during
silent conditions. Induced FFTs were normalized to the aperiodic 1/f baseline curve. Note

that the 3.1 kHz frequency peak is present in both rooms.
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Figure 7. Microphone control using the induced analysis method to compute STFT to the
acoustic signal. There is no acoustic peak at 3.1 kHz during the 2 kHz stimulation of the

experimental protocol.
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Figure 8. Number of trials needed for obtaining a reliable 3.1 kHz peak. Left panel shows
that at 100 trials the coefficient of variation of the amplitude of the 3.1 kHz peak reaches
an asymptotic value (red segmented vertical line). Right panel illustrates the power
spectrum of the data analyzing 1, 100 and 1000 trials, showing that a minimum of 100 trials

is necessary for obtaining a reliable peak at 3.1 kHz.
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Figure 9. Normalized power spectra obtained in silent conditions using oversampling

methods. After reconstructing the signal, the frequency peak at 3.1 kHz remained stable.
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Figure 10. Grand average of the amplitude of the frequency peak at 3.1 kHz in the three
periods of the nine minutes protocol (purple: baseline (Pre), blue: during 0.5 kHz and 2 kHz
stimulation, cyan: post-stimulation). We found a non-significant increase of the amplitudes

of the 3.1 kHz peak with 0.5 kHz and 2 kHz tones.
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