
HAL Id: hal-03550408
https://hal.science/hal-03550408v1

Submitted on 1 Feb 2022

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Increased Threshold and Reduced Firing Rate of Auditory
Cortex Neurons after Cochlear Implant Insertion

Elie Partouche, Victor Adenis, Dan Gnansia, Pierre Stahl, Jean-Marc Edeline

To cite this version:
Elie Partouche, Victor Adenis, Dan Gnansia, Pierre Stahl, Jean-Marc Edeline. Increased Threshold and Re-
duced Firing Rate of Auditory Cortex Neurons after Cochlear Implant Insertion. Brain Sciences, 2022, 12 (2),
pp.205. ⟨10.3390/brainsci12020205⟩. ⟨hal-03550408⟩

https://hal.science/hal-03550408v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


 
 

  

 
Brain Sci. 2022, 12, 205. https://doi.org/10.3390/brainsci12020205 www.mdpi.com/journal/brainsci 

Article 

Increased Threshold and Reduced Firing Rate of Auditory 
Cortex Neurons after Cochlear Implant Insertion 
Elie Partouche 1, Victor Adenis 1,†, Dan Gnansia 2, Pierre Stahl 2 and Jean-Marc Edeline 1,* 

1 Paris-Saclay Institute of Neurosciences (Neuro-PSI), CNRS UMR 9197, Universite Paris-Saclay, 91400 Saclay, 
France; elie.partouche@universite-paris-saclay.fr (E.P.); victor_adenis@meei.harvard.edu (V.A.) 

2 Department of Scientific and Clinical Research, Oticon Medical, 06224 Vallauris, France; 
dagn@oticonmedical.com (D.G.); pisl@oticonmedical.com (P.S.) 

* Correspondence: jean-marc.edeline@universite-paris-saclay.fr 
† Present address: Mass Eye and Ear, Eaton-Peabody Laboratory, 243 Charles Street, Boston, MA 0211, USA. 

Abstract: The cochlear implant (CI) is the most successful neuroprosthesis allowing thousands of 
patients with profound hearing loss to recover speech understanding. Recently, cochlear implants 
have been proposed to subjects with residual hearing and, in these cases, shorter CIs were 
implanted. To be successful, it is crucial to preserve the patient’s remaining hearing abilities after 
the implantation. Here, we quantified the effects of CI insertion on the responses of auditory cortex 
neurons in anesthetized guinea pigs. The responses of auditory cortex neurons were determined 
before and after the insertion of a 300 µm diameter CI (six stimulating electrodes, length 6 mm). 
Immediately after CI insertion there was a 5 to 15 dB increase in the threshold for cortical neurons 
from the middle to the high frequencies, accompanied by a decrease in the evoked firing rate. 
Analyzing the characteristic frequency (CF) values revealed that in large number of cases, the CFs 
obtained after insertion were lower than before. These effects were not detected in the control 
animals. These results indicate that there is a small but immediate cortical hearing loss after CI 
insertion, even with short length CIs. Therefore, efforts should be made to minimize the damages 
during CI insertion to preserve the cortical responses to acoustic stimuli. 

Keywords: cochlear implant; primary auditory cortex; multi-unit recordings; frequency response 
area; guinea pig 

 

1. Introduction 
Up to now, very few attempts have been made to quantify the central hearing loss 

induced by the insertion of cochlear implants. This is of importance because the indication 
for cochlear implantation has shifted over the last decade: from being only proposed for 
profound bilateral deafness, it now includes patients with residual hearing at low 
frequencies but with poor speech understanding with hearing aids. In fact, thirty percent 
of these patients lose residual hearing after cochlear implantation [1–5]. To preserve 
residual hearing, a key factor seems to be the control of the mechanical trauma during the 
implant insertion, which can lead to basilar membrane rupture, electrode translocation 
from the scala tympani to the scala vestibuli, and spiral lamina fracture. Modelling studies 
and meta-analyses have tried to identify the critical factors that allow hearing 
preservation [6–8]. Even when local drug delivery has been proposed for otoprotection 
[9,10], it seems that the stiffness and diameter of the electrode array are crucial: with a 
thinner and softer electrode array the damage is reduced [1,11]. Recently, two studies 
have directly, or indirectly, evaluated the hearing loss produced by cochlear implant 
insertion. Using the auditory brainstem responses (ABRs) as a global measure to assess 
hearing loss, Drouillard and colleagues quantified the increase in the threshold induced 
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by the insertion of electrode arrays of different diameters and stiffness [12]. It appeared 
that the larger the array diameter and the stiffer the array, the larger the hearing loss 
detected from ABRs. More precisely, with the small electrode array (0.3 mm), the ABR 
threshold increase was 5–12 dB between 8 and 32 kHz from 7 to 30 days post-implantation. 
With a larger and stiffer electrode array (0.4 mm) the increase in the ABR threshold was 
26–44 dB between 8 and 32 kHz from 7 to 30 days post-implantation. In addition, a recent 
study showed that even CI insertions performed with a motorized device increased the 
threshold of the compound action potential of the auditory nerve (CAP) in the middle and 
high frequencies [13].  

However, a study performed in the Inferior Colliculus (IC) has claimed that the mean 
threshold of IC neurons was unchanged after the insertion of a cochlear implant (Figure 
2B, in Sato and colleagues 2016 [14]). In this study, it was also mentioned (in Materials and 
Methods, on page 55) that “the ABR threshold measurement confirmed the absence of 
significant hearing loss due to cochleostomy”, despite the fact that it was reported that 
drilling the cochlea for the cochleostomy can generate noise levels (130 dB) which can 
themselves produce acoustic trauma [15,16]. So far, it remains unknown to what extent 
the ABR threshold correlates with the activity recorded at more central levels of the 
auditory system or with the behavioral threshold. In two studies, we observed that effects 
observed on cortical thresholds were larger than those detected based on ABR thresholds. 
This was the case in a study on aged guinea pigs: there was on average a 30 dB difference 
between the ABR threshold and the cortical threshold [17]. More recently, we observed 
that for 21-month-old rats exhibiting less than 15 dB of hearing loss based upon ABR 
measures, the cortical threshold was increased by 15–25 dB, suggesting higher threshold 
changes at the cortical than at the brainstem level [18].  

In the present study, we aimed to quantify the effects of cochlear implantation on the 
threshold and the evoked firing rate of auditory cortex neurons. This is of importance 
because the cortical thresholds were shown to be related with the behavioral thresholds 
in several species (rat: [19] ; Monkey: [20]). We determined the frequency response area 
(FRA) of neurons in the primary auditory cortex (AI) before and after the insertion of a 
300 µm diameter cochlear implant that included six stimulating electrodes (total length of 
the array 6 mm, distance inter-electrode 1 mm center-to-center). From the FRA, the 
threshold and the evoked firing rate were determined at the characteristic frequency 
before and after cochlear implant insertion. The changes observed for these parameters in 
the implanted animals were compared with those obtained in the control animals where 
cortical recordings were obtained at least 30 min apart. 

2. Materials and Methods 
2.1. Subjects 

The subjects used in this study were pigmented guinea pigs (Cavia Porcellus) from 6 
to 18-months-old and weighing between 700 and 1150 g. The animals had access to food 
and water ad libitum. They had a heterogeneous genetic background and came from our 
own breeding colony, which was regularly checked by accredited veterinarians from the 
Essonne District. All experiments were conducted in accordance with the guidelines 
established by the European Communities Council Directive (2010/63/EU Council 
Directive Decree), which are similar to those described in the Guidelines for the Use of 
Animals in Neuroscience Research of the Society of Neuroscience. The protocol was 
approved by the ethical committee Paris-Sud and Centre (CEEA N°59, project 2020-20).  

2.2. Audiogram 
The animals’ audiograms were determined 2–3 days before the experiment by testing 

auditory brainstem responses (ABR) under isoflurane anesthesia (2.5%). The ABR were 
differentially recorded via two sub-cutaneous electrodes (SC25, Neuro-Services), one on 
the vertex and the second behind the mastoid bone, next to the tympanic bulla. The 
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ground electrode was placed in the neck. A dedicated interface and associated software 
(Otophylab/RT Lab, Echodia, France) allowed us to (i) present sounds monaurally, in 
close field at specific frequencies with a miniaturized speaker (Knowles Electronics, Itasca, 
IL, USA) equipped with a 17 mm polyethylene tube, which could be inserted into the 
animals’ ear canal, and (ii) record the voltage between the two recording electrodes. The 
signal was filtered (0.2–3.2 kHz, sampling rate 100 kHz) and waveforms were averaged 
(500 waveforms for each stimulus intensity). The ABR thresholds (decibel SPL, dB) were 
determined as the lowest level (0 dB SPL = 20 µPa) at which a clear wave III could be 
observed in the ABR. The animals were tested with pure tones from 0.5 kHz to 32 kHz 
with octave steps (tone burst, 6 cycles at the plateau, and 2 cycles for the rising and falling 
slope) presented to one ear at intensities ranging from 80 to −10 dB SPL. All the guinea 
pigs were adult and some of them displayed modest hearing loss (20–30 dB in the worse 
cases) corresponding to their age [13,17]. However, we required a threshold of at least 35 
dB at 16 kHz for the animals to be included in the experiments. In total, the results 
presented here came from 43 animals. 

2.3. Cortical Surgery and Cochlear Implantation 
The cochlear implantation was performed under urethane anesthesia (1.2 g/kg, i.p.), 

supplemented by lower doses (~0.4 g/kg i.p.) when reflex movements were observed after 
pinching the hind paw. Each animal was initially placed in a stereotaxic frame for the first 
part of the surgery, the craniotomy. A heating blanket allowed the maintenance of the 
animal’s body temperature at around 37 °C. After injection of a local anesthetic on the 
skull (Xylocaine 2%, s.c.), the skin was opened, and the temporal muscles were retracted. 
The skull was cleaned and dried and three stainless steel screws were threaded into burr 
holes in the calvarium to anchor a miniature socket embedded in dental acrylic. A 
craniotomy was performed on the temporal bone, 5 mm behind the Bregma on the rostro-
caudal axis and the opening was 8–10 mm wide (as in [18–20]). The skin behind the right 
pinna was opened and the tympanic bulla was exposed. The bulla was opened under 
binocular control with a 2 mm cutting burr (mounted on a surgical drill) and the cochlea 
orientation was determined based on anatomical landmarks (round window). A 
cochleostomy was performed by hand around 1–1.5 mm below the round window with a 
0.4 mm diameter trephine. The sterilized electrode-array (300µm in diameter) was a 
shortened version of the EVO electrode array used by Oticon Medical/Neurelec: it was 
composed of 6 ring-shaped Platinum–Iridium electrode contacts of the same diameter for 
a 0.0046 mm2 surface, with an inter-electrode distance measured center-to-center of 1 mm 
(total length of the array 6 mm). The electrode-array and the ground electrode, attached 
to the miniature socket, were secured to the dental acrylic. The ground electrode was 
inserted below the skin between the scapulae and the electrode-array was placed in front 
of the opened tympanic bulla. The electrode-array was inserted into the right scala 
tympani. A visual confirmation of the number of electrodes inserted within the cochlea 
was made by direct observation through a binocular microscope. In all cases, only five 
electrodes were inside the cochlea with the sixth on the edge of the cochleostomy because 
the array diameter (300 µm) prevented us from inserting the array beyond the first turn 
and half in the guinea pig cochlea, which roughly corresponded to frequencies between 8 
and 12 kHz [21,22]. In all cases, the electrodes’ impedances were checked (around 2000–
3500 Ω) to confirm the number of electrodes properly inserted in the cochlea. At the end 
of the data collection, animals were euthanized by a lethal injection of Dolethal (200 
mg/kg). 

2.4. Recording of Auditory Cortex Neurons 
During the recording session, performed also under urethane anesthesia, multiunit 

activity (MUA) was recorded in the primary auditory cortex (A1). The methods and data 
acquisition were exactly the same as in our previous studies [18,23–25]. A 16-electrode 
array (ø: 33 µm, <1 MΩ), composed of two rows of 8 electrodes separated by 1000 µm (350 
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µm between electrodes of the same row), was inserted in A1 perpendicular to the cortical 
surface to record multi-unit activity in layer III/IV (depth: 500/600 µm). A small silver wire 
(ø: 200 µm), used as the ground, was inserted between the temporal bone and the dura 
matter on the ipsilateral side. The location of the primary auditory cortex was estimated 
based on the pattern of vasculature observed in previous studies [19–21,26–30]. The raw 
signal was amplified 10,000 times (TDT Medusa). It was then processed by an RX5 
multichannel data acquisition system (TDT). The signal recorded from each electrode was 
filtered (610–10000 Hz) to extract the MUA. The trigger level was set for each electrode to 
select the largest action potentials from the signal. On-line and off-line examination of the 
waveforms indicated that the MUA recorded was composed of a few shapes of action 
potentials (generally less than 6) from neurons in the vicinity of the electrode. For each 
experiment, the position of the electrode array was set in such a way that the two rows of 
eight electrodes sampled neurons responding from low to high frequency when 
progressing in the rostro-caudal direction (see examples of tonotopic gradients recorded 
with such arrays in Figure 1 [22] and in Figure 6A [25]).  

2.5. Experimental Protocol 
Fifteen minutes after the stabilization of the 16-electrode array in the auditory cortex, 

pure tones covering eight octaves (0.14–36 kHz) were presented at 75 dB SPL in a random 
order at a rate of 4.15 Hz. On-line visualization of the spectro-temporal receptive fields 
(STRFs) allowed for an evaluation of the stability of the multi-unit responses below each 
electrode. Once the stability was satisfactory for the set of responsive electrodes, the 
frequency response area (FRA) was determined by presenting pure tones (0.14–36 kHz) 
from 75 to 5 dB SPL (5 dB steps, random order) at a rate of 2 Hz. Each tone was presented 
eight times at each intensity and each frequency. Pictures of the electrode array placement 
in the auditory cortex were taken under several angles to visualize the exact location of 
the 16-electreode array relative to the cortical vasculature. The electrode array was then 
removed to insert the cochlear implant in the animal cochlea (see above). Once the 
cochlear implant was secured to the bulla, the electrode array was placed back at the same 
cortical location with the help of the pre-implantation pictures, which allowed the 
neuronal responses in the same cortical columns to be investigated. Based upon an 
examination of the pictures obtained before cochlear implant insertion by the two co-
authors, the precision of the location of the 16-electrode array on the cortical surface could 
be estimated to be less than 100µm. The electrode array was lowered at the same depth 
than before the cochlear implant insertion. After waiting 15 min for the stabilization of the 
array in the cortex, pure tones were presented at 75 dB, and the complete FRA was re-
determined between 5 and 75 dB. For the control animals (n = 3), the 16-electrode array 
was removed, then placed back 30 min later to obtain an estimation of the variability of 
the cortical responses obtained by re-sampling the same cortical sites twice 30 min apart. 
In the case of these control animals, the bulla was not opened and the cochleostomy was 
not performed. The 16-channel cortical matrix was placed back at the same cortical 
position three to six times (with at least 30 min between each re-positioning) to collect as 
much data as possible on these control animals (according to the 3R rules for animal 
experimentation). In each case, comparisons were made between the FRA parameters 
derived from the two successive cortical matrix positions. 

2.6. Quantification of the Cortical Responses 
The analyses of the cortical responses included quantifying the evoked responses 

(spikes/sec) at 33 frequencies going from 0.14 kHz to 36 kHz for intensities ranging from 
5 dB to 75 dB SPL (5 dB steps, random order). The evoked firing rate was quantified over 
50 ms after tone onset. For each recorded electrode, significant evoked responses above 
spontaneous activity (+6 sem) were determined at each frequency and intensity leading to 
a frequency response area (FRA) for each recording. The frequency providing significant 
responses at the lowest intensity was defined as the characteristic frequency (CF). At the 
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CF, the lowest sound intensity providing a significant evoked response was defined as the 
threshold. 

2.7. Statistical Analysis 
In each group of animals (implanted and control), after checking the normality of the 

distributions (with a Shapiro–Wilk test) and the variance homogeneity (with an F-test), 
the changes in CFs values, in the threshold and in the evoked firing rate between pre- and 
post-implantation were tested by paired t-tests. A Benjamini–Hochberg correction was 
applied to account for multiple testing. Unpaired t-tests (Mann–Whitney and Welch’s 
correction) were used for between-group comparisons. Tests were performed with 
GraphPad Prism (version 9.3.1). 

3. Results 
Data were obtained from 43 guinea pigs: 40 were implanted animals and 3 were used 

as the controls. From these animals, we obtained 576 cortical multi-unit recordings from 
the primary auditory cortex in the implanted animals and 167 recordings in the control 
animals (see Methods for details). The effects of inserting a cochlear implant on the 
responses of auditory cortex neurons were assessed by comparing for each recording the 
parameters obtained for the pre- and post-insertion FRAs. These effects were contrasted 
with those obtained in the control animals. 

3.1. Consequences of Cochlear Implantation on Frequency Response Areas 
Figures 1A–C represent three sets of frequency response areas (FRAs) 

simultaneously obtained at eight positions of the tonotopic map using a linear array of 
electrodes in the primary auditory cortex (A1). In the three cases, at the first insertion of 
the electrode array (blue curves), a smooth progression of the neurons’ characteristic 
frequency (CF) was clearly detected from low frequencies in the rostral positions (CH1) 
to high frequencies in the more caudal positions (CH8). 

Figures 1A and 1B display examples of the FRAs obtained in two different implanted 
animals before (blue curves) and after (red curves) the insertion of the cochlear implant. 
Figure 1A shows a typical example where an increase in the threshold at the CF was 
observed for seven/eight cortical sites. Figure 1B shows an atypical case where the effect 
was a shift of the entire FRA and of some CFs toward low frequencies, with or without an 
increase in the threshold. 

For the control animals, the impact of the electrode’s insertion on the CF sampling 
was determined by removing the cortical matrix after its first penetration in the cortex 
(blue curves in Figure 1C) and re-inserting it 30 min later at the same location as assessed 
visually under the microscope by two co-authors (E.P. and V.A.). After reaching the same 
depth as before (600 µm below pia), the FRAs of the auditory cortex neurons were re-
determined (Figure 1C, red curves for each electrode). For each electrode there was little 
or no variation in the CF value and in the threshold at the CF. 

These control data suggest that re-inserting the electrode array in the cortex at the 
same location (based upon the patterns of vasculature and based on a 100 µm precision) 
allowed the same cortical columns to be sampled compared with the first FRA 
determination. 
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Figure 1. Individual Frequency Response Areas (FRA) obtained before and after cochlear implant 
insertion (A,B) or after two consecutive implantations of the cortical electrodes matrix in a control 
animal (C). For each row in (A–C), the curves represent the FRA obtained from 8 different electrodes 
aligned in the rostro-caudal axis with CH1 located in the most rostral part and CH8 located on the 
most caudal part of the primary auditory cortex. Each curve was automatically generated from the 
evoked responses to 33 frequencies (from 0.14 kHz to 36 kHz) presented at 5 to 75 dB and delineates 
the range of frequencies and intensities that elicited significant evoked responses. (A,B) Each blue 
curve corresponds to the FRA obtained for the 8 electrodes before the cochlear implant insertion 
and each red curve corresponds to the FRA obtained for the same 8 electrodes after the cochlear 
implant insertion. In all cases, the CF values obtained before and after insertion are indicated by the 
dashed vertical lines (blue: before; red: after). In many cases (9/16 in these two examples), the CF 
values shifted toward lower frequencies and there was also an increase in the threshold at the CF 
frequency (especially in (A)). (C) Each blue curve corresponds to the initial FRA obtained for a set 
of 8 electrodes and each red curve corresponds to the FRA obtained after removing the cortical 
matrix and re-positioning it at the exact same location 30 min later. In all cases, the CF values 
obtained at the 1st and 2nd placement of the cortical matrix are indicated by the dashed vertical 
lines (blue: 1st; red: 2nd). In most of the cases (5/8 in these example), the CF values were the same 
at the 1st and 2nd placement of the matrix and there was also little increase in the threshold at the 
pre-insertion CF frequency. 

3.2. Quantification of the CF Values on the Whole Database 
Based on the FRAs, the CF value of each cortical site was automatically quantified by 

a MatLab script (see Methods for details) before and 30 min after cochlear implant 
insertion.  

The scattergram displayed in Figure 2A presents the CF values before (x-axis) versus 
these values after insertion (y-axis). In a large number of cases, the CF values obtained 
after insertion were lower than before the insertion (dots below the diagonal line). 
Statistical analysis confirmed that, on average (over the 33 frequencies), the CF values 
were lower after than before insertion (paired t-test, p < 0.0001). In the low frequencies (CF 
< 4.5 kHz) there was, on average, little change in the CF value (paired t-test, p = 0.3605), 
whereas in the middle (4.5 ≤ CF < 12.7 kHz) and high frequencies (CF ≥ 12.7 kHz), there 
were relatively large decreases in the CF value (paired t-tests, p = 0.0099 and p = 0.0054 in 
the middle and high frequencies, respectively). The quantification of these CF shifts is 
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presented on the bar graphs below the scattergrams (Figure 2C). On average, the change 
in CF values (mean ± SEM) was 0.12 ± 0.06 octaves in the low frequencies, −0.28 ± 0.05 
octaves in the middle frequencies, and −0.82 ± 0.07 octaves in the high frequencies 
(negative values indicate lower CF values after CI insertion). 

In contrast, when the same analysis was performed on the FRAs obtained in the 
control animals (Figure 2B), there were only a few cases of lower CFs at the second 
insertion of the cortical matrix. Statistical analysis confirmed that in the control animals 
the CF values did not differ at the first and second insertion (paired t-test, p = 0.3879). In 
fact, as shown by the scattergram (Figure 2B), in most of the cases, there was a good match 
between the CF values obtained at the first and second insertion of the cortical electrode 
matrix (dots on, or around, the diagonal line). The CF values did not differ between two 
successive FRA determinations in the high and middle frequencies (p = 0.5855 and p = 
0.4118, respectively) but they were slightly lowered in the low frequencies (p = 0.0136). 
The quantification of the CF shifts in the control animals are presented on the bar graphs 
below the scattergrams (Figure 2D). This shows that in the middle (4.5 ≤ CF < 12.7 kHz) 
and high frequencies (CF ≥ 12.7) there was on average no change in the CF value, and only 
small changes in the low frequency (CF < 4.5 kHz). On average, the change in CF values 
was −0.28 ± 0.08 octaves in the low frequencies, 0.007 ± 0.09 in the middle frequencies, and 
0.004 ± 0.03 octave in the high frequencies.  

In addition, between-group comparisons indicated significant changes between the 
implanted and control groups (unpaired t-tests with Welch correction; p = 0.0028, p < 
0.0101 and p < 0.0001 in the low, middle, and high frequencies, respectively).  

In summary, cochlear implant insertion led to an immediate shift of the CF values 
toward lower values in the high and middle frequencies. This effect was not observed in 
the control animals. 

 
Figure 2. Quantification of the shift in CF values in the cochlear implanted animals (A,C) and in the 
control animals (B,D). A. Scattergrams representing the CF values obtained before cochlear implant 
insertion (abscissa) versus the CF values obtained after cochlear implant insertion (ordinates). Note 
that in a large majority of the cases, the CF values were lower after cochlear implant insertion (dots 
below the diagonal line). (B) Scattergrams representing the CF values obtained at the first placement 
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of the cortical matrix of electrodes (abscissa) versus the CF values obtained at the second placement 
of the cortical matrix of electrodes (ordinates). Note that in a large majority of the cases, the CF 
values were quite similar (dots on or around the diagonal line). (C) Quantification of the mean CF 
shift (±sem) in the implanted animals in the low (0.95–3.8 kHz), middle (4.5–10.7 kHz) and high 
(12.7–36 kHz) frequency ranges. On average, the changes were 0.15 ± 0.10 octaves in the low 
frequencies, −0.40 ± 0.06 octaves in the middle frequencies, and −0.79 ± 0.06 octaves in the high 
frequencies (negative values indicate lower CF after CI insertion). (D) Quantification of the mean 
CF shift (±sem) in the control animals in the low (0.95–3.8 kHz), middle (4.5–10.7 kHz), and high 
(12.7–36 kHz) frequency ranges. On average, the change in CF values was −0.28 ± 0.08 octaves in the 
low frequencies, 0.004 ± 0.07 in the middle frequencies, and −0.002 ± 0.03 octave in the high 
frequencies. 

3.3. Group Data for the Changes in the Acoustic Threshold  
Based on the FRAs, we systematically quantified the changes in the acoustic 

threshold obtained at each of the tested frequencies in the implanted and control animals.  
The curve displayed in Figure 3A shows, for the implanted animals, the mean 

difference (±sem) between the post- and the pre-threshold obtained at each frequency 
from 0.96 to 36 kHz. On average, for the low frequencies (<4.5 kHz), the thresholds were 
slightly, but not significantly different before than after cochlear implant insertion (paired 
t-tests with Benjamini–Hochberg correction, all adjusted p-values > 0.05, except for p-value 
(3.8 kHz) = 0.01). Then starting from 6.35 kHz up to 36 kHz, the thresholds were 
significantly higher after insertion than before insertion (paired t-tests with Benjamini–
Hochberg correction, all adjusted p-values < 0.001), leading to positive threshold shifts of 
about 10–15 dB in the high frequency range (from 15 to 36 kHz). The inset in Figure 3A 
shows the mean threshold change in the low, middle, and high frequencies: on average 
the increase in the threshold in the low frequency (CF < 4.5 kHz) was 0.66 ± 1.56 dB, it was 
4.11 ± 1.21 dB in the middle (4.5 ≤ CF ≤ 12.7 kHz), and it was 11.3 ± 1.90 dB in the high 
frequency (CF ≥ 12.7 kHz).  

In contrast, in the control animals, the quantification the threshold changes between 
two successive insertions of the cortical matrix showed that there was no significant 
change in threshold in the low, middle, and high frequencies (paired t-tests with 
Benjamini–Hochberg correction, all p-values > 0.05). The inset in Figure 3B shows the 
mean threshold change in the low, middle, and high frequencies: on average the threshold 
change in the low frequency (CF < 4.5 kHz) was −0.16 ± 1.88 dB, it was 2.91 ± 1.61 dB in 
the middle (4.5 ≤ CF ≤ 12.7 kHz), and it was 2.96 ± 2.11 dB in the high frequency (CF ≥ 12.7 
kHz). Between-group comparisons for the values of threshold shifts indicated that the 
threshold changes differed in the high frequencies (unpaired t-test, p < 0.001) but did not 
differ in the low and middle frequencies (unpaired t-tests, p = 0.16 and p = 0.24, 
respectively).  

In summary, cochlear implant insertion led to an immediate increase in acoustic 
threshold in the high frequencies. This effect was not observed in the control animals. 
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Figure 3. Quantification of the threshold changes in the cochlear-implanted animals (A) and in the 
control animals (B). (A) At each frequency used to test the Frequency Response Area (FRA), we 
automatically detected the threshold value before and after cochlear implant insertion and 
computed the threshold shift as the difference between the post and the pre value. Negative values 
indicate decreased thresholds and positive values indicate increased thresholds. The threshold 
changes (mean ± sem) are presented for the low frequencies (0.95–3.8 kHz, black dots), middle (4.5–
10.7 kHz, grey dots), and high (12.7–36 kHz, white dots) frequencies. There were non-significant 
changes in the low frequencies. Starting in the middle frequencies (at 6.35 kHz), the thresholds were 
increased post-implantation and the maximum increase was around 14 dB. Asterisks represent 
significant changes post-insertion compared to pre-insertion (assessed by paired t-tests with a p-
value < 0.05 after a Benjamini–Hochberg correction for multiple testing). The inset shows the mean 
threshold changes in the low, middle, and high frequencies. (B) Same representation as in A with 
the recordings obtained from the control animals. The threshold values were derived from a FRA 
collected at the 1st implantation of the cortical electrode matrix, then collected after a second 
implantation 30 min later. There was no change in the low frequencies and there were some slight 
increases in middle and high frequencies, but they were not significant. The inset shows the mean 
threshold changes in the low, middle, and high frequencies: these changes were significantly 
different from the CI-implanted animals in the high frequencies (see text for details). In A and B, * 
indicate significant differences between the Pre and Post values of threshold.  

3.4. Group Data for the Evoked Firing Rate 
Next, we systematically quantified the changes in the evoked firing rate. This was 

performed at the suprathreshold level (75 dB) in an attempt to quantify these changes in 
the evoked firing rate independently of the increase in threshold. This was quantified for 
each of the tested frequencies in the implanted and control animals.  

For the implanted animals, the curve displayed in Figure 4A shows the mean (± sem) 
difference between the post- and the pre-evoked firing rate obtained at each frequency 
from 0.96 to 36 kHz. For most of the high frequencies (from 18 to 36 kHz), the difference 
in the evoked firing rate was largely negative, indicating that the evoked firing rate was 
much lower after the insertion of the implant than before. This decrease in the evoked 
firing rate was significant from 21 kHz to 36 kHz (paired t-test with Benjamini–Hochberg 
correction, all adjusted p-values < 0.001). Surprisingly, an increase in the evoked firing rate 
was detected in the low and mid frequencies, an effect that was significant from 2.7 kHz 
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to 5.35 kHz (paired t-tests with Benjamini–Hochberg correction, all adjusted p-values < 
0.001) and reached its peak at 3.8 kHz. The inset in Figure 4A confirms that on average, 
there was an increase in the evoked firing rate in the low (23.35 ± 10.98 spikes/sec) and 
middle frequencies (10.88 ± 6.70 spikes/sec) and a large decrease in the evoked firing rate 
in the high frequencies (−31.69 ± 8.72 spikes/sec).   

In contrast, in the control animals, there was no change in the evoked firing rate in 
the high frequency range for all tested frequencies (paired t-tests with Benjamini–
Hochberg correction, all p-values > 0.05 from 12.7 to 36 kHz). On average, the decreases 
in the evoked firing rate observed in the low and mid frequency ranges were never 
significant (paired t-test with Benjamini–Hochberg correction, all adjusted p-values > 
0.05). The inset in Figure 4B confirms that on average, there was a slight decrease in the 
evoked firing rate in the low (−25.39 ± 13.43) and middle frequencies (−18.85 ± 12.19) and 
no change in the evoked firing rate in the high frequencies (−2.65 ± 14.25). The between-
group comparisons were performed using Mann–Whitney tests since the distributions of 
the evoked firing rate changes significantly differed from normal ones. They indicated 
that the evoked firing rate changes differed between the two groups in the three frequency 
ranges (low frequencies: p < 0.0001; middle frequencies: p = 0.0022; and high frequencies: 
p = 0.0379).  

Based on the increase in the acoustic threshold and on the decrease in the evoked 
firing rate at 75 dB described in the last two sections, one can suspect that the intensity 
coding is altered after CI insertion. More precisely, if the acoustic threshold is higher and 
the evoked firing rate is reduced at 75 dB, this can potentially reduce the dynamic range 
of the cortical evoked responses and also produce stepper rate-level functions. However, 
an examination of the clearest cases of increase in the threshold and decrease in the evoked 
firing rate at 75 dB from our database failed to reveal changes in the slope of the rate-level 
functions at the CF. Three examples presented in Figure 5 indicate that the rate-level 
functions obtained before and after CI insertions were parallel without obvious slope 
changes.  

In summary, inserting a cochlear implant generates an immediate decrease in the 
evoked firing rate in the high frequency range and a rebound in the evoked firing rate in 
the middle and low frequencies. In the control animals, there was no change in the evoked 
firing rate in the low, middle, and high frequencies. 
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Figure 4. Quantification of the evoked firing rate changes (at 75 dB) in the cochlear-implanted 
animals (A) and in the control animals (B). (A) At each frequency used to test the Frequency 
Response Area (FRA), we automatically quantified the evoked responses (at 75 dB) before and after 
cochlear implant insertion and computed the evoked firing rate change as the difference between 
the post- and the pre-evoked responses. Negative values indicate decreases in the evoked firing rate 
and positive values indicate increases in the evoked firing rate. The changes in the evoked firing 
rate (mean ± sem) are presented for the low frequencies (0.95–3.8 kHz, black dots) and the middle 
(4.5–10.7 kHz, grey dots) and high (12.7–36 kHz, white dots) frequencies. There were some 
significant increases in the evoked firing rate at the limit between the low and the middle 
frequencies (from 2.7 to 5.35 kHz). The evoked firing rates were systematically decreased in the high 
frequencies; this decrease was significant from 21 to 36 kHz. Asterisks represent significant changes 
post-insertion compared to pre-insertion (assessed by paired t-tests with p-value < 0.05). The inset 
shows the mean threshold changes in the low, middle, and high frequencies. (B) Same 
representation as in (A). for the recordings obtained from the control animals. The evoked firing 
rates were derived from a FRA collected at the 1st implantation of the cortical matrix then after the 
second implantation 30 min later. There was no significant change in the low and middle 
frequencies (from 2.5 to 3.1 kHz), and also no significant changes in the high frequencies. The inset 
shows the mean threshold changes in the low, middle, and high frequencies: these changes were 
significantly different from the CI-implanted animals in the three frequency ranges (see text for 
details). In A and B, * indicate significant differences between the Pre and Post values of firing rate. 
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Figure 5. Examples of Frequency Response Areas (FRA) and rate-level functions obtained before 
and after CI insertion. Top: For each example, the bleu curve represents the FRA obtained before CI 
insertion and the red curve the FRA obtained after CI insertion. Bottom: For each example, the bleu 
curve represents the rate-level function obtained before CI insertion and the red curve the rate-level 
function obtained after CI insertion. A. In this case, the threshold (defined as a response above 
spontaneous activity plus 6 sem) increased from 45 to 55dB and there was only a small decrease in 
evoked firing rate at 75dB. B. In this case, the threshold (defined as a response above spontaneous 
activity plus 6 sem) increased from 45 to 55dB and there was a large decrease in evoked firing rate 
at 75dB. C. In this case, the threshold (defined as a response above spontaneous activity plus 6 sem) 
increased from 35 to 45dB and there was a decrease in evoked firing rate at 75dB. Note that in the 
three cases, there was not increase in the slope of the rate level function after CI insertion: the slope 
was either similar or slightly smoother after than before CI insertion. 

4. Discussion 
The results presented here point out that several alterations in the responses of 

primary auditory cortex neurons can be detected immediately after inserting a cochlear 
implant in the guinea pig cochlea. In a large proportion of cases, there was a shift in the 
CF frequency toward lower frequencies for the neurons with their initial CF in the high 
frequency range. This effect was accompanied by an increase in the threshold and a 
reduced evoked firing rate at suprathreshold intensities (75 dB) in the high frequencies. 
Figure 6 summarizes most of the effects observed in the implanted animals. Before 
discussing the clinical implications of these findings, some potential mechanisms will be 
presented. 
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Figure 6. Schematic representation of the potential mechanisms involved in the effects detected after 
CI insertion. (A) In the auditory cortex, a given cortical neuron recorded in the high frequency 
region, receives thalamic inputs but also cortico-cortical inputs from other cortical regions. For each 
cortical neuron, the inputs from the auditory thalamus provide the lowest threshold at the CF, but, 
at suprathreshold level, the cortical inputs also contribute to the frequency response area (FRA, see 
[31]; review in [32]). (B) After cochlear implant insertion, different mechanical damages made by 
opening the bulla and performing the cochleostomy around the round window generate a partial 
loss of synaptic inputs in the high frequency range (indicated by the lack of brainstem inputs in the 
region). This contributes to an increase in the threshold at the pre-insertion CF. The additional 
cortico-cortical inputs now provide a new CF (in the middle frequency range) with a higher 
threshold. (C–E) Schematic diagrams illustrating the consequences on the FRA of cortical neurons 
in the low, middle, and high frequency range. The low frequency neurons do not show an increased 
threshold and CF shift (C). The middle frequency neurons show some increase in the threshold and 
some CF shift toward lower frequencies (D). The high frequency neurons show a large increase in 
the threshold and large CF shifts toward lower frequencies (E). 

4.1. Potential Neuronal Mechanisms Underlying the Consequences of CI Insertion 
Inserting a CI in the cochlea, even when performed by expert surgeons, necessarily 

produces cochlear damage [33]: the loss of perilymph, the inflammatory reactions 
triggered by the opening of the bulla and of the scala tympani, and the insertion of the CI 
are physiological events which all impact on the processing of auditory information by 
the cochlea [34–36]. In addition, the presence of the CI implant itself within the scala 
tympani might prevent the basilar membrane from vibrating and resonating normally at 
sound presentations, or even increase the stiffness of the round window [7]. Because of 
these physiological alterations, an atraumatic insertion appears as a difficult challenge 
and limited damage seems difficult to avoid.  

In our study, we used a relatively short CI device (6 mm in total length), which could 
be inserted until the end of the first and half turn of the guinea pig cochlea. From the 
tonotopic organization of the guinea pig cochlea it seems that this corresponds to the 8–
12 kHz frequency range [22]. As a consequence, in our conditions, the damage generated 
by the CI insertion should have been in the high and mid-frequency domains based upon 
the estimation of the length of guinea pig cochlea. The effects described here share some 
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similarities with what has been reported after mechanical lesions of the cochlea or after 
acoustic trauma. The immediate consequences of partial cochlear lesions have been 
assessed at several levels in the auditory system [37–44]. At the cortical level, the post-
lesion thresholds were largely elevated but there were “residual responses” in the absence 
of cortical responses at the original CF [37,38]. Compared to the pre-lesion responses, 
these residual responses displayed CF shifted toward low frequencies, potentially because 
high frequency auditory nerve fibers have low frequency “tails”.  

In addition, it is well known from intracellular and whole-cell recordings that 
auditory cortex neurons integrate very broad ranges of subthreshold inputs [31,45–47], 
much larger than the classical receptive fields that are described from extracellular 
recordings [48–52]. As a consequence, at a given cortical site, when the dominant thalamic 
inputs are lost (or reduced) after peripheral damage, the cortical neurons still receive non-
dominant (non-CF) inputs, usually from lower frequencies and they exhibited both 
increased thresholds and new CFs shifted toward lower frequencies (see diagram in 
Figures 6C–E). The cortical receptive fields observed here after CI insertion most likely 
reflect, at least partially, residual responses when damages are made in the high frequency 
range of the cochlea due to CI insertion in the first and half turn of the cochlea.  

Obviously, one of the pitfalls of the present experiment was that we assessed the 
effects of CI insertion after removing and re-positioning the cortical electrode array. This 
is why it was crucial to collect control recordings in the same conditions without inserting 
a CI in the animal’s cochlea. These recordings displayed no increase in the thresholds, no 
decrease in the evoked firing rate and, on average, no shift of their CF after re-positioning 
the cortical electrodes, thus indicating that most of the effects detected here in the 
implanted animals resulted from damage induced by CI insertion. 

4.2. Clinical Implications 
Initially, the cochlear implant (CI) was a prosthetic device designed for severe-to-

profound sensorineural hearing loss, which explains the lack of interest for detecting 
potential hearing loss generated by CI insertion. However, over the last few years, many 
implanted subjects had residual hearing that needed to be preserved during CI insertion. 
Therefore, hearing preservation, especially in low frequencies, became an important topic 
since it is suspected that it will help music and speech perception and benefit the overall 
quality of life [6].  

To reinforce the use of this low frequency residual hearing, electro-acoustic 
stimulation (EAS), combining both electrical stimulation and bone-conduction 
advantages, has been developed to increase speech understanding. Our results indicate 
that the use of short CI devices allows the preservation of low frequencies representation 
at the cortical level, both in terms of the threshold and in terms of the evoked firing rate. 
However, it is important to keep in mind that the present data were obtained immediately 
after cochlear implant insertion, a situation which considerably differs from the tests 
performed months after surgery and during the patient’s life. In fact, hearing preservation 
during surgery remains a major step because the residual hearing can either stay stable or 
decrease over months [2,6,8], suggesting that the hearing loss detected immediately post-
surgery is most likely the starting point from which effects emerge in the following 
months.  

In fact, between 30 and 55% of Electro Acoustic Stimulation CI patients lose 30 dB or 
more of their residual low-frequency hearing within months of implantation [3–5,33], and 
investigations should be made to characterize their long-term hearing loss [2]. Efforts are 
now being made to design electrode arrays that will reduce the hearing loss on these 
subjects. For example, a new thin lateral wall electrode array (HiFocus SlimJ) was 
designed based on μCT studies of human cochlea anatomy [53]. In the literature, 
modelling studies suggest that post-implantation hearing loss can occur in low 
frequencies because of an increase in round window stiffness [7,54]. This potentially 
occurs when the CI is inserted via the round window but also if fibrotic tissue develops 
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on the round window after surgery. However, in the case of a cochleostomy (as in our 
case), the mechanical damage might be limited to the frequency range of the most apical 
location reached by the CI in the scala tympani. 

Several recent studies have also pointed out that compared with a manual insertion, 
intracochlear trauma could be reduced with array insertion performed with an optimal 
axis and controlled by a robot-based device applying a constant motorized insertion speed 
[35,36]. Many factors can in fact contribute to reducing cochlear damage such as the 
electrode stiffness, the maximal peak of insertion force measured during insertion [12], or 
the application of pharmacological agents [9].  

Compared to the classical ABR measurements where only thresholds can be 
determined, the main advantage of cortical recordings is that they probably provide a 
neural index closer from perception [19,20] and that they can indicate more precisely 
which frequency was impacted. Thus, the animal model we have proposed here can be 
useful for testing the potential consequences of different types of CI, or different insertion 
strategies in human patients. 

5. Conclusions 
Based on the existing human literature, it seems that, even when performed by expert 

surgeons, CI insertion by cochleostomy produces cochlear damage which leads to 
increases in pure tone audiometry in frequency ranges corresponding to the CI location 
in the scala tympani, a finding confirmed by our cortical recordings. In fact, the increase 
in pure tone audiometry observed in humans after CI insertion [2] can potentially result 
from the increase in the cortical threshold described in our animal model. Therefore, all 
possible efforts should be made (i) to minimize cochlear damage during implantation (for 
example with the use of robotized devices [55,56]) and (ii) to attenuate the cortical increase 
threshold occurring over the long term after insertion. 

Author Contributions: Conceptualization: V.A., E.P. and J.-M.E. Methodology: V.A., E.P. and J.-
M.E. Software: V.A. and E.P. Validation: V.A., E.P. and J.-M.E. Formal analysis: V.A. and E.P. 
Investigation: E.P. and V.A. Data curation: E.P. and V.A. Writing—original draft: J.-M.E. and E.P. 
Writing—review and editing: V.A., E.P. and J.-M.E. Visualization: V.A. and E.P. Supervision: V.A., 
P.S., D.G. and J.-M.E. Project administration: J.-M.E and P.S. Funding acquisition: J.-M.E. and D.G. 
All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by CNRS and the Agence Nationale de la Recherche (ANR) 
(ANR-14-CE30-0019-01). E.P. was supported by Oticon Medical (Vallauris, France) 

Institutional Review Board Statement: The study was approved by the ethical committee Paris-
Sud and Centre (Comité Ethique en Experimentation Animale N°59, project 2020-20). It was 
registered as the 26243-2020062911414513V3 by the Ministères de l’enseignement supérieur, de la 
recherché et de l’innovation. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data presented in this study are available upon request from the 
corresponding author.  

Acknowledgments: We thank Franck Baron and the animal facilities team for cares to the guinea 
pig colony. 

Conflicts of Interest: The authors declare no competing financial interest. 

References 
1. Nguyen, Y.; Mosnier, I.; Borel, S.; Ambert-Dahan, E.; Bouccara, D.; Bozorg-Grayeli, A.; Ferrary, E.; Sterkers, O. Evolution of 

electrode array diameter for hearing preservation in cochlear implantation. Acta Oto-Laryngol. 2013, 133, 116–122. 
https://doi.org/10.3109/00016489.2012.723824. 

2. Mamelle, E.; Granger, B.; Sterkers, O.; Lahlou, G.; Ferrary, E.; Nguyen, Y.; Mosnier, I. Long-term residual hearing in cochlear 
implanted adult patients who were candidates for electro-acoustic stimulation. Eur. Arch. Oto-Rhino-Laryngol. 2020, 277, 705–
713. https://doi.org/10.1007/s00405-019-05745-6. 



Brain Sci. 2022, 12, 205 16 of 18 
 

3. Gantz, B.J.; Hansen, M.; Turner, C.W.; Oleson, J.J.; Reiss, L.; Parkinson, A.J. Hybrid 10 Clinical Trial. Audiol. Neurotol. 2009, 14, 
32–38. https://doi.org/10.1159/000206493. 

4. Maria, P.L.S.; Domville-Lewis, C.; Sucher, C.M.; Chester-Browne, R.; Atlas, M.D. Hearing Preservation Surgery for Cochlear 
Implantation—Hearing and Quality of Life After 2 Years. Otol. Neurotol. 2013, 34, 526–531. 
https://doi.org/10.1097/mao.0b013e318281e0c9. 

5. Gstoettner, W.; Helbig, S.; Settevendemie, C.; Baumann, U.; Wagenblast, J.; Arnoldner, C. A new electrode for residual hearing 
preservation in cochlear implantation: first clinical results. Acta Oto-Laryngol. 2009, 129, 372–379. 
https://doi.org/10.1080/00016480802552568. 

6. Maria, P.L.S.; Gluth, M.B.; Yuan, Y.; Atlas, M.D.; Blevins, N.H. Hearing Preservation Surgery for Cochlear Implantation. Otol. 
Neurotol. 2014, 35, e256–e269. https://doi.org/10.1097/mao.0000000000000561. 

7. Elliott, S.J.; Ni, G.; Verschuur, C.A. Modelling the effect of round window stiffness on residual hearing after cochlear 
implantation. Hear. Res. 2016, 341, 155–167. https://doi.org/10.1016/j.heares.2016.08.006. 

8. Snels, C.; IntHout, J.; Mylanus, E.; Huinck, W.; Dhooge, I. Hearing Preservation in Cochlear Implant Surgery: A Meta-Analysis. 
Otol. Neurotol. 2019, 40, 145–153. https://doi.org/10.1097/mao.0000000000002083. 

9. Jia, H.; François, F.; Bourien, J.; Eybalin, M.; Lloyd, R.; Van De Water, T.; Puel, J.-L.; Venail, F. Prevention of trauma-induced 
cochlear fibrosis using intracochlear application of anti-inflammatory and antiproliferative drugs. Neuroscience 2016, 316, 261–
278. https://doi.org/10.1016/j.neuroscience.2015.12.031. 

10. Wilk, M.; Hessler, R.; Mugridge, K.; Jolly, C.; Fehr, M.; Lenarz, T.; Scheper, V. Impedance Changes and Fibrous Tissue Growth 
after Cochlear Implantation Are Correlated and Can Be Reduced Using a Dexamethasone Eluting Electrode. PLoS ONE 2016, 
11, e0147552. https://doi.org/10.1371/journal.pone.0147552. 

11. Giordano, P.; Hatzopoulos, S.; Giarbini, N.; Prosser, S.; Petruccelli, J.; Simoni, E.; Faccioli, C.; Astolfi, L.; Martini, A. A Soft-
Surgery Approach to Minimize Hearing Damage Caused by the Insertion of a Cochlear Implant Electrode. Otol. Neurotol. 2014, 
35, 1440–1445. https://doi.org/10.1097/mao.0000000000000440. 

12. Drouillard, M.; Torres, R.; Mamelle, E.; De Seta, D.; Sterkers, O.; Ferrary, E.; Nguyen, Y. Influence of electrode array stiffness 
and diameter on hearing in cochlear implanted guinea pig. PLoS ONE 2017, 12, e0183674. 
https://doi.org/10.1371/journal.pone.0183674. 

13. Adel, Y.; Tillein, J.; Petzold, H.; Weissgerber, T.; Baumann, U. Band-Limited Chirp-Evoked Compound Action Potential in 
Guinea Pig: Comprehensive Neural Measure for Cochlear Implantation Monitoring. Ear Hear. 2020, 42, 142–162. 
https://doi.org/10.1097/aud.0000000000000910. 

14. Sato, M.; Baumhoff, P.; Kral, A. Cochlear Implant Stimulation of a Hearing Ear Generates Separate Electrophonic and 
Electroneural Responses. J. Neurosci. 2016, 36, 54–64. https://doi.org/10.1523/jneurosci.2968-15.2016. 

15. Kylén, P.; Stjernvall, J.-E.; Arlinger, S. Variables Affecting the Drill-Generated Noise Levels in Ear Surgery. Acta Oto-Laryngol. 
1977, 84, 252–259. https://doi.org/10.3109/00016487709123964. 

16. Pau, H.W.; Just, T.; Bornitz, M.; Lasurashvilli, N.; Zahnert, T. Noise Exposure of the Inner Ear During Drilling a Cochleostomy 
for Cochlear Implantation. Laryngoscope 2007, 117, 535–540. https://doi.org/10.1097/mlg.0b013e31802f4169. 

17. Gourévitch, B.; Edeline, J.-M. Age-related changes in the guinea pig auditory cortex: relationship with brainstem changes and 
comparison with tone-induced hearing loss. Eur. J. Neurosci. 2011, 34, 1953–1965. https://doi.org/10.1111/j.1460-
9568.2011.07905.x. 

18. Occelli, F.; Hasselmann, F.; Bourien, J.; Eybalin, M.; Puel, J.-L.; Desvignes, N.; Wiszniowski, B.; Edeline, J.-M.; Gourévitch, B. 
Age-related Changes in Auditory Cortex Without Detectable Peripheral Alterations: A Multi-level Study in Sprague–Dawley 
Rats. Neuroscience 2019, 404, 184–204. https://doi.org/10.1016/j.neuroscience.2019.02.002. 

19. Rutkowski, R.G.; Weinberger, N.M. Encoding of learned importance of sound by magnitude of representational area in primary 
auditory cortex. Proc. Natl. Acad. Sci. USA 2005, 102, 13664–13669. https://doi.org/10.1073/pnas.0506838102. 

20. Recanzone, G.H.; Schreiner, C.; Merzenich, M.M. Plasticity in the frequency representation of primary auditory cortex following 
discrimination training in adult owl monkeys. J. Neurosci. 1993, 13, 87–103. https://doi.org/10.1523/jneurosci.13-01-00087.1993. 

21. FernándezC. Dimensions of the Cochlea (Guinea Pig). J. Acoust. Soc. Am. 1952, 24, 519–523. https://doi.org/10.1121/1.1906929. 
22. Greenwood, D.D. A cochlear frequency‐position function for several species—29 years later. J. Acoust. Soc. Am. 1990, 87, 2592–

2605. https://doi.org/10.1121/1.399052. 
23. Gourévitch, B.; Doisy, T.; Avillac, M.; Edeline, J.-M. Follow-up of latency and threshold shifts of auditory brainstem responses 

after single and interrupted acoustic trauma in guinea pig. Brain Res. 2009, 1304, 66–79. 
https://doi.org/10.1016/j.brainres.2009.09.041. 

24. Aushana, Y.; Souffi, S.; Edeline, J.-M.; Lorenzi, C.; Huetz, C. Robust Neuronal Discrimination in Primary Auditory Cortex 
Despite Degradations of Spectro-temporal Acoustic Details: Comparison Between Guinea Pigs with Normal Hearing and Mild 
Age-Related Hearing Loss. J. Assoc. Res. Otolaryngol. 2018, 19, 163–180. https://doi.org/10.1007/s10162-017-0649-1. 

25. Souffi, S.; Lorenzi, C.; Varnet, L.; Huetz, C.; Edeline, J.-M. Noise-Sensitive but More Precise Subcortical Representations Coexist 
with Robust Cortical Encoding of Natural Vocalizations. J. Neurosci. 2020, 40, 5228–5246. https://doi.org/10.1523/jneurosci.2731-
19.2020. 

26. Souffi, S.; Lorenzi, C.; Huetz, C.; Edeline, J.-M. Robustness to Noise in the Auditory System: A Distributed and Predictable 
Property. ENEURO 2021, 8, ENEURO.0043-21.2021. https://doi.org/10.1523/eneuro.0043-21.2021. 



Brain Sci. 2022, 12, 205 17 of 18 
 

27. Gaucher, Q.; Edeline, J.-M. Stimulus-specific effects of noradrenaline in auditory cortex: implications for the discrimination of 
communication sounds. J. Physiol. 2015, 593, 1003–1020. https://doi.org/10.1113/jphysiol.2014.282855. 

28. Occelli, F.; Suied, C.; Pressnitzer, D.; Edeline, J.-M.; Gourévitch, B. A Neural Substrate for Rapid Timbre Recognition? Neural 
and Behavioral Discrimination of Very Brief Acoustic Vowels. Cereb. Cortex 2016, 26, 2483–2496. 
https://doi.org/10.1093/cercor/bhv071. 

29. Edeline, J.-M.; Pham, P.; Weinberger, N.M. Rapid development of learning-induced receptive field plasticity in the auditory 
cortex. Behav. Neurosci. 1993, 107, 539–551. https://doi.org/10.1037//0735-7044.107.4.539. 

30. Edeline, J.-M.; Dutrieux, G.; Manunta, Y.; Hennevin, E. Diversity of receptive field changes in auditory cortex during natural 
sleep. Eur. J. Neurosci. 2001, 14, 1865–1880. https://doi.org/10.1046/j.0953-816x.2001.01821.x. 

31. Kaur, S.; Lazar, R.; Metherate, R. Intracortical Pathways Determine Breadth of Subthreshold Frequency Receptive Fields in 
Primary Auditory Cortex. J. Neurophysiol. 2004, 91, 2551–2567. https://doi.org/10.1152/jn.01121.2003. 

32. Metherate, R.; Kaur, S.; Kawai, H.; Lazar, R.; Liang, K.; Rose, H.J. Spectral integration in auditory cortex: Mechanisms and 
modulation. Hear. Res. 2005, 206, 146–158. https://doi.org/10.1016/j.heares.2005.01.014 

33. Turner, C.W.; Reiss, L.; Gantz, B.J. Combined acoustic and electric hearing: Preserving residual acoustic hearing. Hear. Res. 2008, 
242, 164–171. https://doi.org/10.1016/j.heares.2007.11.008. 

34. De Seta, D.; Torres, R.; Russo, F.Y.; Ferrary, E.; Kazmitcheff, G.; Heymann, D.; Amiaud, J.; Sterkers, O.; Bernardeschi, D.; 
Nguyen, Y. Damage to inner ear structure during cochlear implantation: Correlation between insertion force and radio-
histological findings in temporal bone specimens. Hear. Res. 2017, 344, 90–97. https://doi.org/10.1016/j.heares.2016.11.002. 

35. Torres, R.; Drouillard, M.; De Seta, D.; Bensimon, J.-L.; Ferrary, E.; Sterkers, O.; Bernardeschi, D.; Nguyen, Y. Cochlear Implant 
Insertion Axis into the Basal Turn: A Critical Factor in Electrode Array Translocation. Otol. Neurotol. 2018, 39, 168–176. 
https://doi.org/10.1097/mao.0000000000001648. 

36. Torres, R.; Jia, H.; Drouillard, M.; Bensimon, J.-L.; Sterkers, O.; Ferrary, E.; Nguyen, Y. An Optimized Robot-Based Technique 
for Cochlear Implantation to Reduce Array Insertion Trauma. Otolaryngol. Neck Surg. 2018, 159, 900–907. 
https://doi.org/10.1177/0194599818792232. 

37. Robertson, D.; Irvine, D.R.F. Plasticity of frequency organization in auditory cortex of guinea pigs with partial unilateral 
deafness. J. Comp. Neurol. 1989, 282, 456–471. https://doi.org/10.1002/cne.902820311. 

38. Rajan, R.; Irvine, D.R.F.; Wise, L.Z.; Heil, P. Effect of unilateral partial cochlear lesions in adult cats on the representation of 
lesioned and unlesioned cochleas in primary auditory cortex. J. Comp. Neurol. 1993, 338, 17–49. 
https://doi.org/10.1002/cne.903380104. 

39. Wang, J.; Salvi, R.J.; Powers, N. Plasticity of response properties of inferior colliculus neurons following acute cochlear damage. 
J. Neurophysiol. 1996, 75, 171–183. https://doi.org/10.1152/jn.1996.75.1.171. 

40. Rajan, R.; Irvine, D. Neuronal responses across cortical field A1 in plasticity induced by peripheral auditory organ damage. 
Audiol. Neurotol. 1998, 3, 123–144. https://doi.org/10.1159/000013786. 

41. Wang, Y.; Hirose, K.; Liberman, M.C. Dynamics of Noise-Induced Cellular Injury and Repair in the Mouse Cochlea. J. Assoc. 
Res. Otolaryngol. 2002, 3, 248–268. https://doi.org/10.1007/s101620020028. 

42. Irvine, D.R.; Rajan, R.; Smith, S. Effects of restricted cochlear lesions in adult cats on the frequency organization of the inferior 
colliculus. J. Comp. Neurol. 2003, 467, 354–374. https://doi.org/10.1002/cne.10921. 

43. Kamke, M.R.; Brown, M.; Irvine, D. Plasticity in the tonotopic organization of the medial geniculate body in adult cats following 
restricted unilateral cochlear lesions. J. Comp. Neurol. 2003, 459, 355–367. https://doi.org/10.1002/cne.10586. 

44. Noreña, A.J.; Tomita, M.; Eggermont, J.J. Neural Changes in Cat Auditory Cortex After a Transient Pure-Tone Trauma. J. 
Neurophysiol. 2003, 90, 2387–2401. https://doi.org/10.1152/jn.00139.2003. 

45. Tan, A.; Wehr, M. Balanced tone-evoked synaptic excitation and inhibition in mouse auditory cortex. Neuroscience 2009, 163, 
1302–1315. https://doi.org/10.1016/j.neuroscience.2009.07.032. 

46. Zhang, L.I.; Tan, A.; Schreiner, C.; Merzenich, M.M. Topography and synaptic shaping of direction selectivity in primary 
auditory cortex. Nature 2003, 424, 201–205. https://doi.org/10.1038/nature01796. 

47. Zhou, Y.; Liu, B.-H.; Wu, G.; Kim, Y.-J.; Xiao, Z.; Tao, H.W.; Zhang, L.I. Preceding Inhibition Silences Layer 6 Neurons in 
Auditory Cortex. Neuron 2010, 65, 706–717. https://doi.org/10.1016/j.neuron.2010.02.021. 

48. Gaucher, Q.; Huetz, C.; Gourévitch, B.; Edeline, J.-M. Cortical Inhibition Reduces Information Redundancy at Presentation of 
Communication Sounds in the Primary Auditory Cortex. J. Neurosci. 2013, 33, 10713–10728. 
https://doi.org/10.1523/jneurosci.0079-13.2013. 

49. Gaucher, Q.; Edeline, J.-M.; Gourévitch, B. How different are the local field potentials and spiking activities? Insights from 
multi-electrodes arrays. J. Physiol. 2012, 106, 93–103. https://doi.org/10.1016/j.jphysparis.2011.09.006. 

50. Brosch, M.; Schreiner, C.E. Time Course of Forward Masking Tuning Curves in Cat Primary Auditory Cortex. J. Neurophysiol. 
1997, 77, 923–943. https://doi.org/10.1152/jn.1997.77.2.923. 

51. Noreña, A.; Eggermont, J.J. Comparison between local field potentials and unit cluster activity in primary auditory cortex and 
anterior auditory field in the cat. Hear. Res. 2002, 166, 202–213. https://doi.org/10.1016/s0378-5955(02)00329-5. 

52. Eggermont, J.J.; Munguia, R.; Pienkowski, M.; Shaw, G. Comparison of LFP-Based and Spike-Based Spectro-Temporal Receptive 
Fields and Cross-Correlation in Cat Primary Auditory Cortex. PLoS ONE 2011, 6, e20046. 
https://doi.org/10.1371/journal.pone.0020046. 



Brain Sci. 2022, 12, 205 18 of 18 
 

53. Lenarz, T.; Buechner, A.; Lesinski-Schiedat, A.; Timm, M.; Salcher, R. Hearing Preservation with a New Atraumatic Lateral Wall 
Electrode. Otol. Neurotol. 2020, 41, e993–e1003. https://doi.org/10.1097/mao.0000000000002714. 

54. Kwacz, M.; Mrowka, M.; Wysocki, J. Round Window Membrane Motion before and after Stapedotomy Surgery—An Experi-
mental Study. Acta Bioeng. Biomech. 2011, 13, 27–33. 

55. Vittoria, S.; Lahlou, G.; Torres, R.; Daoudi, H.; Mosnier, I.; Mazalaigue, S.; Ferrary, E.; Nguyen, Y.; Sterkers, O. Robot-based 
assistance in middle ear surgery and cochlear implantation: first clinical report. Eur. Arch. Oto-Rhino-Laryngol. 2021, 278, 77–85. 
https://doi.org/10.1007/s00405-020-06070-z. 

56. Daoudi, H.; Lahlou, G.; Torres, R.; Sterkers, O.; Lefeuvre, V.; Ferrary, E.; Mosnier, I.; Nguyen, Y. Robot-assisted Cochlear 
Implant Electrode Array Insertion in Adults: A Comparative Study with Manual Insertion. Otol. Neurotol. 2021, 42, e438–e444. 
https://doi.org/10.1097/mao.0000000000003002. 

 


	1. Introduction
	2. Materials and Methods
	2.1. Subjects
	2.2. Audiogram
	2.3. Cortical Surgery and Cochlear Implantation
	2.4. Recording of Auditory Cortex Neurons
	2.5. Experimental Protocol
	2.6. Quantification of the Cortical Responses
	2.7. Statistical Analysis

	3. Results
	3.1. Consequences of Cochlear Implantation on Frequency Response Areas
	3.2. Quantification of the CF Values on the Whole Database
	3.3. Group Data for the Changes in the Acoustic Threshold
	3.4. Group Data for the Evoked Firing Rate

	4. Discussion
	4.1. Potential Neuronal Mechanisms Underlying the Consequences of CI Insertion
	4.2. Clinical Implications

	5. Conclusions
	References

