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Cochlear synaptopathy is the loss of synapses between the inner hair cells and 
the auditory nerve despite survival of sensory hair cells. The findings of extensive 
cochlear synaptopathy in animals after moderate noise exposures challenged the 
long-held view that hair cells are the cochlear elements most sensitive to insults 
that lead to hearing loss. However, cochlear synaptopathy has been difficult to 
identify in humans. We applied novel algorithms to determine hair cell and neural 
contributions to electrocochleographic (ECochG) recordings from the round 
window of animal and human subjects. Gerbils with normal hearing provided 
training and test sets for a deep learning algorithm to detect the presence of neural 
responses to low frequency sounds, and an analytic model was used to quantify 
the proportion of neural and hair cell contributions to the ECochG response. The 
capacity to detect cochlear synaptopathy was validated in normal hearing and 
noise-exposed animals by using neurotoxins to reduce or eliminate the neural 
contributions. When the analytical methods were applied to human surgical 
subjects with access to the round window, the neural contribution resembled 
the partial cochlear synaptopathy present after neurotoxin application in animals. 
This result demonstrates the presence of viable hair cells not connected to 
auditory nerve fibers in human subjects with substantial hearing loss and indicates 
that efforts to regenerate nerve fibers may find a ready cochlear substrate for 
innervation and resumption of function.
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Introduction

Recent animal studies have shown that synapses between the inner hair cells and the 
auditory nerve, rather than hair cells themselves, are the elements most sensitive to destruction 
by moderate noise exposure (1–4). Using noise exposures that produced only temporary 
threshold shifts and no loss of hair cells, up to half of the synapses can be lost, despite thresholds 
for distortion product otoacoustic emissions, auditory brainstem responses, and compound 
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action potentials returning to normal. The explanation is that 
excitotoxic effects of over-stimulation is greatest in fibers with low 
spontaneous rates that have high thresholds, while the high-
spontaneous rate fibers that have low-thresholds remained 
intact (5–7).

Since determination of audiometric thresholds are the primary 
basis for detecting human hearing loss, and thresholds would 
be unchanged if the fibers with the lowest thresholds remain intact, 
the clinical implications of a large but undetected loss of auditory 
nerve fibers are obvious. Consequently, a substantial effort has been 
mounted to determine if cochlear synaptopathy is present in humans 
and if it leads to ‘hidden hearing loss,’ i.e., deficits such as decreased 
ability for hearing in noisy backgrounds that are not detectable by a 
change in the audiogram. In general, this effort has shown that 
cochlear synaptopathy in humans occurs anatomically primarily as a 
function of age (8–10), but has not conclusively shown a functional 
correlate [reviewed by (11)]. One approach has been to test different 
audiometrically-normal populations that are expected to have higher 
or lower levels of noise exposure (12, 13), or that report greater 
lifetime noise exposures (14–16). In general, these studies have found 
no performance decrements with greater noise exposure on a variety 
of primarily speech in noise perception tests that, theoretically, should 
be  affected by cochlear synaptopathy. Objective tests, including 
amplitude and latency of waves I and V (13, 17, 18), middle ear muscle 
reflex (19, 20), the summating potential (SP), or SP to compound 
action potential (CAP) ratio in electrocochleography (ECochG) (19, 
21), and envelope and frequency following responses (22) have also 
yielded mixed results, with some showing important suggestive 
evidence of increased cochlear synaptopathy in groups with greater 
noise exposure.

More recent animal work (7, 23–25) as well as older studies (26, 
27) suggest that the loss of synapses may be partially reversible, and 
that the excitotoxic effects may include low spontaneous rate fibers as 
well (28). Recovery of synaptic function could explain why the effects 
of cochlear synaptopathy in noise-exposed but relatively young human 
subjects have been difficult to show. However, in older subjects with 
permanent threshold increases the effects of cochlear synaptopathy 
may be present. Anatomical studies of immunolabeled synapses and 
fiber counts in the osseous spiral lamina on human temporal bones 
suggest that synaptopathy is present and increases with age (8–10). 
Another finding consistent with cochlear synaptopathy under a 
condition of substantial hearing loss is a high correlation reported 
between ECochG amplitude and speech perception outcomes in 
adults with cochlear implants (CIs, r = 0.69) (29–31). Because the 
relationship between preoperative audiometric thresholds and 
postoperative speech perception outcomes is weak (32–34), the 
ECochG measurement must be  capturing information about the 
health of spiral ganglion cells available for electrical stimulation that 
is different from the audiogram. The explanation offered by Fontenot 
et  al. (29) is that hair cell activity recorded from ECochG is 
disconnected from nerve fibers, i.e., cochlear synaptopathy is present. 
In this view, hair cell activity acts as a metric of ‘cochlear health’, in that 
hair cells within a functional organ of Corti can help support spiral 
ganglion cells and thus lead to better speech perception outcomes.

To test this view, we created cochlear synaptopathy in gerbils using 
neurotoxins and characterized the ECochG for neural and hair cells 
in normal hearing gerbils and in gerbils with a high frequency noise 
exposure intended to mimic the sloping pattern of hearing loss found 

in many adult CI subjects. The sloping pattern consists of little or no 
sensitivity to high frequencies (greater than about 1,500 Hz) and 
variable hearing to low frequencies, including some with minimal or 
moderate hearing loss (35). The responses to the gerbils before and 
after neurotoxins were then compared to ECochG recordings from 
human CI subjects and others where the round window (RW) was 
available during surgery. We report that the human groups displayed 
proportions of hair cell and neural activity in their ECochG recordings 
to low frequencies similar to the recordings of animals treated with 
neurotoxins to produce cochlear synaptopathy.

Materials and methods

Animal and human subjects

Protocols for the use of gerbils, Meriones unguiculatus, were 
approved by the Institutional Animal Care and Use Committee 
(IACUC) at the University of North Carolina at Chapel Hill, following 
the standards of the National Institutes of Health and Committee on 
Care and Use of Laboratory Animals.

Data from human subjects was obtained intraoperatively with 
approval of the Institutional Review Boards at the University of North 
Carolina at Chapel Hill and the Ohio State University. Informed 
consent was obtained from all adult participants. Parental consent was 
obtained for pediatric subjects and patient assent was obtained from 
children between 7 and 18 years. Inclusion criteria for ECochG were 
that potential subjects were scheduled to receive a CI after the medical 
and audiological evaluation had established candidacy or were 
undergoing a surgery where the RW was accessible. Potential 
candidates were excluded from the study if they were not fluent in 
English, were undergoing revision surgery, or presented with severe 
inner ear malformations. The subject pool was therefore a mix of 
subjects of all ages typically seen at large centers for otologic or 
neurologic surgeries.

Experimental design

ECochG principles
The ECochG response contains contributions from hair cells and 

the auditory nerve that mix in complex ways as stimulus frequency 
and intensity are varied. A main component from hair cells is the 
cochlear microphonic (CM), so-called because it faithfully mirrors the 
input waveform to the point that a listener can understand what was 
said when listening to the ECochG recording (36, 37). To low 
frequencies, the CM is mixed with the auditory nerve neurophonic 
(ANN), a neural component that also follows the stimulus waveform 
due to phase-locking in auditory nerve fibers (38, 39). Thus, to low 
frequencies the CM and ANN are mixed in ECochG.

A description of some of the biophysical elements that produce 
the CM and ANN are shown in Figure 1. The CM (Figure 1A) is 
produced by currents flowing through stereocilia as mechanosensitive 
transduction channels open and close with basilar membrane 
movement. When the sound level is low, the stereocilia are in the 
linear part of their operating range (Figure 1A1) and the CM produced 
to a tonal input (bottom row) is essentially sinusoidal. As the sound 
level increases (Figure 1A2), output saturation is reached, but not 
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symmetrically. Typically, more channels are closed than open at rest, 
producing saturation first in the hyperpolarizing direction of 
stereociliary movement. The asymmetry in the saturation is greater 
for inner than for outer hair cells (40). At high levels (Figure 1A3) 
saturation is to both directions, but the asymmetry remains. Thus, the 
shapes of the ECochG response produced by the CM will either 
be sinusoidal (Figure 1A1), asymmetrically saturated (Figure 1A2), or 
with a symmetrically saturated component as well (Figure 1A3).

The ANN is produced by the summed, synchronous activity of 
nerve action potentials as they phase-lock to the stimulus fine 

structure. Based on the extensive literature describing the CAP, 
which is the summed, synchronous activity of auditory nerve fibers 
to stimulus onsets (41–44), the ANN (Figure 1B) can be described 
as a unit potential (Figure 1B1), or shape of an action potential as it 
appears at the RW, convolved with the distribution of action 
potentials coming in a cyclic fashion from individual auditory nerve 
fibers (Figure 1B2). Because the spike rate cannot go below zero, the 
auditory nerve output is a rectified version of the stimulus input. The 
shape of the unit potential resembles an action potential with 
positive and negative components, so when convolved with the PST 

FIGURE 1

Schematic model of some of the biophysics of hair cell and neural sources for the ECochG potentials. (A) The CM is produced by the opening and 
closing of channels in the stereocilia of hair cells. To low intensities (left) the response is within the linear part of the operating range (top) and the CM 
produced is sinusoidal at the stimulus frequency (bottom). With increased intensity there will be asymmetric saturation (middle) to the degree the 
operating point is offset from the middle. To high intensities symmetric saturation will occur (right). (B) The ANN is produced by the phase-locked firing 
of auditory nerve fibers to low frequency sounds (<~1.5 kHz in gerbils and humans). It can be modeled as the convolution of a unit potential, or shape 
of the action potential as it appears at the RW, with the distribution of action potentials across all fibers that produce the ensemble response. 
(C) ECochG to 90 dB nHL tone bursts from three human CI subjects. The top row is the time waveform to condensation phase and the bottom is the 
‘average cycle,’ or average of the cycles during the steady-state response (from shaded regions in top row). 1. In this case the average cycle shows little 
distortion to a 4 kHz tone burst, consistent with its being above the phase-locking range for the ANN and in the linear region of the CM (as in A, left). 2. 
In this case the response to a 1 kHz tone burst shows asymmetric saturation (as in A, middle). 3. Responses to a low frequency (0.5 kHz) tone burst. 
Here there is extensive distortion in the average cycle but not of a type that can be produced by hair cells, so is due instead to the ANN.

https://doi.org/10.3389/fneur.2023.1104574
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Haggerty et al. 10.3389/fneur.2023.1104574

Frontiers in Neurology 04 frontiersin.org

histogram the ANN (Figure  1B3) has positive and 
negative components.

Examples of how ECochG responses follow these principles in 
humans CI subjects are shown in Figure 1C. For each of three cases, the 
top row shows the ECochG time waveform to condensation phase 
stimulation, and the bottom row shows an “average cycle,” or average of 
each cycle in the steady-state response (shaded regions in top row). The 
average cycle is equivalent to a period histogram, a common 
representation of the cycle PST in Figure 1B2. It will be our primary unit 
of analysis for this report. For case 1, there was no ANN since the 
frequency (4 kHz) was above the phase-locking range, and the average 
cycle was sinusoidal (as in Figure 1A1). For Case 2, the average cycle (to 
1 kHz) had a shape characteristic of asymmetrical saturation, as in 
Figure  1A2. Case 3 (right) shows the response to a low frequency 
(0.5 kHz) tone burst. Here, the average cycle does not match one of the 
possible shapes for the CM (Figure 1A), so the presence of an ANN 
is indicated.

The average cycle as the unit of analysis for 
detecting and measuring the CM and ANN

As we will describe in the next sections, we have developed methods 
for detecting the presence of the ANN and estimating its magnitude, 
along with that of the CM, using the average cycles as the main unit of 
analysis. Previous methods to identify the ANN have been primarily 
spectral (46–48) or used masking (49–52). Spectral methods rely on the 
2nd harmonic in the summed responses to the two phases, under the 
assumption that the rectified responses to opposite stimulus phases will 
interleave to form what has recently been called the ‘Auditory Nerve 
Overlapping Waveform” (48, 53). At low and moderate intensities, the 
second harmonic is predominantly neural, so the ANOW is expected to 
be proportional to the ANN. However, the ANN is periodic with the 
stimulus frequency, so most of its energy is in the 1st harmonic, where it 
overlaps spectrally with the CM. In addition, at moderate and high 
intensities some of the second harmonic can be  from asymmetric 
saturation of the CM, so the size of the second harmonic does not 
provide a quantitative estimate of the ANN. The other approach is 
masking, under the assumption that neural responses will adapt while 
HC responses will not. Masking can demonstrate the presence of the 
ANN but the proportion that is masked is dependent on the time and 
frequency relationships between masker and probe. In addition, 
obtaining a reliable data set using masking is not feasible while 
monitoring ECochG during a CI surgery or clinic visit.

The approach we have used is to estimate the CM and ANN using 
a model where the average cycle is the input and then equations 
developed from Figure 1 are used to estimate the amounts of CM and 
ANN that produce the best fit (45). Here we are augmenting this 
model with a deep learning algorithm (DLA) to first identify cases 
with or without ANN. The purpose of the DLA is to correct an issue 
with the analytic model, which estimates at least a small ANN even to 
high frequencies above the phase-locking range. This result is because 
the CM-only responses can deviate slightly from the expected shapes 
(45). The DLA makes no assumptions about expected shapes.

Acoustic stimulation and recording

The acoustic stimulation and recordings of cochlear responses in both 
gerbils and humans were performed using a Bio-logic Navigator Pro 

(Natus Medical Inc., San Carlos, CA) as described previously (29, 45, 54, 
55). The speaker was an Etymotic, ER-3B. The recording electrode was a 
stainless-steel probe of the type used for facial nerve monitoring during 
CI surgeries (Neurosign 3,602-00-TE, Magstim Co., Wales, UK), placed 
at the round window in both gerbil and humans. For human subjects, 
surface electrodes over the contralateral mastoid and on the forehead, and 
for gerbils, needle electrodes in the neck muscles and tail, served as the 
inverting and reference electrode, respectively. Gain was 1,000x for gerbils 
and 50,000x for humans. In some cases, for both gerbils and humans the 
sound tube was crimped which removed the responses, indicating that 
they were not contaminated by electrical artifact.

Stimuli were tone bursts alternating in condensation and 
rarefaction phases, with 100 (gerbil) or 250 (human) repetitions to 
each phase. Tone burst frequencies were 250, 500, 750, 1,000, 2000 and 
4,000 Hz. Calibration was performed using a ¼” microphone and 
measuring amplifier (Bruel & Kjaer, Naerum, Denmark) and a 2 cm 
brass chamber for humans, and using a probe tube in the closed field 
in the ear canal of gerbils. High-pass filter settings for the recordings 
was 10 Hz in humans and 1 Hz in gerbils, and low-pass settings were 
5,000 Hz (250–1,000 Hz tone frequencies), 10,000 Hz (for 2000 Hz) or 
15,000 Hz (for 4,000 Hz tone frequency).

Gerbil and human data sets

We present ECochG data from RW recordings in gerbil and human 
subjects with different hearing conditions (Table 1). For gerbils entering 
the recording part of the study, the auditory status was either normal-
hearing (NH) or high-frequency-noise-induced hearing loss 
(HF-NIHL). Animals were classified as NH if untreated by noise or 
pharmacological agents prior to the experiment, and if ECochG signal 
magnitudes and thresholds were within the “normal” range for NH 
animals observed in this and previous experiments (45, 56). At 4 kHz, 
for example, CM magnitudes to 90 dB SPL were > 40 dB SPL and 
thresholds <10 dB SPL in all animals. In the HF-NIHL animals, the 
cut-off frequency of the 122 dB SPL noise was 4 kHz, which corresponds 
to approximately halfway along the characteristic frequency regions of 
the gerbil cochlea (57). In previous studies we showed that both outer 
and inner hair cells were removed in basal parts of the cochlea in 
response to the intense noise exposure used (58, 59). For both types of 
hair cells the transition from few or no hair cells to complete 
preservation was sharp and showed little variability as a percentage of 
distance from the apex of the basilar membrane compared to the total 
length, across animals (OHCs = 49.8 ± 4.50% and IHCs = 58.9 ± 4.46%, 

TABLE 1 Data sets.

Species Hearing condition Cases

Gerbil NH1 54

Gerbil NH (post KA)1 20

Gerbil HF-NIHL2 10

Gerbil HF-NIHL (post KA)2 7

Human CI3 166

Human Non-CI3 42

1Normal hearing.  
2High-frequency noise induced hearing loss.  
3Cochlear implant.
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n = 19, errors are standard deviation). The more basal transition zone for 
IHCs showed a greater resistance to the noise, and there were often 
some IHCs preserved in the hook region of the cochlea as well. A few 
cases in the previous studies showed less or no hair cell loss, and, 
similarly, some cases here had CM thresholds that overlapped with 
normal hearing animals and were excluded. All of the HF-NIHL 
animals used here had CM thresholds to 4 kHz and higher that 
were > 50 dB SPL compared to an average of 0 dB SPL for the NH 
animals. The HF-NIHL condition was intended to mimic that of CI 
many subjects, where residual hearing, if present, is typically restricted 
to the apical half of the cochlea (frequencies <1.5 kHz in humans, 
<4 kHz in gerbils). Both gerbil groups (NH and HF-NIL) were also 
studied after the neurotoxin kainic acid (KA) was applied to produce 
cochlear synaptopathy. The KA was 60 mM in artificial perilymph 
consisting of (in mM): 127.5 NaCl, 3.5 KCl, 25 NaHCO3, 1.3 CaCl2, 1.2 
MgCl2, 0.75 NaH2PO4, and 11 glucose, and pH adjusted to 7.3 with 
HCl (60), heated to 37 degrees C. It was placed at the RW for 1 h. With 
this protocol the loss of auditory nerve response is nearly total for the 
basal cochlea, but less so for the apical, due to the cochlea’s diffusion 
characteristics [see an anatomical image of the effects of KA in Figure 4 
of Pappa et al. (56)]. Some of the NH animals here are the same as from 
the Pappa et al. study, and the same criterion for inclusion after KA was 
used. This criterion was that an increase in CM threshold between pre 
and post KA responses to 4 kHz, which is above the phase-locking range 
where the ongoing response is purely CM, i.e., from hair cells and thus 
not expected to be affected by the KA, had to be within 3 dB. This 
criterion resulted in exclusion of three animals.

The human subjects comprised surgical patients where the RW 
was accessible intraoperatively and included both CI and non-CI 
subjects. The CI subjects spanned all age groups. The non-CI subjects 
were undergoing surgery for a vestibular schwannoma or for Ménière’s 
disease, except for one subject who had a tumor removed from the 
jugular foramen allowing access to the RW.

Deep learning algorithm

Since responses to low frequencies in an NH animal should 
always contain an ANN, while those to high frequency should not, 
these represent an ideal training set for a DLA to recognize its 
presence or absence in an average cycle. The input to the DLA 
(Figure  2A) was a tensor of the average cycles defined by 
condensation, rarefaction, difference, and alternating waveforms, 
using the responses to phase-alternating stimuli. These average 
cycles were normalized for amplitude and for 0 starting phase. The 
DLA was an implementation of Bidirectional Long Short-Term 
Memory (BiLSTM) layers, which are a specific subtype of recurrent 
neural networks that are frequently used on sequence data because 
they have an increased memory for events that are distant from 
each other (61). The bidirectional nature of the BiLSTM provides 
information about dependencies from both the forward and 
backward direction at every point. Finally, a dense layer with a 
sigmoid activation function was used to encode each of the 
ECochGs as either ‘ANN present’ or ‘ANN absent.’

FIGURE 2

Mathematical models  (A). The average cycle for condensation, rarefaction, difference and alternating curves, normalized to amplitude and shifted to 
start at zero phase, were used as the input to the DLA. The network consisted of two layers of Bidirectional Long Short Term Memory (BiLSTM) nodes, 
followed by a dense node (see text and Material and Methods for further descriptions). The output was either ANN-present or ANN-absent. The 
training data was from NH animals, where low frequencies are ANN-present and high frequencies are ANN-absent. (B) Schematic of the biophysically 
based model used to determine the amount of CM and ANN. The input to the model is the average cycle to condensation phase stimuli. It is then 
modeled by a fit-adaptive function which updates ANN and CM parameters (see text) to produce an output which best matches the input [from (45)].

https://doi.org/10.3389/fneur.2023.1104574
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Haggerty et al. 10.3389/fneur.2023.1104574

Frontiers in Neurology 06 frontiersin.org

The DLA was implemented in Python using the Keras library with 
TensorFlow as a backend. The architecture of the network was an 
input layer, followed by two BiLSTM layers with 50 recurrent units 
each, and finally a dense layer with a sigmoid activation function. The 
DLA was compiled with parameters to search for the best accuracy 
using a binary-crossentropy loss function with the adam optimizer.

The DLA weights were trained on the training set for 500 epochs, 
after which the increase in epoch accuracy and epoch loss leveled off 
and were validated on the test set. The final weights were saved so that 
they could be loaded and used for future classification tasks.

Because only the shapes of the cycles, and not amplitude or phase, 
are considered, the results from the neural network are generalizable 
for different experimental data sets. Each of the gerbil and human data 
sets were collected with the same recording and stimulation 
equipment and parameters.

Analytic model and ANN proportion

Once an ECochG is labeled as ANN Present or Absent, we use a 
fit-adaptive function to model the contributions of the ANN and CM 
based on a depiction of the biophysical properties that produce each 
in Figure  1, as shown in Figure  2B (45). Briefly, the model 
mathematically describes the shapes of the CM and ANN and 
convolves them to create an average cycle of the ECochG, which it 
compares to the known signal and adjusts parameters until the error 
is minimized. Differences from the previous study were that the 
average cycles were interpolated to 100 points using a spline instead 
of linear interpolation, and several different starting parameters were 
run to help avoid local minima. Parameters for the CM were 
amplitude, phase, and differential saturation of the peak and trough, 
and for the ANN were amplitude and a ‘spread of excitation’ parameter 
that allowed the cycle histogram to increase in width to account for 
summation across fibers with varying phase. The model optimized 
these parameters and reported the values for the CM and ANN that 
produced the best fit. From these values, the proportion of ANN was 
simply ANN proportion ANN

CM ANN
=

+
, where CM and ANN are their 

respective amplitudes in μV.

Results

The complex shape of average cycle is 
caused by the ANN

In gerbils, it can be demonstrated that a complex shape of an 
average cycle, not expected from the CM alone (Figure 1) is caused 
by the ANN. In Figure 3, examples are shown before and after KA 
was applied to the round window. To a high-frequency tone burst in 
an NH animal (Figure 3A, 3 kHz), the average cycle had a sinusoidal 
shape to a moderate intensity (50 dB SPL, left), while to a high 
intensity (90 dB, right) it was asymmetrically saturated. Both shapes 
are characteristic of the CM-only waveform, and the KA had little 
effect. In contrast, to a low-frequency stimulus (Figure 3B), the shape 
prior to the KA was not consistent with a CM-only response, while 
after KA the average cycle was sinusoidal to the moderate intensity 
and was saturated to the high intensity. The effect of KA at the high 
intensity was subtle (arrow), but the small deviation in the pre-KA 

shape was a consistent feature not seen in cases that did not have an 
ANN. In Figure 3C there is a further example of a low-frequency 
response, but this time in an HF-NIHL animal. Here, two features 
stand out: the pre-KA curves are particularly distorted to both low 
and high intensities, and the effect of the neurotoxin appears to 
be incomplete. The high degree of pre-KA distortion for HF-NIHL 
animals compared to NH animals was a characteristic result further 
considered below. A partial effect of the KA was common to both 
gerbil groups and is presumably because of incomplete diffusion to 
the apex, so some ANN remains. This effect is minimized in NH 
animals at high sound levels, where the largest part of the response is 
from the base of the cochlea where the removal of the neural elements 
with KA is more complete.

Performance of the DLA model

The model was trained and tested on 1764 average cycles from the 
54 NH animals, including 641 to low frequencies (0.25–0.75 kHz) and 
1,123 to high frequencies (2–6 kHz). The expectation is that in NH 
animals the responses to low frequencies within the phase-locking 
range (<2000 Hz) will all contain an ANN, while none of the 
frequencies above that range will. Thus, these represent “true known” 
responses.

The data was split 70/30 into training and test sets. The model 
weights were trained for 500 epochs, after which the increase in epoch 
accuracy and epoch loss leveled off. With this distribution, the model 
had a sensitivity for correct detection of an ANN of 99.1%, and a 
specificity for correct rejection of an ANN of 98.0% (Figure 4A).

When considered on a frequency-by-frequency basis, the 
proportion of average cycles identified by the DLA as having ANN 
was >95% for 0.25 to 0.75 kHz, which then dropped to <5% for 
frequencies of 1.5 kHz and higher (Figure  4B). The proportion at 
1 kHz was about 75%. The overall phase-locking to 1 kHz may 
be reduced because it is near the cut-off frequency for both gerbils and 
humans, but a reduction in the ANN may also be because the width 
of a unit potential begins to exceed the width of a cycle of phase-
locking (47). Consequently, 1 kHz was not used in the analyses of 
ANN proportion.

Analytical model results

In the NH animals, to low-frequency tones (250, 500, and 750 Hz), 
the ANN proportion decreased as the CM increased (Figure 4C, left). 
The color scale shows this relative increase in the CM compared to the 
ANN to be largely a function of intensity. The relatively few that were 
excluded by the DLA are shown below the line rather than at zero with 
some jitter added for clarity. To high-frequency tone bursts 
(≥2000 Hz), most average cycles were reported by the DLA to have no 
ANN (Figure 4C, right).

There are more parameters than equations in the analytic model, 
so the fits do not necessarily represent unique solutions to the 
parameters. We used multiple starting points to avoid local minima 
but fits at some distance from the correct values can occur from 
parameter optimization. A check that the model was estimating 
reasonable values was to compare its output to that of an independent 
method of analyzing an average cycle which did not make 
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assumptions about the shapes that make up the CM and ANN. For 
each low-frequency average cycle, we performed a cross-correlation 
with all the average cycles to high frequencies and measured the root-
mean square value of the residuals in the case with the closest fit. The 
idea was that the smaller the residuals, or the closer a match to a 
CM-only case, the less ANN would be present. We found that this 
metric correlated well (r  = 0.883) with the ANN proportion 
(Figure  4D), suggesting that the analytic model, which provides 
values the ANN and CM, scales with actual rather than far 
distant values.

Effects of neurotoxins and noise exposure 
on the ANN proportion in gerbils

As would be expected, post-KA, NH animals (Figure 5A) had a 
large increase in the numbers of responses to low frequency 
(<1,000 Hz) judged by the DLA to have no ANN (24.8% compared 
to 2.0% in NH animals from Figure  5A). Similarly, the ANN 

proportion was in general smaller, indicating less ANN relative to 
the CM than before the KA (mean = 0.33 ± 0.176 for the Pre-KA vs. 
0.21 ± 0.13 for the Post-KA). However, since most cases still had 
some ANN the action of the neurotoxin was often only partial. 
Finally, the effect of intensity was decreased, with most cases 
showing a small ANN proportion even to low intensities. A 
quantification of this decrease in the effect of intensity is the slope 
of the best fit regression line through all of the data, which was 0.52/
dB for the Pre-KA NH condition and 0.27/dB for the 
Post-KA condition.

For the HF-NIHL animals, prior to the KA the DLA again showed 
that almost all responses to low frequencies had an ANN (Figure 5B). 
The removal of hair cells from the basal half of the cochlea did reduce 
the CM, as expected. However, the HF-NIHL animals showed an 
increased proportion of ANN, especially to higher intensities, 
compared to the NH distributions in Figure  5C, which will later 
be better quantified. After KA (Figure 5C) the DLA again found more 
responses without an ANN, and the ANN proportion decreased, 
indicating partial to complete synaptopathy in most cases.

FIGURE 3

Effects of the neurotoxin KA to produce cochlear synaptopathy. (A) After application of KA, the responses to a high frequency (3 kHz), whether 
sinusoidal (left) or saturated (right) did not change, indicating no ANN. (B) To low frequencies (500 Hz) in NH animals the curves became simpler and 
consistent with that expected for CM-only. (C) To low frequencies from HF-NIHL animals also simplified after the KA, but pre-KA were even more 
distorted than in the NH cases, and the effect of KA appeared to be only partial, as was also common to low frequencies in some cases for NH animals.
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The growth of the CM (as computed from the model) is linear 
over the intensity range of 30–90 dB SPL, while for the HF-NIHL 
animals it saturates at a moderate intensity. The early saturation in 
HF-NIHL animals (Figure 5D) is because the spread of excitation 
toward the base of the cochlea as the intensity is raised is limited by 

the loss of hair cells. In contrast, the ANN (Figure 5E) in the NH 
animals grows at a comparatively slower rate, and the difference 
between NH and HF-NIHL animals is much smaller. The result is 
that the difference between the CM and ANN (Figure 5F) grows with 
intensity in the NH animals but does not in the HF-NIHL animals.

FIGURE 4

Modeling results. (A) Confusion matrix of the results with NH animals, confirmed with an independent test set, indicating the DLA was able to correctly 
identify and reject the presence of ANN at a high rate. (B) Percentage of the cases where an ANN was detected from the DLA as a function of stimulus 
frequency in NH animals. (C) The ANN proportion as a function of the size of the CM + ANN, both reported by the model, for NH gerbils to low and 
high frequencies. For cases with no ANN according to the DLA, the model was run without the ANN component. Each symbol is the ANN proportion 
to a frequency/intensity combination, so there are many points for each gerbil. The square symbols below the dotted line had no ANN according to 
the DLA, and were plotted at 0 with jitter added to make the points more visible. (D) Comparison of the ANN proportion with an independent method 
of estimating relative size of the ANN. The metric is the root mean square value of residuals in a regression of each low frequency average cycle with 
its best fit among the high frequency cases. The high correlation (r = 0.883) indicates the CM and ANN are reported from the analytic model in 
reasonable proportions.
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Results in humans

Our human data sets were CI subjects and others where the round 
window was available during surgery. A metric used to characterize 
the overall responses from each subject is the ‘Total Response (TR),’ 
which is a summed measure of the output of the cochlea to a range of 
frequencies (29, 31, 62, 63) (see Materials and Methods). Specifically, 
the TR is calculated from the sum of the response magnitudes to each 
frequency, with the response at each frequency measured as the sums 
of significant peaks to the stimulus frequency and 2nd and 3rd first 
harmonics. The frequencies used were 0.25, 0.5, 0.75, 1, 2, and 4 kHz. 
The TRs for the CI subjects (Figure  6A) covered a wide range 
independent of age. For the youngest children many of the cases with 
large TR were auditory neuropathy spectrum disorder (ANSD) 
subjects, which is a condition characterized by loss or desynchrony of 
auditory nerve firing with preservation of cochlear function, and so 
may be related to cochlear synaptopathy. The TRs for non-CI subjects 

(Figure  6B), were on average larger than for the CI subjects, but 
interestingly the cases with the highest values were similar for each 
data set. Even the one subject with audiometric thresholds within the 
normal range had a level only near the maximum of the other groups, 
not above them.

To low frequencies (0.25, 0.5, and 0.75 kHz), the DLA reported 
that CI and non-CI (Figures 6C,D) subjects both had a large fraction 
(28.9 and 26.7%, respectively) with no detectable ANN. Of the 
remainder there was a wide distribution, including some with 
evidence of a strong ANN (e.g., >25% of the combined responses).

Human groups are most similar to gerbil 
groups exposed to KA

A comparison of the distributions of ANN proportion across the 
six groups is shown in Figure  7A. These distributions encompass 

FIGURE 5

Results in gerbils. (A) Effects of the neurotoxin KA on low-frequency average cycles. There is a higher proportion of ANN-absent cases and less ANN 
overall than prior to KA (compare with B). (B) Results to low frequencies from HF-NIHL cases. The CM is reduced, but the proportion of ANN is high. 
(C) Results from HF-NIHL cases after KA. There is an increase in ANN-absent cases and in the ANN proportion of most cases. (D) Comparison of the 
CM in NH and HF-NIHL animals (pre-KA). The CM saturates in the HF-NIHL animals, due to limited spread of excitation because the basal cochlea is 
non-functional. (E) Comparison of the ANN. The effect in the HF-NIHL animals is similar but smaller than with the CM. (F) Difference between the CM 
and ANN. This difference grew in the NH animals due to spread of excitation but not in the HF-NIHL animals, where it was blocked. Error bars 
represent standard deviations.
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different frequencies and intensities for each animal and human 
subject. The results of multiple comparisons, based on standard errors 
corrected for multiple comparisons (Figure 7B, alpha = 0.083), were 
that the pre-KA, HF-NIHL gerbils showed the largest proportion of 
ANN and was distinct from the other data sets. The gerbils with the 
next highest proportion of ANN were the pre-KA NH animals, and 
the ANN proportion was significantly greater than for any of the 
remaining groups. The distributions in both of the post-KA animal 
groups were not significantly different from each other or from the 
two human groups. Recall that the noise exposure for the HF-NIHL 
animals was intended to mimic that of subjects, particularly CI 
subjects, with high frequency hearing loss. Thus, if hair cell loss was 
the main cause of hearing dysfunction leading to cochlear 

implantation, the human CI subjects should have most closely 
resembled the pre-KA, HF-NIHL animals. Instead, their distribution, 
and the distribution of non-CI subjects, was most like that of the gerbil 
groups after application of neurotoxin that produced a complete or 
partial synaptopathy, which implies synaptopathy is present in the 
human subjects as well.

ECochG thresholds are often better than 
behavioral in CI subjects

A behavioral threshold is typically based on activity in one or a 
few sensory receptors that result in only a few action potentials (64, 

FIGURE 6

Results in human subjects. (A) Distribution of ‘Total Response’ (TR, a measure of the responses summed across frequencies, see text) in CI subjects. 
There is a wide range of responses independent of age, with the largest TR often seen in children with auditory neuropathy spectrum disorder (ANSD). 
(B) TR in non-CI subjects as a function of age. The largest TR in each group, including the case with no auditory-related syndrome and thresholds in 
the normal range, were similar to the largest in CI subjects. VS, vestibular schwannoma. M, Meniere’s, NH, Normal Hearing. (C) Output of the DLA and 
distribution of ANN proportion in CI subjects. There were many cases judged by the DLA to have no ANN, but otherwise there was a wide range of 
ANN present. (D) Output of the DLA and distribution of ANN proportion in non-CI subjects. Similar to the CI subjects, there were many cases judged by 
the DLA to have no ANN, but otherwise there was a wide range of ANN present.
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65). In contrast, generation of an evoked potential requires the 
summed, synchronous activity of numerous responding elements. 
Therefore, a behavioral threshold is expected to be more sensitive than 
an evoked potential. However, in CI subjects the ECochG threshold, 
recorded perioperatively, was often more sensitive than the 
pre-operative audiometric thresholds. An example is shown in 
Figures  8A,B, where the subject had severe hearing loss to low 
frequencies (250 and 500 Hz) and profound hearing loss to higher 
frequencies (Figure 8A, blue). However, the ECochG responses to 
both 500 Hz and 2 kHz were large (Figure 8B) such that the estimated 
threshold from the ECochG was only in the range of mild hearing loss 
to all frequencies (Figure  9, red). Time for data collection in the 
operating room is limited, so for frequencies other than 500 Hz 
we collected responses only to 90 dB nHL. To estimate threshold, 
we used a linear interpolation where a 1 dB reduction in stimulus level 

produced a 1 dB reduction in response, and threshold was taken as a 
response level of 0.02 μV (−34 dB re 1 μV), which is the threshold 
sensitivity for a response to achieve significance under good recording 
conditions (see Methods for significance criteria). When time 
permitted, we performed a level series to 500 Hz in 10 dB steps to 
better estimate actual thresholds, interpolated between the last 
significant response and the first non-significant response. When 
compared to the thresholds calculated from 90 dB nHL responses they 
were similar (Figure 8C) and the differences were typically in the 
direction where actual thresholds were better than calculated from the 
90 dB nHL response (below the line of equivalence). This result was 
because large responses tended to be saturated, so that reductions in 
level did not produce corresponding drops in responses for the first 
10 to 20 dB. Errors in this direction would cause the actual sensitivity 
of ECochG thresholds to be underestimated.

FIGURE 7

Comparisons across the gerbil and human data sets. (A) Scatter plots show the distributions of ANN proportion, and the box plots show median, semi-
interquartile ranges, and whiskers that include 1.5 times the inter-quartile range. (B) Means and standard errors with correction for multiple 
comparisons (alpha = 0.083).
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A trend for better evoked potential activity than behavioral was 
present overall, as shown for 500 and 2000 Hz in Figure 8D. Here, 

points above the line of equivalence indicate better ECochG than 
audiometric threshold. Considering all frequencies from 250 Hz to 

FIGURE 8

ECochG thresholds are more sensitive than behavioral thresholds. (A) An example of ECochG threshold vs. behavioral. Despite having severe to 
profound hearing loss as shown by the audiogram, the ECochG is only in the range of mild hearing loss. (B) ECochG responses to 500 and 2000 Hz at 
90 dB nHL. (C) Calculated ECochG Thresholds perform better than Audiometric Thresholds for both 500 and 2000 Hz. (D) Calculated thresholds are 
mostly similar to measured thresholds. Any deviations were typically in the direction where actual thresholds were better than calculated thresholds.

FIGURE 9

Schematic of the cochlear hearing postulated for each of the models used in this study. In NH gerbils, OHC, IHCs, and connections of ICs to spiral 
ganglion cells (SGCs) are present. In the Post KA condition, the dendrites between the IHCs are SGCs are severed in the basal cochlea but partially 
preserved in the apex. In HF-HIHL gerbils, the outer hair cells are removed to a greater extent than the inners, and in the Pre KA condition there is a 
normal complement of connected dendrites resulting in the increased overall proportion of ANN compared to NH animals. Post KA there is typically 
complete disconnection of dendrites from IHCs in the basal cochlea but only partial in the apical parts. The SGCs remain were the dendrites have been 
removed but are not visible in the recordings. In the adult CI subjects, the progressive hearing loss results in extensive hair cell loss in the basal cochlea, 
but at the transition zone to relatively preserved hearing there are groups of presumably primarily IHCs that are still present but with severed 
connections to the SGSs. The presence of hair cells and a functional organ of Corti may allow for continued production of trophic substances (arrows) 
that support SGC survival. The distribution of remaining neural connections with IHCs more closely resembled the Post KA than the Pre KA condition.
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4 kHz, a two-way ANOVA showed a main effect of frequency, in 
that higher frequencies showed less sensitivity for both behavioral 
and ECochG thresholds (F = 58.5, df = 4, p < 0.0001), and a main 
effect of measurement type, with ECochG showing significantly 
better sensitivity than behavior (F = 25.8, df = 1, p < 0.0001). The 
interaction between frequency and response type was significant 
(F = 4.8, df = 4, p = 0.0008), because the effect of frequency was 
smaller with ECochG, i.e., ECochG thresholds showed less of an 
increase to higher frequencies than did the audiometric thresholds.

Discussion

Using data from normal-hearing gerbils as a training set, a 
DLA was used to identify waveforms that contained a neural 
component, the ANN, in ECochG responses to low-frequency 
sounds. In waveforms judged to have an ANN present, an analytic 
model estimated its proportion in the overall response. The models 
developed were then applied to ECochG data from both gerbil and 
human subjects. The gerbil groups included NH and HF-NIHL 
animals, with the HF-NIHL group intended to mimic the primarily 
low-frequency hearing condition of many CI subjects. Both gerbil 
groups were also tested after a neurotoxin was placed on the RW 
membrane to induce cochlear synaptopathy. The human subjects 
were surgical cases where the RW was accessible, which included 
CI subjects, subjects with Meniere’s disease undergoing a 
labyrinthectomy, and cases with a vestibular schwannoma that was 
being resected. The human groups had ANN proportions similar 
to those of gerbils after the neurotoxin, indicating the presence of 
cochlear synaptopathy in the human groups. In addition, 
thresholds to ECochG in the human subjects were generally more 
sensitive than those in the audiogram, a further indication that the 
recordings were from hair cells disconnected from auditory 
nerve fibers.

The deep learning algorithm to identify 
the presence or absence of the ANN

The average cycles are sequential data, so a logical choice of neural 
network architecture was a Recurrent Neural Network (RNN), which 
is designed to utilize sequential information. Past information is stored 
in state vectors, which are considered at each point, so dependencies 
on past information can be  used. Bidirectional RNNs consider 
dependencies on both past and future information (66). Note that the 
DLA created makes no assumptions about the underlying biophysics 
and, because of the choice of training set, did not require any expert 
curation of features. The training set was from NH gerbils where all 
responses to low frequency sounds contain an ANN, but none of the 
responses to high frequency sounds do, since they are above the phase-
locking range detectable with ECochG (47, 55, 67). The input was 
average cycles, normalized in amplitude and starting phase, so that the 
algorithm operates only on variations in shape. By using responses 
across multiple frequencies and intensities within each range, the 
samples included a wide spectrum of waveform shapes that exemplify 
ANN-present or ANN-absent responses. The shapers were different 
enough that the DLA had both a high sensitivity and specificity (>95% 
for both).

The analytic model to estimate the 
proportion of the ANN and CM

The analytic model provides a quantitative estimate of the sizes 
of the CM and ANN in a given response. Other methods, whether 
spectral, masking, or our correlation-fitting analysis (Figure 4D), 
are proportional to the size of the ANN but are not similarly 
quantitative. The good fit between the ANN proportion and the 
correlation-fitting analysis of ANN strength (Figure 4D) indicates 
that the parameters used are sufficiently constrained to a reasonable 
range to account for CM and ANN magnitudes. However, the 
model is over-determined, so that the solutions are not unique. 
We  therefore consider the quantitative values to be  reasonably 
accurate in the aggregate but with a range of uncertainty in 
particular cases.

The theoretical basis of the model (Figure 1) does not include all 
the relevant parameters that can lead to complex shapes of the average 
cycle. In particular, additional modeling (not shown here) indicates 
that complex shapes for the CM can be created if responses from 
different parts of the cochlea with different phases both have some 
amount of saturation. However, the experiments with neurotoxins 
suggest that the main source of complex average cycles is neural in the 
form of the ANN, because most complex average cycles resolve to 
those described in Figure 1A as typical for a predominance of CM 
over ANN. Furthermore, complex shapes with responses to high 
frequencies are rare. However, the current model includes only a 
subset of the biophysics underlying the shapes of average cycles and 
that future versions could include more parameters.

The model showed an increase in the proportion of ANN compared 
to CM in the HF-NIHL versus NH animals’ response to low frequencies. 
The intense noise used (122 dB for 4 h) produced an almost complete 
loss of OHCs and IHCs to frequencies above the cut-off of 4 kHz (58, 
59). An explanation for the increase in proportional ANN may relate to 
the loss of spread of excitation to the basal cochlea, which in the normal 
hearing case will dominate the responses. That is, as the intensity 
increases the responses recruited from the basal cochlea occur in-phase 
due to the speed of the traveling wave through the basal cochlea (68, 69). 
In contrast, when the responses are coming from the apical cochlea 
some have different phases due to the slowing of the traveling wave near 
the characteristic frequency region. Thus, the CM response will grow 
more slowly with intensity due to interference. In contrast, the neural 
response will spread but the action potentials will not cancel as sine 
waves do. In addition to phase issues, the neural potential that produces 
the ANN is also likely to reach saturation prior to the CM. Above 
threshold, the rate at which low spontaneous rate fiber comes out of the 
relatively refractory period, which governs the overall rate of skipped 
cycles, is not dependent on intensity, so the rate saturates at a moderate 
intensity (70). Viewed another way, because of phase-locking the 
maximum rate that a fiber can contribute is dependent as much on the 
frequency as the intensity, because the maximum rate is less than one 
spike per cycle (except in the case of peak-splitting to the 
lowest frequencies).

Cochlear synaptopathy in animal studies

Cochlear synaptopathy, using noise exposure and anatomical 
verification, has been identified in several species including mice, 
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guinea pigs, and macaques (1, 4, 71). Its hallmark is loss of synapses 
and neural activity in the face of preserved hair cells and auditory 
thresholds. The ability to preserve auditory thresholds is due to 
selective preservation of low-threshold, high-spontaneous rate fibers 
(5, 6). In studies using CBA/CaJ mice, the loss of synapses was found 
to be irreversible (1), and the possibility of permanent loss of synapses 
combined with preserved audiometric thresholds led to concerns of 
significant “hidden hearing loss” in humans (72). Recently, it has been 
shown that in other strains of mice and in guinea pigs the loss of 
synapses is not permanent (23–25). However, these studies also show 
that in animals with some degree of permanent hearing loss, there is 
a continued synaptopathy, suggesting cochlear self-repair mechanisms 
may not be stable through a lifetime.

Cochlear synaptopathy in human subjects

Human temporal bone studies show a greater preservation of hair 
cells than neural structures in aging subjects and those with greater 
hearing loss (8–10). To test for a physiological correlate, we compared 
gerbil and human subject groups based on RW recordings, where 
cochlear physiology can be explored with a high signal-to-noise ratio. 
The shapes of the average cycles were similar between gerbil and 
human subjects and reflect the same biophysical principles that 
underly each (e.g., Figures 1, 3). This similarity allows for comparisons 
between humans and experimentally manipulated gerbils. There are, 
of course, major differences between the species. One is the size of the 
response at the RW, with human responses about an order of 
magnitude smaller than gerbils (maximums of tens rather than 
hundreds of microvolts). Smaller responses in humans are likely to 
be due to the increased size of the cochlea, where responses at the RW 
must travel through larger spaces than in small animals. Response 
magnitudes with intracochlear recordings during CI insertion in 
humans, where the electrode can be close to the source generators, can 
reach hundreds of microvolts [e.g., (73–75)].

Interestingly, the largest responses were the same between the CI 
and non-CI subjects, despite the greater degree of hearing loss 
expected in CI subjects. The largest responses of both CI and non-CI 
subjects were similar to the single human case with normal hearing. 
Many of the CI cases with the largest responses were children with 
ANSD (Figure  6A), a condition related to cochlear synaptopathy 
where neural or inner hair cell dysfunction is present, but cochlear 
responses can be relatively normal (76, 77). In a previous study in 
children receiving CIs, ANSD cases could have a substantial ANN, 
similar to a control group of non-ANSD children receiving CIs (78). 
What was different was a very large CM and negative-polarity SP to 
high frequencies in ANSD compared to non-ANSD children, which 
was typically not accompanied by a CAP. The explanation for the large 
negative SP is the loss of neural and/or inner hair contributions to the 
SP which have a positive polarity (56, 79).

In addition to a distribution of ANN proportion comparable to 
animals treated with neurotoxins, another indication of cochlear 
synaptopathy is the overlapping thresholds between ECochG and 
behavior in CI subjects. In many cases the threshold for ECochG 
responses were lower (better) than the audiometric thresholds, which 
is not the expected direction for an evoked potential compared to 
behavior. Previous studies have also shown thresholds for ECochG to 

be better than for audiometry in some cases (80–82). An important 
issue is calibration, since in our study and most others the ECochG 
and audiometric thresholds are measured at different times and with 
different equipment. However, one study (82) measured ECochG 
through the implant in the clinic and audiometric thresholds at the 
same session with the same equipment, and this study also reported 
many ECochG thresholds to be  better than behavioral. A better 
threshold for an evoked potential is not expected because a behavioral 
threshold can be obtained from very few active fibers (64, 65), while 
an evoked potential is determined by the summed, synchronous 
activity of many responding elements. Thus, hair cell function that is 
better than behavioral sensitivity is an indication of cochlear 
synaptopathy in CI subjects.

Finally, it has been shown in adult subjects and children implanted 
at greater than 6 years of age that larger ECochG magnitudes are 
associated with better speech perception outcomes with electrical 
hearing (29). These results contrast with preoperative tone audiometric 
thresholds, which are not predictive of speech perception outcomes 
with the implants (32, 34, 83). The explanation proposed is that some 
of the ECochG responses are from hair cells disconnected from 
auditory nerve fibers, i.e., cochlear synaptopathy, and that the presence 
or absence of functional hair cells indicates overall ‘cochlear health.’ 
This cochlear health is then indirectly related to the functional status 
of the auditory nerve available for electrical stimulation. Illustrations 
of the expected hearing conditions studied here are shown in Figure 9. 
In NH animals, all of the elements of OHC, IHCs, and connections of 
ICs to spiral ganglion cells (SGCs) are present. In the Post KA 
condition, the connections between the IHCs are SGCs are severed in 
the basal cochlea but partially preserved in the apex due to diffusion 
characteristics. In the HF-NIHL animals, the OHCs are removed to a 
greater extent than the inner (58), and in the Pre KA condition a 
nearly normal complement of dendrites exist to the remaining hair 
cells, resulting in the increased overall proportion of ANN compared 
to NH animals. As with NH animals, the KA then causes a similar 
variable but typically partial removal of the neural input. The SGCs 
remain viable for the 1-month interval between exposure and ECochG 
but are not visible to the ECochG. In the adult CI subjects, the 
progressive hearing loss results in extensive hair cell loss in the basal 
cochlea, but at the transition to relatively preserved hearing there are 
groups of primarily IHCs that are still present but with severed 
connections to the SGCs. These hair cells are visible to ECochG but 
not the audiogram. In addition to the hair cells themselves, the organ 
of Corti, endolymphatic potential, tectorial membrane and other 
features that support hair cell transduction must also be functional 
and can provide trophic substances (arrows) such as growth factors 
and neurotrophins that support SGC survival (84, 85). In the absence 
of this support, a greater proportion of SGCs are removed and the 
information provided by electrical stimulation is reduced. Although 
the hair cell distribution in the CI subjects and HF-NIHL animals are 
similar, the remaining connected neural portion more closely 
resembles the Post KA than the Pre KA condition.

There is currently a major effort underway to investigate the use 
of ECochG as a real-time monitor of cochlear health during CI 
surgery to detect and possibly lessen cochlear trauma during 
implantation and thereby improve hearing preservation and speech 
perception outcomes [reviewed by (86)]. The presence of cochlear 
synaptopathy in these subject effects the interpretation of the ECochG 
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recordings. Current methods focus primarily on the responses to a 
single frequency, typically 500 Hz, delivered at high intensity (>100 dB 
SPL), to monitor changes from the apical electrode as the insertion 
progresses (75, 86–88). To a 500 Hz stimulus at high intensity, the 
recordings are primarily, although not exclusively, the CM, which 
because of cochlear synaptopathy will not be directly reflective of 
acoustic hearing. While changes in these responses can be a useful 
indicator of trauma that is worthwhile to avoid because it can lead to 
worsening of subsequent effects, such as foreign body response and 
fibrosis, such changes are unlikely to directly reflect the degree of 
hearing preservation to be expected. Thus, an additional fruitful focus 
as a monitor for trauma in hearing preservation cases could be the 
ANN, which is more directly related to neural preservation.

In cases where the RW recording was available during 
labyrinthectomy or during an acoustic tumor removal, the distribution 
of TR in these subjects was on average higher than for CI subjects, but 
the maxima were similar. These subjects often have a hearing loss due 
to endolymphatic hydrops, compression of the auditory nerve, or 
effects on blood supply to the cochlea (89–91). Still, the hearing loss 
is generally less than in CI subjects. However, like the CI subjects, the 
distribution of ANN-present and ANN-absent subjects was similar to 
gerbils with partial loss of synapses from neurotoxin applied to the 
RW, indicating a degree of cochlear synaptopathy in these subjects 
as well.

Limitations and future directions

The human data revealed many cases where an ANN was not 
detected by the DLA, yet in some of these cases hearing, especially in 
non-CI subjects, was present. Consequently, it appears that an ANN 
can exist without detection by current ECochG. In these cases, basal 
hair cells may be present and dominate the responses, while surviving 
neural responses from the apex, or from within the core of the 
auditory nerve, are too small to be detected. This pattern would also 
be an indication of cochlear synaptopathy in the more basally located 
hair cells.

The potential benefit of a condition with functional, surviving hair 
cells is in the realm of neural regeneration. If regeneration is required 
to reintroduce hair cells and a functional organ of Corti, the prospect 
is daunting. However, if only a reconnection between nerves and still-
existing hair cells is needed, the problem is more straightforward, and 
promising trends in this direction are being seen. Along with the 
anatomical studies that reached a similar conclusion (10), our 
physiological study indicates cochlear synaptopathy is likely to 
be relatively common, including those with substantial hearing loss, 
so that regenerative therapies targeting neural regrowth have a strong 
prospect of finding a ready substrate for reinnervation.

Conclusion

Cochlear synaptopathy is loss of synapses while hair cells are 
intact. Though largely accepted to happen in animals, evidence in 
humans is still limited. We used a combination of deep learning and 
mathematical modeling to analyze the contributions of the ANN and 
CM in ECochG. We  showed that human subjects-both with and 
without cochlear implants-are not significantly different from gerbils 

who have been treated with neurotoxin, indicating some degree of 
cochlear synaptopathy in these subjects.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and 
approved by Institutional Review Boards at the University of North 
Carolina at Chapel Hill and the Ohio State University. Written 
informed consent to participate in this study was provided by the 
participants or legal guardian if less than 18 years old and child’s 
assent if > 7 years old. The animal study was reviewed and approved 
by Institutional Animal Care and Use Committee (IACUC) at the 
University of North Carolina at Chapel Hill.

Author contributions

RH and DF: conceptualization, software, formal analysis, data 
curation, writing – original draft, and visualization. RH, KH, WR, KB, 
HP, OA, and CB: methodology. KH, DF, WR, KB, HP, OA, and CB: 
investigation. WR, KH, KB, HP, OA, and CB: writing – review and 
editing. DF: supervision, project administration, and funding 
acquisition. All authors contributed to the article and approved the 
submitted version.

Funding

This work was supported by the Office of the Assistant Secretary 
of Defense for Health Affairs through the Hearing Restoration 
Research Program under Award No. W81XWH-19-1-0609. The 
opinions, interpretations, conclusions, and recommendations are 
those of the authors and are not necessarily endorsed by the 
Department of Defense.

Acknowledgments

We thank Stephen Pulver for expert technical assistance and John 
Grose for helpful comments on an earlier draft of the manuscript.

Conflict of interest

DF, OA, CB, HP, and KB have consulting arrangements and 
research projects with MED-EL, Cochlear Corp, and/or Advanced 
Bionics. CB also consults for Envoy Medical and IotaMotion. OA and 
CB have an equity interest in Advanced Cochlear Diagnostics.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

https://doi.org/10.3389/fneur.2023.1104574
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Haggerty et al. 10.3389/fneur.2023.1104574

Frontiers in Neurology 16 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Kujawa SG, Liberman MC. Adding insult to injury: cochlear nerve degeneration 

after "temporary" noise-induced hearing loss. J Neurosci. (2009) 29:14077–85. doi: 
10.1523/JNEUROSCI.2845-09.2009

 2. Kujawa SG, Liberman MC. Synaptopathy in the noise-exposed and aging cochlea: 
primary neural degeneration in acquired sensorineural hearing loss. Hear Res. (2015) 
330:191–9. doi: 10.1016/j.heares.2015.02.009

 3. Liberman MC, Kujawa SG. Cochlear synaptopathy in acquired sensorineural 
hearing loss: manifestations and mechanisms. Hear Res. (2017) 349:138–47. doi: 
10.1016/j.heares.2017.01.003

 4. Lin HW, Furman AC, Kujawa SG, Liberman MC. Primary neural degeneration in 
the Guinea pig cochlea after reversible noise-induced threshold shift. J Assoc Res 
Otolaryngol. (2011) 12:605–16. doi: 10.1007/s10162-011-0277-0

 5. Bourien J, Tang Y, Batrel C, Huet A, Lenoir M, Ladrech S, et al. Contribution of 
auditory nerve fibers to compound action potential of the auditory nerve. J Neurophysiol. 
(2014) 112:1025–39. doi: 10.1152/jn.00738.2013

 6. Furman AC, Kujawa SG, Liberman MC. Noise-induced cochlear neuropathy is 
selective for fibers with low spontaneous rates. J Neurophysiol. (2013) 110:577–86. doi: 
10.1152/jn.00164.2013

 7. Hickman TT, Hashimoto K, Liberman LD, Liberman MC. Cochlear synaptic 
degeneration and regeneration after noise: effects of age and neuronal subgroup. Front 
Cell Neurosci. (2021) 15:684706. doi: 10.3389/fncel.2021.684706

 8. Makary CA, Shin J, Kujawa SG, Liberman MC, Merchant SN. Age-related primary 
Cochlear neuronal degeneration in human temporal bones. J Assoc Res Otolaryngol. 
(2011) 12:711–7. doi: 10.1007/s10162-011-0283-2

 9. Viana LM, O'Malley JT, Burgess BJ, Jones DD, Oliveira CA, Santos F, et al. Cochlear 
neuropathy in human presbycusis: confocal analysis of hidden hearing loss in post-
mortem tissue. Hear Res. (2015) 327:78–88. doi: 10.1016/j.heares.2015.04.014

 10. Wu PZ, Liberman LD, Bennett K, de Gruttola V, O'Malley JT, Liberman MC. 
Primary neural degeneration in the human cochlea: evidence for hidden hearing loss in 
the aging ear. Neuroscience. (2019) 407:8–20. doi: 10.1016/j.neuroscience.2018.07.053

 11. Bramhall N, Beach EF, Epp B, Le Prell CG, Lopez-Poveda EA, Plack CJ, et al. The 
search for noise-induced cochlear synaptopathy in humans: Mission impossible? Hear 
Res. (2019) 377:88–103. doi: 10.1016/j.heares.2019.02.016

 12. Fulbright ANC, Le Prell CG, Griffiths SK, Lobarinas E. Effects of recreational noise 
on threshold and Suprathreshold measures of auditory function. Semin Hear. (2017) 
38:298–318. doi: 10.1055/s-0037-1606325

 13. Grose JH, Buss E, Hall JW 3rd. Loud music exposure and Cochlear Synaptopathy 
in young adults: isolated auditory brainstem response effects but no perceptual 
consequences. Trends Hear. (2017) 21:233121651773741. doi: 
10.1177/2331216517737417

 14. Guest H, Munro KJ, Prendergast G, Millman RE, Plack CJ. Impaired speech 
perception in noise with a normal audiogram: no evidence for cochlear synaptopathy 
and no relation to lifetime noise exposure. Hear Res. (2018) 364:142–51. doi: 10.1016/j.
heares.2018.03.008

 15. Prendergast G, Millman RE, Guest H, Munro KJ, Kluk K, Dewey RS, et al. Effects 
of noise exposure on young adults with normal audiograms II: behavioral measures. 
Hear Res. (2017) 356:74–86. doi: 10.1016/j.heares.2017.10.007

 16. Yeend I, Beach EF, Sharma M, Dillon H. The effects of noise exposure and musical 
training on suprathreshold auditory processing and speech perception in noise. Hear 
Res. (2017) 353:224–36. doi: 10.1016/j.heares.2017.07.006

 17. Bramhall NF, Konrad-Martin D, McMillan GP, Griest SE. Auditory brainstem 
response altered in humans with noise exposure despite normal outer hair cell function. 
Ear Hear. (2017) 38:e1–e12. doi: 10.1097/AUD.0000000000000370

 18. Mehraei G, Hickox AE, Bharadwaj HM, Goldberg H, Verhulst S, Liberman MC, 
et al. Auditory brainstem response latency in noise as a marker of cochlear synaptopathy. 
J Neurosci. (2016) 36:3755–64. doi: 10.1523/JNEUROSCI.4460-15.2016

 19. Grant KJ, Mepani AM, Wu P, Hancock KE, de Gruttola V, Liberman MC, et al. 
Electrophysiological markers of cochlear function correlate with hearing-in-noise 
performance among audiometrically normal subjects. J Neurophysiol. (2020) 124:418–31. 
doi: 10.1152/jn.00016.2020

 20. Mepani AM, Kirk SA, Hancock KE, Bennett K, de Gruttola V, Liberman MC, et al. 
Middle ear muscle reflex and word recognition in "Normal-hearing" adults: evidence for 
cochlear synaptopathy? Ear Hear. (2020) 41:25–38. doi: 10.1097/AUD.0000000000000804

 21. Liberman MC, Epstein MJ, Cleveland SS, Wang H, Maison SF. Toward a differential 
diagnosis of hidden hearing loss in humans. PLoS One. (2016) 11:e0162726. doi: 
10.1371/journal.pone.0162726

 22. Bharadwaj HM, Masud S, Mehraei G, Verhulst S, Shinn-Cunningham BG. 
Individual differences reveal correlates of hidden hearing deficits. J Neurosci. (2015) 
35:2161–72. doi: 10.1523/JNEUROSCI.3915-14.2015

 23. Hickman TT, Hashimoto K, Liberman LD, Liberman MC. Synaptic migration and 
reorganization after noise exposure suggests regeneration in a mature mammalian 
cochlea. Sci Rep. (2020) 10:19945. doi: 10.1038/s41598-020-76553-w

 24. Shi L, Liu L, He T, Guo X, Yu Z, Yin S, et al. Ribbon synapse plasticity in the 
cochleae of Guinea pigs after noise-induced silent damage. PLoS One. (2013) 8:e81566. 
doi: 10.1371/journal.pone.0081566

 25. Wang J, Yin S, Chen H, Shi L. Noise-induced Cochlear Synaptopathy and ribbon 
synapse regeneration: repair process and therapeutic target. Adv Exp Med Biol. (2019) 
1130:37–57. doi: 10.1007/978-981-13-6123-4_3

 26. Puel JL, Ruel J, Gervais d'Aldin C, Pujol R. Excitotoxicity and repair of cochlear 
synapses after noise-trauma induced hearing loss. Neuroreport. (1998) 9:2109–14. doi: 
10.1097/00001756-199806220-00037

 27. Pujol R, Puel JL. Excitotoxicity, synaptic repair, and functional recovery in the 
mammalian cochlea: a review of recent findings. Ann N Y Acad Sci. (1999) 884:249–54. 
doi: 10.1111/j.1749-6632.1999.tb08646.x

 28. Suthakar K, Liberman MC. Auditory-nerve responses in mice with noise-induced 
cochlear synaptopathy. J Neurophysiol. (2021) 126:2027–38. doi: 10.1152/jn.00342.2021

 29. Fontenot TE, Giardina CK, Dillon MT, Rooth MA, Teagle HF, Park LR, et al. 
Residual cochlear function in adults and children receiving cochlear implants: 
correlations with speech perception outcomes. Ear Hear. (2019) 40:577–91. doi: 10.1097/
AUD.0000000000000630

 30. McClellan JH, Formeister EJ, Merwin WH 3rd, Dillon MT, Calloway N, Iseli C, 
et al. Round window electrocochleography and speech perception outcomes in adult 
cochlear implant subjects: comparison with audiometric and biographical information. 
Otol Neurotol. (2014) 35:e245–52. doi: 10.1097/MAO.0000000000000557

 31. Walia A, Shew MA, Kallogjeri D, Wick CC, Durakovic N, Lefler SM, et al. 
Electrocochleography and cognition are important predictors of speech perception 
outcomes in noise for cochlear implant recipients. Sci Rep. (2022) 12:3083. doi: 10.1038/
s41598-022-07175-7

 32. Gifford RH, Dorman MF, Shallop JK, Sydlowski SA. Evidence for the expansion 
of adult cochlear implant candidacy. Ear Hear. (2010) 31:186–94. doi: 10.1097/
AUD.0b013e3181c6b831

 33. Holden LK, Firszt JB, Reeder RM, Uchanski RM, Dwyer NY, Holden TA. Factors 
affecting outcomes in cochlear implant recipients implanted with a perimodiolar 
electrode array located in Scala tympani. Otol Neurotol. (2016) 37:1662–8. doi: 10.1097/
MAO.0000000000001241

 34. Lazard DS, Vincent C, Venail F, van de Heyning P, Truy E, Sterkers O, et al. Pre-, 
per-and postoperative factors affecting performance of postlinguistically deaf adults 
using cochlear implants: a new conceptual model over time. PLoS One. (2012) 7:e48739. 
doi: 10.1371/journal.pone.0048739

 35. Carlson ML. Cochlear implantation in adults. N Engl J Med. (2020) 382:1531–42. 
doi: 10.1056/NEJMra1904407

 36. Riggs WJ, Hiss MM, Skidmore J, Varadarajan VV, Mattingly JK, Moberly AC, et al. 
Utilizing Electrocochleography as a microphone for fully implantable Cochlear 
implants. Sci Rep. (2020) 10:3714. doi: 10.1038/s41598-020-60694-z

 37. Wever EG, Bray C. Action currents in the auditory nerve in response to acoustic 
stimulation. Proc Nat Acad Sci U S A. (1930) 16:344–50. doi: 10.1073/pnas.16.5.344

 38. Henry KR. Auditory nerve neurophonic recorded from the round window of the 
Mongolian gerbil. Hear Res. (1995) 90:176–84. doi: 10.1016/0378-5955(95)00162-6

 39. Snyder RL, Schreiner CE. The auditory neurophonic: basic properties. Hear Res. 
(1984) 15:261–80. doi: 10.1016/0378-5955(84)90033-9

 40. Russell IJ. Cochlear receptor potentials In: AI Basbaum, A Kaneko, GM Shepherd 
and G Westheimer, editors. The senses, a comprehensive reference. San Diego: Elsevier 
(2008). 319–58.

 41. Chertoff ME. Analytic treatment of the compound action potential: estimating the 
summed post-stimulus time histogram and unit response. J Acoust Soc Am. (2004) 
116:3022–30. doi: 10.1121/1.1791911

 42. Goldstein MH, Kiang NYS. Synchrony of neural activity in electric responses 
evoked by transient acoustic stimuli. J Acoust Soc Am. (1958) 30:107–14. doi: 
10.1121/1.1909497

 43. Kiang NYS, Moxon EC, Kahn AR. The relationship of gross potentials recorded 
from cochlea to single unit activity in the auditory nerve In: RJ Ruben, C Elberling and 

https://doi.org/10.3389/fneur.2023.1104574
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1523/JNEUROSCI.2845-09.2009
https://doi.org/10.1016/j.heares.2015.02.009
https://doi.org/10.1016/j.heares.2017.01.003
https://doi.org/10.1007/s10162-011-0277-0
https://doi.org/10.1152/jn.00738.2013
https://doi.org/10.1152/jn.00164.2013
https://doi.org/10.3389/fncel.2021.684706
https://doi.org/10.1007/s10162-011-0283-2
https://doi.org/10.1016/j.heares.2015.04.014
https://doi.org/10.1016/j.neuroscience.2018.07.053
https://doi.org/10.1016/j.heares.2019.02.016
https://doi.org/10.1055/s-0037-1606325
https://doi.org/10.1177/2331216517737417
https://doi.org/10.1016/j.heares.2018.03.008
https://doi.org/10.1016/j.heares.2018.03.008
https://doi.org/10.1016/j.heares.2017.10.007
https://doi.org/10.1016/j.heares.2017.07.006
https://doi.org/10.1097/AUD.0000000000000370
https://doi.org/10.1523/JNEUROSCI.4460-15.2016
https://doi.org/10.1152/jn.00016.2020
https://doi.org/10.1097/AUD.0000000000000804
https://doi.org/10.1371/journal.pone.0162726
https://doi.org/10.1523/JNEUROSCI.3915-14.2015
https://doi.org/10.1038/s41598-020-76553-w
https://doi.org/10.1371/journal.pone.0081566
https://doi.org/10.1007/978-981-13-6123-4_3
https://doi.org/10.1097/00001756-199806220-00037
https://doi.org/10.1111/j.1749-6632.1999.tb08646.x
https://doi.org/10.1152/jn.00342.2021
https://doi.org/10.1097/AUD.0000000000000630
https://doi.org/10.1097/AUD.0000000000000630
https://doi.org/10.1097/MAO.0000000000000557
https://doi.org/10.1038/s41598-022-07175-7
https://doi.org/10.1038/s41598-022-07175-7
https://doi.org/10.1097/AUD.0b013e3181c6b831
https://doi.org/10.1097/AUD.0b013e3181c6b831
https://doi.org/10.1097/MAO.0000000000001241
https://doi.org/10.1097/MAO.0000000000001241
https://doi.org/10.1371/journal.pone.0048739
https://doi.org/10.1056/NEJMra1904407
https://doi.org/10.1038/s41598-020-60694-z
https://doi.org/10.1073/pnas.16.5.344
https://doi.org/10.1016/0378-5955(95)00162-6
https://doi.org/10.1016/0378-5955(84)90033-9
https://doi.org/10.1121/1.1791911
https://doi.org/10.1121/1.1909497


Haggerty et al. 10.3389/fneur.2023.1104574

Frontiers in Neurology 17 frontiersin.org

G Salomon, editors. Electrocochleography. Baltimore: University Park Press (1976). 
95–115.

 44. Versnel H, Prijs VF, Schoonhoven R. Round-window recorded potential of single-
fibre discharge (unit response) in normal and noise-damaged cochleas. Hear Res. (1992) 
59:157–70. doi: 10.1016/0378-5955(92)90112-Z

 45. Fontenot TE, Giardina CK, Fitzpatrick DC. A model-based approach for 
separating the cochlear microphonic from the auditory nerve neurophonic in the 
ongoing response using Electrocochleography. Front Neurosci. (2017) 11:592. doi: 
10.3389/fnins.2017.00592

 46. Kim JR, Tejani VD, Abbas PJ, Brown CJ. Intracochlear recordings of acoustically 
and electrically evoked potentials in nucleus hybrid L24 Cochlear implant users and 
their relationship to speech perception. Front Neurosci. (2017) 11:216. doi: 10.3389/
fnins.2017.00216

 47. Lichtenhan JT, Cooper NP, Guinan JJ Jr. A new auditory threshold estimation 
technique for low frequencies: proof of concept. Ear Hear. (2013) 34:42–51. doi: 10.1097/
AUD.0b013e31825f9bd3

 48. Lichtenhan JT, Hartsock JJ, Gill RM, Guinan JJ Jr, Salt AN. The auditory nerve 
overlapped waveform (ANOW) originates in the Cochlear apex. J Assoc Res Otolaryngol. 
(2014) 15:395–411. doi: 10.1007/s10162-014-0447-y

 49. Snyder RL, Schreiner CE. Forward masking of the auditory nerve neurophonic 
(ANN) and the frequency following response (FFR). Hear Res. (1985) 20:45–62. doi: 
10.1016/0378-5955(85)90058-9

 50. Snyder RL, Schreiner CE. Auditory neurophonic responses to amplitude-
modulated tones: transfer functions and forward masking. Hear Res. (1987) 31:79–91. 
doi: 10.1016/0378-5955(87)90215-2

 51. Verschooten E, Robles L, Joris PX. Assessment of the limits of neural phase-
locking using mass potentials. J Neurosci. (2015) 35:2255–68. doi: 10.1523/
JNEUROSCI.2979-14.2015

 52. Verschooten E, Shamma S, Oxenham AJ, Moore BCJ, Joris PX, Heinz MG, et al. 
The upper frequency limit for the use of phase locking to code temporal fine structure 
in humans: a compilation of viewpoints. Hear Res. (2019) 377:109–21. doi: 10.1016/j.
heares.2019.03.011

 53. Lee C, Valenzuela CV, Goodman SS, Kallogjeri D, Buchman CA, Lichtenhan JT. 
Early detection of Endolymphatic Hydrops using the auditory nerve overlapped 
waveform (ANOW). Neuroscience. (2020) 425:251–66. doi: 10.1016/j.
neuroscience.2019.11.004

 54. Choudhury B, Fitzpatrick DC, Buchman CA, Wei BP, Dillon MT, He S, et al. 
Intraoperative round window recordings to acoustic stimuli from cochlear implant 
patients. Otol Neurotol. (2012) 33:1507–15. doi: 10.1097/MAO.0b013e31826dbc80

 55. Forgues M, Koehn HA, Dunnon AK, Pulver SH, Buchman CA, Adunka OFet al. 
Distinguishing hair cell from neural potentials recorded at the round window. J 
Neurophysiol. (2014) 111:580–93. doi: 10.1152/jn.00446.2013

 56. Pappa AK, Hutson KA, Scott WC, Wilson JD, Fox KE, Masood MM, et al. Hair 
cell and neural contributions to the cochlear summating potential. J Neurophysiol. (2019) 
121:2163–80. doi: 10.1152/jn.00006.2019

 57. Muller M. The cochlear place-frequency map of the adult and developing 
Mongolian gerbil. Hear Res. (1996) 94:148–56. doi: 10.1016/0378-5955(95)00230-8

 58. Choudhury B, Adunka OFDemason CE, Ahmad FI, Buchman CA, Fitzpatrick DC. 
Detection of intracochlear damage with cochlear implantation in a gerbil model of 
hearing loss. Otol Neurotol. (2011) 32:1370–8. doi: 10.1097/MAO.0b013e31822f09f2

 59. Suberman TA, Campbell AP, Adunka OFBuchman CA, Roche JP, Fitzpatrick DC. 
A gerbil model of sloping sensorineural hearing loss. Otol Neurotol. (2011) 32:544–52. 
doi: 10.1097/MAO.0b013e31821343f5

 60. Mikulec AA, Plontke SK, Hartsock JJ, Salt AN. Entry of substances into perilymph 
through the bone of the otic capsule after intratympanic applications in guinea pigs: 
implications for local drug delivery in humans. Otol Neurotol. (2009) 30:131–8. doi: 
10.1097/MAO.0b013e318191bff8

 61. Reimers N, Gurevych I (2017) Optimal hyperparameters for deep LSTM-networks 
for sequence labeling tasks. arXiv preprint arXiv:1707.06799.

 62. Canfarotta MW, O'Connell BP, Giardina CK, Buss E, Brown KD, Dillon MT, et al. 
Relationship between electrocochleography, angular insertion depth, and Cochlear 
implant speech perception outcomes. Ear Hear. (2020) 42:941–8. doi: 10.1097/
AUD.0000000000000985

 63. Walia A, Shew MA, Lee DS, Lefler SM, Kallogjeri D, Wick CC, et al. Promontory 
Electrocochleography recordings to predict speech-perception performance in Cochlear 
implant recipients. Otol Neurotol. (2022) 43:915–23. doi: 10.1097/
MAO.0000000000003628

 64. Barlow HB, Levick WR, Yoon M. Responses to single quanta of light in retinal 
ganglion cells of the cat. Vision Res Suppl. (1971) 11:87–101. doi: 
10.1016/0042-6989(71)90033-2

 65. Bialek W. Physical limits to sensation and perception. Annu Rev Biophys Biophys 
Chem. (1987) 16:455–78. doi: 10.1146/annurev.bb.16.060187.002323

 66. Schuster M, Paliwal KK. Bidirectional recurrent neural networks. Ieee T Signal 
Proces. (1997) 45:2673–81. doi: 10.1109/78.650093

 67. He W, Porsov E, Kemp D, Nuttall AL, Ren T. The group delay and suppression 
pattern of the cochlear microphonic potential recorded at the round window. PLoS One. 
(2012) 7:e34356. doi: 10.1371/journal.pone.0034356

 68. Robles L, Ruggero MA. Mechanics of the mammalian cochlea. Physiol Rev. (2001) 
81:1305–52. doi: 10.1152/physrev.2001.81.3.1305

 69. van der Heijden M, Versteegh CP. Energy flux in the cochlea: evidence against 
power amplification of the traveling wave. J Assoc Res Otolaryngol. (2015) 16:581–97. 
doi: 10.1007/s10162-015-0529-5

 70. Parham K, Zhao H-B, Kim DO. Responses of auditory nerve fibers of the 
unanesthetized decerebrate cat to click pairs as simulated echoes. J Neurophysiol. (1996) 
76:17–29. doi: 10.1152/jn.1996.76.1.17

 71. Valero MD, Burton JA, Hauser SN, Hackett TA, Ramachandran R, Liberman MC. 
Noise-induced cochlear synaptopathy in rhesus monkeys (Macaca mulatta). Hear Res. 
(2017) 353:213–23. doi: 10.1016/j.heares.2017.07.003

 72. Schaette R, McAlpine D. Tinnitus with a normal audiogram: physiological 
evidence for hidden hearing loss and computational model. J Neurosci. (2011) 
31:13452–7. doi: 10.1523/JNEUROSCI.2156-11.2011

 73. Bester CW, Campbell L, Dragovic A, Collins A, O'Leary SJ. Characterizing 
Electrocochleography in Cochlear implant recipients with residual low-frequency 
hearing. Front Neurosci. (2017) 11:141. doi: 10.3389/fnins.2017.00141

 74. Calloway NH, Fitzpatrick DC, Campbell AP, Iseli C, Pulver S, Buchman CA, et al. 
Intracochlear electrocochleography during cochlear implantation. Otol Neurotol. (2014) 
35:1451–7. doi: 10.1097/MAO.0000000000000451

 75. Harris MS, Riggs WJ, Giardina CK, O'Connell BP, Holder JT, Dwyer RT, et al. 
Patterns seen during electrode insertion using Intracochlear Electrocochleography 
obtained directly through a Cochlear implant. Otol Neurotol. (2017) 38:1415–20. doi: 
10.1097/MAO.0000000000001559

 76. Gibson WP, Sanli H. Auditory neuropathy: an update. Ear Hear. (2007) 28:102S–
6S. doi: 10.1097/AUD.0b013e3180315392

 77. Starr A, Picton TW, Sininger Y, Hood LJ, Berlin CI. Auditory neuropathy. Brain. 
(1996) 119:741–53. doi: 10.1093/brain/119.3.741

 78. Riggs WJ, Roche JP, Giardina CK, Harris MS, Bastian ZJ, Fontenot TE, et al. 
Intraoperative electrocochleographic characteristics of auditory neuropathy spectrum 
disorder in cochlear implant subjects. Front Neurosci. (2017) 11:416. doi: 10.3389/
fnins.2017.00416

 79. Lutz BT, Hutson KA, Trecca EMC, Hamby M, Fitzpatrick DC. Neural contributions 
to the cochlear summating potential: spiking and dendritic components. J Assoc Res 
Otolaryngol. (2022) 23:351–63. doi: 10.1007/s10162-022-00842-6

 80. Abbas PJ, Tejani VD, Scheperle RA, Brown CJ. Using neural response telemetry to 
monitor physiological responses to acoustic stimulation in hybrid cochlear implant 
users. Ear Hear. (2017) 38:409–25. doi: 10.1097/AUD.0000000000000400

 81. Coulthurst S, Nachman AJ, Murray MT, Koka K, Saoji AA. Comparison of pure-
tone thresholds and Cochlear microphonics thresholds in pediatric Cochlear implant 
patients. Ear Hear. (2020) 41:1320–6. doi: 10.1097/AUD.0000000000000870

 82. Koka K, Saoji AA, Litvak LM. Electrocochleography in Cochlear implant recipients 
with residual hearing: comparison with audiometric thresholds. Ear Hear. (2016) 
38:e161–7.

 83. Holden LK, Finley CC, Firszt JB, Holden TA, Brenner C, Potts LG, et al. Factors 
affecting open-set word recognition in adults with cochlear implants. Ear Hear. (2013) 
34:342–60. doi: 10.1097/AUD.0b013e3182741aa7

 84. Green SH, Bailey E, Wang Q, Davis RL. The Trk A, B, C's of neurotrophins in the 
cochlea. Anat Rec (Hoboken). (2012) 295:1877–95. doi: 10.1002/ar.22587

 85. Suzuki J, Corfas G, Liberman MC. Round-window delivery of neurotrophin 3 
regenerates cochlear synapses after acoustic overexposure. Sci Rep. (2016) 6:24907. doi: 
10.1038/srep24907

 86. Trecca EMC, Riggs WJ, Mattingly JK, Hiss MM, Cassano MAdunka OF. 
Electrocochleography and Cochlear implantation: a systematic review. Otol Neurotol. 
(2020) 41:864–78. doi: 10.1097/MAO.0000000000002694

 87. Dalbert A, Rohner P, Roosli C, Veraguth D, Huber A, Pfiffner F. Correlation 
between electrocochleographic changes during surgery and hearing outcome in cochlear 
implant recipients: a case report and systematic review of the literature. Otol Neurotol. 
(2020) 41:318–26. doi: 10.1097/MAO.0000000000002506

 88. O'Leary S, Briggs R, Gerard JM, Iseli C, Wei BPC, Tari S, et al. Intraoperative 
observational real-time Electrocochleography as a predictor of hearing loss after 
Cochlear implantation: 3 and 12 month outcomes. Otol Neurotol. (2020) 41:1222–9. doi: 
10.1097/MAO.0000000000002773

 89. Knox GW, McPherson A. Meniere's disease: differential diagnosis and treatment. 
Am Fam Physician. (1997) 55:1193–84.

 90. Roosli C, Linthicum FH Jr, Cureoglu S, Merchant SN. Dysfunction of the cochlea 
contributing to hearing loss in acoustic neuromas: an underappreciated entity. Otol 
Neurotol. (2012) 33:473–80. doi: 10.1097/MAO.0b013e318248ee02

 91. Samii M, Matthies C. Management of 1000 vestibular schwannomas (acoustic 
neuromas): hearing function in 1000 tumor resections. Neurosurgery. (1997) 40:248–62. 
doi: 10.1097/00006123-199702000-00005

https://doi.org/10.3389/fneur.2023.1104574
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/0378-5955(92)90112-Z
https://doi.org/10.3389/fnins.2017.00592
https://doi.org/10.3389/fnins.2017.00216
https://doi.org/10.3389/fnins.2017.00216
https://doi.org/10.1097/AUD.0b013e31825f9bd3
https://doi.org/10.1097/AUD.0b013e31825f9bd3
https://doi.org/10.1007/s10162-014-0447-y
https://doi.org/10.1016/0378-5955(85)90058-9
https://doi.org/10.1016/0378-5955(87)90215-2
https://doi.org/10.1523/JNEUROSCI.2979-14.2015
https://doi.org/10.1523/JNEUROSCI.2979-14.2015
https://doi.org/10.1016/j.heares.2019.03.011
https://doi.org/10.1016/j.heares.2019.03.011
https://doi.org/10.1016/j.neuroscience.2019.11.004
https://doi.org/10.1016/j.neuroscience.2019.11.004
https://doi.org/10.1097/MAO.0b013e31826dbc80
https://doi.org/10.1152/jn.00446.2013
https://doi.org/10.1152/jn.00006.2019
https://doi.org/10.1016/0378-5955(95)00230-8
https://doi.org/10.1097/MAO.0b013e31822f09f2
https://doi.org/10.1097/MAO.0b013e31821343f5
https://doi.org/10.1097/MAO.0b013e318191bff8
https://doi.org/10.1097/AUD.0000000000000985
https://doi.org/10.1097/AUD.0000000000000985
https://doi.org/10.1097/MAO.0000000000003628
https://doi.org/10.1097/MAO.0000000000003628
https://doi.org/10.1016/0042-6989(71)90033-2
https://doi.org/10.1146/annurev.bb.16.060187.002323
https://doi.org/10.1109/78.650093
https://doi.org/10.1371/journal.pone.0034356
https://doi.org/10.1152/physrev.2001.81.3.1305
https://doi.org/10.1007/s10162-015-0529-5
https://doi.org/10.1152/jn.1996.76.1.17
https://doi.org/10.1016/j.heares.2017.07.003
https://doi.org/10.1523/JNEUROSCI.2156-11.2011
https://doi.org/10.3389/fnins.2017.00141
https://doi.org/10.1097/MAO.0000000000000451
https://doi.org/10.1097/MAO.0000000000001559
https://doi.org/10.1097/AUD.0b013e3180315392
https://doi.org/10.1093/brain/119.3.741
https://doi.org/10.3389/fnins.2017.00416
https://doi.org/10.3389/fnins.2017.00416
https://doi.org/10.1007/s10162-022-00842-6
https://doi.org/10.1097/AUD.0000000000000400
https://doi.org/10.1097/AUD.0000000000000870
https://doi.org/10.1097/AUD.0b013e3182741aa7
https://doi.org/10.1002/ar.22587
https://doi.org/10.1038/srep24907
https://doi.org/10.1097/MAO.0000000000002694
https://doi.org/10.1097/MAO.0000000000002506
https://doi.org/10.1097/MAO.0000000000002773
https://doi.org/10.1097/MAO.0b013e318248ee02
https://doi.org/10.1097/00006123-199702000-00005

	Assessment of cochlear synaptopathy by electrocochleography to low frequencies in a preclinical model and human subjects
	Introduction
	Materials and methods
	Animal and human subjects
	Experimental design
	ECochG principles
	The average cycle as the unit of analysis for detecting and measuring the CM and ANN
	Acoustic stimulation and recording
	Gerbil and human data sets
	Deep learning algorithm
	Analytic model and ANN proportion

	Results
	The complex shape of average cycle is caused by the ANN
	Performance of the DLA model
	Analytical model results
	Effects of neurotoxins and noise exposure on the ANN proportion in gerbils
	Results in humans
	Human groups are most similar to gerbil groups exposed to KA
	ECochG thresholds are often better than behavioral in CI subjects

	Discussion
	The deep learning algorithm to identify the presence or absence of the ANN
	The analytic model to estimate the proportion of the ANN and CM
	Cochlear synaptopathy in animal studies
	Cochlear synaptopathy in human subjects

	Limitations and future directions
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

