
B A S I C R E S E A R CH

The effects of noise-induced hair cell lesions on cochlear
electromechanical responses: A computational approach
using a biophysical model

Amin Saremi1 | Stefan Stenfelt2

1Department of Applied Physics and
Electronics, Umeå University, Umeå,
Sweden
2Department of Biomedical and Clinical
Sciences, Linköping University,
Linköping, Sweden

Correspondence
Amin Saremi, Department of Applied
Physics and Electronics, Umeå University,
901 87 Umeå, Sweden.
Email: amin.saremi@umu.se

Funding information
DFG Cluster of Excellence, Grant/Award
Number: EXC 1077/1 "Hearing4all",
University of Oldenburg, Germany;
Hörselskadades Riksförbund (HRF);
Swedish Research Council, Grant/Award
Numbers: 2017-06092, 349-2007-8654

Abstract

A biophysically inspired signal processing model of the human cochlea is

deployed to simulate the effects of specific noise-induced inner hair cell (IHC)

and outer hair cell (OHC) lesions on hearing thresholds, cochlear compression,

and the spectral and temporal features of the auditory nerve (AN) coding. The

model predictions were evaluated by comparison with corresponding data

from animal studies as well as human clinical observations. The hearing

thresholds were simulated for specific OHC and IHC damages and the

cochlear nonlinearity was assessed at 0.5 and 4 kHz. The tuning curves were

estimated at 1 kHz and the contributions of the OHC and IHC pathologies to

the tuning curve were distinguished by the model. Furthermore, the phase

locking of AN spikes were simulated in quiet and in presence of noise. The

model predicts that the phase locking drastically deteriorates in noise indicat-

ing the disturbing effect of background noise on the temporal coding in case of

hearing impairment. Moreover, the paper presents an example wherein the

model is inversely configured for diagnostic purposes using a machine learning

optimization technique (Nelder–Mead method). Accordingly, the model finds

a specific pattern of OHC lesions that gives the audiometric hearing loss mea-

sured in a group of noise-induced hearing impaired humans.
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1 | INTRODUCTION

Hearing loss affects approximately one in five, globally.1 One common cause for a hearing loss is exposure to high
sound levels. It has been demonstrated that inner-ear stereocilia micromechanics change during exposure to intense
stimulation which may recover shortly after the stimulation ends.2–4However, if the stimulation is too intense or
the exposure duration is too long, it may lead to permanent damage or even the death of the outer hair cells (OHCs)
and/or the inner hair cells (IHCs) through either apoptosis or necrosis processes.3,5,6 This clinical condition is known as
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noise-induced hearing loss (NIHL), which is common among construction workers, musicians, military staff, and
hunters.7 Despite this, routine clinical methods do not clearly pinpoint and differentiate the physiological roots of
these impairments.8–10

The negative effects of noise exposure on mammalian cochlear physiology have been extensively recorded and stud-
ied in animals (e.g., References 2, 3, 5, 10, 11). However, in humans, it is impracticable to instantly assess the cochlear
status in vivo. Therefore, in absence of direct measurements, it is necessary to develop computational models to facili-
tate our understanding of the underlying mechanisms causing the observed NIHL in humans.

A large number of computational auditory models have been developed as mathematical frameworks to quantita-
tively describe the signal processing in the human hearing system. These models reproduce key features of the human
sound coding such as critical bands, excitation patterns, and active level- and frequency-dependent cochlear amplifica-
tion (see Meddis and Lopez-Poveda12 for a review). The main idea behind these functional (phenomenological) models
is to reproduce the overall psychoacoustic outcome of the auditory system using different combination of linear and
nonlinear computational elements, that is, filter banks and compressors, without directly linking these elements with
structural details and subprocesses at the cellular level. Saremi et al.13 analyzed the performance of several publicly
available auditory models in reproducing the forth mentioned physiological and psychoacoustic features of the human
auditory periphery. In recent years, a new line of modeling has emerged which aims at incorporating biophysical details
of cellular structures to establish a link between cochlear signal processing and the underlying biological mechanisms
(e.g., References 14–16).

The aim of this study is to use a biophysically inspired model of the mammalian cochlea to better understand and
differentiate the underlying mechanisms, and consequences of specific cochlear lesions associated with noise-induced
lesions on the human peripheral auditory functions. A key interest is to simulate the consequences of specific hair cell
lesions based on experimental studies and to numerically differentiate between the contributions of OHC lesions versus
IHC lesions in generating the observed outcomes. The peripheral auditory functions that are investigated in this analy-
sis include the hearing thresholds, cochlear nonlinear response growth, cochlear frequency tuning and the phase
locking of the AN spikes. The predictions of the model are evaluated by comparing to relevant experimental data from
animal and human studies, whenever available.

The model is also used to associate a specific OHC lesion pattern to a given audiometric hearing loss as an example
to show the model's potentials in diagnosing the biophysical origins of cochlear hearing loss. This is accomplished by a
numerical optimization algorithm based on Nelder–Mead simplex17 which is applied on the model to find a specific
configuration of OHC lesions that closely yields the given audiogram measured in a group of hearing-impaired individ-
uals with documented history of noise exposure.

2 | METHOD

2.1 | Modeling methods

Saremi and Stenfelt15 introduced a detailed biophysically motivated computational model of the mammalian cochlear
mechanics. The model performed well in a comparative study of seven human cochlear mechanics models13 which ana-
lyzed the overall success of these models in reproducing several key features of the human cochlear functions by quan-
titatively comparing the output predictions of these models to a large set of available physiological data recorded from
mammalian cochleae as well as translational psychoacoustic data from human clinical studies.

The original biophysical model of Saremi and Stenfelt15 was devised to simulate the cochlear mechanical vibra-
tions and did not include the forthcoming sensory IHC and auditory nerve (AN) stages. Therefore, to enable simu-
lating the neuronal activity on the AN fibers, the output of the model is connected to a biophysical model of the
human IHC by Lopez-Poveda and Eustaque-Martin,18 and a computational auditory-nerve spike generator by
Zilany et al.19

Figure 1 depicts the model stages in a bottom-up manner representing the entire mammalian auditory periphery
extending from the outer ear to the AN fibers. The outer-middle ear (OME) stage is a transfer function that has been
derived according to the measurements by Goode et al.20 This approximation of the OME functionality is based on the
assumption that the OME components behave linearly within the range of the auditory intensities and thus the OME
can be represented by a linear finite impulse response (FIR) filter. The sound intensities used are not too high to pro-
voke the stapedius reflex which can challenge the linearity assumption.
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The cochlear mechanics stage is a biophysical lumped-element electromechanical model developed by
Saremi and Stenfelt,15 which consists of a cascade of resonators whose parameters were derived from physiolog-
ical measurements inside human and other mammalian cochleae. Figure A1A shows a single cochlear partition
of this model together with its longitudinal coupling to the proceeding partition, while Figure A1B illustrates
the model's overall schematic. This stage of the model generates mechanical responses of the cochlear struc-
tures such as the displacement of the basilar membrane (BM), reticular lamina (RL), and tectorial mem-
brane (TM).

The IHC stage used here is a biophysical lumped-element model developed by Lopez-Poveda and Eustaque-Mar-
tin.18 The model consists of cell-level parameters such as the endocochlear potential (EP), capacitance and conductance
of the cell portions, and the mechanical sensitivity of the potassium channels. The input to the model is the deflection
of the IHC stereocilia and the output is the IHC membrane potential.

The auditory synapse stage (AN spike generator) is based on the parameters reported by,19 according to the time-
varying three-store diffusion synapse model. The current analysis includes only high spontaneous rate (HSR) fibers that
are believed to be responsible for the neuronal coding of the low-intensity and mid-intensity sounds up to approxi-
mately about 30 dB above the hearing threshold.19 The three main stages of the model (Cochlear mechanics, IHC, and
AN) are described in more details and their corresponding source codes are linked in Appendix. If necessary, the input
signals to each stage were scaled and prepared before feeding into the stage according to the specifications of the
corresponding model, to achieve reasonable output signals.

2.2 | Assessing the characteristics of the peripheral auditory coding

2.2.1 | Definition of neuronal hearing threshold and hearing loss

The hearing thresholds on the AN are assessed by exciting the outer ear by a pure tone at 0 dB SPL and then increasing
the level until a significant increase in the firing rate of the HSR AN fibers is observed.5 The OME filter stage is fed by
the sound stimuli. The output of the OME filter determines the stapes vibration that excites the cochlear mechanical

Outer/Middle Ear transfer function
          based on Goode et al., (1994) data

Sound Pressure Field

Velocity of the Stapes

Displacement of RL

IHC membrane potential

Neuronal Spike Train, PSTH

Biophysical cochlear
mechanics model 
    (Saremi and Stenfelt, 2013)

Biophysical IHC model
      (Lopez-Poveda and 
    Eustaque-Martin, 2006)

AN spike generator
   (Zilany et al., 2014)

FIGURE 1 A bottom-up view of the modeling stages used in this study. The model comprises a physiologically based transfer function

for the outer and middle ear, a biophysical model of the cochlear electro-mechanics, a biophysical model of the inner hair cell (IHC) and a

computational representation of the auditory nerve (AN) synapse. The input and output of each stage is also shown in the figure. Each stage

is described in Appendix
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model which, in turn, generates the displacement of the RL as output. The displacement of the RL is fed into the IHC
model that yields the membrane potential of the IHC. Finally, the AN synapse model processes the IHC membrane
potential and gives the spikes on the AN fibers, in form of the post-stimulus time histograms (PSTH) with the bin size
of 0.4 ms. Due to the probabilistic nature of the neuronal activity, the AN processing is repeated 50 times for every case
and the results are averaged. The threshold is then defined as the minimum tone level that causes a 10% increase above
the spontaneous rate (i.e., the firing rate in absence of any stimulus) of the HSR fibers.

Liberman and Dodds5 defined the hearing thresholds in their measurements based on an earlier work21 as the input
sound level that increases the firing rate of the HSR AN by 10 spikes/s over its spontaneous rate (see figure 1 of
Liberman21). Zilany and Bruce22 used the same definition for estimating the neuronal hearing thresholds in their model
(see figure 4A of Zilany and Bruce22). We used the 10% increase above the spontaneous rate instead to mark the hearing
thresholds. This percentage-based definition, given that the baseline spontaneous rate is typically slightly over
100 spikes/s in our simulations, is close to the definition in References 5, 22. However, choosing a percentage-based cri-
terion for defining threshold has the advantage of minimizing the numerical noise in our simulation which originates
from probabilistic fluctuations in the baseline spontaneous rate.

The hearing thresholds are estimated based on the above neuronal definition for CFs from 0.3 to 10 kHz with steps
of 100 Hz. The hearing thresholds are also estimated for the pathological conditions where OHCs and/or IHCs are
selectively damaged. For these cases, the pathological thresholds are compared with the healthy thresholds to estimate
the corresponding hearing threshold elevations. The hearing loss is defined as the amount of hearing threshold eleva-
tion in these pathological cases.

2.2.2 | Cochlear nonlinear response growth: The cochlear mechanical compression

Several studies have shown that as the level of an incoming tone is increased, the amplitude of the BM mechanical
vibration at the corresponding characteristic frequency (CF) site also increases; however, this growth is nonlinear for a
wide range of input levels.23–25 In other words, the function that relates the amplitude of the mechanical response at
the CF to the amplitude of the stimuli, known as the “input/output (I/O) function” depicts nonlinear (compressive)
growth.

The I/O nonlinearity is commonly linked to the status of the OHCs and its active mechanisms. This link is well
established as many studies have indicated that the I/O nonlinearity disappears as the “active” cochlea transforms to a
passive one due to the damages to the OHCs.24,26 The IHCs, on the other hand, are believed not to have any direct role
in the nonlinearity of the I/O functions.24,25,27

The cochlear input/output (I/O) functions are defined as the amplitude of the RL vibration at the CF, as a function
of the stimulus intensity. The model predictions for the I/O functions can be calculated at any given CF, by feeding a
100-ms sinusoid signal (including a 5-ms rise and decay to minimize the spectral splatter) to the models, with levels
between 10 and 100 dB SPL. The output is estimated by measuring the root mean square (RMS) of the vibration ampli-
tude at the corresponding CF. In the current study, the I/O functions are estimated at two CFs, 500 Hz (apical area)
and 4 kHz (basal area). The simulated I/O functions at 0.5 and 4 kHz are compared with the experimentally estimated
I/O functions in the comparable apical region of the chinchilla cochlea23 and in the basal region of the guinea pig
cochlea.26

2.2.3 | Neuronal tuning curves: The cochlear spectral processing

The frequency selectivity of the mammalian ears is often assessed by obtaining the “tuning curves.”28,29 The tuning
curve is estimated at any given CF by invasively measuring the neuronal firing thresholds on the AN as a function of
the frequency (e.g., Liberman and Dodds5). In the human ears, the frequency selectivity is indirectly estimated by psy-
chophysical tuning curves (PTCs) using psychoacoustic masking paradigms (e.g., Sek et al.29).

The sharpness of the tuning curves in healthy ears manifest the high frequency selectivity of the healthy auditory
system.28,30 This remarkable tuning critically depends on the functionality of both OHCs and IHCs. In case of damages
to the OHCs, the tuning curve is broadened and shallower and the tip of the tuning curve is elevated (see figure 14 of
Liberman, and Dodds5). The profound IHC damage, however, precludes the transformation of the cochlear vibration to
the neuronal activity entirely, leading to a “dead region.”6,29,30
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The AN tuning curves are approximated at the CF of 1 kHz by estimating the thresholds at this CF in response to
tones at probe frequencies from 0.2 to 1.5 kHz. The thresholds form a tuning curve that is then compared to the tuning
curve measured on the HSR fibers in a comparable region of the healthy cat cochlea (see figure 4 of Liberman and
Dodds5).

2.2.4 | Neuronal phase locking: The cochlear temporal processing

Phase locking refers to the firing of the neurons at a certain phase of the stimulus and is an important temporal feature
of the auditory peripherial system.6,31–33 Phase locking is generally assessed by calculating the “vector strength” from
the phase histogram (i.e., a histogram that shows the number of AN firings at a given phase of the stimulus).32 The vec-
tor strength yields “1” in case of a perfect phase locking whereas a vector strength of “0” indicates a completely random
temporal relation between the stimulus and the AN response.32

The AN spikes are generated from the PSTH using a refractory period of 0.75 ms. The spike train is compared with
the stimulus and each spike (i) is assumed as a unit-long vector with a phase of θi between 0 and 2π. The phase of the
spike (θi) is considered equal to the phase of the stimulus at the same sample. A phase histogram is then formed which
determines the number of spikes at all phases from 0 to 2π. The mean phase relation between the stimulus and the AN
discharge is calculated according to Equation (1a) where k equals zero or one to limit the mean phase between 0 and
2π. The vector strength (r) is estimated from the phase vectors (θi) according to Equation (1b) below by.31

θ¼Arctan
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isin θið ÞP
icos θið Þ
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∓kπ ð1aÞ
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
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þ

X
i
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r
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The vector strength (r) is estimated in response to 50 dB SPL tones at frequencies from 0.3 to 4 kHz, for the model
using Equation (1b). The level of the tones was chosen 50 dB SPL to be adequately above the hearing thresholds. The
results are compared to the experimentally estimated phase locking of the cat HSR AN fibers.31 In addition, the vector
strength is calculated in response to tones when the OHCs and IHCs are damaged at specific regions. This is done both
in quiet and in the presence of a 20-kHz wideband background noise with its RMS level set 15 dB higher than the level
of the tone. This is similar to the experiment by Henry and Heinz34 where they recorded the AN phase locking on the
HSR AN fibers inside noise-damaged chinchilla cochleae.

2.3 | Simulating noise-induced pathologies

2.3.1 | OHC Pathologies

Lim et al.3 exposed a group of mice to band-limited white noise (0.3–10 kHz) and quantitatively investigated the mor-
phological changes in the OHCs along the cochlear length due to the noise exposure. Their results showed that, 1 day
after the noise exposures, the OHCs were almost intact in the most apical region of the cochlea but the percentage of
the intact cells significantly decreased to 40% in the basal region. To simulate the effect of the OHC losses on the hear-
ing threshold, the magnitude of the OHC gain (equation 7 of Saremi, and Stenfelt15) in the corresponding partitions is
multiplied by the integrity rates reported in figure 2 of Meaud and Lemons3 leading to elevated hearing thresholds. These
model predictions are compared with the threshold elevations reported at four frequencies: 4, 8, 16, and 32 kHz in the mice
(see figure 5 of Lim et al.3), corresponding to the CFs 1, 2, 4, and 8 kHz in humans based on the Greenwood functions.35

The OHC pathology reported by Lim et al.3 is one of the many possible configurations of OHC lesions along the
cochlear duct. To investigate other possible distributions of noise-induced OHC pathology, a theoretical configuration
is simulated to illuminate the concept: The cochlea is divided into three regions with equal lengths: basal, middle and
apical. The OHCs in the basal region are assumed to be totally dead. This assumption is in line with the experimental
observations suggesting that the hair cells located in most basal regions of the mammalian cochleae are significantly
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more vulnerable to acoustic overstimulation than the hair cells located in apical areas.3,7 Furthermore, half of the OHCs
located in the middle 1/3 of the cochlear length are assumed dead (50% integrity). Finally, the most apical OHCs are
assumed to be totally intact and fully active (100% integrity).

This specific distribution of the OHC pathologies is a conceptual configuration to represent a theoretical distribution
of noise-induced OHC lesions along the cochlear duct. The magnitude of the OHC gain in the corresponding cochlear
partitions were scaled accordingly and the hearing thresholds were estimated for this condition at CFs from 0.1 to
10 kHz. The associated hearing losses were compared with the audiograms that were categorized as “sensory” based on
the subjects' medical history in a data base of 188 human subjects (table 2.1 of Schmiedt36).

Also of interest is the effect of profound OHC death on the cochlear mechanical compression and nonlinear
response growth. This is done by setting the magnitude of the OHC gain to zero in all cochlear partitions. The resulting
I/O curves are then normalized and compared to the I/O functions measured in postmortem cochleae (figure 16 of
Ruggero et al.24) where the active role of the OHCs is absent due to the death of the animal.

2.3.2 | IHC Pathologies

Wang et al.27 used Carboplatin to selectively damage the IHCs in chinchilla cochleae while keeping the OHC structures
intact. They measured the CAP (compound action potential) threshold elevations associated with the selective IHC
pathologies. The IHC pathologies can be simulated by either scaling the IHC membrane potential in the model22 or by
increasing the resistance attributed to the IHC stereocilia cation channel.2 Here, we scale the IHC membrane potential
in corresponding cochlear partitions to simulate the reported IHC pathologies (figure 1A of Wang et al.27) in line with
the method used by Zilany and Bruce.22 The hearing thresholds are then estimated for this condition and compared to
the hearing thresholds reported by Wang et al.27 at the corresponding CFs.

2.3.3 | Mixed OHC/IHC pathologies

Liberman and Dodds5 obtained tuning curves in cats with selective noise-induced damages to their OHCs and IHCs
structures. One of the several reported configuration with combined IHC and OHC pathologies (figure 4 of Liberman
and Dodds5) is considered here while similar analysis can be performed at other CFs. This specific configuration
includes regional IHC damages that peak to �50% at the CF of 2 kHz, as well as less severe OHC damages in the same
cochlear region. This CF in cat cochlea corresponds to the CF of about 1 kHz in human cochlea according to the Green-
wood functions.35 The IHC and OHC pathologies are translated to the human frequencies and simulated as explained
in the previous sections. The tuning curve is simulated accordingly for this condition and compared with the measured
tuning curve reported in figure 4 of Liberman and Dodds.5 Furthermore, the OHC and IHC contributions to the simu-
lated tuning curve are differentiated by the model to investigate how much the OHC and IHC pathologies separately
account for the observed changes in the tuning curve.

2.4 | Evaluating the model predictions

While the human cochlea is inaccessible in vivo, data from animal studies are commonly extrapolated to humans under
the fundamental assumption that all mammalian cochleae share similar mechanics at proportionally similar cochlear
regions (see Robles et al.25 for a review). For example, the cochlear location at 33% of the total cochlear length from the
base is assumed to be tuned to 4 kHz in humans (figure 1 of Greenwood35). This specific location (i.e., 33% of the total
length from base) is tuned to about 15 kHz in guinea pigs (figure 4 of Greenwood35). Accordingly, we compared our
model predictions at CF of 4 kHz in humans to the CF of 15 kHz in Guinea pig cochleae, which both point to the same
proportional location in the cochlear duct. The precision of the cochlear place-frequency map that is commonly used to
extrapolate animal data to corresponding cochlear locations in humans remains questionable. However, experimental
comparisons of BM mechanics for several mammalian species have quantitatively confirmed the remarkable similarity
of the electromechanical responses at proportional regions of the cochleae and supported the validity of translating data
across mammalian species.25
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To quantitatively evaluate the model predictions with regard to the given experimental references, mean absolute
errors (MAEs) were calculated according to Equation (2) below, where i denotes the index varying from 1 to the length
of the related experimental data set (N). Mi and Ri are the model prediction and the experimental data samples in the
same units, respectively.

MAE¼
PN

i¼1 jMi�Ri j
N

ð2Þ

The MAEs are regarded as a measure of how close the model predictions are to the corresponding experimental data.13

2.5 | Using the model for diagnosing NIHL

Standard air-conduction tone audiometry is still the most common method practiced at hearing clinics around the
world for assessing the severity of human hearing loss.7,8 Audiometry is a behavioral test that assesses the hearing loss
by estimating the overall hearing threshold elevation without pinpointing its underlying cause.8–10,37

In case of NIHL, the main cause of the observed hearing threshold elevations is believed to be OHC lesions37

although other factors could contribute too.3,4,7,10,11 Therefore, we assume that, based on some other tests and esti-
mates, it has been established that the origin of a given noise-induced audiometric hearing loss is the OHC lesions. This
is a reasonable assumption in case of NIHL.37 The model is then used to predict the extent and severity of the
corresponding OHC lesions that could have caused the observed audiometric hearing loss. Other factors, such as IHC
deficiencies and EP reduction, can be similarly added to this analysis. However, to keep the simulations simple and
computationally robust, we solely focus on OHCs in this study.

2.5.1 | Data collection

A group of seven male individuals aged between 30 and 55 years old (mean = 49.5, SD = 6.6) with a well-documented
history of NIHL were recruited at the hearing clinic of the Linköping university hospital. Candidates with any of these
conditions were excluded from the study (exclusion criteria): (1) severe tinnitus, or hyperacusis, (2) chronic cardiovas-
cular diseases, diabetes requiring medicine, hypertension requiring medicine, (3) asymmetric hearing loss, (4) autoim-
mune disease, (5) exposure to ototoxic drugs, and (6) cancer diagnosis.

Standard air-conduction tone audiometry was performed on the NIHL participants at frequencies between
0.125 and 8 kHz. Hearing thresholds at each measurement frequency were averaged. Moreover, standard Swed-
ish hearing-in-noise test (HINT)38 was performed on this group of NIHL participants. All NIHL participants
were native Swedish speakers. The Swedish HINT consists of everyday sentences in background noise that are
used in an adaptive process to assess the speech recognition threshold. The HINT score estimates the amount
of speech-to-noise ratio (SNR) that is required by an individual to be able to perceive half of the sentences
correctly. Swedish HINT was also performed on 20 normal-hearing native Swedish speakers to provide a base-
line for comparison.

The data collection was approved by the Regional Ethical Committee, Östergötland County, Sweden.

2.5.2 | Numerical optimization process

The average audiogram obtained in the NIHL group is used as an input to an optimization method. The optimization
task is to find a pattern of OHC lesions that could closely yield the given audiogram. The model consists of 100 OHC
partitions from base to apex. Simplex-based numerical optimization methods can only be efficiently implemented on
few variables, typically on less than 20 variables.17 Therefore to reduce the number of variables and the consecutive
computational complexity, we assign one variable to every 5 cochlear partitions resulting in total of 20 variables for the
optimization. After the optimization method is applied, the results are interpolated back to 100 partitions.

The optimization process starts with an initial guess for the input variables. From a computational perspective, it
is necessary to set realistic values to allow the optimization process to start from a feasible point. Since the most basal
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OHCs are likely to be damaged due to noise exposure3,7 we set the initial guess to zero (totally dysfunctional) for the
first three OHC variables, while the last six variables (most apical partitions) were initially set to one (totally func-
tional); the other OHC variables which are in the middle of the cochlear duct were initially set to 0.5 (half func-
tional).The algorithm starts by feeding the initial guess into the cochlear mechanics model15 and calculate the
cochlear amplification loss from the output of the model in dB at all 100 partitions (denoted by bHji) where
i represents the cochlear partition (ranging from 1 to 100) and j represents the current iteration number (j = 0 when
feeding the initial guess). A cost function is then estimated based on the least mean square error (LMSE) shown in
Equation (3) where Hi is the hearing threshold elevations in dB at the cochlear partition number i, according to the
measured audiogram.

Cost function at jth evaluation¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP100

i¼0
cHð ji�HiÞ2

q
100

ð3Þ

The optimization algorithms forms a simplex and seeks to improve the initial guess so that the cost function mini-
mizes at the next iteration and thereby the output of the cochlear model approaches the given audiogram. We used the
bound fminsearch instruction in MATLAB that is based on the Nelder–Mead method (also known as downhill simplex
method) which is a common numerical method applied to multi-variable nonlinear optimization problems.17 Accord-
ingly, a simplex is formed and a local minimum of the cost function is estimated at each consecutive function evalua-
tion and the variables are updated to move the simplex downwards toward a local minimum. The method bounds the
input variables to vary between zero (fully dysfunctional) and one (fully functional). The maximum number of searches
(cost function evaluations) was set to 1000. The source code for this analysis is available on GitHub.39

3 | RESULTS

The arbitrary number of cochlear partitions is chosen to 100 (N = 100) and the simulations are implemented according
to the bottom-up pathway shown in Figure 1, using MATLAB® and C.

3.1 | Neuronal hearing thresholds and hearing loss

Figure 2 illustrates the hearing thresholds estimated in the healthy condition, according to the neuronal activity on the
HSR fibers of the AN. The solid line in Figure 2 shows the hearing thresholds simulated at the CFs from 0.3 to 10 kHz
by our model which corresponds to the cochlear regions between 0.85 and 0.15 of the total length from base. This
cochlear region translates to the CFs from 0.8 to 40 kHz in the cat cochlea, according to the Greenwood functions.35

The crosses depict some of the thresholds recorded at corresponding CFs on the HSR fibers of the healthy cat cochleae
by Liberman and Dodds (see figure 3A of Liberman and Dodds5 for the original data). Figure 2 indicates that the predic-
tions of the model deviate 2.3 dB from the cat data in MAE, according to Equation (2).

Figure 3A illustrates the selective IHC pathologies along the chinchilla cochleae due to administration of Car-
boplatin as reported by figure 1A of Wang et al.27 Figure 3B shows the hearing thresholds for this specific IHC pathol-
ogy (crosses), as well as the hearing thresholds for the healthy cochlea (solid gray line). Comparison of these two curves
indicates that the hearing threshold elevation is almost negligible at CFs below 2 kHz and increases to only 4 dB for
higher CFs (from 2 to 10 kHz). This is consistent with the CAP thresholds reported by figure 2B of Wang et al.,27 shown
by circles, which also indicate a small amount of threshold elevations caused by this specific IHC pathology. The model
prediction (crosses) deviates 0.42 dB in MAE from the corresponding data (circles)

Figure 4A shows the OHC integrity along the cochlear duct interpolated, using the MATLAB function interp1, from
the experimental data recorded in the mice cochleae after noise exposure (figure 3 of Lim et al.3). Figure 4B depicts the
simulated hearing loss, estimated from the hearing threshold elevations for CFs from 0.1 to 10 kHz. The model predicts
a hearing loss of 22 dB at 100 Hz which increases to its maximum of 53 dB at 4 kHz and then recovers at higher fre-
quencies. The model predictions (solid line) can be compared with the hearing loss calculated from the recorded audi-
tory brainstem response (ABR) threshold elevations (figure 4 of Lim et al.3) depicted by circles, showing an MAE
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deviation of 4.25 dB which suggests that the model reproduces the measured data relatively closely. Although ABR
hearing thresholds could be different from audiometric thresholds, there is a very high correlation between them40

Figure 5A illustrates the OHC integrity along the cochlear length in a theoretical scenario of noise-induced OHC
lesion. Figure 5B Shows the hearing loss caused by this specific distribution of damaged OHCs, estimated according to
the hearing threshold elevations. Figure 5B Demonstrates a mild hearing loss at low frequencies followed by a sharply
sloping loss for frequencies above 1.5 kHz which reaches a maximum of 82 dB at 4.1 kHz and slightly improves
thereafter

Schmiedt36 categorized audiograms obtained from 188 adult human subjects into five groups based on the subjects'
personal history and behavioral patterns (table 2.1 and figure 2.13 of Schmiedt36). The circles in Figure 5B show the
average hearing thresholds at 6 audiometric frequencies (0.25, 0.5, 1, 2, 4, and 8 kHz) for the “sensory category” while
the error bars represent the range of the expected values corresponding to the dashed area in the “sensory” panel of fig-
ure 2.13 in Schmiedt.36 Although, the model predicts a steeper and a larger hearing loss at 4 kHz, the model prediction
shows a reasonable match with the illustrated clinical data. Figure 5 indicates that the model is capable of associating
an observed audiometric pattern with specific hair cell lesions that might have caused it.

3.2 | Cochlear mechanical compression

Figure 6A shows the I/O function simulated at the CF of 500 Hz (solid line) together with experimental I/O data
(crosses) recorded in the chinchilla cochlea at an apical region tuned to 800 Hz.23 This region at 25% of the cochlear
length from the apex is tuned to 500 Hz in humans.35 Both data sets have been normalized with respect to the reference
point (10 dB output at 10 dB input) to depict the nonlinear response growth. The deviation between model prediction
(solid line) and the experimental data (crosses) is 6.5 dB in MAE.

Furthermore, the I/O function is simulated for the passive (postmortem) condition where the OHC contribution is
totally absent and compared with the corresponding postmortem data.24 This I/O curve is shown by a dashed line and
depicts a totally linear response growth which indicates the absence of the OHC active mechanisms (see Robles and
Ruggero25 for a review).

Figure 6B illustrates the I/O function at the CF of 4 kHz (solid line) along with the experimental data (crosses)
recorded in the guinea pig cochlea26 at a basal region tuned to 16 kHz. This region at 33% of the cochlear length from
the base is tuned to 4 kHz in humans according to the Greenwood frequency-position map.35 Both of these I/O func-
tions have been normalized with respect to the reference point (10 dB input, 10 dB output). The deviation between
model prediction (solid line) and the experimental data (crosses) is 7.8 dB in MAE

Furthermore, the I/O function is simulated for the postmortem condition (dashed lines) and is shown along with
the I/O function experimentally obtained from a postmortem chinchilla cochlea (figure 16 of Ruggero et al.24), shown
by a gray line. The simulated I/O function and the experimental one both show a totally linear behavior with a similar

FIGURE 2 The hearing thresholds estimated on the auditory nerve (AN) fibers for the characteristic frequencies (CFs) ranging from

0.3 to 10 kHz
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slope. The hearing threshold occurs at 13 dB SPL in a healthy cochlea. This is highlighted by a dashed gray line. The
distance between the healthy I/O function and the postmortem I/O function (shown by the arrow) represents the
amount of reduction in the maximum cochlear gain caused by the OHC death. The arrow in Figure 6B indicates a
53-dB hearing loss at 4 kHz due to the assumed OHC impairment.

3.3 | Tuning curves

Figure 7A illustrates the distribution of the OHC and IHC pathologies along the cat cochlea due to noise exposure at
CFs from 0.8 to 5 kHz as reported by figure 4C of Liberman and Dodds.5 Based on the Greenwood function, these
pathologies are distributed from �15% to 50% of the cochlear duct from the apex which is approximately tuned to 0.3–
2 kHz in human cochleae. The OHC/IHC contributions are scaled in corresponding cochlear partitions according to
the distribution of the pathologies shown in Figure 7A. The tuning curve is then simulated by the model for this specific
case of combined OHC/IHC lesions as well as for the healthy condition at the CF of 1 kHz shown by the solid line and
the dashed line in Figure 7B, respectively.

To make the visual comparison easier, Figure 7B also illustrates the corresponding physiological tuning curves mea-
sured by Liberman and Dodds5 for these two specific cases. The crosses show the measured data for the healthy case
while the circles show the tuning curve data for the OHC/IHC damaged case. These experimental data sets have been
reproduced from figure 4, (top panel) of Liberman and Dodds.5 The comparison of the model prediction (solid line)
with the measured physiological data (crosses) in Figure 7B shows that the model successfully reproduces the tuning
curve for the healthy case around the CF and the higher-frequency side while showing larger deviations in the lower-
frequency tail. The MAE deviation between the two curves is calculated 6.3 dB based on Equation (2). The simulated

(B)

FIGURE 3 (A) The distribution of the inner hair cell (IHC) damages along the cochlea reported by figure 1A of Wang et al.27 (B) The

model prediction of the hearing thresholds for the healthy case and the case with the IHC pathologies in panel (A), together with the

experimental data (Fig. 2B of Wang et al.27)
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lower-frequency tail is relatively shallower than the one based on the measured data leading to 19 dB difference at the
lowest frequencies.

The simulation of the tuning curve associated with the combined OHC/IHC pathologies (dashed line) shows that
the tip of the curve is elevated by around 33 dB and is shifted toward lower frequencies by about 100 Hz. This is similar
to the corresponding physiological measurements (circles) where the vertical elevation of the tip of the tuning curve is
�40 dB and the horizontal shift is 200 Hz in cat cochleae. This elevation of the tuning curve is linked to the hearing
threshold elevation at the CF.29,30

The tuning curves associated with the combined OHC/IHC lesions (circles and the dashed line) are flatter than the
healthy ones. This indicates a poorer frequency selectivity of the cochlea due to the sensory damages.6,29,30 This is in
line with the human clinical data where a broadening of the psychoacoustic tuning curve is observed in humans with
hearing impairment, for example, Sek et al.29

An important analytical task that the model can do beyond the experimental data is to quantitatively distinguish
between the IHC and OHC contribution to the observed changes in the tuning curve. This is accomplished by simulat-
ing the tuning curve for only IHCs damaged (Figure 7A upper panel) versus only the OHCs damaged (Figure 7A lower
panel). These tuning curves are shown by two gray lines in Figure 7B. The tip of the tuning curve associated with the
OHC-damages is elevated by 25 dB which indicates a 25-dB OHC-related hearing loss. The tails of this tuning curve are
also broadened on both lower and higher frequency sides of the curve.

The tip of the tuning curve associated with the IHC-damages, however, is elevated only 8 dB indicating an 8-dB
IHC-related hearing loss while the tails of the tuning curve are almost intact. This is in contrast to the tuning curve
associated with the OHC lesions where the tails were remarkably broadened. The IHC-related hearing loss (8 dB) is
much smaller than the OHC-related hearing loss (25 dB) despite that the distribution of the hair cell damages in
Figure 7A shows more IHC damages than OHC damages in this specific case. These simulations numerically con-
firm the common belief that the OHCs are more responsible for the threshold elevations than the IHCs

FIGURE 4 (A) The distribution of the outer hair cell (OHC) damages along the cochlea as reported by figure 2 of Lim et al.3 (B) The

model prediction of the hearing loss for the configuration shown in panel (A). The circles are taken from the observed threshold elevations

after the noise exposure (figure 5 of Lim et al.3)
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(e.g., References 27, 37). Moreover, there is no horizontal shift in the tip of the IHC-damaged curve and the tails are
also intact, unlike the tuning curve associated with the OHC damages where the horizontal shift of the tip and the
broadening of the tails were substantial. Both of these phenomena are related to the active role of OHCs in cochlear
mechanics. The reduction of active OHC forces leads to broadened filters and thereby a deficit in frequency selectiv-
ity. Moreover, OHC lesions cause changes in frequency-position tonotopic map of the cochlea due to the shift of best
frequencies (BFs) toward apex. For example, Saremi and Stenfelt15 simulated these changes due to age-related
decline of OHC forces.

3.4 | Phase locking in quiet and in background noise

Figure 8A shows the phase histogram assessed from the HSR AN spikes generated by the model in response to an
50-dB SPL tone at 1 kHz. The phase histogram illustrates the number of AN spikes per phase. Equation (1a) yields a
mean phase of 1.49 [rad] (slightly below π/2) for this phase histogram meaning that the AN spikes averagely occur at
the phase 1.49 [rad] of the stimulus. Furthermore, inserting the corresponding phase values in Equation (1b) yields a
vector strength (r) of 0.73 for this phase histogram.

The vector strength (r) is similarly calculated in response to tones from 0.3 to 4 kHz for our model. The results are
shown in Figure 8B along with the averaged experimentally assessed vector strengths on cat HSR AN fibers recorded
by.31 Figure 8B indicates that the model predicts the decline of the vector strength with frequency in close agreement
with these experimental data with only 0.055 MAE deviation. The model prediction deviates from the experimental data
at frequencies higher than 2 kHz but it is important to note that phase locking patterns are more physiologically rele-
vant at low frequencies where, according to Figure 8B, a very close match between model predictions and the experi-
mental data is observed.

Figure 9 shows the phase locking of the HSR AN fibers to tones when there are mixed OHC/ IHC damages
according to the configuration in Figure 7A. Figure 9A shows the decline of the phase locking for the healthy

FIGURE 5 (A) A theoretical distribution of the outer hair cell (OHC) damages. (B) The model prediction for the hearing loss associated

with the configuration in panel (A) is depicted at characteristic frequencies (CFs) from 0.1 to 10 kHz. The circles represent the average

hearing thresholds at the corresponding frequencies obtained from the “sensory” panel in figure 2.13 of Schmiedt.36 The error bars show the

range of the expected values

12 of 24 SAREMI AND STENFELT



case and the pathological case and both curves are nearly identical. It suggests that the OHC/IHC damages have
almost no negative effect on the phase locking pattern. This is in line with most experimental studies which
found no significant negative impact of the NIHL on the phase locking in quiet (see Henry and Heinz34 for a
detailed review).

Figure 9B, however, shows the phase locking at the same frequency range for the healthy and pathological
cases but in presence of a wide-band noise 15 dB above the tone level. Figure 9B shows that the phase locking is
lower for both healthy (dashed line) and pathological (gray solid line) cases in the background noise compared to
in quiet (black solid line). Moreover, the decline of the vector strength as a function of frequency is greater.
Unlike the quiet background, in noise, the pathological condition results in a vector strength that is 0.05–0.1
lower than that of the healthy condition. This indicates that although the phase locking is substantially degraded
by the background noise for both healthy and pathological conditions, it is more severe for the pathological
condition.

Henry and Heinz34 recorded spike trains on chinchilla AN fibers in response to tones in 42 normal-hearing cochleae
versus 38 noise-induced cochleae and calculated the phase locking and the vector strength of the spikes. They found no
significant difference between the phase locking of the AN spikes in healthy and pathological ears when tested in quiet.
However, when playing the tones together with a 20-kHz wide-band noise 15 dB louder than the tone (similar to our
methodology), they found that the phase locking is substantially impaired in the group with hair cell lesions (figure 2 of
Henry and Heinz34).

3.5 | Diagnosing OHC lesions

Figure 10A shows the averaged hearing thresholds of the seven male NIHL patients measured by standard audiometry
at frequencies 0.125, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, and 8 kHz. The error bars represent the SD at each frequency. This

FIGURE 6 (A) The input/output (I/O) function estimated at 500 Hz (apical region of human cochlea) is normalized and shown by the

solid line. The crosses depict the normalized I/O function recorded in the apical turn of the chinchilla cochlea.23 The dashed line shows the

model prediction of the I/O function when outer hair cells (OHCs) are dead in the entire cochlea. (B) The I/O function estimated at 4 kHz

(basal region) is normalized and shown by the solid line. The crosses depict the normalized I/O function recorded in the comparable basal

region of the guinea-pig cochlea.26 The dashed line shows the model prediction of the I/O function when the OHCs are dead along with the

I/O function of the postmortem chinchilla cochlea (gray solid line)24
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audiogram is fed into the diagnosis algorithm and the model, based on Nelder–Mead optimization method, finds a con-
figuration of OHC lesions across the cochlea that could generate the given audiogram. Figure 10B shows the OHC con-
figuration found by the optimization method after 1000 iterations. It took about 22 min for this numerical algorithm to
run 1000 iteration on an Intel® core™ i5, 2.9-GHz personal computer. According to Figure 10, the OHCs in the base of
the cochlea (most 35% basal area corresponding to CFs higher than 3.5 kHz) are substantially damaged whereas the
OHCs in the middle of the cochlea (35%–70% of the cochlear length from base corresponding to CFs 0.5–3.5 kHz) are
less damaged. The OHCs in the most apical region are totally intact.

The OHC configuration shown in Figure 10B is fed into the cochlear mechanics model and the cochlear
amplification produced by the model at low-intensity sounds (i.e., L = 30 dB over the hearing threshold) is com-
pared with the case wherein all OHCs are healthy. This predicts the threshold elevations associated with this par-
ticular OHC configuration. The result is shown by the solid line in Figure 10C which closely follows the given

FIGURE 7 (A) The combined outer hair cell (OHC)/inner hair cell (IHC) pathologies reported by figure 4C of Liberman and Dodds.5

(B) The tuning curve estimated for the healthy condition (shown by the solid line) at the characteristic frequency (CF) of 1 kHz is

accompanied by the tuning curves associated by combined OHC/IHC pathologies (dashed line). The tuning curves for the IHC pathology

and the OHC pathology are also shown (gray lines). The corresponding physiological data recorded by Liberman and Dodds5 are reproduced

and shown for the healthy case (crosses) and the OHC/IHC damaged case (circles)
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input audiogram (dashed line). The MAE between the model output and the input audiogram is approximately
0.6 dB indicating the success of the optimization method in finding an OHC configuration that can result in hear-
ing threshold elevations which can closely match the input audiogram. The code that generates Figure 10 can be
found on GitHub.39

Figure 11A shows the HINT results for the normal-hearing group versus the NIHL group. Figure 11B illustrates the
phase locking of HSR AN fibers, in terms of vector strength, for the normal-hearing group versus NIHL group with the
OHC lesions predicted by the optimization algorithm and shown by Figure 10B. These vector strength values were cal-
culated in response to 50-dB SPL tones ranging from 0.25 to 4 kHz and in presence of noise. The background noise here
is chosen 5 dB over the tone level (SNR = -5 dB) to resemble the SNR used in speech recognition tests (e.g., HINT).
Figure 11B indicates that the NIHL group manifest a lower phase locking at low frequencies which declines quickly as
the frequency of the tone increases. This suggests that the NIHL group might have problem in resolving temporal cues
in sound signals due to deficits in phase locking4,37

As illustrated in Figure 11A, the HINT scores for the NIHL group was found +0.2 dB (SD = 1.49) whereas it was
�4.99 dB (SD = 0.91 dB) for a baseline of 20 normal-hearing individuals. HINT score estimates the amount of SNR that
is needed for an individual to correctly recognize half of the words in the presented sentences. Therefore, our results
suggest that the NIHL individuals averagely need approximately 5 dB higher SNR than normal-hearing individuals to
obtain the same amount of speech recognition.

Therefore, to assess the contribution of phase-locking deficits to the observed speech recognition (HINT) results, the
vector strengths were calculated at SNR = �4.99 dB for the healthy group and at SNR = +0.2 dB for the NIHL group
and the results are shown in Figure 11C. Figure 11C indicates that, at these SNRs, the two groups depict similar phase
locking capabilities at least at lower frequencies. This suggests that the 5-dB increase of SNR (from �4.99 to +0.2 dB) as
inspired by the speech recognition test (HINT) has compensated the phase locking deficit in the NIHL group to a degree
that it closely approaches the phase locking in the healthy group at least at lower frequencies (below 1 kHz). The two
curves somewhat deviate at higher frequencies as NIHL curve (dashed) drops further below the healthy curve (solid).

FIGURE 8 (A) The phase histogram of the auditory nerve (AN) firings shows the number of the AN spikes at different phases of the

stimulus in response to a 50-dB SPL tone at 1 kHz. The corresponding vector strength is 0.73 according to Equation (1). (B) The vector

strength is calculated for frequencies between 0.3 and 4 kHz for the presented model showing a decrease as a function of frequency. The

crosses represent the physiological data recorded on the cat AN high spontaneous rate (HSR) fibers by Johnson31
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Above 2 kHz, the gap between these two curves is as large as in Figure 11A suggesting that phase locking at higher fre-
quencies is not compensated by increasing the SNR. However, these deviations may be physiologically irrelevant since
phase locking concept is most valid at low frequencies (typically lower than 1 kHz).6,31–33 where the two curves closely
match, indicating that the increase of SNR (inspired by HINT scores) has compensated the phase locking deficits in the
NIHL group to a great extent.

4 | DISCUSSION

A detailed model of the mammalian cochlea was used to simulate the effects of specific noise-induced pathologies on
the cochlear mechanics and the neuronal coding on the AN. The predictions of the model were evaluated by compari-
son with the corresponding animal data, whenever available, and the results were extrapolated to humans using the
model. A particular aim of the simulations was to quantify and differentiate the effect of OHC and IHC pathologies on
the spectral features of the cochlear responses.

The model consists of four stages, as seen in Figure 1 and described in Appendix, and a large number of cell-level
parameters incorporated in a cascade configuration. This facilitates the simulation of the effects of cellular inner-ear
lesions on the cochlear mechanics and, the spectral and temporal features of the peripheral coding on the
AN. The effects of specific IHC and OHC lesions were simulated by means of scaling the OHC and IHC outputs in
the corresponding partitions of the model. However, in principle, any of the 12 biophysical parameters characterizing
the OHCs (listed in table II and table III of Saremi and Stenfelt15) or the 29 biophysical parameters of the IHC model
(listed in table I of Lopez-Poveda and Eustaquio-Martin18) can be altered independently to study its consequences
on the peripheral auditory functions. This is an important aspect that is beyond the realm of any phenomenological
(functional) model which, per definition, aims to simulate the overall behaviors without getting directly involved with

FIGURE 9 (A) The vector strength of the auditory nerve (AN) spikes in response to a 50 dB-SPL tone at frequencies from 0.3 to 4 kHz

for the healthy condition versus the pathological condition. The distribution of the outer hair cell (OHC) and inner hair cell (IHC) damages

used for these simulations are shown in Figure 7A. (B) The vector strengths are shown in presence of wide-band noise at root mean square

(RMS) amplitude of 15 dB higher than that of the tone
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underlying biophysical parameters at the cellular level. Saremi and Stenfelt,15 for instance, used the cochlear mechanics
stage of this biophysical model to simulate the effects of the age-related reduction of the endocochlear potential (one of
the many parameters of the model) on the cochlear mechanical responses.
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FIGURE 10 (A) The audiogram averaged from the audiometric hearing thresholds of seven individuals with documented
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model associated with the given audiogram in (A). (C) The audiometric hearing loss predicted by the model for the OHC lesions

shown in (B) versus the given audiogram in (A) depicting a close match
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It takes 2.1 s for the presented model to generate AN spikes on the HSR fibers in response to a tone fed into its
input, using a regular Intel® core™ i5, 2.9-GHz personal computer. Saremi et al.13 reported the computational costs for
a number of cochlear mechanics models in their table IV, and showed that it might take a shorter time for simpler
models with fewer parameters to process an incoming tone. It is, however, the nature of the application at hand and
the available computational resources which determines whether the use of a more detailed biophysical model is
reasonable.

In this study, we simulated the effects of specific OHC and IHC lesions, caused by acoustic overstimulation, on the
hearing threshold, cochlear mechanical compression, as well as the cochlear spectral coding (neuronal tuning curves)
and temporal coding (AN phase locking). The simulation results were compared to measurements from corresponding
proportional locations on other mammalian cochleae.

The hearing thresholds were estimated according to the neuronal activity on the HSR auditory fibers. Our defini-
tion of threshold was a tone level that generates a 10% increase in the firing rate of the HSR AN compared to its base-
line spontaneous rate. Some experimental studies, for example, References 5, 21 and modelers, for example,
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FIGURE 11 (A) The hearing-in-noise test (HINT) scores clinically assessed for the noise-induced hearing loss (NIHL) group versus the
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response to 50-dB SPL tones between 0.25 and 4 kHz in presence of wideband background noise at SNR = �5 dB. (B) Phase locking at

SNR = �4.99 dB and SNR = +0.2 dB for the healthy and the NIHL groups, respectively
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References 19, 22 used an absolute threshold definition (i.e., a tone level that yields 10 spikes over the spontaneous
baseline). Given the baseline spontaneous rates, these two definitions are nearly the same. However, we learned
through our simulations that a percentage-based definition helps control the numerical noise and leads to more sta-
ble responses. Liberman21 hypothesized also that the “threshold spread would be somewhat less” if a percent-based
criterion was used. The simulations showed a close match with the corresponding thresholds measured in cats, as
seen in Figure 2, with MAE deviation of 2.5 dB across the frequency range (0.3–10 kHz). The hearing thresholds were
also estimated for cases with selective IHC and OHC pathologies and were shown in Figures 3 and 4, respectively.
The simulation results were in line with the corresponding experimental data5,27 with MAEs of 0.4 and 4.1 dB,
respectively.

Moreover, a theoretical distribution of the noise-induced OHC damages on the cochlear length was assumed
(Figure 5A). The hearing loss associated with this theoretical distribution of OHC lesions was shown to be within the
range of the “sensory” hearing loss phenotype assessed from a 188-audiogram database in a human clinical study.36 To
further examine the capabilities of the model in linking underlying cochlear lesions to given audiograms, an optimiza-
tion algorithm based on Nelder–Mead method was developed. Standard audiometry was performed on a group of seven
individuals with documented NIHL and the averaged audiogram was used as the input. The optimization algorithm
found a specific OHC configuration that results in hearing threshold elevations that closely match with the given audio-
gram. This information might be very valuable for diagnostic purposes which aim to associate an observed clinical out-
come to specific underlying cochlear lesions that could have caused it.

An alternative method is to feed the seven audiograms into the optimization algorithm individually and thereafter
average the estimated OHC lesion patterns. Our simulations show that this latter method yields a different OHC pattern
from what is shown in Figure 10B and that the final audiogram re-generated by this alternative method is not as close
to the input audiogram as shown in Figure 10C. Therefore, the method described here (i.e., averaging the seven audio-
grams before feeding to the optimization algorithm) is more accurate in terms of reproducing the clinical data. The dif-
ferences in the outcomes of these two methods could be due to variations in the individual audiograms that are
minimized by averaging them before feeding into the optimization algorithm.

The fundamental assumption for these simulations is that OHC lesions are the only source of the hearing threshold
elevations. This assumption is taken to be able to focus on one set of optimization variables. Although OHC lesions are
known to be the primary reason for hearing threshold elevations in NIHL,37 other underlying factors such as EP reduc-
tion (due to aging), and IHC lesions can be present in real world cases. If so, these parameters can be also included in
the optimization algorithm to produce OHC, IHC, and EP configurations which can result in the given hearing thresh-
old elevations. Including these factors was beyond the scope of the current paper and we solely focused on OHC lesions
to simplify the process from a computational point of view. These factors could be included in the simulations in future
studies.

The tuning curve was estimated at the CF of 1 kHz for the healthy condition, as well as for a pathological case with
combined IHC/OHC lesions (figure 4C of Liberman and Dodds5). The amount of tip elevation predicted by the model
(33 dB) was in the same order as the tip elevation of the corresponding measured tuning curve5 (i.e., 40 dB). Further-
more, to differentiate between the OHC and IHC contribution to the changes in the tuning curve, the tuning curve was
estimated separately for OHC pathologies and IHC pathologies. The results indicated that, although the IHC damage
was more spread and prominent than the OHC damage, the OHC-related tip elevation was 25 dB whereas the IHC-
related tip elevation accounted for only 8 dB of the total elevation. This suggests that the spectral coding of the cochlea
is more vulnerable to damages to OHCs than IHCs since a lesser OHC lesion leads to greater tip elevation and broaden-
ing of the cochlear neuronal tuning curve.

In contrast, our results suggested that IHC and OHC pathologies might not modify the phase locking pattern in
quiet. Our simulations, however, indicated that the vector strength of the AN spikes is substantially lower in presence
of noise for both healthy and pathological conditions but the decline of the phase locking is more prominent in a
cochlea with IHC/OHC lesions. The observed negative effect of the background noise on the temporal coding can be
attributed to the broadening of the auditory filters.

Broader cochlear tuning allows more noise energy to enter the corresponding auditory channel and increases
the number of spikes driven by noise rather than by the tone. As the hair cell lesions, especially damages to
OHCs, lead to substantial broadening of the tuning curves (see Figure 7B), the listeners with hair cell pathologies
have a poorer temporal coding and more difficulty in presence of noise than the normal hearing listeners.34 Our
HINT results clinically showed that the NIHL group need about 5 dB higher SNR than the normal-hearing base-
line to be able to demonstrate similar performance in speech understanding tasks. Figure 11C showed that a 5-dB
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increase in SNR improves the phase locking in the NIHL group (with predicted lesions shown in Figure 10B)
and, to some degree, compensates the phase locking deficits at least at the most interesting frequencies which are
lower than 1 kHz.

Although our simulation results generally showed good agreement with the available experimental data, some devi-
ations between the model predictions and the corresponding experimental data can be observed in a number of cases
such as in Figures 6, 7B, and 8B. A major source of such discrepancies is the limitations in the existing measurement
techniques. Measuring inside a living cochlea is a complicated procedure and is usually accompanied by many practical
assumptions which are not without inaccuracies. Moreover, the translational nature of the data used in this study con-
tributes to further inaccuracies and discrepancies between model outcomes and experimental data. Although mamma-
lian cochleae share relatively similar mechanics at proportionally similar locations in the cochlear duct, there are still
species-specific differences among mammalian cochleae, considering their diverging evolutionary paths, which gener-
ates inaccuracies in the translational data used in this study. Furthermore, we used AN data in so far as available to
compare with our AN model. However, in few cases such as in Figures 3 and 4, CAP and ABR thresholds were respec-
tively used due to their availability. Although CAP and ABR hearing thresholds have been shown to have a very close
correlations with AN-based thresholds,40 there are apparently differences which would inevitably impose inaccuracies
in our comparisons.

Another source for the observed discrepancies is inaccuracies in the model itself. The discrepancies between model
predictions and the data in each task could be minimized by re-tuning some specific parameters in the model. However,
such targeted parameter tuning could cause “over-tuning” toward one specific task. A computational model, regardless
of its complexity, is still a simplification of the natural processes involved. As a general rule, a model that can modestly
reproduce the experimental data across a spectrum of several tasks is considered more successful and reliable than a
model that can reproduce the data very closely in a few tasks whereas substantially deviating from the experimental
data in some other tasks.

The focus of this study was the noise-induced hair cell lesions and their effects on the cochlear functions. Liberman
and Kujawa4 experimentally showed that, besides of the hair cells, the acoustic overstimulation might also affect other
auditory structures and cause acute loss of afferent terminals and the structural degeneration of the AN itself which
can contribute to additional impairments in the temporal coding of sounds. Although, it was shown that such impair-
ment could minimally affect the hearing thresholds.37 Simulating the effect of such noise-induced nerve terminal
impairments on more complex tasks such as speech perception requires adding the responses of AN populations as well
as modeling more central parts of the auditory system. This suggests that there is still a long way to fully understand
the biophysics of the noise-induced cochlea.

5 | CONCLUSION

The effects of selective noise-induced IHC and OHC damages on the peripheral auditory functions were simulated
using a detailed biophysically motivated model. Several configurations of OHC and IHC pathologies were retrieved
from published animal data. The effects of these pathologies on the hearing thresholds (defined according to the HSR
AN fiber activity) were simulated for a wide range of frequencies. The cochlear nonlinear response growth was assessed
by estimating the I/O functions at 500 Hz (apical area) and at 4 kHz (basal area) of the human cochlea.

A case of mixed OHC/IHC pathologies was retrieved from the cat data and used to simulate the tuning curves. Besides,
the IHC and OHC contribution to the tip elevation of the tuning curve were differentiated and analyzed by the model. The
phase locking of the AN spikes in response to tones were assessed both in quiet and in presence of background noise. The
model predicts that the phase locking is drastically deteriorated in noisy background especially for the pathological condition.

The presented results manifest that a biophysical modeling approach is suitable for simulating noise-induced hair
cell pathologies as the model could predict animal data from cat, chinchilla, and guinea pig. The model, as a theoretical
framework, allows rationally extrapolating these animal data to equivalent locations in the human cochlea to better
understand the consequences of given noise-induced cellular lesions on the auditory functions. Vice versa, an optimiza-
tion algorithm was developed to enable the model to find a specific configuration of noise-induced OHC lesions that
could have caused an audiogram measured in a group of individuals with known NIHL. This suggests that the pres-
ented biophysically motivated modeling approach can be useful for relating a given individualized clinically observed
deficit of the auditory functions to specific cellular lesions in the inner ear and, thereby, provide important diagnostic
information on an individual basis.
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APPENDIX

THE BIOPHYSICAL CASCADE LUMPED-ELEMENT MODEL OF HUMAN COCHLEAR MECHANICS
The incoming acoustic pressure field causes the stapes to vibrate, resulting in a traveling wave along the organ of Corti
propagating from the base toward the apex.41 The cascade modeling approach is based on the Wentzel–Kramers–
Brillouin (WKB) method for simulating the wave propagation mechanics in a one-dimensional non-uniform media.42

According to this method, the response at any location along the cochlear duct can be approximated by composing a
series of cascade media, each one with specific local parameters as if the medium were uniform. This cascade topology
closely represents the “traveling wave” mechanics observed by Békésy.41 It is opposed to the simplified topology of the
conventional parallel filterbank models that consist of discrete filterbanks which are excited independently by common
stimuli. A comprehensive comparative study of several cochlear mechanics models (table III of Saremi et al.13) showed
that cascade models are generally more accurate and successful in reproducing the experimental data.

Saremi and Stenfelt15 developed a biophysical lumped-element model that comprises a series of cascade resonators
each of which represents a cochlear partition. In what follows, a short overview of the model and the changes that have
been applied to it are presented.

Figure A1 below depicts a single cochlear partition of the model along the cochlear duct. It comprises three passive
mechanical loads: the basilar membrane (BM), the reticular lamina (RL), and the tectorial membrane (TM). Here, each
passive mechanical load (BM, RL, and TM) is modeled by a viscous “mass-spring-damper” combination, together with
a spring-damper combination (shown by Kh and Rh in Figure A1) that models the longitudinal coupling between the
partitions, extending from the base (left) to the apex (right). This structural longitudinal coupling between the parti-
tions, however, leads to mathematical complexity due to the loading effect of the cochlear partitions on each other. This
is not the case for the transmission-line and the cascade-filterbank configurations which generally assume that the lon-
gitudinal coupling is solely via the incompressible fluid
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The OHCs lie between the RL and the BM; they produce motile forces (depicted by the pair force f OHC in Figure 1)
which, on a cycle-to-cycle basis, alternately pull the RL and the BM together and push them apart (figure 2 of Saremi
and Stenfelt15) and hence add active force/energy into the transmission line. This additive behavior is included in the
model by means of two feed-forwards both on the BM and the RL (Figure A1B). The OHC transfer function is inte-
grated into the transmission line by a pair of positive feed-forwards both on the BM and on the RL as seen in
Figure A1B.

From another perspective, this biophysical model links the cochlear vibrations to the underlying cell-level parame-
ters since it consists of several parameters that have been directly extrapolated from detailed physiological experiments
inside the mammalian cochlea, in so far as known. These parameters are listed in tables I, II, and III of Saremi and
Stenfelt.15 This level of biophysical details allows simulating the effect of small changes in any of these detailed parame-
ters on the overall cochlear responses. For instance, Saremi and Stenfelt15 investigated the effects of age-related EP
reduction on the cochlear responses using the model. The MATLAB implementation of this model is publicly available
on GitHub.39

THE BIOPHYSICAL LUMPED-ELEMENT MODEL OF THE IHC
The IHC model used here was a biophysical model developed by Lopez-Poveda and Eustaque-Martin.18 The model con-
sists of cell-level parameters such as the EP, capacitance and conductance of the cell portions, and the mechanical sen-
sitivity of the potassium channels. These parameters are incorporated in an electrical-circuit equivalent of an IHC
which gives the IHC membrane potential in its output, as a function of the stereocilia displacement caused by the
cochlear vibrations.

The parameters of the model and its structural details are described by Lopez-Poveda and Eustaque-Martin.18 The
model was shown to be capable of reproducing the experimental data, such as the IHC membrane potential responses
(both DC and AC components) in response to the deflection of the IHC stereocilia. The MATLAB implementation of
this IHC model is publicly available.43

THE PHENOMENOLOGICAL MODEL OF AN RESPONSES
Based on some earlier works,45 Zilany and Bruce19,22 introduced a parallel filterbank model to simulate the responses
of the high spontaneous rate (HSR) auditory nerve fibers. This is achieved by two modes of the BM mechanical excita-
tion to the inner hair cell (IHC), rather than one, based on a two-factor cancelation hypothesis whose biophysical corre-
lates are unknown. The model comprises independent channels (parallel filterbanks) that are excited independently by
the common input. This modeling strategy is based on the Helmholtz theory of “tuning forks,” in which the organ of
Corti is viewed as a number of spatially ordered independent resonators, excited independently by a sound stimulus.
This fundamental assumption simplifies the geometry of the model and results in significantly less computational costs.

In the Zilany AN model, cochlear vibrations are passed to a low-pass filter (mimicking the IHC), a model of the
IHC-AN synapse, and eventually a spike generator. The parameters of the model were tuned primarily according to the
cat auditory fiber responses. However, the model was also shown to reasonably reproduce the outcome of psychoacous-
tic experiments such as two-tone suppression experiments. The MATLAB and C implementation of the Zilany model
are available at the AMtoolbox.44
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FIGURE A1 (A) A cochlear partition along the cochlear duct. It comprises three passive loads: the BM, the RL, and the TM which are

each represented by a classic “mass-spring-damper” combination. The outer hair cell (OHC) is the active element which acts between the RL

and the BM by applying motile forces (denoted by fOHC). The vibration is transmitted to the IHC via the RL-TM shearing. If the x-coordinate

corresponds to the longitudinal direction, RL and BM vibrate in x-z plane whereas TM shear motion is in the y-z plane and thus the

corresponding elements are illustrated by dotted lines. The longitudinal coupling along the cochlear structures is modeled by a damper

(Rh) and a spring (Kh). (B) A schematic of the lumped-element element model. It consists of N discrete partitions which extend from the

stapes (left) to the apex (right) forming a signal transmission line
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