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POPULÄRVETENSKAPLIG SAMMANFATTNING 

Idag diagnostiseras en hörselnedsättning i första hand av patientens audiogram. Beroende på 

hur grav hörselnedsättningen är rekommenderas patienten hörapparatutprovning eller inte. 

Däremot påvisar inte ett audiogram, som enbart bygger på patientens förmåga att höra svaga 

toner (hörtrösklar), de specifikt skadade strukturerna i hörselsystemet. Hörselsnäckan 

(koklean) är en del av innerörat och ansvarar för många nyckelfunktioner i hörselsystemet 

som neural kodning av det inkommande ljudet.  Dessutom uppkommer de vanligaste 

förekommande typer av hörselnedsättning i hörselsnäckan. Syftet med detta projekt var att 

skapa en biologiskt baserad modell av människans hörselsnäcka för att simulera hur vissa 

innerörapatologier påverkar auditiva funktioner. De patologier som studerats är ålderrelaterad 

hörselnedsättning (presbyacusis) och bullertrauma. Projektet innehåller även en klinisk studie 

som syftar till att jämföra resultaten från kliniska test (t.ex. audiometri) med 

simuleringsmodellens förutsägelse. Detta för att bättre kunna identifiera mekanismer i 

hörselsnäckan som är associerade med bullertrauma respektive åldersrelaterad 

hörselnedsättning. Denna studie innehåller 7 olika psykoakustiska, fysiologiska och kognitiva 

test som genomfördes på 47 deltagare på hörselkliniken vid Linköpings Universitetssjukhus. 

Studien visade att modellen väl predicerade resultaten från den kliniska studien. Projektet är 

ett multidisciplinärt arbete i det avseende att det sammanlänkar biologiska processer på 

cellnivå med akustisk modellering och klinisk audiologi. 
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The aim of this thesis is to simulate the effects of specific pathologies in the human inner ear, 

caused by ageing and acoustic overstimulation, on the auditory processing. A major part of 

the present thesis is dedicated to modelling the mammalian cochlear structures and 

biophysical processes in form of a physiologically-based signal transmission line. It is shown 

that the model is capable of reproducing the experimental data recorded from aged and noise-

damaged animal cochleae. Furthermore, to validate the clinical implications of the modelling 

work for humans, the final part of the thesis is allocated to a clinical study comprising of 

psychoacoustic, physiological and cognitive tests.  

Paper I presents the principles of lumped-element modelling, the mechanical elements of the 

model, and the equivalent electrical analogy. It also describes mathematically how the 

longitudinal coupling along the human cochlear structures can be estimated based on the 

recordings from passive cadaver cochleae.  

Paper II and III simulate the effects of the age-related strial degenerations (metabolic 

presbyacusis) on the characteristics of the cochlear responses. Paper II briefly introduces the 

schematic of the model including passive structures and active mechanisms. It also quantifies 

the decline of the cochlear amplification due to metabolic presbyacusis. 

 The model is further developed in paper III, where a detailed description of the model 

elements and parameter values is presented. Paper III reports the decline of the frequency 

response and temporal coding of the cochlea as well as the changes in the functionality of the 

inner hair cell – auditory nerve synapse due to metabolic presbyacusis. It also shows that the 

model predictions closely match with the experimental data recorded from aged and 

furosemide-treated gerbils.  

Paper IV, on the other hand, focuses on simulating the effects of the cochlear lesions 

associated with acoustic overstimulation. It investigates the changes in the loudness growth 

caused by noise-induced deficiency of the mechanoelectrical transduction channels. 

Furthermore, it quantifies the decline of the cochlear amplifier as a result of outer hair cell 

death at specific regions of the cochlear duct. The simulation results are compared with the 

experimental data recoded from noise-damaged mice cochleae.  

Finally, Paper V presents the clinical study comprising a test battery of psychoacoustic, 

physiological and cognitive tests. Three groups of subjects participated in the study: normal 

hearing, presbyacusis and noise-damaged. The clinical results are collated and compared with 

the model predictions demonstrating a reasonable agreement.  



 

 

 

 

 

 

 

 

 

 

 

"If you cannot make a model, you did not understand" 

Lord Kelvin (1824-1907) 
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ABSTRACT 

A hearing impairment is primarily diagnosed by measuring the hearing thresholds at a range 

of auditory frequencies (air-conduction audiometry). Although this clinical procedure is 

simple, affordable, reliable and fast, it does not offer differential information about origins of 

the hearing impairment. The main goal of this thesis is to quantitatively link specific cochlear 

pathologies to certain changes in the spectral and temporal characteristics of the auditory 

system. This can help better understand the underlying mechanisms associated with 

sensorineural hearing impairments, beyond what is shown in the audiogram. Here, an 

electromechanical signal-transmission model is devised in MATLAB where the parameters 

of the model convey biological interpretations of mammalian cochlear structures. The model 

is exploited to simulate the cell-level cochlear pathologies associated with two common types 

of sensorineural hearing impairments, 1: presbyacusis (age-related hearing impairment) and, 

2: noise-induced hearing impairment. The simulations demonstrate that the age-related 

degeneration of stria vascularis results in reduction of the cochlear amplification and decline 

of frequency sensitivity. It also results in inhibition of the firing rate of the auditory nerve 

leading to impaired temporal coding. Furthermore, the simulations show that the noise-

induced changes in micromechanics of the stereocillia result in impaired growth of loudness 

reminiscent of the ‘recruitment phenomenon’. Moreover, various conditions were simulated 

whereby the acoustic overstimulation was assumed severe enough to directly damage the 

outer hair cells at specific regions of the cochlear duct. The results depict a mild loss at low 

frequencies followed by a notch-like dip at frequencies between 3 and 4 kHz. It is shown that 

the model is capable of reproducing the experimental data recorded from aged and noise-

damaged animal cochleae. Furthermore, a clinical study, consisting of different 

psychoacoustic and physiological tests, was performed to trace and validate the model 

predictions in human. The results of the clinical tests were collated and compared with the 

model predictions, showing a reasonable agreement. In summary, the present model provides 

a biophysical foundation for simulating the effect of specific cellular lesions, due to different 

inner-ear diseases and external insults, on the entire cochlear and thereby the whole auditory 

system. This is a multidisciplinary work in the sense that it connects the ‘biological 

processes’ with ‘acoustic modelling’ and ‘clinical audiology’ in a translational context.  
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ABREVIATIONS 

 

BM Basilar Membrane 

RL Reticular Lamina 

OHC Outer Hair Cell 

IHC Inner Hair Cell 

TM Tectorial Membrane 

HB Hair Bundle 

EP Endocochlear Potential 

MET MechanoElectrical Transduction 

AN Auditory Nerve 

HSR High Spontaneous Rate 

MSR Medium Spontaneous Rate 

LSR Low Spontaneous Rate 

ARHL Age-Related Hearing Loss 

NIHL  Noise-Induced Hearing Loss 

CAP Compound Action Potential 

DPOAE Distortion Product OtoAcoustic Emissions 

ABR Auditory Brainstem Responses 

PTC Psychoacoustic Tuning Curves 

FTM Forward Temporal Masking 

CLS Catagorical Loudness Scaling 

HINT Hearing-In-Noise Test 
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1. BACKGROUND 

  
1.1 . Historical Background 

Acoustics is a multi-disciplinary translational science that studies mechanical waves 

propagating in physical media (i.e., gases, liquids and solids) in form of sound, ultrasound 

and infrasound. The word acoustics takes root from the Greek word akoustos meaning 

‘audible’ although modern acoustics also includes inaudible mechanical vibrations, 

infrasound and ultrasound (Guthrie, 1978). 

 

Fig. 1-1. A) Early works in musical acoustics: the intervals of the natural music scale shown 

on the strings of a medieval Lute by Abu-Nasr Farabi (872-950 AD), reproduced image by 

Barkeshly (1975) from Farabi’s book ‘The Great Music’, with permission from Council of 

Persian Culture and Art. B) Early works in physiological acoustics: A schematic of the organ 

of Corti by Alfonso Corti, from his paper Zeitschrift für wissenschaftliche Zoologie (1851), 

retrieved from Mammano and Nabili, (2014).  

The psychological and physiological acoustics, which is the scope of this thesis, began as 

early as 16th century when Galileo Galilei (1564- 1642) wrote: "Waves are produced by the 

vibrations of a sonorous body, which propagates through the air, bringing to the tympanum of 

the ear a stimulus which the mind perceives as sound" (Clavelin, 1974). In 19th century, the 

Italian anatomist Aslfonso Corti (1822- 1876) conducted microscopic research on at least 200 

human and animal cochleae and discovered the sensory structures of the mammalian auditory 

system (Slepecky, 1996), which was later named after him as the organ of Corti. 

Furthermore, Hermann Von Helmholtz (1821-1894) published his theory of resonance which 

hypothesized that the inner ear acts as a combination of independent resonators similar to 

tuning forks or a piano string (Slepecky, 1996).  

Georg Von Bekesy (1899-1972) published his first paper on the pattern of vibration inside 

inner ear, in 1928 (Bekesy, 1928). Bekesy developed a method to assess biophysical 

properties of the cochlear structures in human cadaver temporal bones, using strobe 
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photography. His measurements dismissed the Helmholtz theory of resonance and showed 

that the vibrations in the organ of Corti form a travelling wave propagating from the base to 

the apex (Bekesy, 1960). Moreover, Bekesy implemented a mechanical replica of the human 

cochlea to simulate the sound-induced vibrations. The results confirmed the key concept of 

frequency dispersion by the organ of Corti (so called ‘tonotopy’), as was also predicted by 

Helmholtz resonators.  

In 1978, otoacoustic emissions, generated by the cochlea in response to acoustic clicks, were 

recorded at the ear canal (Kemp, 1978). This phenomenon could not be explained by simple 

passive vibration. The recording of the OAEs led to the discovery of the active forces inside 

the cochlea. There have been numerous modeling attempts to quantitatively understand the 

active mechanisms in the mammalian inner ear. One of the significant works was done by 

Neely and Kim (1983) who introduced an active signal-transmission model of the cochlea in 

which the outer hair cells produce active motile forces that cancel the friction.  

In the 21st century, the classic image of the ear being the exclusive tool of the hearing 

sensation, has drastically changed and newer concepts such as genetics, attention, working 

memory, cognition and top-down processes have been added to the image (Smith et al., 2014; 

Rönnberg et al., 2013; Classon et al., 2013; Stenfelt and Rönnberg, 2009) . As a result, the 

hearing science today has become rather inter-disciplinary in the sense that biophysicists, 

engineers, physiologists, audiologists, neurologists and cognitive psychologists work together 

in a translational context to provide state of the art answers to the many existing questions 

within physiological and psychological acoustics. 

1.2 . A Brief Introduction to Anatomy of Cochlea 

The mammalian inner ear is the innermost part of the auditory periphery inside a hallow 

cavity, known as the bony labyrinth, located in the temporal bone of the skull including a 

complex system of passages. The human inner ear consists of two major parts: 1) the 

vestibulum (vestibular system) which contributes to the sense of spatial orientation and 

balance and 2) the cochlea which is the auditory portion of the inner ear, the subject of this 

thesis.  

The word cochlea is derived from the Greek word kokhlias meaning snail, spiral shell 

(Guthrie, 1978). It is a spiral-shaped cavity making 2.5 turns around its axis with a total 

length of 35 mm, in an average adult human (Fettiplace and Hackney, 2006). The cochlea is 

partitioned into three liquid-filled chambers (scalae): scala vestibule (filled by perilymph), 
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scala media (filled by endolymph) and scala tympani (filled by perilymph). The cochlea is 

linked to the middle ear via a membrane-covered opening, known as oval window, which is 

directly contracted by the stapes. The width of the cochlear duct is smaller near the stapes, 

however, it increases toward the apex. 

1.2.1. The lateral wall of the cochlea and the stria vascularis 

The lateral wall of the cochlea (spiral ligament) is a periosteum that forms the outer wall of 

the cochlea. It is attached to a vascularized tissue, known as the stria vascularis, which is 

believed to pump ionized potassium (𝐾+) into the endolymph of scala media (Slepecky, 

1996). This is believed to directly contribute to the 89mV endocochlear potential (EP) in a 

healthy human cochlea. Moreover, the stria vascularis is the only tissue in human body where 

blood capillaries pass through two very thin layers of epithelial cells (Slepecky, 1996). 

Therefore, stria vascularis may be very sensitive to the quality of the blood circulation and 

the general metabolic status of the individual (Riquelme et al. 2013). It is explicitly 

investigated in this thesis (chapter 3 and papers II, III) how the age-related decline of the stria 

vascularis structures modifies the auditory functions.     

1.2.2. The organ of Corti 

The organ of auditory, the organ of Corti, is situated in scala media, in the core of the cochlea 

(Fettiplace and Hackney, 2006). The organ of Corti (Fig. 1-2) comprises various auditory 

sensory and supporting cells and rests on a stiff structural basis, basilar membrane (BM). For 

the organ of Corti, the stiffness of the cells progressively decreases from the base toward the 

apex whereas their mass, width and thickness increases from the base to the apex (Bekesy, 

1960).  

The Dieters cells, which belong to a stiff type of supporting cells with filaments, rest directly 

on the BM; they are closely associated with the outer hair cells (OHCs). The OHCs are long 

and cylindrical membranous cells that are capable of altering their length due to polarization 

(electromotility). There are averagely around 11000 OHC in adult humans which are situated 

in 3 parallel rows (Slepecky, 1996). On the top of each OHC there are around 20 stereocilia 

(also known as hair bundles) that act as mechanosensing organelles by opening their 

mechanoelectrical channels leading to hyperpolarization of the OHC (Fettiplace and 

Hackney, 2006). The OHCs are held in place by an extracellular layer, known as reticular 

lamina (RL), which is mainly composed of collagenous fibers.  
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Fig. 1-2. A microscopic image of the organ of 

Corti depicting various cochlear structures. 

With permission from Kristian Pfaller, Helge 

Rask-Andersen, Anneliese Schrott-Fischer and 

Rudolf Glueckert. 

 

 

 

The tips of the tallest OHC stereocilia are embedded in a gel-like structure, known as the 

tectorial membrane (TM). The stereocilia of the inner hair cells (IHCs) are also attached to 

the TM, on the other side (Slepecky, 1996). The TM is classically believed to act as an 

acoustic shear transformer to excite the IHC sterocillia. The IHCs are goblet-shaped cells that 

are enlarged in their nucleus regions at the basal end. There are around 4000 IHCs in an adult 

human cochlea forming a row along the organ of Corti. The IHCs are believed to play a 

primarily sensory role in the auditory periphery, since their basal ends synapse directly with 

the auditory nerve (AN) fibers.  

1.2.3. Innervation 

There is a rather complex network of both afferent (toward the brain) and efferent (from the 

brain toward the periphery) neural fibers running between the cochlea and the brainstem. The 

IHCs are capable of releasing neurotransmitters on the AN fibers via the IHC-AN synapse, 

converting the cochlear vibrations into neural spikes toward the brain cortices (Sumner et al., 

2002). The AN fibers are often categorized by their spontaneous rate into: high spontaneous 

rate (HSR), medium spontaneous rate (MSR) and low spontaneous rate (LSR) fibers. 

There are two types of olivocochlear efferent fibers: lateral efferents, which are connected to 

the IHCs, and medial efferents which form a cistern-shape synapse at the OHC terminals. 

This efferent network makes it possible for the central nervous system to manipulate the 

biomechanics of the cochlea in a ‘top-down’ manner (Stenfelt and Rönnberg, 2009). This is 

probably one of the front lines of the today’s auditory modelling (section 6.2).  

1.3 . Sensorineural Hearing Impairments and Inner-ear Pathologies 

The sensorineural hearing impairment refers to a range of hearing problems that take root 

from abnormalities within the inner ear (cochlear hearing loss), dysfunction of the auditory 

nervous network (neural hearing loss) or even impairment of the auditory processing centers 
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of the brain (cortical hearing loss). Sensorineural hearing impairments are known to be 

caused by various congenital and acquired diseases such as rubella, infection, aplasia, 

meningitis, measles, vestibular schwanoma, Meniere’s disease and some autoimmune 

diseases (Davis, 1989). It can also be caused by ototoxic drugs such as aminoglycosides and 

antimetabolites (Robertson et al., 2006). However, the majority of the sensorineural hearing 

impairments originate from cellular lesions and structural pathologies within the cochlea 

mainly due to aging (presbyacusis) and acoustic overstimulation (Davis and Moorjani, 2003); 

which are the main topic of this study. 

1.3.1. Epidemiology  

Hearing impairment is the most common sensory deficiency in humans (Davis, 1989) with 

drastic social and psychological consequences for the individuals as well as economic costs 

for the well-fare providers and governments. It is estimated that approximately 20% of adults 

suffer from some degrees of hearing impairment, globally (Davis and Moorjani, 2003).  

The hearing impairment has a close correlation with aging. In the United Kingdom, for 

instance, only 3% of the population aged between 18 and 30 have an average hearing loss of 

more than 25 dB on 0.5, 1, 2 and 4 kHz, in the better ear (Davis, 1989). For the population 

aged 51-60 the prevalence of 25 dB hearing loss is approximately 20% which drastically 

increases for older population groups reaching 91% for the population aged over 80 years 

(Davis, 1989). As the life expectancy is notably increasing world-wide, the number of the 

older citizens and thus the prevalence of the age-related hearing loss would also increase 

significantly. Chapter 3 and papers II, III and V investigate the underlying causes of 

metabolic presbyacusis (‘healthy aging’) and study the manipulation of the auditory functions 

due to the aging of the cochlear lateral wall.  

The hearing impairments due to damages caused by noisy working environments have been 

common in industrialized communities (Davis and Moorjani, 2003). Today fortunately, most 

employers and employees are aware of the work-related damages. Thus, well-designed 

hearing protections are widely used and more effective solutions are exploited to reduce the 

noise at work places (Kochkin, 2005). However, it is estimated that only in USA around 17% 

of the adults aged 20-69 suffer from permanent damages to their hearing caused by excessive 

exposure to noise or acute acoustic trauma (Niskar et al., 2001). Chapter 4 and papers IV and 

V study the effects of the cochlear lesions due to acoustic over-stimulations on the auditory 

functions. 
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1.4. Auditory Modelling: Computational Models vs. Physiologically-based 

Models. 

Models have been exploited to sharpen our understanding of various mechanisms and 

systems. In principal, the auditory models can be traced back to the early Helmholtz ‘tuning 

forks’ theory (section 1. 2). A great portion of the modern models have been based on the 

auditory filters (Meddis et al., 2010). The auditory filter models are grounded on the to-some-

extent practical reasoning that the auditory system filters the sound signal and thus the 

characteristics of this system can be best described by filter banks.  

For more than seven decades [since (Fletcher, 1940)], numerous auditory filter models have 

been divised to better runderstand the hearing-related issues and apply to various 

psychoacoustic measures of the human auditory system. These computational models 

classically exploit different combinations and types of filters such as gammatone and the 

gammachirps to imitate different stages of the auditory system [e.g. (Irino and Patterson, 

2001)]. The recent auditory filter models are well capable of reproducing several key features 

of the auditory system such as critical bands, frequency selectivity, compression and 

frequency- and level-dependent amplitude responses [see (Meddis and Lopez-Poveda, 2010) 

for a review]. Furthermore, these computational models have been very feasible for being 

integrated within machine hearing-systems.  

Even so, for these models the underlying strategy is to mimic the over-all 

psychoacoustic/behavioural outcomes by means of the computational elements (i.e, filter 

banks) without directly linking these outcomes with fundamental biophysical details and 

undergoing subprocesses at the cell level. In the last decade or so, the evolution of 

measurement techniques have led to experimental data on cell-level structural details and 

their corresponding mechanisms inside the inner ear (Cooper, 1998; de Boer and Nuttall, 

2000; Rubles and Ruggero, 2001; Nowotny and Gummer, 2005; Ghaffari et al., 2007; Chen 

et al., 2011). Based on these explicit findings, new models have been developed to either 

explain functionality of specific parts of the mammalian cochlear system (Lopez-Poveda and 

Eustaquio-Martin, 2006; Liu and Neely, 2009) or to simulate the whole cochlear responses 

(Ramamoorthy et al., 2007; Saremi and Stenfelt, 2013). The major difference between these 

newer models and the classic filter models is that these newer models comprise more 

fundamental biophysical parameters such as electromechanical properties of the cochlear 

structures rather than solely computational filters.  
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The physiologically-based model presented in this thesis belongs to this latter generation of 

auditory models. The input to the model is the sound-induced acoustical vibration of the 

stapes and the output of the model is the neural activity on the afferent AN. The current 

model is developed with the aim of simulating how specific inner ear pathologies modify the 

spectral and the temporal features of the cochlear responses. 
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2. THE MODEL 

2.1. Overview 

This chapter introduces a physiologically-based simulation model of the human organ of 

Corti. The basic modeling concept here is based on the lumped-element principle and the 

model is devised in form of a signal-transmission line. The model incorporates passive 

vibrations; nonlinear transduction of the hair cells, the OHC’s active force generation, as well 

as the TM, shearing and vibration to neural transmission at the IHC-AN synapse. The classic 

cochlear models often assume that cochlear structures are longitudinally de-coupled except 

for the energy propagation through the fluid, to obtain simplicity (Ghaffari et al., 2007). 

However, the longitudinal coupling along the cochlear structures has also been taken into 

account, in this work.  

The cochlear processes, specifically the electromechanical transduction, are highly nonlinear 

and thus they can only be simulated in time-domain. This deprives the investigators from the 

analysis of the system in frequency domain. Therefore, the presented signal-transmission 

model is linearized using the small-signal method to form a frequency-domain linearized 

cochlear model. This enables us to simulate the spectral characteristics of the mammalian 

cochleae.  

The simulation model has a large number of biophysical parameters which are listed in table I 

of paper III. The idea is to use physiologically-based parameters, in so far as known, since the 

aim is to simulate how the manipulation of a specific biological parameter, due to certain 

diseases/impairments, modifies the spectral and temporal features of the cochlear responses 

and, thereby, the entire auditory functionality. As there is lack of hard copy in vivo 

measurements inside the human inner ear (section 2.5), the corresponding parameter values 

from other mammalian cochleae have been extrapolated for the human, whenever necessary.  

2.2. Modelling Method 

Inside the SM lies the organ of Corti which is sandwiched between two cellular matrices, the 

BM and the TM (Nam and Fettiplace, 2010). An airborne sound pressure field is transmitted 

via the outer and middle ear to the inner ear. It causes the stapes to vibrate resulting in a 

travelling wave along the organ of Corti propagating from the base towards the apex (Bekesy, 

1960). The displacement of the BM due to this travelling wave triggers some active 

processes, associated with the OHCs, which act fast enough to be in synchrony with the 
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incoming sounds. The force generated by these active processes is fed back to the 

transmission line which, in turn, boosts the vibration pattern of the travelling wave. 

To model these passive and active electromechanical interactions, the lumped element 

modelling principle has been used as the main modelling approach, in this work. The lumped 

element method simplifies the behavior of spatially distributed systems into a series of 

discrete entities each of which approximates the behavior of the system in specific regions, 

under certain assumptions (Caloz and Itoh, 2005). These discrete entities can then be 

connected together to describe the entire system. The lumped-element models are widely 

used in electrical and mechanical engineering, as well as in acoustics. The lumped element 

modelling is a valid method as long as the length of the partitions is well below the sound 

wave length (Caloz and Itoh, 2005). 

 

Fig. 2-1. A schematic of the model consisting of N branches (cochlear partitions) extending 

from the base to the apex. Each partition consists of passive elements (BM, RL and TM) as 

well as an active force generator (OHC). The generated active force is fed-forward to BM and 

RL via path 1 and 2, respectively. 

According to the lumped element modeling principles, the organ of Corti is assumed to 

consist of N partitions along the cochlear duct extending from the base (on the left) to the 

apex (on the right), as depicted schematically in Fig. 2-1. Each branch of the system indicates 

a single cochlear partition consisting of passive block and an active block (OHC) together 

with the IHC block. The forces generated by the active block are fed-forward to the BM and 

the RL through two paths. The IHC block represents the neural conversion which occurs at 

the IHC-AN synapse. The input to the model is the vibration induced by the stapes and the 
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output is the neurotransmitter release on the auditory nerve by each partition. The number of 

partitions can be arbitrary set, although in this thesis 100 partitions (N=100) are used.   

Figure 2-2 depicts the components inside a single cochlear partition: BM, RL and TM. The 

OHCs are suspended between the RL and the BM; and the OHC motile forces (depicted by 

𝑓𝑂𝐻𝐶  in Fig. 1) are represented by a pair of forces inside the organ of Corti which on a cycle-

to-cycle basis alternately pull the RL and the BM (via Dieters cells) together and push them 

apart. For simplicity, the Dieters supporting cells have been considered as incompressible 

masses here. 

Fig. 2-2. A cochlear partition along the cochlear duct. It 

comprises three passive loads: the BM, the RL and the 

TM. The OHC is the active element which acts between 

the RL and the BM by applying a motile force (denoted 

by 𝑓𝑂𝐻𝐶) pulling them together and thereby boosting the 

vibration. This additive behavior is included in the model 

by means of two feed-forwards both on the BM and the 

RL. The boosted vibration is transmitted to the IHC via 

the RL-TM shearing. The longitudinal coupling along the 

cochlear structures is modeled by a damper (Rh) and a 

spring (Kh). The EP block is depicted by dotted lines; it 

controls the OHCs and IHCs by providing them with 

necessary flow of 𝐾+ ions. 

 

2.3. Passive Components 

In order to explain the vibrations, each passive mechanical load is modeled by a viscous 

‘mass-spring-damper’ combination. Thus, the BM is represented by its mass (𝑀𝑏𝑖), its 

stiffness (𝐾𝑏𝑖) and its damping coefficient (𝑅𝑏𝑖). Similarly, RL and TM are modeled by (𝑀𝑟𝑖 

, 𝐾𝑟𝑖, 𝑅𝑟𝑖) and (𝑀𝑡𝑖 , 𝐾𝑡𝑖 , 𝑅𝑡𝑖), respectively. Here, only the shearing impedance of the TM is 

included and the bending impendence has been neglected. 

2.3.1. The longitudinal coupling along the cochlear structures and the loading effect 

Cochlear models typically assume that BM is longitudinally uncoupled (Ghaffari et al., 

2007). Mathematically, the decoupled BM is very attractive to modelers; it allows the 

equations that describe the motion of a single partition to be independent of the equations that 

describe the motion of other adjacent partitions along the cochlear duct. However, Naidu and 

Mountain (2001) have quantified longitudinal coupling along the BM of gerbils. Besides, 

Meaud and Grosh (2010) have also introduced a 3-dimensional model of the cochlea. They 
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simulated the effect of TM longitudinal coupling on the cochlear response and demonstrated 

that structural longitudinal coupling is non-negligible. 

In the current model, the longitudinal coupling along the organ of Corti is modeled by springs 

and dampers between the cochlear partitions along the transmission line (𝐾ℎ𝑖 , 𝑅ℎ𝑖 in Fig. 1). 

This approach is very similar to the one-dimensional model of [Naidu and Mountain (2001), 

Fig. 7], except that, here the longitudinal damping (𝑅ℎ𝑖) is also included. Figure 2 in paper I 

depicts the circuit model for the longitudinal coupling between the passive structures. Figure 

3 of paper I illustrated the electrical analogy for the passive mechanical system. As explained 

by Eq. (1) and (2) of paper I, the system is solved so that the partitions give characteristic 

frequencies similar to those measured in cadaver passive human cochleae [shown in Bekesy 

(1960), Fig. 11-43]. 

2.4. Active Mechanisms 

 To explicitly investigate the active force generation process inside the cochlea a three-stage 

system is devised (Fig.3 in paper III). The corresponding sub-processes are: 1) The Stria 

vascularis: the biological battery. 2) The mechanoelectrical transduction (MET): the driver of 

the OHC’s molecular motor. 3) The somatic motility: the OHC’s molecular motor. 

2.4.1. stria vascularis: the biological power supply of the Cochlea 

As described in section 1.3.1, stria vascularis pumps 𝐾+ ions into scala media. The influx of 

the electrically-charged 𝑘+ ions contributes directly to the existing 89mV electrical 

difference (EP=89 mV) along the human cochlear duct (Slepecky, 1996). This biological 

battery supports the cochlear system by providing the MET channels of both the OHCs and 

the IHCs with the necessary electrical current. Thus, the EP is illustrated as a controller of the 

OHC and the IHC blocks as shown in Fig.1 of paper III.   

The stria vascularis as a vascularized cellular body can be represented by a resistance, 𝑅𝑠𝑡. 

The electromechanical gradients driving the flow of the 𝑘+ ions into the SM is represented by 

an ideal voltage source (battery), EP, and the fluid resistance inside the SM is denoted 

by 𝑅𝑠𝑚, as shown in Fig. 3 of paper III. 

2.4.2. Mechanoelectrical transduction: the driver of the somatic motor. 

The MET channels are opened by the so called ‘gating springs’, which are stretched when the 

tips of the OHC stereocilia (the OHC hair bundle) are deflected due to the incoming sound-
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induced displacements of the BM (Fettiplace and Hackney, 2006). The opening of the MET 

channels leads to the influx of 𝐶𝑎2+ions which induces a receptor current (𝑖𝑟).  

This receptor current (𝑖𝑟) has been measured in different mammalian cochleae as function of 

the hair bundle displacement (Fettiplace and Hackney, 2006). A peak current is seen almost 

immediately after the channels have been opened (fast adaption). The MET channels then 

reclose slowly and the receptor current adapts with a specific time constant (slow adaption) to 

a non-zero residual level (𝐼𝑟𝑒𝑠𝑡). This process can be seen in the recordings shown by [(Kros, 

1996), Fig. 6.3 (A)] which depict the adaption of receptor currents in mouse cochleae. 

Therefore, the receptor current [(𝑖𝑟(𝑡)] can be written as the combination of the peak current 

(𝐼𝑟) and a time-dependent transient current [𝑖𝑟
⏞ (𝑡)] which corresponds to the decaying slow 

adaption as stated by Eq. (2-1) below. 

𝑖𝑟(𝑡) = 𝐼𝑟 + 𝑖𝑟
⏞ (𝑡)                                                                                                                          (2 − 1) 

This peak current (𝐼𝑟) can be estimated as a function of the hair bundle displacement by a 

second-order Boltzmann function (Eq. (2) of paper IV) resulting in the MET curve illustrated 

in Fig. 2 of paper IV. This curve demonstrates a highly non-linear function; nonlinear 

systems can only be simulated in time domain. However, here we exploit the small-signal 

linearization approach to obtain a linear estimate of the MET mechanism around certain 

operating points. Thus, the peak current (𝐼𝑟) can be stated by Eq. (2-2) where 𝑥𝑟𝑙 denotes the 

displacement of the RL (which is assumed to correspond to the displacement of the hair 

bundle) and 𝛼𝑑 is the slope of the MET curve at a specific operating point. Equation (2-2) is 

only valid as long as the displacement of the hair bundle is reasonably small around the 

operating point, according to the small-signal principles. 

𝐼𝑟 = 𝛼𝑑. 𝑥𝑟𝑙                                                                                                                                       (2 − 2) 

The time-dependent decaying transient current [𝑖𝑟
⏞ (𝑡)], however, can be thought of a low-

pass filter to the velocity impulse (Liu and Neely, 2010). Thus, it can be written according to 

Eq. (2-3) where 
𝑑𝑥𝑟𝑙

𝑑𝑡
 is the RL velocity and 𝛼𝑣 denotes a velocity-to-current coefficient 

corresponding to MET’s sensitivity to RL velocity.  

𝑖𝑟
⏞ (𝑡) = 𝛼𝑣. (

𝑑𝑥𝑟𝑙

𝑑𝑡
)                                                                                                            (2 − 3) 
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Inserting Eq. (2-2) and Eq. (2-3) in Eq. (2-1) leads to the following differential equation 

which takes into account both the peak current and the transient current induced by the MET 

process, based on small-signal linearization. 

𝑖𝑟(𝑡) =   𝛼𝑑. 𝑥𝑟𝑙 +  𝛼𝑣. (
𝑑𝑥𝑟𝑙

𝑑𝑡
)                                                                                                         (2 − 4) 

A first order linear time-invariant (LTI) system is governed by the following equation where 

𝜏 is the time constant of the system. The time constant is an important feature of the 

electromechanical systems that represents the time it takes for the response to decay to 0.37 

of its initial value.  

𝑖𝑟(𝑡) =   
1

𝜏
𝑥𝑟𝑙 +  (

𝑑𝑥𝑟𝑙

𝑑𝑡
)                                                                                                          (2 − 5) 

Eq. (2-4) can be re-written as following.  

𝑖𝑟(𝑡)

𝛼𝑣
=   

𝛼𝑣

𝛼𝑣
. 𝑥𝑟𝑙 +  (

𝑑𝑥𝑟𝑙

𝑑𝑡
)                                                                                                         (2 − 6) 

Comparing Eq. (2-6) with Eq (2-5) indicates that the time constant for the receptor current 

𝑖𝑟(𝑡) induced by the MET mechanism has the time constant below. 

𝜏 =
𝛼𝑣

𝛼𝑑
                                                                                                                               (2 − 7) 

This time constant shows how fast the MET channels reclose. The time constant has been 

measured to be 123 us in guinea pig cochlea (Fettiplace et al., 2005). However, Liu and 

Neely (2010) suggested that this time constant must be at least ten times higher in human 

MET.  

2.4.3. The somatic motility: the OHC’s molecular motor for generating active forces. 

The OHC’s membranous body has a conductance (G) and capacitance (C) (Liu and Neely, 

2009). Accordingly, the receptor current (𝑖𝑟) resulting from the MET mechanism, described 

above by Eq. (2-1) to (2-7), induces a receptor voltage (𝑉𝑟). The somatic motor is believed to 

be driven by this receptor voltage (Kros, 1996). It has been experimentally observed that 

individual OHCs, dissociated from the cochlea and electrically stimulated, shorten in 

response to this receptor voltage (Fettiplace and Hackney, 2006). Because of the speed of the 

mechanical response these cells can theoretically alter their length and shape in synchrony 

with the acoustical stimulus for the frequencies spanning the whole auditory range, pulling 
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and pushing the RL and the BM and thereby pumping energy into the transmission line of 

Fig. 2-1. 

We used the piezoelectric model proposed by Liu and Neely (2009) to calculate the transfer 

function [see paper III, Eq. (7)] to relate OHC contraction with the RL displacement.  This 

transfer function is considered the open-loop displacement gain produced by the OHC. As 

shown by Eq. (7) of paper III, this gain is directly proportional to the slope of the MET 

curve (𝛼𝑑) (the slope of Fig. 2) as well as the MET’s velocity sensing component (𝛼𝑣) which 

is determined by the time constant corresponding to the re-closure of the MET channels (see 

Eq. 2-7 above).  

The OHC transfer function is integrated into the transmission line by a pair of positive feed-

forwards both on the BM and on the RL as seen in Fig. 2-1. The frequency response of the 

entire partition (denoted by H) is calculated according to Eq. (9) and (10) of paper III; these 

equations take into account the structural coupling along the cochlear duct and the associated 

loading effect. 

2.5. Parameters of the Model 

The human inner-ear is deeply covered by the petrous bones in a rather inaccessible part of 

the skull. As a result, although some passive biophysical measures of the human cochleae are 

known thank to measurements on cadaver temporal bones (Bekesy, 1960; Stenfelt et al., 

2003), in vivo measurements inside human cochleae are currently impossible. Fortunately, 

recordings from mammalian cochleae especially gerbil and guinea-pig are to some extent 

available (Cooper, 1998; de Boer and Nuttall, 2000; Rubles and Ruggero, 2001; Nowotny 

and Gummer, 2005; Ghaffari et al., 2007; Chen et al., 2011). 

As depicted in Fig. 2-2, each single cochlear partition acquires 31 biophysical parameters. 

The goal here is to use biologically-based parameters, in so far as known, so that the effect of 

manipulations in certain parameters (due to specific pathologies) on the entire auditory 

system can be explicitly simulated. To obtain the passive parameters (i.e. BM mass, OHC 

body stiffness, etc.) the measurements from the cadaver structures were used. For instance, 

the width of the cochlear duct was reported by Liu and Neely (2010) at the base, in the 

middle and at the apex of the cochlea. These values were linearly interpolated to give us the 

corresponding values for the in-between partitions.  
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Whenever there were no human data available (which is the most likely case with active 

parameters), the corresponding recordings from other mammalians were extrapolated to give 

reasonable values for the human counterpart parameter. The precision and the validity of such 

‘translations’ from the animal data into the human data will be always under question as long 

as the hard copy human measurements are not entirely available. Table I of paper III 

describes all parameters of the model as well as the sources.  

2.6. Model Predictions vs. the Animal Data 

Cooper (1998) measured the BM mechanical responses to pure tone stimuli at the basal turn 

of the guinea pig cochlea at 3mm from the base (CF=17 kHz) using a displacement-sensitive 

laser interferometer. de Boer and Nuttall (2000) also recorded data on velocity of the BM at 

the same location of the cochlea using a laser velocimeter [(de Boer and Nuttall, 2000), Fig. 

1]. With this technique they obtained frequency response of the BM velocity ratio with 

respect to stapes (BM velocity divided by stapes velocity) for stimulation levels of 

60,70,80,90 dB SPL. 

In order to compare animal data with the model predictions, the corresponding parameters of 

the human model (listed in tables I to III in appendix A) were modified to those of the guinea 

pig cochlea presented in [Ramamoorthy et al. (2007), table I, II]. The modified guinea pig 

model was used for simulating the BM velocity ratios at the sharpest point of the MET curve 

where the somatic motor functions maximally. This point corresponds approximately to the 

experimental data at a relatively low stimulation level (20 dB SPL) which also gives the 

highest amplification and sensitivity. The Cooper (1998) and the de Boer and Nuttall (2000) 

data (for the stimulation level of 20 dB SPL) were normalized and averaged. The result was 

shown versus the prediction of the model in Fig, 7 of paper III.   
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3. BIOPHYSICS OF THE AGING COCHLEA 

3.1. Overview 

Aging in humans refers to accumulation of biological, psychological and social changes in an 

individual over time (Stuart-Hamilton, 2006). One common and tangible consequence of 

aging is often the decline of hearing. The age-related hearing loss (ARHL), or presbyacusis, 

is one of the most widespread chronic health problems among older citizens; as more than 

one third of individuals over 65 years old are believed to suffer from prominent hearing 

difficulties (Gordon-Salant and Fristina, 2010). An important issue which is discussed in the 

beginning of the chapter addresses the question: what is ‘purely’ age-related and what is not? 

This is particularly important because acquired insults to the cochlea (due to noise exposure, 

drugs, etc.) are sometimes mixed up with age-related manipulations.  

3.2. How Does Aging Manipulate the Cochlear System? 

Schunknecht (1974) categorized human presbyacusis into four types: 1) mechanical, where 

the organ of Corti stiffens, 2) neural, which refers to loss of neuronal cells, 3) sensory, 

referring to age-related death of sensory hair cells and 4) metabolic, which refers to the 

degeneration of the cochlear lateral wall leading to the decline of the cochlear power supply 

(reduction of EP).  

To date, no direct evidence of age-related stiffening of cochlear structures have been 

reported. Thus, the mechanical presbyacusis has been dismissed by many investigators 

(Schmiedt et al., 2002; Lang et al., 2010). Moreover, Schmiedt et al. (2010) suggested that 

the diagnoses of the ‘mechanical presbyacusis’ which was derived from a flat 30-40 dB HL 

loss may actually be linked to severe cases of metabolic presbyacusis rather than the 

‘mechanical presbyacusis’. Neural presbyacusis, however, is one of the main contributors to 

the ARHL as the shrinkage and loss of the AN fibers and the spiral ganglion cells due to 

aging is very common (Makary et al., 2011). Kujawa and Liberman (2009) showed that a 

human averagely looses 100 neural ganglion cells per year of age. The AN lies outside the 

cochlea, however, paper III briefly investigates how age-related neuaral degeneration can 

contribute to the decline of the temporal resolution. 

The loss of the hair cells with aging in mammalian cochleae has been reported (Mcfadden et 

al., 1999; Kros, 1996). Expectedly, there is a higher number of missing hair cells in an aged 

cochlea in comparison with the young one (Bettacharyya and Dayal, 1989). However, the 
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question is if these hair cell losses have been due to pure aging or due to the exposure of the 

ear to acoustic overstimulation, as most humans (as well as animals) have been exposed to 

degrees of destructive noise. Schmiedt et al. (2010) and Mills et al. (2006) showed that the 

hair cell loss is not significant in quiet-aged gerbil, gerbils who have spent all their lives in 

sound-proof cages without being exposed to any sound. They concluded that the cochlear 

ARHL is more of strial origin (metabolic presbyacusis) rather than of a sensory nature.  

3.3. Structural Degeneration of the Stria Vascularis  

3.3.1. Age-related strial decline 

Stria vascularis, located in the lateral wall of the cochlea, is surrounded by blood capillaries 

(Slepecky, 1996). It comprises mostly fibrocyte fibers and consists of three different cell 

types: marginal, intermediate and basal. The marginal cells are dark in color and form a layer 

of cell coat having direct contact to the endolymph. These cells are characterized with high 

rate of metabolism and ion (𝐾+) secretory function (Trowe et al., 2011). The intermediate 

cells, which are relatively clear in color, form a discontinuous layer below the marginal cells 

while the basal cells, darker in color, are directly attached to the lateral wall of the cochlea 

(Fettiplace and Hackney, 2006). 

Trowe et al., (2011) showed that the trans-membrane protein Cadherin (calcium-dependent 

adhesion) has a key role in maintaining the structural integrity of the stria vascularis by 

studying the E-cadherin mutant mice. Their results indicate that the age-related reduction of 

the E-cadherin interferes with the architectural maintenance of the fibrocystic marginal cells 

which impairs their interaction with other stiral cells (intermediate and basal). Consequently, 

the functionality of the stria vascularis in pumping the influx of 𝐾+ into the endolymph and 

maintaining the optimum EP (89 mV in humans) is impaired. This leads to the reduction of 

the EP such that there is a decrease in the power supply of the cochlear system, a medical 

condition known as metabolic presbyacusis.  

3.3.2. Effects of metabolic disorders on the structural integrity of stria vascularis 

Since the stria vascularis is the only known epithelial tissue where the blood capillaries pass 

through its cellular layer, the structural integrity of its cells may be very sensitive to the 

quality of the blood and the metabolic status of the individual. Therefore, it is totally 

reasonable that metabolic disorders and cardiovascular diseases manipulate the strial cells 

(Davis and Moorjani, 2003; Riquelme et al., 2012). 
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The effects of metabolic disorders caused by specific health conditions such as syndrome X 

(metabolic syndrome), diabetes and cardiovascular diseases on structural integrity and the 

functionality of the strial cells have not yet been thoroughly investigated. However, 

Fukushima et al. (2006) investigated temporal bones of 18 diabetic cadaver humans in 

comparison with a group of non-diabetic temporal bones to morphometrically study the 

effects of diabetes on the cochlear structures. The results indicated significant thickening and 

atrophy of the stria vascularis cells almost in all cochlear turns of the diabetic specimen. 

Moreover, Riquelme et al. (2012) studied the effect of lacking an insulin-related peptide, 

insulin-like growth factor 1 (IGF-1), on the wild mice strial cells. IGF-1 is a hormone that 

plays an important role in metabolic processes and its abnormality has a high correlation with 

various metabolic disorders, such as diabetes (Davis and Moorjani, 2003). Riquelme et al. 

(2012) showed that the IGF-1 deficiency affects the stria vascularis reminiscent of pre-

maturely aged strial phenotype.  

3.4. Changes in Cochlear Responses due to Metabolic Presbyacusis 

To simulate the effect of metabolic presbyacusis on the cochlear responses, the 

physiologically-based model presented in chapter 2 and papers II and III is exploited. The EP 

is regarded as the variable whereas other parameters are assumed to remain constant. This is 

consistent with the metabolic presbyacusis concept whereby stria vascularis is impaired due 

to age-related metabolic degenerations while the OHCs and all other structures are assumed 

to remain healthy and intact. 

3.4.1. Effects of metabolic presbyacusis on the cochlear amplifier 

The frequency-domain electromechanical system, presented in chapter 2, is solved for 100 

partitions (N=100) in MATLAB; the simulation results are valid for low intensity sounds 

according to the small-signal linearization principles. The idea is to compare the cochlear 

amplification when the EP is optimal in comparison with when the EP is reduced to half of its 

optimal value. Figure 8(a) of paper III depicts the decline in the magnitude of the cochlear 

frequency response due to the reduction of the EP, at 30% of the cochlear length from the 

base (basal region) whereas Fig. 8(b) shows the decline at a more apical region (70% of the 

cochlear length from the base). These figures also demonstrate flattening of the frequency 

response due to the EP reduction which indicates the decline of the frequency sensitivity. 
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The decline of the frequency response is much higher in the basal region [Fig. 8(a) of paper 

III], which is tuned to higher frequencies, than in the apical region [Fig. 8(b) of paper III], 

tuned to low frequencies. Figure 10(a) of paper III summarizes the decline in the magnitude 

of the cochlear frequency response along the cochlear duct as a function of the characteristic 

frequency. The result demonstrates a small loss followed by a sloping loss at frequencies 

higher than 1 kHz which indicates the high-frequency profile of presbyacusis as well as 

changes in position-frequency (tuning pattern) of the cochlea. 

3.4.2. Effects of metabolic presbyacusis on the temporal coding of the coclea 

The BM vibrations are converted into the release of neurotransmitter by the IHC/AN synapse 

on the auditory fibers. Similar to the OHC MET channels, the EP also controls the IHC MET 

channels as well. The opening of the IHC MET channels results in a receptor current which 

hyperpolarizes the IHC body leading to 𝐶𝑎2+build up at the IHC-AN synapse. Sumner et al., 

(2002) showed that the firing rate of the afferent auditory nerve is proportional to the cube of 

the 𝐶𝑎2+build up [Eq. (11) and (12) in paper III]. 

As the EP is reduced due to metabolic presbyacusis, the IHC MET mechanism produces less 

receptor current which results in reduction of the 𝐶𝑎2+ build-up and eventually the inhibition 

of the AN firing rate. The exact timing of the auditory nerve activations is determined by the 

neurotransmitter firing rate. Therefore, the transmitter release rate has a great impact on the 

temporal coding features of the auditory signal such as phase locking (Lopez-poveda and 

Barrios, 2013). The decrease of the neurotransmitter firing rate implies a longer time interval 

and less accurate timing between the firings which, at least partly, may explain the decline of 

temporal resolution, the ability to follow rapid acoustic changes over time, as well as 

impaired phase locking in the aging auditory system (Pichora-Fuller et al., 2006; Anderson et 

al., 2012).  

3.4.3. Effects of metabolic presbyacusis on the tuning pattern of the cochlea  

Figure 8 (right) in paper III indicates that the position-frequency map (tuning pattern) of the 

cochlea is modified as the active processes decline due to presbyacusis. The results indicate 

that the characteristic frequencies of the cochlear partitions decrease as a function of the EP 

reduction. This is consistent with the simulations by Ramamoorthy et al. (2007) where they 

show a backward shift of the characteristic frequencies as the activity level of the OHCs 

decreases to 90%, 75%, 50% and 0%. Besides, Lopez-poveda et al. (2007) clinically assessed 

the psychoacoustical tuning curves in three normal-hearing subjects. Their results suggested 
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that at high-level intensities (where the cochlear amplification is low) the characteristic 

frequencies decreased both in basal and apical areas of the cochlea.  

3.5. Model Predictions vs. the Animal Data 

Schmiedt et al. (2002) measured the CAP (compound action potential) threshold elevations in 

gerbils with reduced EP at frequencies from 0.5 to 10 kHz.  Schmiedt et al. (2002) measured 

the CAP thresholds in a group of quiet-aged gerbils whose EP values were reduced to 67, 55, 

48, 43, and 17 mV primarily due to age-related decline of the stria vascularis. In addition, 

they recorded the CAP thresholds in a group of young but furosemide-treated gerbil cochleae.  

Furosemide is a loop diuretic ototoxic medicine which reduced the EP by disrupting the stria 

vascularis functionality. The advantage of using furosemide is that it provides a fast and 

specified experimental model of metabolic presbyacusis in young cochleae where other 

structures are intact and healthy, unlike in the old cochleae. Furthermore, Schmiedt et al. 

(2002) also measured the CAP thresholds in a reference group of young and healthy gerbils.  

The CAP threshold elevations were calculated according to the experimental data [Schmiedt 

et al., (2002), Fig. 7] for three cases (EP=46 mV, 48 mV and 57 mV) and were shown 

together with the model prediction in Fig. 10(a) of paper III. For all the cases, the loss is 

small (around 10 dB HL) and constant at low frequencies followed by a sloping loss at 

frequencies over 4 kHz. The CAP thresholds of the furosemide-treated gerbils (EP=46 mV) 

demonstrated the closest match with the model prediction.  
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4. BIOPHYSICS OF THE NOISE-DAMAGED 

COCHLEA 

4.1. Overview 

The destructive effects of acute acoustic trauma (e.g. in wars) or persisting noise (e.g. in 

noisy working environments) on one’s hearing, is well known in modern societies (Kochkin, 

2005). In spite of technical developments in noise control systems and production of better 

hearing protectors, there are still over 35 million employees only in Europe who are exposed 

to detrimental noise levels at work, on a daily basis (Sulkowski et al. 2004).  

4.2. How Does Acoustic Overstimulation Manipulate the Cochlear System? 

It has been demonstrated that stereocilia micromechanics is modified immediately after the 

exposure to overstimulation (Saunders et al., 1986). These biomechanical changes may 

recover shortly after the stimulation is ended (Pyykkö et al., 2003). However, if the 

stimulation is too intense or the duration of the noise exposure is too long, it may lead to 

permanent damage or even death of the outer hair cell (OHC) through either apoptosis or 

necrosis (Bohne et al., 2007).  

There are different steps leading from acoustical overstimulation to the cellular lesion. These 

steps are either of metabolic or mechanical nature. The acoustic overstimulation can trigger 

several metabolic processes (such as oxidative pressure, modification of the cochlear blood 

flow causing local ischaemia, and synaptic hyperactivity) which eventually result in disrupted 

cochlear homeostasis (Bohne et al., 2007; Pyykkö et al., 2003; Robertson et al., 2006). 

Besides, the sound-induced overstimulation can also mechanically disturb the integrity of the 

cochlear structures leading to disorganization of stereocilia and rupture of the cell membranes 

(Bohne et al., 2007) 

The metabolic/mechanical changes induced by the acoustic overstimulation can be time-

dependent in the sense that the changes may be reversible (Patuzzi and Moleirinho, 1998). 

However, if the overstimulation is severe enough, the associated metabolic/mechanical 

changes can lead to the death of the sensory cells which is believed to be rather irreversible 

(Robertson et al., 2006).  

 The cellular death occurs through either of the two processes: necrosis or apoptosis. 

Apoptosis is regarded as the programmed cellular death in the sense that a chain of 

morphological events occur serially: the cell's cytoskeleton breaks up, body shrinkage, 
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nuclear rupture and finally DNA fragmentation (Bohne et al., 2007). In contrast to apoptosis, 

necrosis is a premature, anarchistic form of the cellular death that results from acute cell 

injury caused by external factors such as trauma, infection and toxin (Proskuryakov et al. 

2003). During necrosis, the cell dies of autolysis (self-destruction) whereby the cell is 

destructed by the actions of its own enzymes (Pyykkö et al., 2003). 

4.3. Effects of Noise-induced Lesions on the Cochlear Amplifier 

The physiologically-based model presented in chapter 2 is exploited to simulate the effects of 

the OHC impairments due to overstimulation on the cochlear amplifications. However, the 

death of the sensory hair cells in the inner ear is not limited to the OHCs but includes death of 

the IHCs as well (Fu-Quan et al., 2012). Such IHC dysfunction can cause further decrease of 

the dynamic range as well as a reduction in the firing rate of the IHC-AN synapse which can 

lead to impaired intensity coding (Kurt et al., 2012) and, eventually, further audiometric loss. 

The noise-induced IHC impairments and neural degeneration (Kujawa and Liberman, 2009; 

Makary, et al., 2011) have not currently been included in this work. In other words, the focus 

has been on simulating the effects of the noise-induced OHC dysfunction on the magnitude of 

the cochlear amplifier.  

To simulate the effects of the cochlear lesions, caused by acoustic overstimulation, on the 

cochlear amplifier, two major scenarios are studied here. Firstly, the sound-induced 

impairment of the OHC stereocilia and the corresponding ‘gating spring’ on the cochlear 

amplifications is investigated whereby the MET mechanism is altered due to these 

manipulations. Secondly, it is assumed that the traumatic overstimulation has been 

severe/long enough to directly damage the OHCs in specific regions of the cochlear duct.  

4.3.1. Effects of MET deficiency on the cochlear amplifier  

Previous studies have demonstrated that stereocilia micromechanics alters as a result of the 

exposure to intense stimulation (Saunders et al., 1986). These changes were associated with 

the loosening of the ‘gating spring’. This implies that the MET channels open more easily in 

comparison with an intact MET channel. As described in section (2.4.2), the peak receptor 

current induced by the opening of the MET channels can be stated as a function of the 

stereocilia displacement according to Eq. (4-1) below where the sensitivity of the MET 

channels is defined by parameters S1 and S2. Furthermore, P1 and P2 are two constants 

which set the position of the MET curve along the 𝑥𝑟 axis. 
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𝐼𝑟 =
𝐼𝑚𝑎𝑥

(1+𝑒𝑆2(𝑃2−𝑥𝑟))(1+𝑒𝑆1(𝑃1−𝑥𝑟))
                                                                                              (4-1)  

Patuzzi and Moleirinho (1998) monitored the changes in the biomechanics of the MET 

channels and the corresponding parameters in guinea pig cochleae due to various 

disturbances including acoustic overstimulation. As suggested by their experimental data, one 

may assume that due to the noise-induced loosening of the MET channels, the channels move 

faster from the close state to the open state which can be simulated by increasing the values 

of S1, S2 and P1 in Eq. (4-1) above. The impact of these parametric changes on the MET 

curve is depicted in Fig. 3(a) of paper IV.  

As Eq. (7) of paper III states, the magnitude of the active motile forces generated by the OHC 

somatic motor is directly proportional to the slope (first derivative) of the MET curve. Thus, 

the amount of the cochlear amplification is very sensitive to the shape of the MET curve. 

Figure 3(b) of paper IV shows the magnitude of the cochlear frequency response to low-

intensity stimuli at 50% of the cochlear length from the base for the two cases in Fig. 3(a): 

the intact MET versus the traumatized MET; it depicts a 17 dB peak-to-peak attenuation. 

The data shown in Fig. 3 of paper IV is only valid at low-sound intensities near threshold, 

according to the small-signal linearization principles. It is interesting to investigate the 

magnitude of the frequency response at other sound intensities since the cochlear 

amplification is believed to decrease as the input sound intensity increases, in a compressive 

manner. Figure 4(a) of paper IV shows the peaks of the cochlear frequency response 

(magnitude) as a function of the input sound intensity for the two conditions: the intact MET 

vs. the traumatized MET. 

The human perception of loudness is complex and is determined by various parameters 

(Moore, 2003) rather than solely the cochlear nonlinearity. Paper IV, however, suggests a 

mathematical relation between the loudness and the cochlear amplifications such that the 

loudness function could be estimated by integrating the cochlear gain with respect to the 

sound intensity; the results are normalized and shown versus an experimentally-based power 

function (Stevens, 1955) in Fig 4(b) of paper IV.  

Figure 4(b) of paper IV indicates that for the traumatized MET (dashed line), the loudness 

perception starts at 0.5 [sones] in response to a sound intensity of 9 dB. This indicates a 9-dB 

elevation in the hearing threshold in comparison with the solid curve. The dashed curve also 

grows more rapidly than the solid curve as the sound intensity increases and results in slightly 
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higher loudness sensation for intensities between 20 and 45 dB SPL. This is reminiscent of 

the “loudness recruitment” whereby excessive loudness growth is felt by sensorineural 

hearing-impaired listeners (Moore, 2003). Both curves, however, approach a similar linear 

growth at higher intensities.   

4.3.2. Effects of the damages to the OHCs on the cochlear amplifier  

The damage to the OHCs can be extensive or limited to specific regions in the cochlear duct; 

this is determined by the frequency content of the destructive stimuli (Moore, 2003). To 

simulate the effect of regional death of the OHCs, it was assumed that the OHCs were 

completely dead at the middle of the cochlea along an area corresponding to 5% of the total 

cochlear length. The magnitude of the active force generated by the OHCs [Eq. (7) in paper 

III] was set zero for the partitions lying in this dead region whereas other parameters of the 

model were intact. The results [Fig. 6 in paper IV] demonstrated a clear dip at frequencies 

corresponding to the dead region. The cochlear amplification at frequencies higher than the 

dead region remained intact. However, the cochlear amplification at lower frequencies, which 

correspond to locations proceeding the dead region, is slightly decreased.  

The condition depicted in Fig. 6 of paper IV is for narrow-band stimulus. The frequency band 

of the destructive stimuli can be broader; thus the hair cell death may not always be 

aggregated in a narrow region forming a pure ‘dead region’ such as in Fig. 6, paper IV. Also, 

unless the overstimulation is too severe, the damaged region can consist of a mixture of dead 

and intact OHCs with different ratios.  

The configuration shown in Fig. 7(a) of paper IV depicts a simplified scenario whereby the 

cochlear length is divided to 3 equal regions. The OHCs are assumed to be completely dead 

in the most basal region (0-L/3) which corresponds to high frequencies over 6 kHz. This 

assumption is in line with the experimental observations which suggest that the OHCs located 

in most basal regions of the mammalian cochlea are significantly more vulnerable to acoustic 

overstimulation than the hair cells in apical areas (Fu-Guan et al., 2012; Lim et al., 2008; 

Pyykkö et al., 2003). Moreover, half of the OHCs located in the middle one third of the 

cochlear length are assumed dead. These dead cells are assumed to be uniformly mixed with 

the functional cells in the sense that the cochlea, on average, maintains 50% of activity in the 

region. This region is tuned to middle high-frequencies between 2 and 6 kHz. It has been 

reported that a majority of destructive noises such as those in building construction 

environments and those produced by farming equipment lie in this frequency range (Pyykkö 
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et al., 2003). Finally, the OHCs which are located in the most apical regions are assumed to 

be intact and fully active (100% integrity) in consistence with the experimental observations 

(Fu-Guan et al., 2012; Lim et al., 2008; Pyykkö et al., 2003).  

The results are illustrated in Fig. 7(b) of paper IV. It demonstrates a mild amplification loss 

(approximately 10 dB) 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. This prediction reasonably matches with the clinical ‘noise-induced phenotype’ 

(Schmiedt, 2010), shown by the error bars. 

To quantitatively study how the location, severity and length of the OHC lesions affects the 

character of the cochlear amplification loss, a number of scenarios have been simulated [Fig. 

8(a) and Fig. 9(a) in paper IV] whereby there are variations in the location, severity and 

length of the OHC lesions. The results are shown in Fig. 8(b) and Fig. 9(b) of paper IV. The 

results indicate that the form of the amplification loss remained similar for all those cases 

while the steepness and the depth of the corresponding notch varied significantly according to 

the location and depth of the damage to the OHCs. 

4.4. Model Predictions vs. the Animal Data 

Lim et al. (2008) exposed a group of BALB/c hybrid mice to white noise at 122 dB SPL 

during 3 consecutive days, 3 hours per day and observed the morphological changes in the 

OHCs along the cochlear length due to the noise exposure, as well as the resulting threshold 

elevations. Their results showed that shortly after the noise exposures there were about 90% 

intact OHCs at the distance of 10% from the apex, corresponding to the most apical region. 

However, the percentage of these intact cells significantly decreased toward the base of the 

cochlea, reaching a solely 40% survival rate at the distance of 82% from the apex (basal 

area). These experimental data are shown by circles in Fig. 5(a) of paper IV and are 

interpolated with an exponentially decaying function. 

To simulate the effect of this specific configuration of the OHC death, for each partition, the 

magnitude of the somatic motor [Eq. (7) in paper III] is multiplied by the corresponding 

integrity rate. The result is depicted in Fig. 5(b) of paper IV where the model prediction is 

shown versus the experimentally measured threshold elevations of the noise-damaged mice 

cochleae at 4, 8, 16 and 32 kHz (Lim et al., 2008).  
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5. CLINICAL IMPLICATIONS 

5.1. Overview 

The purpose of this clinical study (paper V) is to understand how the predictions of the 

cochlear model (chapters 2, 3 and 4) can be interpreted in the ‘human clinical world’. In other 

words, the idea is to validate the model predictions in a clinical relevant sample of subjects 

with normal as well as impaired hearing. It is of particular interest to study how differently 

the two hearing impaired groups, ARLH (presbyacusis) vs. NIHL, perform on auditory tests. 

Furthermore, it is of interest to investigate how the cochlear model can help interpret the 

clinical scores and understand what specific inner-ear pathologies they may point to.  

A test battery of auditory tests, consisting of four psychoacoustic tests, two physiological 

tests and one cognitive test, was implemented to clinically assess the changes in the spectral 

and temporal features of the auditory system due to ARLH and NIHL. The tests were carried 

out on three groups of listeners: 1) ARLH: senior subjects with substantially age- related 

hearing loss (presbyacusis), 2) NIHL: subjects with a clear history of exposure to destructive 

noise, and 3) a group of normal-hearing adults (reference group).  

5.2. The subjects 

A group of twenty participants with normal hearing (12 males, 8 females) with a mean age of 

37.1 years (SD=7.5) who had no more than 20 dB HL at any of the frequencies between 

0.125 and 8 kHz participated in this study. Besides, a group of twenty older subjects (11 

males, 9 females) with a mean age of 67.6 years (SD=1.26) were recruited. They had no 

history of noise exposure such as working in noisy environments or involving in activities 

associated with excessive noise exposure. They were chosen among those whose hearing 

impairment had been primarily diagnosed as ‘age-related’ (presbyacusis). Finally, a group of 

seven subjects (all male) diagnosed with NIHL with a mean age of 49.5 years (SD=6.67) 

were recruited. The participant’s air-conduction hearing thresholds were obtained at 

frequencies between 0.125 and 8 kHz and the corresponding audiograms are illustrated in 

Fig. 1 of paper V.  

Candidates with any of the following conditions were excluded from the study: 1) severe 

tinnitus, 2) hyperacusis, 3) chronic cardiovascular diseases, hypertension requiring 

medication, diabetes requiring medicatiopn, 4) asymmetric hearing loss, 5) autoimmune 

diseases, 6) exposure to ototoxic drugs and 7) diagnosis of cancer.  
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5.3. The Test Battery 

As shown in Fig. 5-1 below, the test battery consists of psychoacoustic, physiological and 

cognitive tests. These tests were carried out on the subjects (section 5.2) in an acoustically 

isolated sound booth at the hearing clinics of Linköping University Hospital. The auditory 

experiments in this study were carried out monaurally on the best ear of the participant, or the 

right ear in case of totally symmetric hearing, except for the Hearing In Noise Test (section 

5.3.4) which was carried out binaurally. It took approximately 3 hours per participant to 

perform the entire test battery. 

Fig.5-1. The test battery. 

5.3.1. PTCs: a measure of frequency sensitivity and tuning 

Frequency selectivity (tuning) is one of the key features of the auditory system. The 

frequency tuning is believed to begin as early as in the cochlea due to the filtering that occurs 

by the organ of Corti (Moore, 2003). Sensorineural hearing impairments, often associated 

with inner-ear pathologies, lead to both elevated hearing thresholds and reduced frequency 

sensitivity (Glasberg and Moore, 1986).  The frequency sensitivity is usually obtained 

through masking experiments; one such example is the psychophysical tuning curves (PTCs). 

During the PTC test a sinusoidal tone fixed in frequency and intensity is presented as the 

target signal. The tone is accompanied with a narrow-band noise (masker). For different 

masker center frequencies the level of the masker is increased/decreased in an adaptive 

manner and the lowest masking level required to mask the tone (target) is determined. 

If the masker center frequency and its bandwidth are chosen properly, the masking levels 

would shape a curve known as the psychophysical tuning curve (PTCs). The curve’s 

sharpness then is regarded as a measure of the frequency sensitivity (Moore, 2003). 

Assessing the PTCs clinically is a time-demanding procedure, however, Sek et al. (2005) 

introduced a fast method based on Bekesy’s threshold estimation technique. This method was 

here implemented in MATLAB to assess the PTCs at three center frequencies: 0.5, 2 and 4 

kHz.  

Psychoacoustic tests 

•Psychoacoustic tuning curves (PTCs)

•Forward temporal masking (FTM)

•Categorical loudness scaling (CLS)

•Hearing-in-noise (HINT)

Physiological tests 

•Auditory brainstem responses (ABR)

•Distortion product OtoAcoustic 
Emissions (DPOAEs)

Cognitive test

•Reading-span test
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Fig. 5-2. The user-interface for the PTC 

test. The instruction says: ‘During this test 

you will hear a tone in background noise. 

The intensity of the noise will 

increase/decrease. You always focus on the 

tone and answer to the question ‘Do you 

hear the tone?’ accordingly’. 

 

 

 

 

5.3.2. FTM: a measure of temporal resolution 

In order to perceive sounds properly in every-day circumstances, the listener must be able to 

resolve several simultaneous acoustic cues that vary over time both in the target signal 

(speech, music) and in the interfering background sounds (noise). This requires a high 

temporal resolution of the auditory system. To assess the temporal resolution, we use the 

temporal masking paradigm which classically consists of a relatively long masker (noise) 

followed by a silent gap and then a brief signal (target). During the test, the hearing threshold 

of the target is measured as a function of the gap duration (Fulton, 2010).  

Fig. 5-3. The user-interface for the FTM 

test. The instruction says: ‘During this test 

you will hear two different sounds. One of 

them is noise whereas the other one 

consists of noise followed by a tone. The 

question is ‘which sound contains the 

tone?’ You answer accordingly. You are 

welcome to guess if it becomes too hard.’  

 

5.3.3. CLS: a measure of loudness perception 

The human ear has a remarkable dynamic range of incoming sound intensities (Glasberg and 

Moore, 1986). Loudness is an attribute of the auditory sensation according to which sounds 
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can be categorized on a scale from very quiet to very loud. This definition implies that 

loudness is a subjective quantity and, thus, can be measured only indirectly (Moore, 2003). 

Brand and Hohmann (2002) introduced an adaptive procedure to assess the loudness function 

by adjusting the presentation levels to the subject’s individual auditory dynamic range. The 

stimuli are 2.5 second long in total and consist of a 1-second narrow band noise which is 

repeated twice with a 500-ms silence in between. After each stimuli, the listener is asked to 

rate the loudness of the stimuli by choosing from an 11-step scale (ranging from ‘inaudible’ 

to ‘too loud’). The intensity of the stimuli varies according to the listener’s answers in an 

adaptive manner (Brand and Hohmann, 2002; Stenfelt and Zeitooni, 2013) to estimate the 

loudness function. 

Fig. 5-4. The user-interface for the CLS 

test. The instruction says: ‘During this test 

you will hear a sound at various 

intensities. Your task is to judge its 

intensity according to the 11-step scale 

from ‘inaudible’ to ‘Too loud’. 

 

5.3.4. HINT: a measure of speech perception in noise 

Nilsson et al. (1994) developed a psychoacoustic experiment to assess the speech reception 

threshold in noise. Hällgren et al., (2006) introduced a Swedish version of the test comprising 

everyday Swedish sentences, 3 to 7 words each, with less than ±2 dB overall fluctuation in 

the sound intensity. The background noise was a broad band noise with a spectrum similar to 

that of speech (Hällgren et al., 2006).  

During the test, the sentences were played in the background noise and the participant was 

asked to repeat after each sentence. The initial signal to noise ratio (SNR) was set at 2 dB for 

the normal-hearing participants and at 12 dB for the hearing impaired subjects. The SNR was 

reduced by a step of -1 dB each time the participant repeated the sentence correctly whereas it 

was increased by a +1dB step whenever the answer was incorrect. The SNR required for 50% 
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correct performance (i.e., correct repetition of 50% of the sentences) was then estimated from 

the listener’s responses.  

Fig. 5-5. The user-

interface for the HINT 

test (Hällgren et al., 

2006). The participant is 

orally instructed to repeat 

after each sentence. The 

experimenter decides if 

the sentence is correctly 

repeated or not and 

pushes the corresponding 

button. With permission 

from Mattias Hällgren, 

PhD. 

 

5.3.5. DPOAE: a measure of the OHC integrity 

The OAEs are sounds which are generated by the spontaneous mechanisms in mammalian 

inner ears and are attributed to the active cochlear amplification (Kemp, 1978). Since the 

active motile forces produced by the OHCs (the OHC somatic motor) are regarded as the 

main source of the cochlear amplification, assessing the OAEs can provide valuable 

diagnostic information by giving a direct measure of the OHCs status (Stenfelt, 2008).  

In the current study, the Distortion Product OAEs (DPOAEs) were measured using a pair of 

evoking stimuli at intensities 𝐿1 and 𝐿2 and at frequencies 𝑓1 and 𝑓2, respectively. The most 

prominent frequency of the recorded OAE, generated by spontaneous cochlear mechanisms, 

is at 2𝑓1 − 𝑓2 Hz, known as the cubic distortion frequency (Neely et al., 2003) and denoted 

by 𝑓𝑑𝑝. The DPOAEs are recorded for different 𝐿2: 𝐿1 and 𝑓2: 𝑓1  ratios including a total 

number of 9 measurement points as described in Eq. (5-1) below where 𝑓2  equals the probe 

frequencies 0.5, 2 and 4 kHz. The𝑓2: 𝑓1  ratio is set to be 1.22 and thus the distortion 

frequencies (𝑓𝑑𝑝) are 318, 1278 and 2556 Hz for the three cases below, respectively. 

Furthermore, 𝐿1 is chosen 40, 60, 70 dB SPL and 𝐿2 is set to be always 10 dB lower than the 

𝐿1 value (𝐿2 = 𝐿1 − 10). 
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{
 
 
 
 

 
 
 
 
1) 𝑓1 = 409 𝐻𝑧,   𝑓2 = 500 𝐻𝑧 {

𝐿1 = 40 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 30 𝑑𝐵 𝑆𝑃𝐿
𝐿1 = 60 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 50 𝑑𝐵 𝑆𝑃𝐿
𝐿1 = 70 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 60 𝑑𝐵 𝑆𝑃𝐿

}

2) 𝑓1 = 1639 𝐻𝑧,   𝑓2 = 2000 𝐻𝑧 {

𝐿1 = 40 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 30 𝑑𝐵 𝑆𝑃𝐿
𝐿1 = 60 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 50 𝑑𝐵 𝑆𝑃𝐿
𝐿1 = 70 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 60 𝑑𝐵 𝑆𝑃𝐿

}

3) 𝑓1 = 3278 𝐻𝑧,   𝑓2 = 4000 𝐻𝑧 {

𝐿1 = 40 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 30 𝑑𝐵 𝑆𝑃𝐿
𝐿1 = 60 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 50 𝑑𝐵 𝑆𝑃𝐿
𝐿1 = 70 𝑑𝐵 𝑆𝑃𝐿 , 𝐿2 = 60 𝑑𝐵 𝑆𝑃𝐿

}
}
 
 
 
 

 
 
 
 

                 (5 − 1) 

The experiment was carried out monaurally on the participant’s best ear using the 

Interacoustics Eclipse system (Interacoustics A/S, Assens, DK). The recordings also contain 

background noise; the strength of the OAE signal in comparison with the noise 

(DPOAE/Noise) at all of the 9 measurement points is computed as well. To assure the 

validity of the measurements a criterion for the DPOAE/Noise level of 4 dB was used. The 

measurements at DPOAE/Noise ratios lower than 4 dB are considered invalid and the OAEs 

are reported as ‘undetectable’. 

5.3.6. ABR: a measure for status of the neural system 

The ABRs are electrical potentials recorded by electrodes placed on the scalp. These 

electrical potentials are elicited by acoustic stimulation and represent the ongoing electrical 

activity through the auditory neural pathways and in the brainstem. The result of an ABR test 

is a series of 5 vertex positive peaks (waves) which are approximately 1 ms apart from each 

other and typically have amplitudes of about 100-500 nanovolts (Delgado and Özdamar, 

1994). Each of these five waves is generated from a specific structure in the auditory system. 

In the current study, wave I and V are analyzed which are generated by synchronous 

electrical activity of the afferent auditory nerve and the inferior colliculus, respectively 

(Delgado and Özdamar, 1994).  The ABRs were recorded in response to a series of 2000, 

150-ms long click using the Interacoustics Eclipse system. The experiment was performed 

monaurally on the best ear at two stimulation levels: 75 dB SPL and 85 dB SPL.  

5.3.7. Reading-span test: a measure of the working-memory capacity 

The working memory acts as an interface between the incoming sound-induced neural signal 

transmitted by the cochlea from one side, and the mental lexicon in the central auditory 

system, from the other side (Rönnberg et. al, 2013). Baddely et al., (1985) introduced a dual-

task cognitive test, known as the reading span test, to measure the working memory capacity. 
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Rönnberg et al., (1989) developed the Swedish version of the experiment; here, a 24 

sentences version was used (each sentence consists of 3 words).  

The sentences are visually presented on a computer monitor with a 3-second pause in 

between during which the participants are instructed to press ‘YES’ if the sentence is logical 

and press ‘NO’ if it is not. The test begins with two-sentence sets, followed by three-sentence 

sets, and so forth, up to five-sentence sets. After the set has been presented, participants are 

requested to recall either the first or the last words of the sentences in the correct sequential 

order.  

5.4. Clinical Results vs. Model Predictions 

The results of the tests are shown in Fig. 2, 3, 4, 5, 6, 7 and 8 of paper V for the three groups 

of the participants. These clinical tests cannot provide in-depth isolated measures of the inner 

ear because they may also involve more central processes. However, the ‘footprints’ of the 

model predictions can still be traced in these clinical data. Also, the results of the tests can be 

analysed to help validate the model predictions.  

The model quantitatively predicted (paper II, III and IV) that the pathologies associated with 

metabolic presbyacusis and NIHL lead to reduction of the cochlear amplifications [Fig. 8 in 

paper III and Fig. 3(b) in paper IV] as well as flattening of the frequency response. The PTCs 

(as seen in Fig. 2 of paper V) clinically confirm the model prediction. Furthermore, the 

broadenings of the tuning curves for the hearing impaired groups are mostly manifested on 

the low-frequency side of the curve. This is in line with the predictions of the model which 

indicate that as the active processes decline (due to inner-ear pathologies) the flattening of the 

amplification curve is primarily observed on the low-frequency side of the curve rather than 

on its high-frequency side.  

Paper III quantified the reduction of the firing rate of the auditory nerve due to age-related 

strial degenerations [Fig. 9(a) in paper III]. Various experimental studies have shown that the 

reduction of the firing rate is directly linked to loss of temporal resolution, impairment of 

phase locking and the decline of temporal coding in the mammalian cochleae (Kurt et al., 

2012; Anderson et al., 2012). The results of the clinical study here (Fig. 3 in paper V) 

demonstrate that the presbyacusis group, unlike the other two groups, gained almost no 

benefit for the temporal cues provided by the gap duration in the FTM test. Moreover, 

according to Fig. 7(a) of paper V, the amplitude of wave V was lower while the latency was 

shorter in the presbyacusis group compared with the NIHL group. These results suggest that 
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more of the high frequency neurons fire in the presbyacusis group (shorter latency) but they 

are less synchronous (lower amplitude). This is also in line with the model prediction as well 

as other findings indicating that phase-locking is worse in older subjects compared with 

younger subjects (Pichora-Fuller et al., 2006; Anderson et al., 2012). 

Furthermore, the model quantitatively simulated how the changes in the biomechanics of the 

mechanoelectrical transduction (MET) channels due to acoustic overstimulation lead to the 

impairment of the loudness growth. [Paper IV, Fig. 4 (b)]. This is consistent with the clinical 

results (Fig. 5 in paper V) that indicate the reduction of the dynamic range in the hearing-

impaired subjects. 

We reasoned based on the governing equations of the model (paper III) that the DPOAEs stay 

relatively robust for the aging cochlea since they originate from the rest position of the MET 

channels which is not affected by the age-related strial degeneration. We concluded further 

that the DPOAE levels reflect the OHC status rather than the strial integrity. The clinical 

results shown in Fig. 6 of paper V confirm this reasoning in the sense that the DPOAEs 

recorded from the NIHL participants were drastically weaker than those recorded from the 

aged ears. This is the case even if the NIHL participants suffer from a less severe hearing loss 

in comparison with the aged participants, according to the audiograms shown in Fig. 1 of 

paper V.  

This is also in line with the outcome of the clinical study by He and Schmiedt (1996) where 

they compare the DPOAE levels recorded from an aged group with those recorded from a 

group of hearing impaired young individuals. Their results demonstrate that aged subjects can 

have much greater hearing losses before the decline of the otoacoustic emissions becomes 

notable as compared to young subjects. They hypothesize that this may be mainly because the 

hearing loss of the young group is likely to take root from noise exposure which acts directly 

on the OHC function, whereas the substantive cause of the hearing loss in the aged group is 

more likely to be of strial origin. 
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6. CONCLUSION 

6.1 Summary  

In this thesis a physiologically-based model of mammalian cochlea was presented where the 

parameters of the model convey biological interpretations of the mammalian cochlear 

structures, in so far as known. The model was used for simulating the effects of specific 

inner-ear pathologies on the temporal and spectral characteristics of the cochlear responses 

and the auditory functions. In other words, this modeling work quantitatively related specific 

cellular lesions to certain changes in the auditory system, by bridging between ‘biology’ and 

‘acoustics’ in an inter-disciplinary context. It was shown that the model can reasonably 

reproduce the experimentally measured animal data. Furthermore, the predictions of the 

model could also be traced and validated in human clinical data. 

The model was exploited to simulate the cellular lesions associated with two very common 

types of sensorineural hearing impairments: metabolic presbyacusis and NIHL. The results 

showed that age-related degeneration of stria vascularis (metavolic presbyacusis) causes a 

reduction in the receptor current induced by the mechanoelectrical transduction which led to 

a drastic decrease in the magnitude of the active force generated by the OHC somatic motor 

(electromotility). The decline of the cochlear amplification was more pronounced at higher 

frequencies and the simulation results manifested a reasonable match with the high-frequency 

threshold elevations in aged and Furosemide-treated gerbils. Moreover, it was shown that the 

EP reduction interferes with the release rate of the neurotransmitter at the IHC-AN synapse 

which can directly contribute to the decline of temporal coding in the aging auditory system. 

Furthermore, the model was exploited to simulate the effects from the cellular lesions caused 

by acoustic overstimulation on the cochlear responses. The simulations demonstrated that as 

the micromechanics of the stereocillia transduction channels is altered due to the traumatic 

acoustical overstimulation, the compressive/nonlinear behavior of the cochlear amplifier is 

notably modified. This leads to an impaired loudness function reminiscent of the recruitment 

phenomenon. Moreover, when a severe noise-induced loss of outer hair cells is assumed at 

basal regions of the cochlea, the model predicts a mild loss at lower frequencies followed by 

a steeply sloping notch-like amplification loss of approximately 80 dB around 4.5 kHz. This 

prediction was reasonably in line with the threshold elevations observed clinically from 

noise-damaged human ears.  
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The final part of the thesis presented a clinical study, consisting of several psychoacoustic, 

electrophysiological and cognitive tests, which were carried out on three groups of 

participants: 1) ARLH [presbyacusis], 2) NIHL and, 3) normal-hearing. The goal was to 

analyze how these three groups perform on the tests and how the results can be interpreted 

with the help of the presented model to pinpoint specific lesions inside the cochlea. Although, 

the ARLH and NIHL groups had comparable amount of audiometric hearing loss, their 

results on the tests differed. 

The results of the forward temporal masking test showed that the NIHL participants benefit 

from the temporal cues to some extent. However, the ARLH participants gained almost no 

benefit from the temporal cues. This is consistent with the model prediction of the temporal 

deficiency due to presbyacusis which indicates that the decline of temporal coding is of age-

related nature. Besides, the DPOAEs recorded from the NIHL ears were much weaker than 

those from the ARHL. This is also consistent with the predictions of the model indicating that 

the DPOAEs are less affected by the strial degeneration (metabolic presbyacusis) than by the 

noise-induced OHC damages. Moreover, according to the brainstem data, more of the high 

frequency neurons fire in the presbyacusis group (shorter latency) but they are less 

synchronous (lower amplitude). This is in line with the model predictions as well as other 

findings indicating that phase-locking is worse in older subjects compared with younger 

subjects (Pichora-Fuller at al., 2006; Anderson et al., 2012). 

6.2 Future Works 

The present model provided a simulation tool for quantitatively studying the effect of cell-

level pathologies under various scenarios on the cochlear response by defining three key 

parameters: 1. the location and the range of the damage along the cochlear length, 2. the 

severity rate of the damage at these locations, and 3. the level of the age-related EP reduction. 

The arbitrary number of the partition (N) can be set to the total number of OHCs so that the 

above parameters can be defined for each cell independently. This provides a resolution high 

enough to simulate the consequences of the damage to a single cell on the entire cochlear 

response. From another perspective, the model can, vice versa, relate a specific audiometric 

loss to the above three parameters using appropriate machine learning algorithms. In other 

words, it can potentially provide a diagnostic tool to quantitatively relate the observed 

audiometric losses with specific cellular pathologies within the inner ear. 

The present thesis, including the modeling work and the clinical study, focuses on the 

auditory periphery as the early processor of the sound. The hearing system, however, is an 
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integrated system where various acoustic, neuronal and cognitive systems interact together 

(Stenfelt and Rönnberg, 2009). Figure 6-1 depicts the Ease of Language Understanding 

(ELU) model which hypothesizes how the sound-induced language input is processed by the 

central auditory and the cognitive system (Rönnberg et al., 2013). 

Fig. 6-1. The working memory model 

for Ease of Language Understanding 

(ELU) (Rönnberg et al., 2013). With 

permission from Jerker Rönnberg.  

 

The bottom-up signal pathway, which starts from the outer ear and leads to the brain cortices, 

gives the classic image of the human auditory system. However, there is an increasing 

amount of physiological and psychoacoustic evidences for the top-down pathway whereby 

the brain can manipulates the auditory system and to some extent ‘fine tune’ the cochlea to 

specific acoustic cues (Katz et al., 2010; Davis and Johnsrude, 2007; Stenfelt and Rönnberg, 

2009). 

Fig. 6-2. A diagram showing bottom-up and top-down   

processes (Stenfelt and Rönnberg, 2009). With 

permission from Jerker Rönnberg. 

 

The olivocochlear efferent network projects from the superior olivary complex at the 

brainstem in to the inner ear (Slepecky, 1996). It is linked to the synaptic area of the hair cells 

by forming a synaptic ‘cistern’ (Fettiplace and Nowtony, 2006). There have been various 

morphological investigation on the chain of actions which occur in this efferent network. This 

efferent network can activate nicotinic cholinergic receptors (nAChR) that change the 
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membrane conductance of the outer hair cells and thereby alter the somatic motor and the 

active force generation in the cochlea (Katz et al., 2010).  

Such top-down efferent processes are often neglected in current cochlear model. However, 

the presented physiologically-based model can be exploited to quantitatively study how the 

olivocochlear efferent network can manipulate the biomechanics of the outer hair cells and 

thereby modify the cochlear responses. To simulate the effect of the efferent-induced changes 

of the OHC conductance on the auditory processing, the parameter G in the piezoelectric 

model of the OHC (Fig. 3 of paper V) has here been increased ±20%.  

 

Fig. 6-3. Modification of the 

cochlear response due to changes 

in the conductance of the OHCs 

induced by the top-down efferent 

network.  

 

Figure 6-3 illustrates the changes in the magnitude of the frequency response in the middle of 

the cochlear duct (50% of the cochlear length) due to the ±20% changes in the conductance 

of the OHCs. As Fig. 6-3 shows, the characteristic frequency of the cochlear partition has 

been modified. This indicates that the position-frequency map (tuning pattern) of the cochlea 

has changed in the sense that the cochlear partition is now ‘tuned’ to another frequency. In 

other words, the simulation confirms that the olivocochlear efferent network can 

biomechanically manipulate the characteristics of the cochlear frequency responses.  

The biophysical model presented in this thesis provides a biomechanical foundation for 

simulating the efferent influence which can help better understand the mechanisms associated 

with top-down processes. This opens new horizons toward studying the mechanism(s) by 

which the brain manipulates and ‘ fine tunes’ the auditory periphery. Moreover, 

physiologically-based models of the auditory nerve can be adopted and incorporated in this 

model in order to simulate the effects of specific neural abnormalities on the neural 

transmission (both afferent and efferent) of the auditory signals.  
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The parameters of the model can also be updated as newer measurements are reported from 

inside the mammalian inner ear. Future measurements can offer more insight into the 

biophysics of the cochlear structures and mechanisms. These findings can be extrapolated to 

provide more realistic and up-to-date values for the parameters of the model. Furthermore, 

the clinical study can be expanded by increasing the sample size (number of participants). 

This is particularly vital for the NIHL group which currently consists of only 7 participants 

(all male) due to practical limitations and low number of NIHL candidates in the region. 

Moreover, other subject groups can be added to the study as it was hypothesized in section 

(3.3.2) that metabolic disorders, such as diabetes, can lead to premature strial degeneration 

reminiscent of metabolic presbyacusis. It will be of interest to explore such underlying 

similarities in a clinical context and collate the results with the model predictions to better 

understand the sources and consequences of specific inner-ear pathologies. 
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