
Western University Western University 

Scholarship@Western Scholarship@Western 

Electronic Thesis and Dissertation Repository 

8-2-2024 10:00 AM 

Effects of Age on the Adult Peripheral Auditory System Effects of Age on the Adult Peripheral Auditory System 

Faraz Masheghati, Western University 

A thesis submitted in partial fulfillment of the requirements for the Master of Science degree in 

Health and Rehabilitation Sciences 

© Faraz Masheghati 2024 

Follow this and additional works at: https://ir.lib.uwo.ca/etd 

 Part of the Speech and Hearing Science Commons 

Recommended Citation Recommended Citation 
Masheghati, Faraz, "Effects of Age on the Adult Peripheral Auditory System" (2024). Electronic Thesis and 
Dissertation Repository. 10245. 
https://ir.lib.uwo.ca/etd/10245 

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted 
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of 
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca. 

https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F10245&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1033?utm_source=ir.lib.uwo.ca%2Fetd%2F10245&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/10245?utm_source=ir.lib.uwo.ca%2Fetd%2F10245&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca


ii 

 

 

Abstract 

Age-related changes in the auditory nerve and brainstem function were studied using 

electrocochleography (ECochG) and auditory brainstem responses (ABR) in young and old 

adult age groups.  Isolating the effects of aging from lifetime ototoxic exposures such as 

noise is challenging. For this reason, only participants with normal audiograms were studied.  

Extended high frequency thresholds and distortion product otoacoustic emissions (DPOAEs) 

were also measured. Results reveal significant age-related differences. Older adults exhibit 

longer ECochG AP and ABR wave I and V latencies compared to younger adults, while the 

amplitude of these components, and the ECochG SP latency and amplitudes were unaffected 

by age. Additionally, elevated extended high frequency thresholds and lower DPOAE levels 

were found in older adults. Age-related changes in auditory nerve and brainstem function in 

adults with normal clinical hearing may impact speech understanding, particularly in noisy 

environments. 
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Summary for Lay Audience 

Hearing loss is a common issue as people get older, but it can be hard to tell if it’s due to 

aging or other factors like exposure to loud noises over a lifetime. To better understand the 

impact of aging on hearing, this study focused on people who had normal hearing based on 

standard tests. The research looked at how the auditory nerve and brainstem—key 

components in the pathway that carries sound signals from the ear to the brain—change as 

people age. 

To do this, the study used several specialized tests. Electrocochleography (ECochG) and 

auditory brainstem responses (ABR) measure how the auditory nerve and brainstem respond 

to sound, by recording electrical activity in these areas. Extended high-frequency hearing 

tests check a person's ability to hear high-pitched sounds, which are often the first to be lost 

with age. Distortion product otoacoustic emissions (DPOAEs) look at the health of the outer 

hair cells in the inner ear, which are crucial for hearing. 

The findings showed that older adults, even those with normal hearing by standard tests, had 

differences in the way their auditory nerve and brainstem respond to sound. Specifically, 

certain response times were longer in older adults, indicating age-related changes in how 

quickly sound information travels through the auditory system. Additionally, older adults had 

problems hearing extended high frequency tones and worse outer hair cell activity, 

suggesting age-related decline in these areas. These results are important because they 

suggest that even if an older adult passes a regular hearing test, they might still experience 

difficulties with hearing, especially in noisy environments. This could affect their ability to 

understand speech or other important sounds in everyday life. 

Overall, this study adds to our understanding of age-related changes in hearing. It 

underscores the importance of looking beyond conventional hearing tests to identify subtler 

signs of hearing decline that could impact the quality of life for older adults. By gaining a 

clearer picture of these changes, we can work toward better ways to diagnose and address 

age-related hearing issues. 
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Chapter 1  

1 INTRODUCTION 

With advancing age, it is typical to develop sensorineural hearing loss beginning in the 

high frequencies. Approximately 55 - 65% of adults older than 75 years have this 

presbycusic hearing loss (Feder, 2019; Mick et al., 2020; National Institute on Deafness 

and Other Communication Disorders, 2024) whereas the minority of adults retain normal 

hearing sensitivity as they age, as defined by the clinical pure tone audiogram. The ability 

of speech recognition in quiet and noise can also differ with changes in age. These 

hearing difficulties do not always align with the degree of audiometric pure tone 

threshold loss, and even with matched pure tone sensitivity, older listeners often 

experience performance declines compared to younger counterparts (Frisina and Frisina, 

1997; Pichora-Fuller and Souza, 2003). 

Within the inner ear, cochlear inner and outer hair cells play a vital role in converting 

mechanical vibrations into electrical signals. These signals are subsequently transmitted 

through the inner hair cell glutamatergic synapses to the peripheral fibers of the auditory 

nerve. Neither sensory hair cells nor auditory neurons undergo regeneration in any 

mammalian ear once they are degenerated (Fujioka et al., 2015). Typically, age-related 

sensorineural threshold decline is associated with altered function of the afferent auditory 

pathway (Konrad-Martin et al., 2012; Burkard and Sims, 2002), both of which depend on 

sensory input from inner and outer cochlear hair cells. Extensive research efforts in both 

human and animal studies have sought to elucidate the pathogenesis of age-related 

hearing loss. The loss of cochlear hair cells, strial atrophy, and spiral ganglion neuron 

degeneration have all been implicated as key factors causing age-related peripheral 

auditory pathology and presbycusic sensorineural hearing loss (Keithley, 2020; 

Schuknecht and Gacek, 1993; Wu et al., 2021; Liberman and Kujawa, 2017).  

However, changes in auditory nerve and brainstem responses in older people with normal 

pure tone thresholds, or with statistical correction for high frequency hearing loss, have 

also been reported by some authors (Aedo-Sanchez et al., 2023; Konrad-Martin et al., 
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2012; Roque et al., 2019). Despite having normal hearing sensitivity for pure tones, some 

older adults report difficulty in hearing, including understanding speech in noisy 

environments. (Demeester et al., 2009; Lee., 2013; Jayakody et al., 2018; Pichora-Fuller 

and Souza, 2003). These findings suggest that age-related differences in other aspects of 

hearing ability or auditory physiology may be affecting auditory neural function but are 

not reflected by conventional pure-tone thresholds between 250-8000 Hz.  

The overall purpose of the study is to better understand how age affects the peripheral 

auditory nervous system and brainstem in humans with normal hearing sensitivity. The 

research question addressed in this thesis is “What is the effect of age on the auditory 

nerve and brainstem function of normal hearing individuals?” In order to answer this 

question, the function of the auditory nerve and brainstem can be measured using 

auditory evoked potentials in young and old individuals with normal clinical audiograms.  

However, because at a young age, humans can hear up to 20 kHz, it is also important to 

consider hearing sensitivity above the clinical upper limit of 8 kHz. Another 

physiological measure, distortion product otoacoustic emissions, can be measured 

noninvasively in humans and provides a measure of outer hair cell status. Considering 

that these other aspects of hearing ability could influence the function of the auditory 

nerve and brainstem auditory evoked potentials, it is important to include them in 

investigations of age-related changes in the auditory periphery.    

1.1 Organization of Thesis 

The main research question of this thesis is presented here in Chapter 1.  Chapter 2 

provides background information about age-related studies on animal and human 

auditory systems, as well as an introduction to physiological measurements of the human 

auditory system. The methods used in this study are explained in Chapter 3, and the 

results of the analyzed data are given in Chapter 4. The final Chapter 5 discusses the 

results with respect to the current literature. 
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Chapter 2  

2 BACKGROUND AND LITERATURE REVIEW  

Older adults often experience a decline in hearing sensitivity and difficulty understanding 

speech, especially in background noise. Age-related hearing impairment is a prevalent 

condition globally, with an estimated 10-30% of adults in their 5th and 40-65% in their 

sixth decade living with hearing loss (Feder et al., 2015; Mick et al., 2021; National 

Institute on Deafness and Other Communication Disorders, 2024; World Health 

Organization, 2023).  

This progressive sensorineural hearing loss, referred to as presbycusis, is defined 

clinically by abnormal hearing thresholds measured with the standard pure tone 

audiogram. It has been proposed that compromised hearing sensitivity and auditory 

processing result from peripheral damage in the cochlea and auditory nerve, central 

neural degeneration, or a combination of both (Billings et al., 2012; Keithly, 2020; 

Kohrman et al., 2020).  

The structural integrity of the cochlea and auditory nerve have been studied in human 

temporal bones and in various animal models of presbycusis (Buckiova et al., 2007; 

Caspary et al., 2005; Fernandez et al., 2015; Kujawa and Liberman, 2015; Liberman et 

al., 2014; Möhrle et al., 2016; Nelson and Hinojosa., 2006; Parthasarathy and Kujawa, 

2018; Sergeyenko et al., 2013; Wu et al., 2021). The assessment of sensory and neural 

function of the peripheral auditory system and brainstem in humans can be effectively 

captured through far-field auditory evoked potentials. Both electrocochleography and 

responses from the auditory nerve and brainstem have been used to study the effects of 

age in humans and animals. (Bester et al., 2020; Burkard and Don, 2015; Gelfand, 2016; 

Konrad-Martin et al., 2012; Musiek et al., 2015). 
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2.1 Physiological Measures of Human Auditory System 
Function 

 The timing and magnitude of physiological activity at various stages of the auditory 

pathway offer insights into the status of specific inner ear and brain structures involved in 

hearing. Key anatomical structures of the afferent auditory system (see Figure 2.1) 

include the outer and inner hair cells, Type I afferent auditory neurons, also known as 

spiral ganglion neurons and their cell bodies, and the synapses between inner hair cells 

and terminals of the auditory neuron fibers. 

The outer hair cells amplify low level sound signals within the cochlea. The inner hair 

cells transduce the amplified sound into electrical signals, which trigger neurotransmitter 

release from the base of the inner hair cell. Post-synaptic fiber terminals of auditory 

neurons are activated via the connecting synapse, and their action potentials are conveyed 

to the brainstem for further processing.  

These anatomical structures are crucial to the physiological integrity of the auditory 

system. Physiological measures in human auditory research and clinical practice are 

required because direct evidence of cochlear cell or auditory neuron damage in a human 

temporal bone and brain is only possible during surgical intervention or post-mortem. 

Therefore, indirect “proxy” measures such as Auditory Evoked Potentials (AEPs) and 

Distortion Product Otoacoustic Emissions (DPOAEs) are required to non-invasively 

investigate potential damage within the auditory system (Bieber et al., 2020; Burkard and 

Don, 2015; Gelfand, 2016; Musiek et al., 2015; Starr and Achor, 1975; Yagi and Kaga, 

1979). 

In this thesis, AEP recordings, specifically electrocochleography (ECochG) and auditory 

brainstem (ABR) component waveforms were used to assess the impact of aging on pre-

synaptic and post-synaptic sites of auditory function. The ECochG SP component 

originates from the offset between the depolarization-hyperpolarization receptor potential 

response of the inner and outer hair cells, as well as the neural contribution of Type I 

auditory neuron fibers (Lutz et al., 2022). The ECochG AP and ABR Wave I arise from 
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the collective action potentials generated by individual Type I auditory neurons, 

particularly those with high characteristic frequency (Santarelli et al., 2021).  

 

Figure 2.1: Pre and postsynaptic sites of lesion within and beyond the cochlea associated 

with aging. 
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2.1.1 Distortion Product Otoacoustic Emissions (DPOAEs) 

DPOAEs were first identified by Kemp (1978). When sound permeates a healthy middle 

ear and cochlea, the stereocilia of outer hair cells are displaced by sound vibration. In 

response, the electromotile outer hair cells convert electrical receptor potentials into 

mechanical energy in order to amplify sound in the cochlea (Grosh et al., 2004). 

DPOAEs are the acoustic signals generated as a result of this outer hair cell 

amplification. These sound emissions propagate back along the basilar membrane to the 

middle and outer ear, where they can be detected in the ear canal. 

DPOAEs are generated when outer hair cells are stimulated by cochlear distortion in 

response to two primary tones, f1/L1 (with frequency f1 and level L1) and f2/L2 (with 

frequency f2 and level L2), presented in the ear canal. In the cochlea, the two primary 

DPOAE components overlap and undergo nonlinear interaction, resulting in the 

generation of mechanical waves at different frequencies, such as 2f1–f2. These generated 

distortion products travel back toward the ear canal, where they can be recorded by a 

sensitive microphone (Talmadge et al., 1999; Kalluri and Shera, 2001; Knight and Kemp, 

2000). DPOAEs are usually captured between 1- 6 kHz with amplitudes that vary 

between -10 and 30 dB SPL at approximately 5-6 dB above the noise floor (Kramer, 

2014; Robinette and Glattke, 2007). DPOAEs are a valuable research and clinical tool 

because they reflect cochlear outer hair cell status at 2f1-f2 (Kemp, 2002). 

2.1.2 Human Auditory Evoked Potentials (AEPs) 

AEPs are electrical responses produced by the auditory system in response to specific 

acoustic stimuli. These responses can be recorded from the scalp and ear using voltage-

sensitive surface electrodes. Short duration, transient AEPs are elicited by the 

presentation of a brief sound stimulus. The timing of different components of the AEP 

waveform synchronizes with the presentation of this stimulus.  By averaging a suitable 

number of stimulus presentations together, unwanted noise is reduced while the 

physiological signal is enhanced. This is possible because AEP components are time-

locked to the stimulus, while noise is random (Burkard and Don, 2015; Gelfand, 2016). 

The timing of different AEP components after stimulus presentation varies depending on 
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the location of their originating generators within the auditory system. Generally, 

electrical activity from more peripheral generators exhibits relatively shorter latencies.  

AEP component latencies range from one millisecond after stimulus onset for cochlear 

potentials up to several seconds for cortical potentials. AEPs are named based on the 

cochlear or neural generators responsible for their production. Two such AEPs, ECochG 

and ABR, were used in this thesis. The ECochG represents electrical potentials generated 

within the cochlea while the ABR reflects synchronous neural activity originating from 

the afferent auditory nerve and brainstem (Bester et al., 2020; Burkard and Don, 2015; 

Gelfand, 2016; Konrad-Martin et al., 2012; Musiek et al., 2015).  

2.1.2.1 Electrocochleography (ECochG) 

Electrocochleography (ECochG) captures electrophysiological responses from cochlear 

hair cells and Type I auditory neurons elicited by clicks or tone burst stimuli. The key 

components of ECochG are the Cochlear Microphonic (CM), Summating Potential (SP), 

and compound Action Potential (AP), which manifest within the first five milliseconds 

following the onset of the stimulus. The ECochG can be captured by electrodes inserted 

invasively through the tympanic membrane onto the cochlear promontory (known as the 

transtympanic approach) or positioned non-invasively within the ear canal or on the 

tympanic membrane (known as the extratympanic approach). While the promontory site 

offers reliable and more distinct waveforms, inserting a needle through the tympanic 

membrane is often impractical. The extratympanic ECochG method is generally reliable 

but produces smaller waveforms (Bester et al., 2020; Bieber et al., 2020; Gelfand, 2016).    

In this thesis, the non-invasive method was used to record the ECochG, and the SP and 

AP components were used to investigate cochlear hair cell and auditory nerve activity. 

The SP mainly represents a direct-current component of hair cell receptor potentials that 

arise when sound displaces the basilar membrane and activates current flow into the hair 

cells (Bester et al., 2020). While the SP depends predominantly on the activation of inner 

and outer hair cells, recent evidence suggests that some electrical activity originating 

from auditory neurons also contributes to its genesis (Bester et al., 2020). On the other 

hand, the compound AP is a neural response evoked by the synchronous firing of action 

potentials by afferent fibers that make up the auditory nerve (and also by Wave I of the 
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ABR-see Figure 3.2). In individuals with normal functioning of the cochlea, the SP is 

relatively small compared to the AP, and the SP/AP amplitude ratio is expected to be 4.0 

or less (Eggermont, 2017; Lefler et al., 2021).  

An example of an ECochG waveform is shown in Figure 2.2, which was obtained from a 

tympanic membrane electrode recording. This waveform depicts the electrical activity of 

the cochlea and auditory nerve in microvolts across the time axis in milliseconds. 

 

Figure 2.2: An example of ECochG recording from the study. 

2.1.2.2 Auditory Brainstem Response (ABR) 

The auditory brainstem response ABR refers to an AEP arising from synchronized 

activity in the auditory nerve and fiber tracks along the ascending auditory pathways of 

the auditory brainstem. The ABR recording technique involves the use of transient 

acoustic stimuli like clicks and tone bursts (Gelfand, 2016). Electrophysiological 

recordings conducted on humans with normal hearing result in a classic waveform of 

seven peaks that occurs within ten milliseconds after stimulus onset. Waves I, III, and V 

are consistently observed in humans, and primarily generated by the distal portion of the 

auditory nerve, cochlear nuclei, and inferior colliculus, respectively (Burkard and Don, 

2015; Gelfand, 2016; Konrad-Martin et al., 2012; Musiek et al., 2015). One metric 
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derived from the ABR waveform is amplitude, which can be quantified by measuring the 

absolute amplitude of the peaks or employing amplitude ratios such as the V/I amplitude 

ratio. Latency is another, which involves measuring the absolute latency of Waves I, III, 

and V, as well the I-V interwave interval, which indicates neural transmission time along 

the brainstem (Burkard et al., 2012). Figure 2.3 illustrates an example of an ABR 

waveform obtained from a mastoid electrode recording. This waveform depicts the 

electrical activity of the auditory nerve and brainstem in microvolts across the time axis 

in milliseconds.  

 

Figure 2.3: An example of ABR recording from the study. 

2.2 Effects of Stimulus Rate on the ABR and ECochG 

2.2.1 Conventional Stimulation Rate 

Increasing stimulus rate manifests as an overall degradation of waveform morphology of 

the ECochG and ABR. This morphological change mainly involves the neural 

components, with a reduction in amplitude and prolongation of the ECochG AP and the 

ABR peak latencies and interwave latency intervals, and some individuals may exhibit no 

response at the high click presentation rates (Ankmnal-Veeranna et al., 2019; Burkard 

and Hecox, 1983; Don et al., 1977; Gerling and Finitzo-Hieber, 1983; Jiang et al., 1991; 

Lake and Stuart., 2019; Wilson and Bowker, 2002). However, high stimulation rates also 

have differential effects on the ECochG and ABR. While the amplitude of the AP of the 
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ECochG waveform is affected, the SP amplitude and latency are generally stable at 

higher click rates. This decrease in the AP relative to the SP leads to a rise in the SP/AP 

amplitude ratio (Lake and Stuart., 2019; Wilson and Bowker., 2002).   

In the healthy auditory system, rate-induced changes in the ECochG AP and ABR Wave I 

may be related to different effects at various sites in the auditory periphery (Chimento 

and Schreiner, 1991; Don et al, 1977; Gillespie and Muller, 2009; LeMasurier and 

Gillespie, 2005; Stauffer et al., 2005; Woo et al., 2009). These effects on auditory system 

structures include:  

• changes in synaptic transmission at the pre-synaptic inner hair cell  

• changes in synaptic transmission at the post-synaptic membrane of the Type I 

auditory nerve fiber terminal 

• refractory period limits and recovery time in Type I auditory neuron (spiral 

ganglion cell) axons and cell bodies 

• disruption of the synchronized firing and transmission of action potentials across 

the population of Type I auditory neuron (spiral ganglion cell) axons and cell bodies that 

form the auditory nerve 

Current evidence indicates that the processes of synaptic transmission and action 

potential generation by the Type I spiral ganglion neurons are mainly responsible for the 

rate-induced adaptation of the ECochG and ABR. This rate-induced “stress” could reduce 

or block synaptic transmission and generation of action potentials by the Type I spiral 

ganglion neurons. Consequently, the number of activated neurons contributing to the 

overall population response of the auditory nerve is reduced. In addition, changes in the 

synchronized firing of auditory neurons in the neural population can be induced by 

increasing the stimulus rate. These factors, in turn, contribute to shifts in ECochG AP and 

ABR latency and reduced response amplitude with increasing stimulus rate (Chimento 

and Schreiner, 1991; Don et al., 1977; Gillespie and Muller, 2009; LeMasurier and 

Gillespie, 2005; Stauffer et al., 2005; Moser and Starr; 2016; Woo et al., 2009). 
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2.2.2 Ultra-High Stimulation Rates for AEPs 

Conventional methods for investigating the effects of stimulus rate have used click 

stimuli with repetition rates up to 100/s and a 10ms recording for the ABR. This stimulus 

rate limit is imposed because conventional recording and averaging methods require 

waiting for the completion of one electrophysiological response within the recording 

time-window before presentation of the next stimulus, otherwise the waveforms evoked 

by each stimulus will overlap in the averaged response. 

The auditory system is capable of precisely responding to rapidly changing sound 

stimuli. Individual afferent Type I spiral ganglion neurons has refractory periods of <1 

ms, and only a short recovery time is required before the neuron can respond reliably to 

another stimulus (Bruce et al., 2018; Burkard et al., 1990; Heil and Peterson, 

2015). However, because of conventional averaging limitations, standard stimulation 

rates do not significantly “stress” the auditory system. For a repetition rate of 100/s for 

100-microsecond clicks, the interstimulus interval is 10 ms, which is considerably longer 

than the estimated refractoriness and recovery period of Type I spiral ganglion neurons. 

These afferent auditory neurons have sufficient time to recover between stimulus 

presentations and reliably produce action potentials to the click stimulus.  For this reason, 

conventional stimulus rates are of limited value when the goal is to explore the timing 

limits of the auditory system (Burkard et al., 1990).  

Therefore, when using the ECochG or ABR to study adaptive or recovery processes, 

click repetition rates above 100/s are needed. Using higher stimulation rates would allow 

for a more comprehensive assessment of neural transmission and adaptation in peripheral 

synapses, as well as afferent Type I auditory neurons and brainstem pathways (Burkard et 

al., 1990). To overcome the restrictions of conventional time-domain averaging, various 

methods have been employed to increase the stimulation rate above 100 clicks/s. 

2.2.2.1 Ultra-High Rates: CLAD AND MLS Methods 

It has been proposed that the nervous system's response to a sequence of stimuli can be 

modeled as a complex combination or “convolution” of individual responses to each 

stimulus within a sequence of overlapping responses.  Based on this idea, different ultra-
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fast stimulation methods have been developed for recording AEPs, such as pseudo-

random pulse trains known as maximum length sequences (MLS) and continuous loop 

averaging deconvolution (CLAD) (Delgado and Ozdamar, 2004; Eysholdt and Schreiner, 

1982; Kaf et al., 2017). With these techniques, the interval between click stimuli is very 

short, and ongoing stimulation with an ultra-fast stimulus sequence causes each click-

evoked electrophysiological response to overlap. This produces a complex waveform 

generated by these overlapping electrophysiological responses. However, the ECochG 

and ABR can be extracted by comparing the special click stimulation sequence with the 

unique pattern of overlapping electrophysiological activity generated by this specific 

pattern of stimuli (Lina-Granade et al.,1994).  These methods using ultra-high stimulation 

rates and deconvolution of the waveform enable a more detailed investigation of neural 

adaptation and recovery processes in the auditory periphery (Burkard et al., 1990). 

Several studies using ultra-high rate methods report that ECochG and ABR findings are 

consistent with conventional recording methods. Deconvolved ABRs using either MLS 

or CLAD in normal adults were generally similar in waveform morphology to those 

acquired with conventional techniques (Burkard et al., 1990; Delgado and Ozdamar, 

2004). Waves I, III, and V decreased in amplitude and increased in latency as the 

stimulus rate increased, and the robust wave V remained discernible even at the highest 

CLAD stimulation rate of 507.8/s (Burkard et al., 1990; Delgado and Ozdamar, 2004; 

Eysholdt and Schreiner, 1982).  Kaf et al. (2017) simultaneously recorded ECochG and 

ABR with CLAD stimulation rates in young normal hearing adults. The ABR waveforms 

exhibit prolongation of all peaks with decreasing amplitudes, especially wave I, as the 

click rate increased, in agreement with Delgado and Ozdamar (2004). Similar to Wave I, 

the ECochG AP increased in latency, with widening and decreasing amplitude as the 

click rate increased. In contrast, the amplitude and latency of the SP wave remained 

stable across different click rates, which was consistent with the ECochG findings using 

conventional stimulus rates. A major advantage of ultra-fast stimulation with ECochG 

was better differentiation of the SP and AP components, which overlap at traditional 

stimulation rates.  
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2.3 Evaluating Auditory System Dysfunction using ECochG 
and ABR  

In patients with various auditory system disorders, the ECochG and ABR are used to 

investigate the pathophysiology of the cochlea or afferent neural pathways. The AP of the 

ECochG and ABR are used to diagnose vestibular schwannoma and monitor the 

condition of the cochlea and auditory nerve during surgical treatment (Stanton et al., 

1989; Youssef and Downes, 2009). Changes in the SP to AP amplitude ratio support the 

diagnosis of cochlear disorders such as endolymphatic hydrops and Meniere's disease 

(Santarelli and Arslan., 2015; Gelfand, 2016). With respect to neural pathology, specific 

changes in latency, reduced amplitude, or absence of ECochG AP or ABR peaks can 

differentiate between disorders affecting the cochlear synapse, auditory nerve, or 

brainstem pathways (Lefler et al., 2021; Santarelli and Arslan., 2015).   

When subjected to an increased stimulus rate in the presence of lesions in the auditory 

system, AEP waveform morphology distortions become even more pronounced. Stimulus 

rate-induced “stress” techniques have been applied clinically for detecting dysfunction in 

patients with various auditory disorders. Rate induced latency shifts, as a measure of 

auditory system dynamics and adaptation, have been shown to improve the sensitivity of 

ABR to detect peripheral auditory system pathology, particularly in cases of VIII cranial 

nerve lesions (e.g. vestibular schwannoma) which compress the auditory nerve or 

brainstem (Tanaka et al., 1996). Auditory neuropathy is a pathology characterized by 

absent or very abnormal ABR due to inner hair cell, synaptic, or auditory nerve 

pathology. McKnight et al. (2018) revealed that a slower ABR stimulation rate did not 

yield the expected improvement in waveform morphology in patients with auditory 

neuropathy. With demyelination associated with multiple sclerosis, increased stimulus 

rate revealed prolonged or absent ABR wave I and significant increases in latencies of 

waves III, V, and I-III interwave interval (Jacobson et al., 1987; Santos et al., 2004). At 

higher click rates, Jiang (1999) reported more abnormalities in patients with purulent 

meningitis for the ABR at 90/s compared to 50/s and 10/s. Abnormal ABR patterns with 

increased stimulation rates have also been found in children with auditory processing 

disorders (Allen and Allan, 2014; Ankmnal-Veeranna et al., 2019). 
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In summary, using conventional rates (below clicks 100/s), these studies illustrate that 

increased physiological “stress” can be a valuable approach to studying auditory system 

lesions. The utilization of ultra-high stimulation techniques like CLAD has the potential 

to facilitate the investigation of various types of auditory system pathology, including 

presbycusis, that affect the peripheral system and central auditory pathway (Ozdamar et 

al., 2006; Ozdamar and Bohórquez, 2006).   

2.4 Effects of Age on Human Auditory System Structure 
and Function 

2.4.1 Human Temporal Bone Studies 

The causes and precise pathophysiological changes underlying the aging process in the 

peripheral human auditory system and whether the primary degeneration occurs in 

sensory hair cells, the auditory nerve and synapses, or the stria vascularis continue to be 

the subject of controversy and ongoing research. Most studies in humans are based on 

temporal bone studies in adults with significant sensorineural hearing loss.  

In a classical series of studies, Schuknecht and colleagues documented the effects of 

aging on the human auditory system by dissecting human temporal bones and correlating 

their histopathologic findings with audiometric profiles (reviewed by Nelson and 

Hinojosa., 2006). Based on their research at the Massachusetts Eye and Ear Human 

Temporal Bone Bank, presbycusis was divided into six categories.  

1. Sensory: This type is characterized by atrophy of the organ of Corti in the basal end of 

the cochlea and is associated with steeply sloping high frequency hearing loss due to the 

loss of sensory hair cells in the cochlea. 

2. Neural: Neural presbycusis is characterized by a loss of cochlear neurons and poor 

word discrimination relative to the degree of pure tone threshold loss, if any. In this type, 

the primary site of pathology is the cochlear nerve, leading to reduced neural input to the 

brain.  
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3. Metabolic: Metabolic presbycusis is associated with atrophy of the stria vascularis, 

which maintains the ionic balance necessary for cochlear function. This type is typically 

characterized by a flat audiogram and good word discrimination.  

4. Mechanical: Mechanical presbycusis is characterized by a high frequency sloping 

audiogram despite normal morphologic findings in the cochlea. Stiffening of the basilar 

membrane was proposed, but this categorization has been refuted.  

In subsequent work examining additional temporal bones, Schuknecht and Gacek (1993) 

added two additional categories that capture the true complexity of presbycusis:  

5. Mixed: Mixed presbycusis manifests diverse hearing loss profiles, including flat, and 

sloping high frequency audiograms, and different patterns of hair cell, spiral ganglion 

nerve cell, and stria vascularis loss.  

6. Indeterminate: Indeterminate presbycusis lacks consistent morphologic findings and 

may be associated with more subtle cellular dysfunction that could not be observed with 

histological techniques at the time. 

Numerous studies on human temporal bones and animal studies have supported the 

original findings by Schuknecht and his team. For example, in the low-frequency apical 

turn, metabolic changes and strial pathology are common, with loss of lateral wall 

fibrocytes essential for maintaining the endocochlear potential and inner ear ion and fluid 

balance (Schuknecht and Gacek, 1993; Kusunoki et al., 2004; Nelson and Hinojosa, 

2006; Wu et al. 2020a & 2020b). With trial damage and a reduced endocochlear 

potential, the inner and outer hair cells are unable to generate the sensory receptor 

potentials necessary for hearing (Lang et al., 2010; Wu and Marcus, 2003; Schmiedt et 

al., 2002).  

Recently, specimens from the Massachusetts Eye and Ear Human Temporal Bone Bank 

have been re-evaluated using more sensitive imaging techniques (Wu et al., 2019; 2021), 

including high-resolution light microscopy and optical sectioning for more accurate and 

detailed hair cell analysis. In a group 1-49 years of age, with no history of noise exposure 

and relatively normal audiograms (mean thresholds < 30 at 8kHz), Wu et al. (2021) 
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report the loss of outer hair cells and auditory nerve fibers, worse in the basal cochlea; 

inner hair cell loss was less significant but mild strial degeneration was apparent 

throughout the cochlea. These results support Kusunoki et al. (2004), who found spiral 

ganglion cell loss in addition to hair cell loss in the high frequency basal turn of the 

cochlea with aging. However, Viana et al. (2015) report synaptic and neural pathology 

even in ears with no history of auditory disease and without significant cochlear hair cell 

loss. These studies suggest that as the human inner ear ages, there is a decline in outer 

hair cells, accompanied by the deafferentation of inner hair cells due to the loss of type I 

afferent neurons. This degeneration can occur even in individuals with relatively good 

pure tone sensitivity (for review, see Shehabi et al., 2022).  

Some hypothesize that the decline in auditory perception with age, for example, difficulty 

hearing in background noise, may also be linked to changes beyond the cochlea, with 

degeneration occurring in the central auditory system. However, Christov et al. (2018) 

examined the superior olivary nucleus in the human auditory brainstem and found no 

correlation between neuron populations in the superior olivary nucleus, cochlear 

histopathology, or hearing sensitivity in individuals with presbycusis.  

2.4.2 Human Electrocochleography (ECochG) and Auditory 
Brainstem Responses (ABR) 

ECochG studies in older adults with sensorineural hearing loss have shown alterations 

indicative of cochlear dysfunction. Specifically, these studies have demonstrated 

decreased amplitude of the SP and AP components when compared to younger 

individuals with normal hearing and increased latency of the AP but relatively stable 

latency of SP. These changes suggest pathology that contributes to age-related hearing 

loss, affecting the function of hair cells, Type I auditory neurons, and the synapses 

between them (Soucek and Mason, 1992; Chatrian et al., 1985). 

ABR studies in older adults with presbycusic sensorineural hearing loss have consistently 

shown prolongation of Waves I, III, and V and the I-V interwave interval 

latencies. Decreased amplitudes of these ABR waves have also been reported in older 

hearing impaired adults compared to younger individuals with normal hearing. These 
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alterations in ABR wave characteristics indicate impaired neural encoding and 

transmission along the auditory pathway from the distal portion of the auditory nerve 

to the upper brainstem, likely due to age-related degenerative changes, which include 

sensory cell loss in the cochlea, neuronal and synaptic loss, and alterations in myelination 

(Burkard and Sims, 2002; Konrad-Martin et al., 2012; Pürner et al., 2022). 

Only a few studies have investigated variable degrees of hearing sensitivity and the 

relationship to auditory aging. ECochG findings for the SP component indicate no effect 

of age on latency or amplitude for older adults 46-60 years old with normal clinical 

audiograms when compared to younger normal hearing individuals 18-45 of age, 

suggesting minimal cochlear dysfunction for this peripherally generated response 

(Wilson and Bowker, 2002).   As noted above, ABR studies have shown that for older 

adults with hearing loss, waves I, III, and V latencies and I-V interwave intervals, are 

prolonged and reduced in amplitude.  Several authors report similarly delayed latencies 

and smaller amplitude ABR components in “normal hearing” older adults compared to 

younger individuals (Burkard and Sims, 2002; Konrad-Martin et al., 2012; Pürner et al., 

2022). Reduced amplitude and prolonged latency of the ECochG AP component, 

generated by the auditory nerve, have also been found in old “normal hearing” adults 

(Soucek and Mason, 1992; Oku and Hasegewa, 1997).  However, these studies of 

“normal hearing” older adults use mid-frequency or averaged pure tone threshold criteria 

to define hearing sensitivity, which obscured significant high frequency loss in many of 

the “normal hearing” subjects, presumably with presbycusis (Burkard and Sims, 2002; 

Konrad-Martin et al., 2012; Oku and Hasegewa, 1997; Pürner et al., 2022; Soucek and 

Mason, 1992). It is well established that high frequency components of broadband click 

stimuli contribute to the generation of the AP, Waves I, and V components; when these 

high frequency sound components are reduced by high frequency hearing loss, the 

amplitude and latency of these ECochG and ABR components are affected (Don, 2007; 

Don and Eggermont, 1978; Pantev et al., 1985).  In conclusion, many of the so-called 

“normal hearing” old subjects in these studies actually have significant high-frequency 

sensorineural hearing loss, which can affect the ECochG and ABR, regardless of age 

(Don, 2007).  
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2.5 Effects of Age on Auditory System Structure and 
Function in Animal Models  

Animal models, particularly rodents, have been essential in studying the mechanisms of 

presbycusis, as they allow for controlled experiments using both invasive anatomical and 

functional measures of the auditory system not possible in humans (Sun et al., 2021). 

Buckiova et al. (2007) explored cochlear cell death and found the density of apoptotic 

cells in the stria vascularis was significantly higher in aged rats compared to young rats, 

supporting the metabolic type of age-related cochlear pathology. Caspary et al. (2005) 

report that aged rats have significant outer hair cell loss of up to 90% loss, compared to 

inner hair cell loss of less than 5%. Studies in mouse models extensively document age-

related deterioration of cochlear synapses, and loss of Type I spiral ganglion cell bodies 

and nerve fibers (Fernandez et al., 2015; Kujawa and Liberman, 2015; Liberman et al., 

2014; Möhrle et al., 2016; Parthasarathy and Kujawa, 2018; Sergeyenko et al., 2013).  

Age-related synapse loss generally ranges from 2 to 53% in different studies. The decline 

of outer hair cells parallels synapse loss, with minimal impact on inner hair cells over 

time. Likewise, spiral ganglion cell deterioration follows a consistent pattern across 

various cochlear regions (Sergeyenko et al., 2013; Parthasarathy and Kujawa, 2018) with 

low to medium spontaneous rate cells predominantly affected. (Kujawa and Liberman, 

2015). 

Age-related changes in auditory function, as assessed through DPOAEs, ECochG, and 

ABR, revealed increased thresholds and abnormalities in response amplitudes and 

latencies, with the most significant impacts observed in the middle and high frequency 

ranges. The ECochG and ABR have been used to study auditory dysfunction in rodents 

with cochlear and Type I spiral ganglion cell damage. Aged rats with mainly outer hair 

cell loss exhibited significantly higher thresholds than young controls, measured 

electrophysiologically by ABR (Caspary et al., 2005). Möhrle et al. (2016) found that old 

and middle-aged rats exhibiting increased ABR thresholds also had lower DPOAE levels 

and input/output functions compared to their younger counterparts. Auditory dysfunction 

was attributed to a decline in outer hair cells in these subjects. However, a reduction in 

ABR wave 1 response amplitudes was observed in older rats showing a normal ABR 
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threshold. Anatomical studies of the cochlea showed changes in presynaptic inner hair 

cell structure with decreased ribbon structures critical for neurotransmitter release. 

Deafferentation and loss of synapses between inner hair cells and auditory neurons was 

also found. Sergeyenko et al. (2013) suggests that ECochG components, including the 

ratio of the SP and AP amplitude can been used to index these forms of cochlear 

synaptopathy. A compromised auditory nerve AP, without changes in the SP, resulted in 

an increased SP/AP ratio, indicating the possible presence of cochlear synaptopathy 

(Sergeyenko et al., 2013). Further investigation is required to determine the relationship 

between age-related outer hair cell loss, synapse loss or damage, and AP or ABR wave 1 

amplitude reduction (Sergeyenko et al., 2013; Parthasarathy and Kujawa, 2018). 

Animal models of presbycusis support the human temporal bone studies and demonstrate 

that age-related hearing loss is a complex condition, with metabolic changes in the stria 

vascularis and spiral ligament, sensory cell and neural damage all contributing to 

pathological changes in the aging inner ear. ABR threshold elevations can indicate 

potential dysfunction in inner hair cells and auditory neurons that are not fully captured 

by DPOAEs (Sergeyenko et al., 2013; Fernandez et al., 2015). On the other hand, age-

related auditory changes are not necessarily apparent through electrophysiological 

threshold measurements alone.  
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Chapter 3  

3 METHODS 

3.1 Overview  

The purpose of this study was to investigate the effects of age on auditory nerve and 

brainstem measures as part of a larger study of normative phenotyping methods for 

genetic hearing research, “Auditory Evoked Potentials Phenotyping Procedures for 

Genetic Hearing Research”. After receiving informed consent, a brief health history was 

obtained from each participant. The health history survey included inquiries about neuro-

psychological disorders, hearing loss, previous treatment with ototoxic drugs, exposure to 

prolonged loud noise, and the presence of hearing loss in family members. A basic 

audiological assessment was then used to determine hearing sensitivity and middle ear 

status, followed by advanced physiological testing procedures as described below.  

Measurements were conducted in one or more sessions (2.5-3 hours total duration) at the 

convenience of the participant. The study protocol was approved by the institutional 

review board at Western University (see Appendix A). 

3.2 Participants 

To be eligible for inclusion in this study, individuals had to meet the following criteria: 

(1) adult between 18-30 years of age or between 50-70 years of age, (2) normal otoscopic 

examination, (3) normal middle ear evaluation based on tympanometry, (4) normal 

hearing for conventional audiometry and (5) health history. A total of 20 participants met 

all inclusion criteria and were assigned to the Young Group (mean age = 26.4 years; 

range = 19-30 years old; 6/10 female) or the Old Group (mean age = 56.2 years range = 

50-67 years old; 7/10 female).   

3.3 Basic Audiological Assessment 

The basic audiological evaluation included otoscopy, tympanometry, pure tone threshold 

audiometry, and word recognition testing. Otoscopy was used to verify normal tympanic 

membrane anatomy and unobstructed ear canals. Normal tympanometry was defined as 

middle-ear compliance (≥ 0.2 mmho and tympanometric peak pressure from -100 to 100 
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decapascals), determined using the clinical Interacoustics Titan version 2.0 

tympanometer. Tympanograms were recorded using a measurement frequency of 226 Hz 

and at pressures ranging from +200 daPa to -200 daPa. Normal pure-tone air conduction 

thresholds were defined as < 25 dBHL from 0.25 to 8k Hz, with no significant conductive 

component (< 15 dB air-bone gap). Pure tone audiometric procedures were used to 

measure hearing thresholds in the conventional frequency range (0.25 to 8 kHz) and in 

the extended high frequencies (9, 11.2, 12.5, 14, 16, and 18 kHz). Thresholds were 

measured in a sound-treated booth with the Interacoustics AC40 audiometer. Below 8 

kHz, ER-3A insert earphones were employed, while above 8 kHz, Sennheiser HDA200 

headphones were used. Those with abnormal results for otoscopy or tympanometry, 

hearing loss defined by conventional audiometry (0.25-8 kHz), or a notable history of 

neurologic, otologic, or communication disorders were not included in the study.  

3.4 Advanced Testing Procedures 

3.4.1 Distortion Product Otoacoustic Emissions (DPOAEs)  

DPOAE measurements were performed using the HearID+DP system manufactured 

(Mimosa Acoustics, USA), equipped with software version 10.0.19042. The ER-10C 

probe microphone was employed for the measurements. DPOAEs were elicited by two 

tones, referred to as f1 and f2, and the responses were assessed at a frequency of 2f1 – 

f2. DPOAEs were measured at specific frequencies (see Table 3.1), where f2 was 

between 0.75 kHz and 8 kHz approximately. The f2/f1 ratio used for the measurements 

was 1.2. Two different stimulus level conditions were used: (1) Mid-Level L1=55, L2=40 

dB SPL, (2) High-Level L1 =61, L2=55 dB SPL. 

 f2 frequency (kHz) 

Low frequencies 0.75, 0.84, 0.93, 1.07  

Mid frequencies 1.17,1.35, 1.5, 1.68, 1.87, 2.1, 2.39, 2.67, 3 

High frequencies  3.37, 3.79, 4.26, 4.78, 5.34, 6, 6.75, 7.54 

Table 3.1: DPOAE f2 frequencies. 
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A disposable foam ear tip and probe assembly were inserted into the participant's ear. 

Prior to each measurement, calibration was conducted in a middle ear cavity, followed by 

in-ear calibrations using equipment and protocols according to the manufacturer’s 

specifications.  

3.4.2 Electrophysiological Measures:  ECochG and ABR  

During the electrophysiological recordings, subjects were instructed to recline and remain 

as quiet and still as possible and encouraged to fall asleep to ensure optimal data 

collection. ABRs and ECochG were recorded simultaneously using the IHS System 

(Intelligent Hearing System, Smart EP, FL, USA) hardware and software (version 

5.41.02). 

Tables 3.2 and 3.3 show stimulus and recording parameters for the electrophysiological 

recordings employed with the Intelligent Hearing System-SmartEP system. Simultaneous 

recordings of the ABR and ECochG were conducted in response to click stimuli 

presented at different rates, between 11.3 to 507.81 clicks per second. Ultra-high rates 

above 100 click/s were designed by the manufacturer to minimize jitter and reduce noise 

amplification during the deconvolution process. To ensure the reliability of the recorded 

responses, a minimum of two traces were acquired at each rate. 

Gold surface electrodes and a commercial tympanic membrane electrode (Lilly TM-Wick 

IHS) were used to record the ABR and ECochG simultaneously. Surface electrodes were 

applied to the high (Fz) and low forehead (Fpz) and both mastoids (ipsilateral and 

contralateral to the test ear), and the TM-Wick electrode was placed on the tympanic 

membrane. The TM-Wick electrode was soaked in a saline solution and coated with 

Signa-Gel Electrode Gel (Parker Laboratories, Fairfield, NJ). The cotton tip of the TM-

Wick electrode was positioned on the tympanic membrane using an otoscope (Welch 

Allyn, 3.5V Halogen Operating Otoscope). The distal end of the TM-Wick electrode was 

secured in place by tape and the foam tip of the insert earphone. Impedance levels for 

TM-Wick electrodes were typically below 7 kΩ. Interelectrode impedances were 

assessed immediately after placement and at intervals during the recording session.   
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Stimulus 100-μs click 

Polarity Alternating 

Rate 11.3/s, 19.53/s, 97.66/s, 234.38/s, 292.97/s, 507.81/s 

Intensity 80-dB nHL 

Presentation electrically shielded ER-3A insert earphones 

Table 3.2: ECochG and ABR Stimulus Parameters. 

 

Gain 100,000 

Electrode 

Non-inverting:  high forehead or non-test ear mastoid  

Inverting:  test ear tympanic membrane or test-ear mastoid 

Ground:  low forehead 

Window 10 msec 

Sweeps 2048 

Filter 30-3000 Hz 

Averaging 

Technique 

Conventional:   for rates 11.3/s, 19.53/s, 97.66/s 

CLAD technique: for rates 234.38/s, 292.97/s, 507.81/s 

Table 3.3: ECochG and ABR Recording Parameters. 

Four channels were used to record the ECochG and ABR simultaneously with electrode 

placement. Channel A was designated the tympanic membrane Horizontal channel for 

recording the ECochG, where the TM electrode served as the inverting (-) electrode 

placed on the tympanic membrane of the test ear, and a non-inverting (+) electrode was 

positioned on the contralateral mastoid bone. Channel B was designated the mastoid 

Vertical channel for recording ABR, with the inverting (-) electrode placed on the 

mastoid bone of the test ear and the non-inverting electrode located on the high forehead 

(Fz). Channel C was designated the tympanic membrane Vertical channel for recording 
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ECochG/ABR, with the inverting (-) electrode placed on the tympanic membrane and the 

non-inverting (+) electrode placed on the high forehead. Lastly, channel D was 

designated the mastoid Horizontal channel ABR, connected to the inverting (-) electrode 

placed on the ipsilateral mastoid to the test ear and the non-inverting (+) electrode placed 

on the mastoid contralateral to the test ear. The common electrode (ground) was 

positioned on the low forehead (Fpz). Figure 3.1 provides a schematic representation of 

electrode placement and channel configurations utilized in the study. This figure 

illustrates the arrangement of electrodes for the 4 channels: Horizontal ECochG (channel 

A), Vertical ABR (channel B), Vertical ECochG/ABR (channel C), and Horizontal ABR 

(channel D). Each channel specifies the inverting and non-inverting electrodes along with 

their corresponding anatomical landmarks, and the ground electrode for all channels is 

positioned at the low forehead (Fpz).  

 

 

Figure 3.1. Schematic Representation of Electrode Placement and Channel 

Configuration: This figure depicts the arrangement of electrodes and channel 

configurations utilized in the study. Channel A, representing Horizontal ECochG, 

features the ipsilateral tympanic membrane as the inverting electrode (A-) and the 

contralateral mastoid as the non-inverting electrode (A+). Channel B, dedicated to 

Vertical ABR, comprises the ipsilateral mastoid as the inverting electrode (B-) and the 
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high forehead (Fz) as the non-inverting electrode (B+). Channel C, corresponding to 

Vertical ECochG/ABR, incorporates the tympanic membrane as the inverting electrode 

(C-) and the high forehead (Fz) as the non-inverting electrode (C+). Channel D, 

representing Horizontal ABR, utilizes the ipsilateral mastoid as the inverting electrode 

(D-) and the contralateral mastoid as the non-inverting electrode (D+). The ground 

electrode for all channels is positioned at the low forehead (Fpz). Dashed lines within the 

figure illustrate the connections between channels using jumpers.  

3.4.2.1 ECochG and ABR Analyses  

The standard ECochG trace waveform is delineated using baseline-to-peak labeling 

(Figure 3.2), where the baseline corresponds to the trough of the SP wave directly 

preceding the peak of the SP wave. The absolute wave amplitudes of the SP and AP 

components of the ECochG recording are defined as the absolute voltage difference 

between the baseline point and the most positive peak. However, the absolute wave I 

amplitude was defined as the voltage difference between the most positive peak related to 

the distal portion of the auditory nerve and the following trough. The standard ABR trace 

was analyzed using peak-to-trough labeling (Figure 3.3). The absolute wave amplitudes 

of the wave I, III, and V components of the ABR recording are defined as the absolute 

voltage difference between the peak point and the following trough. 

 

For ECochG analysis derived from Horizontal and Vertical tympanic membrane 

electrode montages), SP and AP were marked. The SP was defined as the first positive 

peak that occurred before the AP, within one msec post-stimulus onset. SP and AP 

amplitudes were defined as the voltage difference between the baseline and the maximum 

peak deflection of the SP and AP. The SP/ AP amplitude ratio was calculated as the ratio 

of these two measures. For ABR analysis (derived from the Vertical mastoid (Ch B) and 

tympanic membrane (Ch C) electrode montage), waves I and V were marked on the 

average response. The ABR amplitudes were defined by the difference between the 

maximum peak deflections for waves I and V and their respective troughs following the 

peaks. The I/V amplitude ratio was calculated as the ratio of these two measures. 
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Figure 3.2: This figure presents an example of ECochG recorded with a tympanic 

membrane electrode, depicting SP and AP and wave I. Additionally, the figure illustrates 

the approach for SP, AP, and wave I amplitude measurements. 

 

Figure 3.3: This figure presents an example of ABR recorded from a young participant, 

showcasing waves I, III, and V. ABR waveforms provide a graphical representation of 

the electrical activity generated by the auditory nerve and brainstem in response to 

auditory stimuli.  

3.5 Data Processing and Statistical Analysis  

For DPOAEs, the frequency range was divided into three categories, and DPOAE levels 

were averaged for these ranges: Low frequencies (.75-1.08 kHz), Mid frequencies (1.17-3 

kHz), and High frequencies (3.38-7.55 kHz).  
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Repeated measures of analysis of variances (ANOVAs) were performed to evaluate 

group and frequency differences in DPOAE levels, as well as group and rate differences 

in ECochG and ABR components. Effect sizes were reported as partial Eta-squared (ŋ2 

p). The Tukey’s post-hoc analyses was carried out on significant main effects. The 

Cochran-Mantel-Haenszel test was performed to analyze the waveforms (SP, AP, Wave 

I, and V) with the number of present/absent responses in ABR and ECochG recordings. 

Post-hoc analyses using the Chi-square test were performed to indicate the rates with 

significantly higher absent responses. For all analyses, a significance level of p < 0.05 

was chosen. The analysis was conducted using RStudio software (R Core Team, RStudio, 

Inc., Boston, USA). 
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Chapter 4  

4 RESULTS 

4.1 Pure Tone Hearing Thresholds 

The mean pure-tone hearing threshold results are shown in Figure 4.1 for the young and 

old groups for the standard clinical audiogram and for the extended high frequency 

audiogram. Mean thresholds on the clinical audiogram (0.25-8 kHz) indicate normal 

hearing for both groups, as expected, given this was an inclusion requirement for the 

study. Mean thresholds were 4–12 dB lower for the older group, not a significant 

difference given the +5dB test-retest for this standardized test. However, older adults 

have higher mean pure-tone thresholds in the extended high-frequency region (9-18 kHz) 

compared to the young group, with absent responses above 14 kHz.  

 

Figure 4.1: Mean audiometric thresholds for young adult and older adult age groups. 

Error bars represent ±1 standard deviation of the mean and are offset for visualization 

purposes. No connecting line between 14 to 18 kHz indicates no response at 16 and 18 

kHz for any subject in the old group. 
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4.2 Simultaneous Electrocochleography (ECochG) and 
Auditory Brainstem Response (ABR) 

Figure 4.2 illustrates waveform examples of auditory evoked potentials obtained from 

both young (blue) and old (red) participants across various click rates ranging from 11.3 

to 507.8 clicks per second. The recordings were acquired using Horizontal (channel A) 

and Vertical (channel C) tympanic membrane electrode configurations, as well as a 

Vertical mastoid (channel B) electrode configuration. In both young and old examples, it 

is apparent that as click rates increase, the latencies of the ECochG AP, ABR waves I and 

V increase, while amplitudes decrease. For some subjects (not shown), one or more of 

these components disappeared at very high rates. Conversely, the ECochG SP latency and 

amplitude remain stable. Overall, for this example, the amplitudes of all components are 

smaller for the old participant compared to the young participant.   

4.3 Electrocochleography (ECochG) 

4.3.1 ECochG: Action Potential (AP) 

4.3.1.1 AP Presence/Absence 

The AP of the ECochG was most reliably identified for the tympanic membrane electrode 

recordings, so the data was evaluated for both Vertical montage (channel C) and 

Horizontal montage (channel A).  Figure 4.3 (A) shows the number of subjects with an 

absent AP for channels A and C across all rates for the young and old age groups.  

Using the Cochran-Mantel-Haenszel test, the results for the presence/absence of the AP 

responses in channel A are not significant (X² = 0.375, df = 1, p = 0.5403). However, in 

both the old and young groups, there is one instance of a missing AP at a rate of 234.38/s 

and two instances at a rate of 507.81/s, exclusively observed in the old group.  
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Figure 4.2: This figure presents waveform examples of auditory evoked potentials from 

an old participant (in red) and a young participant (in blue) across various click rates 

ranging from 11.3 to 507.8 clicks per second. The recordings were obtained using 

Horizontal (channel A) and Vertical (channel C) tympanic membrane electrode 

configurations, as well as a Vertical mastoid (channel B) electrode configuration. 
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For channel C, the results of the Cochran-Mantel-Haenszel test were also deemed not 

significant (X² = 0.86957, df = 1, p = 0.3511). However, in the old group, there is one 

instance of a missing AP at a rate of 234.38/s and two instances at rates of 292.97/s and 

507.81/s. Additionally, the young group exhibits one missing AP at rates of 292.97/s and 

507.81/s. Although these absent responses could be an important finding, absent APs are 

deemed "missing data" and could not be incorporated into the statistical analyses of AP 

latency and amplitude. 

4.3.1.2 AP Latency  

As shown in Figure 4.3 (B), the mean AP latencies for tympanic membrane recordings in 

channels A and C are prolonged in the old group compared to the young group. Also, as 

the stimulus rate increased, the mean latency of the AP increased for both the young and 

old groups. This rate-induced increase in AP latency affected the young and old groups in 

the same way across all stimulus rates, and this trend was apparent in both channels A 

and C.  

In the analysis of AP latency in channel C, with age and rate as the two factors in a two-

way ANOVA, a significant effect was found for both age [F (1, 94) = 37.44, p < .001, 

ŋ2p = .28] and stimulus rate [F (5, 94) = 13.89, p < .001, ŋ2p = .42]. These results 

confirm a statistically significant difference between the old and young adults, with the 

longer AP latencies in older adults. This outcome also indicates that as the stimulus rate 

increased, there was a significant increase in AP latency.  However, there was no 

significant interaction between the age and stimulus rate factors [F (5, 94) = 0.08, p = 

.996, ŋ2p < .01]. This outcome indicates that as the stimulus rate increased, the increase 

in AP latency was similar with age. Post-hoc comparisons using Tukey’s-HSD test 

revealed significant differences in AP latency between the following rates: 97.66/s-11.3/s 

( p < .001), 234.38/s-11.3/s (p < .001), 292.97/s-11.3/s (p < .001), 507.81/s -11.3/s (p < 

.001), 97.66/s -19.53/s (p = 0.004), 234.38/s -19.53/s (p < .001), 292.97/s-19.53/s (p < 

.001), and 507.81/s -19.53/s (p < .001).   (Shapiro-Wilk test, p= 0.1419034; Levene’s test, 

p= 0.1895482) 
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In the analysis of AP latency in channel A, the results of the ANOVA were similar, but 

due to the violation of normal distribution of data, as indicated by p < .05 in the Shapiro-

Wilk test, these results should be interpreted with caution (see Appendix C). 

4.3.1.3 AP Amplitude   

Mean AP amplitudes for tympanic membrane recordings are provided in Figure 4.3 (C)    

for channels A and C at all stimulus rates for the young and old groups. The AP 

amplitude is similar for both young and old subjects, and there is a trend for the mean AP 

amplitude to decrease as the stimulus rate increases.  

Results of a two-way (age × rate) ANOVA for both channels A and C suggest a 

significant effect of rate, but no significant effect of age, or interaction between the two 

factors (see Appendix C). However, due to the violation of normal distribution of data, as 

indicated by p < .05 in the Shapiro-Wilk test, these results should be interpreted with 

caution. 



33 

 

 

Figure 4.3: This figure illustrates various analyses comparing AP responses between the 

old and young groups across different click rates for Horizontal (channel A) and Vertical 

(channel C) tympanic membrane electrode configurations. Panel (A) presents the number 

of absent AP responses at varying click rates per second in both age groups. Panel (B) 

shows the mean AP latency across different click rates for both groups. Panel (C) 

demonstrates the mean AP amplitude across different click rates for both age groups. 

Error bars represent ±1 standard deviation. 
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4.3.2 ECochG: Summating Potential (SP) 

Figure 4.4 shows overlapped tympanic membrane electrode recordings to demonstrate 

the influence of various stimulus rates on the ECochG SP and AP responses obtained 

from a young subject. As stimulus rate increases, the AP latency increases, contrasting 

with the stable SP responses. Moreover, the SP amplitude remains relatively consistent 

across different stimulus rates, while the AP exhibits a reduction in amplitude with 

flattening of the waveform as rate increases. This figure demonstrates how higher 

stimulus rates aid in separating the SP and AP components, facilitating the evaluation of 

the isolated SP latency and amplitudes in auditory evoked potential recordings. 

 

Figure 4.4: This figure displays tympanic membrane electrode recordings overlapped on 

each other to illustrate the effect of different stimulus rates on SP and AP responses 

obtained from a young subject. 

4.3.2.1 ECochG: SP/AP Amplitude Ratio  

Individual differences in factors such as cranial anatomy and sex are associated with high 

intersubject variability in the AP and SP amplitudes.  The SP/AP ratio is utilized to 

manage these potential sources of measurement variability (Liberman et al., 2016).  

Figure 4.5 shows the SP/AP ratio for channels A and C at all rates for the young and old 

age groups. 
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For the dependent variable SP/AP amplitude ratio for channel A, a two-way ANOVA 

considering the factors of age and stimulus rate revealed non-significant effects of age [F 

(1, 94) = 2.76, p = .100, ŋ2p = .03], stimulus rate [F (5, 94) = 1.60, p = .168, ŋ2p = .08], 

and no significant interaction between these factors [F (5, 94) = 0.68, p = .638, ŋ2p = 

.04]. (Shapiro-Wilk test, p= 0.3568438; Levene’s test, p= 0.007248607) 

For the SP/AP amplitude ratio in channel C, a two-way ANOVA indicated no significant 

effect of age [F (1, 94) = 1.93, p = .168, ŋ2p = .02], no significant effect of stimulus rate 

[F (5, 94) = 1.22, p = .304, ŋ2p = .06], and no significant between-factors interaction [F 

(5, 94) = 0.23, p = .948, ŋ2p = .01]. (Shapiro-Wilk test, p= 0.3304237; Levene’s test, p= 

0.005106322) 

The results of these analyses indicate that there is no significant effect of increasing the 

stimulus rate or effect of age on the SP/AP amplitude ratio.  

4.3.2.2 SP Presence/Absence 

The SP of the ECochG was most reliably identified for the tympanic membrane electrode 

recordings, so the data were evaluated for both the Vertical montage (channel C) and the 

Horizontal montage (channel A). The presence/absence of the SP, as well as the latency 

and amplitude of this component, were analyzed.  SP responses were present at all rates 

in channel C for all young and old participants, but this was not true for channel A.  

Figure 4.6 (A) shows the number of subjects with an absent SP for channel A at all rates 

for the young and old age groups. The Cochran-Mantel-Haenszel test revealed non-

significant results (X² = 0.3, df = 1, p = 0.5839). We fail to reject the null hypothesis, 

indicating that there is no significant difference in the proportion of subjects with absent 

SP between the young and old groups in channel A. Although not statistically significant, 

the absence of SP is observed at the click rate of 11.3/s for both a young and an elderly 

subject, with additional instances of one case with absent SP at rates of 23.438/s and 

507.81/s, specifically within the old group. Consequently, these absent SP results are 

considered “missing data” and could not be included in the statistical analyses of SP 

latency and amplitude.  



36 

 

4.3.2.3 SP Latency and Amplitude 

Figure 4.6 (B) shows the mean SP latencies and (C) SP Amplitudes for the young and 

old groups across all stimulus rates in channels A and C. In both channels, the mean SP 

latencies are unaffected by both age and stimulus rate, while there is a trend for SP 

amplitudes to increase slightly. 

However, separate two-way (age × rate) ANOVA for both channels A and C and for SP 

Amplitude and SP Latency indicate no significant main effects of rate or age or 

significant interactions (see Appendix C). These results suggest there was no significant 

change in SP latency or amplitude with respect to age or stimulus rate in either channel A 

or C. However, due to the violation of normal distribution of data, as indicated by p < .05 

in the Shapiro-Wilk test, these results should be interpreted with caution. 

 

Figure 4.5: This figure illustrates the mean SP/AP amplitude ratio across various click 

rates for both the old and young groups in Horizontal (channel A) and Vertical (channel 

C) tympanic membrane electrode configurations. Error bars represent ±1 standard 

deviation. 

 



37 

 

 

Figure 4.6: This figure presents various analyses comparing the SP responses between 

the old and young groups across different click rates for Horizontal (channel A) and 

Vertical (channel C) ECochG recording configurations. Panel (A) illustrates the number 

of absent SP responses at varying click rates per second in both groups. All SP responses 

were present in Chennel C. Panel (B) displays the mean SP latency across different click 

rates for both groups. Panel (C) showcases the mean SP amplitude across different click 

rates for both age groups. Error bars represent ±1 standard deviation. 
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4.4 Auditory Brainstem Response (ABR) 

4.4.1 ABR: Wave I   

4.4.1.1 Wave I Presence/Absence 

Figure 4.7 (A) shows the number of subjects with missing wave I across different rates in 

channel B (mastoid electrode- Vertical configuration) and channel C (tympanic 

membrane electrode- Vertical configuration) for the young and old group. 

For wave I recorded in channel B, the Cochran-Mantel-Haenszel test results were found 

to be statistically significant (X² = 18.156, df = 1, p = 2.036e-05). The analysis of Wave I 

indicates a higher incidence of absent responses in channel B (mastoid electrode 

recording) for old subjects compared to young subjects. In the old group, there are 

subjects with the number of missing waves I observed at the following rates: one at 

19.53/s, three at 97.66/s, four at 234.38/s, five at 292.97/s, and seven at 507.81/s. 

Meanwhile, the young group exhibited 4 cases of a missing wave I, all at a rate of 

507.81/s (see Figure 4.7 (A)). Post-hoc analyses using the Chi-square test revealed that a 

greater proportion of old subjects exhibited absent responses at rates 234.38/s (X2 = 8, p 

= 0.02799) and 292.97/s (X2 = 10, p = 0.01049) compared to young subjects at these 

corresponding rates. As a result, these observations have been designated as "missing 

data." Despite this significant finding, due to the absence of Wave I in channel B, data for 

these subjects could not be included in the statistical analyses of latency and amplitude. 

For Wave I in channel C, the Cochran-Mantel-Haenszel test result is not significant. (X²= 

1.8243, df = 1, p = 0.1768). We fail to reject the null hypothesis that the proportion of 

subjects with absent Wave I is the same for the young and old groups. However, in the 

old group, there are two instances of missing wave I observed at rates of 234.38/s, 

292.97/s, and 507.81/s, while in the young group, there is only one missing wave I at 

rates of 292.97/s and 507.81/s. Consequently, these findings have been classified as 

"missing data," and these data were omitted from the statistical analyses of Wave I 

latency and amplitude. 
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4.4.1.2 Wave I Latency  

Figure 4.7 (B) shows the mean absolute latency of wave I across different stimulus rates 

in channels B (mastoid electrode) and C (tympanic membrane electrode) for the young 

and old group. This finding indicates a significant difference between the young and old 

groups for Wave I latency in both channels A and B in stimulus rate and 

age.  Furthermore, the rate had a significant effect on Wave I latency. However, there 

was no significant interaction, which meant the rate effect was similar for both age 

groups.  

A repeated measures ANOVA was employed to examine wave I latency in channel B, 

utilizing stimulus rate as a within-subjects factor and age as a between-subject factor. The 

analysis revealed a significant effect of age on wave I latency [F (1, 64) = 18.10, p < 

.001, ŋ2p = .22]. Furthermore, the effect of stimulus rate was also found to be significant 

[F (5, 64) = 11.89, p < .001, ŋ2p = .48]. However, there was no significant interaction 

effect between age and stimulus rate [F (5, 64) = 1.18, p = .331, ŋ2p = .08]. Post-hoc 

comparisons utilizing Tukey’s SHSD test disclosed significant differences in wave I 

latency among various rates. Specifically, the following pairwise comparisons 

demonstrated statistically significant differences: 97.66/s-11.3/s (p = .005), 234.38/s-

11.3/s (p < .001), 292.97/s-11.3/s (p < .001), 507.81/s -11.3/s (p = .004), 97.66/s -19.53/s 

(p = .031), 234.38/s -19.53/s (p < .001), 292.97/s-19.53/s (p < .001), 507.81/s -19.53/s (p 

= .009). (Shapiro-Wilk test, p= 0.1456548; Levene’s test, p= 0.1680826) 

A repeated measures ANOVA was conducted on wave I latency in channel C, with 

stimulus rate as a within-subjects factor and age as a between-subject factor. The analysis 

revealed a significant effect of age on wave I latency [F (1, 92) = 37.42, p < .001, ŋ2p = 

.29]. Additionally, the effect of stimulus rate was found to be significant [F (5, 92) = 

13.88, p < .001, ŋ2p = .43]. However, there was no significant interaction effect between 

age and stimulus rate [F (5, 92) = 0.09, p = .994, ŋ2p < .01]. Post-hoc comparisons 

utilizing Tukey’s SHSD test identified notable differences in wave I latency among 

various rates. Specifically, the following pairwise comparisons demonstrated statistically 

significant differences: 97.66/s-11.3/s (p < .001), 234.38/s-11.3/s (p < .001), 292.97/s-

11.3/s (p < .001), 507.81/s -11.3/s (p < .001), 97.66/s -19.53/s (p = .009), 234.38/s -
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19.53/s (p < .001), 292.97/s-19.53/s (p < .001), 507.81/s -19.53/s (p < .001). (Shapiro-

Wilk test, p= 0.1061552; Levene’s test, p= 0.3572434)   

4.4.1.3 Wave I Amplitude   

Figure 4.7 (C) shows the mean wave I amplitude across different rates in channels B 

(mastoid electrode) and C (tympanic membrane electrode) for the young and old group. 

There is a trend for the mean wave I amplitude to decrease with increasing stimulus rate 

in both channels. However, the results appear similar for both the old and young group.  

Results of a two-way (age × rate) ANOVA for both channels B and C suggest a 

significant effect of rate but no significant effect of age or interaction between the two 

factors. However, due to the violation of the normal distribution of data, as indicated by p 

< .05 in the Shapiro-Wilk test, these results should be interpreted with caution (see 

Appendix C). 
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Figure 4.7: This figure presents Wave I responses for the old and young groups across 

different click rates using Vertical configurations for the mastoid electrode (channel B) 

and the tympanic membrane (channel C) electrode. Panel (A) displays the number of 

absent Wave I responses at various click rates per second in both age groups. Panel (B) 

illustrates the mean Wave I latency across different click rates for both groups. Panel (C) 

depicts the mean Wave I amplitude across different click rates for both age groups. Error 

bars represent ±1 standard deviation. 
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4.4.2 ABR: Wave V   

4.4.2.1 Wave V Presence/Absence 

The number of subjects with an absent Wave V was analyzed for the mastoid electrode 

channel B and the tympanic membrane channel C recordings. Histograms showing the 

number of subjects with an absent Wave V are presented in Figure 4.8 (A).  

The Cochran-Mantel-Haenszel test results indicate that there is no significant difference 

in channel B between the old and young groups (X² = 1.2174, df = 1, p = 0.2699). 

Overall, the old group of subjects does not have a significantly higher proportion of 

absent wave V than the young group. Although not statistically significant, it should be 

noted that in the old group, Wave V was absent in 1 subject at a rate of 292.97/s and in 2 

subjects at a rate of 507.81/s. Additionally, there is one instance of missing Wave V in 

the young group at a rate of 507.81/s. 

The Cochran-Mantel-Haenszel test for channel C results indicates that there is no 

significant difference in the number of subjects with absent Wave V between the old and 

young groups (X² = 1.9539, df = 1, p = 0.1622). However, in the old group, Wave V is 

absent in 2 subjects at a rate of 292.97/s and in 4 subjects at a rate of 507.81/s. 

Additionally, there are two instances of missing Wave V in the young group at a rate of 

507.81/s.  

For both channels, absent Wave V responses were classified as "missing data" and, 

therefore, excluded from the statistical analyses of Wave V latency and amplitude. 

4.4.2.2 Wave V Latency  

For young and old subjects with a Wave V component, the absolute latency was 

evaluated, as shown in Figure 4.8 (B). The mean absolute latency of wave V in channels 

B and C appears to be slightly longer for the old group in the channel C recording using 

the tympanic membrane electrode. In both groups, the Wave V latency also increased as 

the stimulus rate increased; this is apparent in both channels B and C.  
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For both channels B and C, separate two-way ANOVAs of Wave V latency as the 

dependent variable (age × rate) were performed, with age as a between-participant factor 

and stimulus rate as a within-participant factor. A significant effect of age was found for 

channel C but not channel B. A significant effect of stimulus rate was found for each 

channel. However, due to the violation of the normal distribution of data, as indicated by 

p < .05 in the Shapiro-Wilk test, these results should be interpreted with caution (see 

Appendix C). 

4.4.2.3 Wave V Amplitude   

The amplitude values for wave V in channels B and C (shown in Figure 4.8 (C)) indicate 

a decrease in the mean Wave V amplitude with an increase in stimulus rate in both 

channels. However, the mean Wave V amplitude appears similar for both the young and 

old groups, across the range of stimulus rates.      

In the analysis with the dependent variable as Wave V amplitude in channel C, a two-way 

ANOVA indicated no significant effect of age (between-participant factor) [F (1, 92) = 

0.63, p = .431, ŋ2p < .01]. However, a significant effect of stimulus rate (within-

participant factor) was observed [F (5, 92) = 12.82, p < .001, ŋ2p = .41], with no 

significant interaction between the two factors [F (5, 92) = 1.28, p = .279, ŋ2p = .07]. 

Post-hoc comparisons using Tukey’s-HSD test identified significant differences in Wave 

V amplitude among various rates. The following pairwise comparisons showed 

statistically significant differences: 234.38/s-11.3/s (p = .01), 292.97/s-11.3/s (p = .001), 

507.81/s -11.3/s (p < .001), 234.38-19.53 (p = .018), 292.97/s-19.53/s (p = .002), 

507.81/s -19.53/s (p < .001), 234.38-97.66 (p = .002), 292.97-97.66 (p < .001), 507.81-

97.66 (p < .001), 507.81-234.38 (p = .036).  These findings suggest that an increase in 

stimulus rate is associated with a statistically significant decrease in Wave V amplitude. 

(Shapiro-Wilk test, p= 0.3822233; Levene’s test, p= 0.08982703) 

In the analysis of Wave V amplitude in channel B, the results of the ANOVA were 

similar, but due to the violation of normal distribution of data, as indicated by p < .05 in 

the Shapiro-Wilk test, these results should be interpreted with caution (see Appendix C). 
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Figure 4.8: This figure illustrates analyses comparing Wave V responses between the old 

and young groups across various click rates and for Vertical ABR (channel B) and 

Vertical ECochG (channel C) recording configurations. Panel (A) depicts the number of 

absent Wave V responses at different click rates per second in both age groups. Panel (B) 

presents the mean Wave V latency across different click rates for both the old and young 
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groups. Panel (C) demonstrates the mean Wave V amplitude across different click rates 

for both age groups. Error bars represent ±1 standard deviation.  

4.4.3 ABR: I-V Interwave Interval  

 The mean I-V interwave interval in channels B and C for the young and old groups are 

shown in Figure 4.9. This graph suggests that in both channels, the I-V interwave 

interval increased as stimulus rate increased for both the young and old groups. However, 

there was no effect of age observed. 

Due to significant number of cases in the old group with missing Wave I and/or V, 

especially for the higher rates >97.66/s (see Figures 4.7 (A) and 4.8 (A)) statistical 

analyses of I-V interwave interval was not completed. 

 

Figure 4.9: This figure illustrates the mean I-V interwave interval across various click 

rates for both the old and young groups in Vertical mastoid electrode (channel B) and 

Vertical tympanic membrane (channel C) recording configurations. Error bars represent 

±1 standard deviation. 

4.4.4  ABR: I/V Amplitude Ratio   

The mean I/V amplitude ratio across different stimulus rates for the young and old groups 

are shown in Figure 4.10.  This graph shows no apparent change in I/V with stimulus 

rate or different between age groups for this metric.   
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Due to significant number of cases in the old group with missing Wave I and/or V, 

especially for the higher rates >97.66/s (see Figures 4.7 (A) and 4.8 (A)) statistical 

analyses of I/V amplitude ratio was not completed. 

 

 

Figure 4.10: This figure illustrates the mean I/V amplitude ratio across various click 

rates for both the old and young groups in Vertical ABR (channel B) and Vertical 

ECochG (channel C) recording configurations. Error bars represent ±1 standard 

deviation. 

4.5 Distortion Product Otoacoustic Emission (DPOAE) 
Levels 

The mean DPOAE levels and noise floor for the young and old groups at each test 

frequency are shown in Figure 4.10 (A). In Figure 4.10 (B), the mean DPOAE levels 

across three frequency regions (low, mid, and high frequency) are provided for the young 

and old groups. These results are shown separately for the two different stimulus level 

conditions (Mid-level primary tones: L1= 55, L2= 40 dB SPL and High-level primary 

tones: L1= 61, L2= 55 dB SPL). There appears to be an age effect on the DPOAE levels, 

which were lower overall for the old compared to the young subjects.    
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4.5.1 DPOAE:  Mid-Level Primary Tones 

With the dependent variable being DPOAE levels evoked by L1= 55, L2= 40 dB SPL 

tones, a two-way ANOVA revealed significant effects of age (between-participant factor) 

[F (1, 54) = 31.79, p < .001, ŋ2p = .37] and frequency (within-participant factor) [F (2, 

54) = 3.21, p = .048, ŋ2p = .11], with no significant interaction between the two factors 

[F (2, 54) = 0.49, p = .617, ŋ2p = .02]. The frequency range was divided into three 

categories, and DPOAE levels were averaged for these ranges: Low frequencies (.75-1.08 

kHz), Mid frequencies (1.17-3 kHz), and High frequencies (3.38-7.55 kHz). Post-hoc 

comparisons using Tukey’s-HSD test revealed a significant difference in DPOAE levels 

between low and high frequencies (p = .047). Considering both age and frequency 

factors, there were significant differences between the young and old groups in DPOAE 

levels at high frequencies (p = .002), as well as a significant difference at low frequencies 

(p = .041) (Shapiro-Wilk test, p= 0.04950162; Levene’s test, p= 0.006521789). 

4.5.2 DPOAE: High-Level Primary Tones 

In the analysis of DPOAE levels in the High-Level condition (L1= 61, L2= 55), the 

results of the ANOVA were similar, but due to the violation of normal distribution of 

data, as indicated by p < .05 in the Shapiro-Wilk test, these results for should be 

interpreted with caution (see Appendix C). 
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Figure 4.11: Panel (A) displays the mean DPOAE levels for both the young and old 

groups, recorded with two different sets of primary tone levels: L1=55 and L2=40 dB 

SPL, and L1=61 and L2=55 dB SPL, across all f2 frequencies.  Panel (B) shows the mean 

DPOAE levels for both age groups, but analyzed across low (0.75-1.08 kHz), mid (1.17-3 

kHz), and high (3.38-7.55 kHz) frequency regions. Error bars represent ±1 standard 

deviation. 
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Chapter 5  

5 DISCUSSION 

Physiological measures of human cochlear hair cells and auditory neural function are 

currently of interest because they can serve as noninvasive markers of sensory hair cell, 

synaptic and neural pathology in the auditory periphery and brainstem (Carcagnoa and 

Plack, 2020; Grant et al., 2020). When ABR, ECochG, and DPOAEs are obtained from 

the same individual, prolonged latencies or reduced amplitudes of different components 

relative to normative data can together indicate pathology in the cochlea, auditory nerve, 

and/or brainstem.  

5.1 Age Effects on Auditory Nerve Function 

The AP of the ECochG and ABR Wave I arise from the collective extracellular 

components of action potentials generated by individual auditory nerve fibers, 

particularly those with high characteristic frequency (Santarelli et al., 2021). The AP of 

the ECochG and ABR Wave I were recorded simultaneously in this study; because these 

components are generated by auditory nerve activity, they are discussed together in this 

section. 

5.1.1 AP and Wave I  

This thesis revealed a significant effect of age on the ECochG AP latency when measured 

with the tympanic membrane electrode (channels C).  Likewise, there was also a 

statistically significant age-related increase in the Wave I latency for the simultaneously 

recorded ABR in channel B using a mastoid electrode. This is expected because the AP 

of the ECochG and wave I of the ABR are both measures of synchronized action 

potentials from the auditory nerve. Two previous studies using a tympanic membrane 

electrode to record the ECochG reported a similar association between age and AP 

latency as in this study, with prolongation of AP latency with increasing age (McClaskey 

et al., 2018; Soucek and Mason, 1992). These results also agree with reports using the 

transtympanic recording method (Oku and Hasegawa, 1997) or ear canal electrodes 

(Chatrian et al., 1985). Similarly, the longer Wave I latencies in older adults found in this 
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study are consistent with prior investigations of wave I using a transtympanic (Oku and 

Hasegawa (1997), tympanic membrane (Burkard and Sim, 2002) or mastoid surface 

electrodes (Konrad-Martin et al., 2012) to record the ABR. However, not all previous 

investigations were in agreement with these results. Wilson and Bowker (2002) found no 

age-related effect on AP latency when recorded with tympanic membrane electrodes, 

similar to Carcagnoa and Plack (2020), who reported no impact of age on ABR Wave I 

latency. 

Although the AP and Wave I are often recorded with different electrode types and 

montages, they both represent synchronous action potentials generated by the auditory 

nerve and appear as a single peak with the same latency when a combined ECochG/ABR 

waveform is acquired.  Different labels are used because for amplitude measurements, the 

ECochG AP and ABR Wave I are calculated using different criteria (see Figure 3.2 and 

3.3). The AP amplitude is usually identified as the difference between a preceding 

baseline and the positive peak, whereas the ABR Wave I amplitude is measured from the 

peak to the following negative trough.  

In this thesis, the ECochG and ABR were acquired simultaneously across different 

channels. No age-related group difference in AP amplitude was found for the tympanic 

membrane electrode (channel A or C) or for wave I recorded from either the mastoid 

(channel B) or tympanic membrane (channel C).  Although this finding aligns with 

previous results for the AP (Wilson and Bowker (2002), numerous other investigations 

have found a reduced amplitude with increasing age for the AP (Chatrian et al., 1985; 

Soucek and Mason, 1992; Oku and Hasegawa, 1997) and Wave I (Konrad-Martin et al., 

2012; Burkard and Sim, 2002; Aedo-Sanchez et al., 2023; Grose et al., 2019;  Johannesen 

et al., 2019; Carcagnoa and Plack, 2020; Roque et al, 2019; Purner et al., 2022). 
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5.2 Age Effects on Auditory Brainstem Function 

5.2.1 Wave V latency  

The ABR Wave V absolute latency and amplitude, I/V amplitude ratio and I-V interwave 

interval were also evaluated in order to assess the effects of age on central auditory 

function, specifically at the level of the auditory brainstem.   

For Wave V latency, a significant age effect was identified, with longer latencies in older 

adults. However, this age effect was only significant when using the tympanic membrane 

electrode in channel C; no age effect was observed with the mastoid electrode recording 

in channel B. This age effect on ABR Wave V latency is supported by previous research 

identifying longer Wave V latencies in older adults when using a variety of different 

electrode types and montages, including transtympanic (Oku and Hasegawa, 

1997) tympanic membrane (Burkard and Sim, 2002; Soucek and Mason,1992), ear canal 

(Carcagnoa and Plack, 2020), or mastoid surface electrodes (Konrad-Martin et al., 2012; 

 Aedo-Sanchez et al., 2023; Jerger and Hall, 1980). 

With respect to the amplitude of the ABR Wave V component, this study did not find 

evidence of an age effect when recorded with either a mastoid or tympanic membrane 

electrode (channels B and C), which corresponds with the results reported by Carcagnoa 

and Plack (2020) who acquired the ABR from the ear canal. Using a mastoid electrode, 

Jerger and Hall (1980) also found that Wave V showed no consistent change in Wave V 

amplitude per decade as age increased from 20-59 years. However, many others have 

found that aging was associated with a reduction in Wave V amplitude (Konrad-Martin et 

al., 2012; Burkard and Sims, 2002; Aedo-Sanchez et al., 2023; Jerger and Hall, 1980; 

Soucek and Mason, 1992), using a variety of electrode sites for recording the ABR. 

5.2.2 I-V Interwave Interval 

The ABR I-V interwave interval is interpreted as a metric of central auditory afferent 

integrity because brainstem transmission from the auditory nerve to the lateral lemniscus 

is isolated from peripheral auditory function. From Figure 4.9, there is no apparent age 

effect on the I-V interwave interval for either the mastoid or tympanic membrane 
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(channel B or C) recordings, suggesting the auditory brainstem is not altered by 

aging. However, due to the number of missing Wave I and/or V components, particularly 

in the older subject group, statistical analyses of I-V interval data were not 

completed. Previous investigations of the I-V interwave interval are conflicting, with 

some finding no effect (Burkard and Sims, 2002; Konrad-Martin et al., 2012; Soucek and 

Mason, 1992) and others reporting an increased I-V interwave interval with aging (Pürner 

et al., 2022; Carcagnoa and Plack, 2020; Oku and Hasegewa, 1997) which has been 

interpreted as an increase in brainstem transmission time.  

5.2.3 I/V amplitude ratio 

Few studies have examined the amplitude ratio between the ABR Waves I and V, which 

provides within-subject standardization as a way to control for between-subject amplitude 

variability, especially for Wave I. Grose et al. (2019) using an ear canal recording 

technique reported a reduction in the I/V amplitude ratio with aging. From Figure 4.10, 

there is no apparent difference between the young and old subjects for the mastoid 

(channel B) or the tympanic membrane electrode recordings (channel C) in this 

study. However, the I/V amplitude data is based on a small number of participants due to 

the number of missing Wave I and/or V components, as noted above.   

5.3 Presbycusic Hearing Loss - A Confounding Factor  

For broadband click stimuli, the ECochG AP and ABR components are differentially 

affected by reduced hearing sensitivity, with the high frequency cochlear base having a 

greater influence on the AP and Wave I compared to Wave V, which derives from a more 

widespread cochlear region (Don and Eggermont, 1978).  

Most evidence supporting an age-related prolongation of absolute latency or reduced 

amplitude of the AP or Waves I and V does not adequately account for the effects of 

presbycusic hearing loss. Furthermore, even though the ABR I-V interwave interval is 

recognized as a measure of neural transmission time in the auditory brainstem, it can also 

be confounded by peripheral damage in those with sensorineural hearing loss (Jerger and 

Hall, 1980). With the exception of Aedo-Sanchez et al. (2023), Roque et al. (2019), and 

Wilson and Bowker (2002), studies cited in the previous sections include older subjects 
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with significant high-frequency sensorineural hearing loss. Some, like Konrad-Martin et 

al. (2012), made efforts to control for hearing loss by averaging pure-tone thresholds at 2, 

3, and 4 kHz to define a “better hearing” group. However, averaged 2-4 kHz thresholds 

obscured sharply sloping high frequency impairment, and thresholds beyond 4 kHz were 

also excluded so that even the better hearing group included subjects with significant 

hearing loss above 3kHz. Statistical models have also been used to control for 

confounding factors but often use pure tone averages to account for sensorineural hearing 

loss, with differing outcomes (Bramhall et al., 2021; Konrad-Martin et al., 2012; 

Carcagno and Plack, 2020; Grant et al., 2020; Johannesen et al., 2019). Consequently, 

discrepancies between prior age-related studies likely reflect, in part, threshold 

differences above 2 kHz between young and old participants rather than age-related 

effects specifically.  

In the current study, a notable advantage lies in the absence of hearing loss in the clinical 

pure tone range of 0.25-8 kHz for all participants, both young and old. This allowed for a 

more controlled examination of the specific effects of age on the ECochG and ABR 

parameters without the confounding influence of significant hearing loss.  

5.4 Rate Effects on Auditory Nerve and Brainstem 

Ultrahigh rates are important because the time interval between stimuli is close to the 

recovery time required following synaptic transmission at the cochlear synapse and 

refractory period of auditory neurons. Only a few studies have compared the effects of 

adaptation using ultrahigh click rate above 100/sec in aging humans with their younger 

counterparts (Burkhard and Sims, 2012; Soucek and Mason, 1992; Wilson and Bowker, 

2002) and report reduced AP and ABR amplitudes and prolonged latencies in older 

subjects, using increasing rates up to 500/s.    

5.4.1 AP latency and amplitude 

The results of this study indicated a significant rate effect on AP latency (channels A and 

C) using the tympanic membrane electrode. This finding corresponds with results from 

Kaf et al. (2017) and Soucek and Mason (1992).  Wilson and Bowker (2002) also 

reported longer AP latencies with increased rates.  AP amplitudes were also reduced with 
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an increased rate in both Horizontal and Vertical montages (channels A and C) using the 

tympanic membrane electrode. Smaller AP amplitudes are consistent with the results 

reported by Kaf et al. (2017), Soucek and Mason (1992), and Wilson and Bowker 

(2002).  

5.4.2 Wave I latency and amplitude 

Wave I, like the AP, was also significantly longer and decreased in amplitude with 

increasing rate for both mastoid and tympanic membrane electrode (channels B and C) 

configurations. This aligns with the findings of longer latency with increasing rate for 

young normal hearing adults (Kaf et al., 2017; Maele et al., 2021; Kaf et al., 2022; 

Soucek and Mason, 1992; Burkard and Sim, 2002; Konrad-Martin et al., 2012), older 

adults with good hearing (Burkard and Sim, 2002) and adults with high-frequency 

hearing loss (Soucek and Mason, 1992; Burkard and Sim, 2002; Konrad-Martin et al., 

2012).  

5.4.3 Wave V latency and amplitude 

In the assessment of auditory brainstem function, significantly longer wave V latencies 

and smaller amplitudes for both the tympanic membrane and mastoid electrode 

configurations (channels C and B) occurred with an increasing rate, as reported by 

previous investigations (Burkard and Sim, 2002;  Jiang et al., 2009; Kaf et al., 2017; Kaf 

et al., 2022; Konrad-Martin et al., 2012; Maele et al., 2021; Picton et al., 1992; Soucek 

and Mason, 1992; Yasmin et al., 2020). 

5.5 Absence/Presence of ECochG and ABR 

Analyses of age and click rate effects on ABR and ECochG latency and amplitude 

measures depend on the ability to detect these physiological responses. Cochlear and 

neural deterioration, together with test conditions like high click rate that “stress” 

auditory processing, have the potential to reduce physiological signals to the point where 

responses are absent. Analyses of latency and amplitude data alone excludes the results 

for some participants – this occurs because this data is missing when ABR or ECochG 
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components are absent. Yet, for participants with the most severe damage, absent AP or 

ABR waves represent the most abnormal outcome.  

The complete absence of one or more components of the ECochG and ABR is an unusual 

finding when hearing is normal and cochlear outer hair cells are healthy. When hearing 

sensitivity is normal, as in this thesis, absent ECochG or ABR components are 

significant, suggesting pathology at a corresponding level of the auditory pathway. For 

example, in clinical practice, an absent ABR combined with present DPOAEs for any 

range of hearing sensitivity, from normal to profound, indicates functioning outer hair 

cells and auditory neuropathy.  

Simultaneous recordings across channels in the same individual enable the comparison of 

ECochG and ABR waveforms acquired with different electrodes and montages under 

otherwise similar recording conditions. In this thesis, channels using the tympanic 

membrane electrode provided larger response amplitudes and fewer absent responses, as 

noted in several previous studies (Soucek and Mason, 1992; Burkard and Sims, 2001; 

Wilson and Bowker, 2002; Kaf et al., 2017; Kaf et al., 2022). Few studies consider or 

report absent responses. Not only is potentially meaningful data excluded, but the sample 

size is also reduced, providing a less representative estimate of age and click rate effects 

on the evoked ECochG and ABR. For this reason, evaluating the presence vs. absence of 

ABR and ECochG components alongside ANOVA provided a more comprehensive 

understanding of auditory response results in this study. Significantly more absent Wave 

I components occurred with older subjects compared to younger subjects, and also as 

stimulus rate increased in both groups, but only for mastoid electrode recordings in 

channel B. This was not the case for the ECochG AP component for recordings acquired 

simultaneously with the tympanic electrode in channels A and C.   No significant 

differences in presence/absence of the ECochG SP component or the ABR Wave V were 

found in any recording channel.   

5.6 Interaction Between Age and Stimulus Rate 

Pathologies affecting the transduction or pre-synaptic functions of inner hair cell (Salvi et 

al, 2017) or neural encoding and transmission by spiral ganglion auditory neurons 
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(Jacobson et al., 1987; Santarelli et al., 2021 and 2019; Tanaka et al., 1996; Santos et al., 

2004) can reduce their physiological signals to the point where the auditory evoked 

responses are abnormal or absent. Similarly, increasing stimulus repetition rate, 

especially into the ultrahigh range above 100 clicks/s, will reduce and delay auditory 

evoked potentials by decreasing synaptic and neural recovery time between stimuli, 

causing adaptation (Burkhard and Sim, 2002; Grant et al., 2020; Kaf et al., 2017). High 

click rates below 100 clicks/s have been utilized clinically to improve the diagnostic 

sensitivity of the ABR to the auditory nerve and brainstem lesions (Jacobson et al., 1987; 

Santos et al., 2004; Stanton et al., 1989; Youssef and Downes, 2009).  

One of the aims of this study was to evaluate ultra-high rate stimuli, with the expectation 

that increasing physiological stress on synaptic and neural structures compromised by the 

aging process would enhance adaptation effects and reveal dysfunction. As a result, AP 

or ABR component latencies and amplitudes would be more seriously affected in older 

subjects versus younger adults.  However, this study revealed no significant interaction 

between subject age and stimulus rate for any of the ECochG and ABR components. 

Even though absolute latencies were significantly delayed and amplitudes decreased in 

older subjects, the size of these rate-induced AP and ABR changes was the same for 

young and old groups. This was also true for the number of absent ABR Wave I 

components which grew with increasing rate in both older subjects and younger subjects 

for mastoid electrode recordings in channel B.  

This outcome is consistent with previous research, which has found no significant 

interaction between age and stimulus rate on ECochG and ABR components for either 

conventional (Konrad-Martin et al., 2012) or ultrahigh stimulus rates (Burkard and Sims, 

2002; Soucek and Mason, 1992). However, each of these investigations included subjects 

with significant sensorineural hearing loss in older subjects, which complicated 

interpretation - cochlear damage associated with sensorineural hearing loss is potentially 

more severe and different from purely age-related pathology. Only one study controlled 

for hearing loss by measuring the ECochG in normal hearing adults 18-60 years of age. 

Wilson and Bowker (2002) evaluated the AP component in 3 different age groups using 

click rates between 7.1 – 151.1 clicks/s and found no interaction between age and 
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stimulus rate. The results of this thesis are important because they support the AP results 

of Wilson and Bowker (2002) and extend the results by simultaneously measuring ABR 

Waves I and V and using ultrafast stimulus rates up to 507.81 clicks/s.  The absence of 

the rate by age interaction reported in previous work (Burkard and Sims, 2002; Konrad-

Martin et al., 2012; Soucek and Mason, 1992) is confirmed here, but in a group of older 

adults with normal hearing.  

5.7 Cochlear Function:  SP & DPOAE 

In this thesis, the physiological integrity of the cochlea was assessed by the ECochG SP 

and by DPOAEs. The main generators of these potentials are the cochlear hair cells, 

which are important for sensory transduction in the cochlea.  

5.7.1 SP 

The click-evoked SP appears to be a sustained voltage difference due to asymmetric hair 

cell receptor potentials. Far-field recordings appear to originate in the basal cochlea, but 

the generation of the SP is complex with input from multiple cell populations. The 

current consensus is that inner hair cells are the major source, with contributions from 

outer hair cells and neural activity arising from the peripheral spiral ganglion terminals 

(Eggermont, 2019; Lutz et al., 2022; Russell, 2008). Together, the SP and AP 

components of the ECochG are used as clinical and research tools to diagnose and 

monitor pathology affecting the cochlear hair cells, synapses, and distal auditory nerve 

fibers of spiral ganglion neurons. In this study, the SP was used in combination with the 

AP and ABR waves to assess the impact of age-related pre-synaptic and post-synaptic 

auditory dysfunction (Eggermont, 2019; Lutz et al., 2022; Russell, 2008).  

Results show that the SP and SP/AP ratio were not affected by age or stimulus rate. No 

effect of age on SP latency or amplitude was observed for tympanic membrane electrode 

configurations. Chatrian et al. (1985) noted a decrease in the SP amplitude with age when 

using ear canal electrodes. However, there was a 4 - 8 kHz hearing loss in subjects older 

than 50 years, with the potential to confound the observed age effect on the SP. Wilson 

and Bowker (2002) controlled for hearing sensitivity by only including subjects with 

normal hearing in the conventional range from 0.25 to 8 kHz, as was done in this thesis. 
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Using tympanic membrane electrodes, subjects 18-60 years old had no age-related 

differences in the absolute SP latency or amplitude. Together, these results indicate that 

the SP is not significantly influenced by age when hearing thresholds are clinically 

normal.  

The effects of stimulus rate on the SP were also examined, with no significant impact 

found for the latency or amplitude when the SP was recorded with the tympanic 

membrane electrode (channels A and C). This outcome aligns with the findings of 

Aleksandra et al. (2015) and Kaf et al. (2017), both of whom reported no rate effects on 

SP latency or amplitude. However, a discrepancy emerged with Wilson and Bowker 

(2002), who observed an increase in both SP amplitude and latency with increasing 

stimulus rate using a tympanic membrane electrode.  

One of the limitations of using the SP is the high between-subject variability, which also 

exists for the AP component of the ECochG (Coats, 1986; Eggermont, 2017; Chatrian et 

al., 1985). However, amplitudes of the SP and AP tend to covary, so that people with low 

AP amplitudes usually have low SP amplitudes and vice versa. Methods to limit this 

variability include calculating the SP/AP ratio to normalize the SP relative to the AP 

amplitude.  Chatrian et al. (1985) found a significant increase in the SP/AP amplitude 

ratio with age, but as noted above, the interpretation of this age effect was complicated by 

significant high frequency sensorineural hearing loss in older subjects. Several 

investigators also report a significant increase in the SP/AP amplitude ratio with 

increasing rate (Kaf et al., 2017; Kaf et al., 2022; Wilson and Bowker, 2002), which was 

not observed in this thesis.  

5.7.2 DPOAE  

It is well established that hearing thresholds exhibit a systematic increase with advancing 

age, with the most notable increase observed at higher frequencies. DPOAEs are 

generated by the outer hair cells, and human temporal bone studies show that presbycusic 

pathology includes significant cochlear outer hair cell damage (Viana et al., 2015; Wu et 

al., 2020a & b; Wu et al., 2021). Similarly, DPOAE investigations have considered the 

effects of pure tone hearing thresholds in addition to subject age and found evidence to 
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support age-related outer hair cell dysfunction.  Several studies show lower DPOAE 

levels across the frequency range (between 1-8 kHz) in older adults with mid-high 

frequency sensorineural hearing loss when compared to younger age groups (Abdala and 

Dhar, 2012; Jedrzejczak et al., 2023; Uchida et al., 2008).  

An important research question has focused on the cochlear status of older adults with 

normal hearing sensitivity between 0.25-8 kHz and whether their corresponding DPOAEs 

below 8 kHz are also normal. Several studies report that age-related differences in 

standard frequency DPOAES (1-8kHz) can occur even when conventional hearing 

thresholds are normal (Abdala and Dhar, 2012; Hunter et al., 2020) or near-normal 

(Bramhall et al., 2021; Märcher-Rørsted et al., 2022).  For normal hearing middle age 

(Jedrzejczak et al., 2023) and older adults (Abdala and Dhar, 2012; Hunter et al., 2020; 

Märcher-Rørsted et al., 2022), the DPOAEs are reduced, specifically in the high 

frequency range at 2 kHz or above.  

In this study for the Mid-Level test condition, the DPOAE results also show an age-

related difference, with significantly lower DPOAE levels overall for the old group 

compared to the young group.  In addition, there was a frequency effect with lower 

DPOAEs in the f2 “High Frequency” range compared to the “Low Frequency” range. 

Similar trends were found for the High-Level test condition. These collective findings 

support the notion that DPOAE levels are influenced by age, with younger individuals 

typically displaying higher level DPOAEs compared to their older counterparts. In the 

standard DPOAE frequency range below 8 kHz, DPOAE levels decrease with increasing 

age, even though the standard clinical audiogram thresholds in this frequency range are 

normal.  

5.8 Extended High Frequency Hearing Thresholds (EHF) 

Another important age-related consideration is hearing sensitivity beyond the standard 

clinical audiogram.  Hearing loss in the EHF region can signal damage or dysfunction 

within extreme basal regions of the human cochleotopic map (Viana et al., 2015; Wu et 

al., 2020a & b; Wu et al., 2021).  The results of this thesis show that pure tone thresholds 

in the extended high frequency range were higher overall in the older group compared to 

the younger group and progressively declined between 9-14 kHz, with absent responses 
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at 16 and 18 kHz.  EHF pure tone thresholds beyond the 8 kHz upper limit of the clinical 

audiogram are worse in the old group, which also has reduced DPOAE levels < 8 kHz 

compared to their younger counterparts.  

5.9 EHF Thresholds and DPOAE Levels in Normal Hearing 
Old Adults 

This study found that an age-related decline occurred in both the EHF between 9-16 kHz 

and in the DPOAE levels measured below 8 kHz, even though clinically normal 

thresholds are retained between 0.25- 8 kHz. In support of our findings, there is growing 

evidence showing that adults with normal conventional audiograms (0.25-8kHz) but poor 

EHF hearing sensitivity also have reduced DPOAE levels in the standard frequency range 

between 1-8 kHz. Similar to this study, Hunter et al. (2020) found that standard DPOAEs 

and EHF thresholds are both affected by age and that as age increased, DPOAE levels 

below 8kHz declined along with the EHF thresholds above 8 kHz, despite normal 

standard audiometric hearing (.25-8 kHz). Mishra et al. (2021) focused specifically on 

younger adults (19–38 years) and whether EHF audiometric thresholds above 8 kHz 

could affect standard 2-5 kHz DPOAEs. Study participants all had normal conventional 

hearing thresholds but were subdivided based on the degree of EHF hearing impairment 

(> 20 dB HL from 10 - 16 kHz).  The EHF impaired group (median 28 years) exhibited 

an overall reduction in 2-5 kHz DPOAE levels compared to the group with normal EHF 

hearing (median 22 years). There was a correlation between DPOAEs and EHF 

thresholds, with worse overall DPOAE levels as EHF thresholds decreased. Glavin et al. 

(2021) studied five different age groups, all with normal conventional hearing up to 8 

kHz, and found reduced frequency-specific DPOAE (2, 4, 8 kHz) levels with increasing 

age. These reduced DPOAE levels were related to the mean EHF thresholds, which 

decreased in every age decade from 10 to 50+ years. The authors conclude that adults 

with normal conventional audiograms up to 8 kHz can manifest reduced DPOAEs below 

8 kHz, and this DPOAE decline correlates with impaired threshold sensitivity in the EHF 

range above 8 kHz.  

Both EHF and DPOAE measures indicate dysfunction with increasing age, but it is 

difficult to disentangle the effects of age alone from pathology associated with EHF 
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hearing loss. Jedrzejczak et al. (2023) recently explored this research problem by 

studying standard DPOAE levels (1, 1.5, 2, 4, 6, 8 kHz) and DPOAEs in the extended 

high frequencies (10, 12, and 16 kHz) in three different age groups that differed in 

extended high frequency hearing sensitivity.  A young group (aged 29 years + SD 7) had 

better hearing (normal up to 16 kHz) than an old group with a normal clinical audiogram 

but impaired EHF (aged 47 years +10 SD). A second older group (51 years + 11 SD) had 

much worse hearing across the entire frequency range, including significant clinical 

impairment on the standard audiogram (> 25 dB HL below 8 kHz). The authors found 

that DPOAE levels were negatively correlated with age, with a stronger effect 

observed for DPOAEs in the 10–16 kHz range compared to the 1–8 kHz range. The study 

concluded that DPOAEs, both within the standard frequency range (DPOAEs 0.125–8 

kHz) and the extended high-frequency range (DPOAEs 10–16 kHz), decrease as 

behavioral hearing thresholds deteriorate and as age increases.  

5.10 EHF Thresholds, DPOAEs and Human Temporal Bone 
Research 

There is a growing body of evidence from human temporal bone research that is relevant 

to the interpretation of age-related effects on EHF and DPOAEs in this and other 

investigations of cochlear aging.  With aging, frequency-specific sensitivity declines 

progressively from low to high along the length of the cochlea, with the basal cochlea 

responsible for detecting and transmitting high frequency sound. Consistent with prior 

research, this study demonstrated that older adults exhibited greater hearing thresholds 

compared to younger adults in the EHF region >8 kHz, which becomes progressively 

worse from 9 -18 kHz (Aziz et al., 2020; Glavin et al., 2021; Märcher-Rørsted et al., 

2022; Jedrzejczak et al., 2023; Roque et al., 2019; Aedo-Sanchez et al., 2023; Bramhall et 

al., 2021; Hunter et al., 2020). Given the cochleotopic organization of sound frequency, 

hearing loss in the EHF range in older adults indicates that extreme basal cochlear 

structures are the most susceptible to the initial stages of aging. Collectively, human 

temporal bone studies show progressively more age-related degeneration towards the 

basal cochlea, with the greatest loss of all cell types (strial cells, inner and outer hair 

cells, and Type I spiral ganglion neurons) in the extreme (>10 kHz) high frequency 
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region of the cochleogram (Nelson and Hinojosa, 2006; Ramadan and Schuknecht, 1989; 

Viana et al., 2015; Wu et al., 2020a & b; Wu et al., 2021). 

The lower DPOAE levels observed for normal hearing older adults in this thesis were 

most pronounced in the high frequencies (3-8 kHz) and also signify age-related 

functional deterioration of basal outer hair cells, which aligns with evidence from human 

temporal bone studies (Kusunoki et al., 2004; Nelson and Hinojosa, 2006a; Ramadan and 

Schuknecht, 1989; Viana et al., 2015; Wu et al., 2019; Wu et al., 2020a & b; Wu et al., 

2021). Wu et al. (2021) conducted a human temporal bone study with modern 

histopathological techniques to measure cell loss across the cochleotopic frequency map 

in a young-middle age (1-49 years old) and an old group (50-74 years old). Mean pure 

tone thresholds for the young group were normal from 2-8 kHz, while the old group had a 

mild loss at 2-4 kHz, sloping to moderate at 8 kHz, with approximately 20 dB lower 

thresholds overall. Outer hair cell loss was greater for the old group at 45% versus 20% 

for the young group for the 2-6 kHz cochleotopic region. Between the 10-16 kHz region, 

the outer hair cell loss increases from 50%-80% for the older group and from 30% - 65% 

for the younger group. Together, these findings indicate a significant loss of outer hair 

cells, which increases rapidly towards the cochlear base, even in the young group with 

normal hearing. 

In this thesis, both the young and the old groups had normal hearing sensitivity in the 

0.25-8 kHz range. However, there was a slight difference in their standard clinical 

audiograms, with mean thresholds of 5 dB (at 2 kHz) to 12 dB (at 8 kHz), worse in the 

old group. Hearing thresholds declined rapidly in the EHF range and were again worse in 

the old group, which corresponds to the % cell loss in the extreme basal region of the 

cochleotopic map, as reported by Wu et al. (2021). A similar trend in mean DPOAE 

levels was present in this study, with the old group having 10 dB (at 2 kHz) to 20 dB (at 8 

kHz) lower DPOAE levels compared to the young group. These group differences in 

hearing sensitivity and DPOAEs, which rely on outer hair cell function, are interesting 

and parallel the group threshold differences and patterns of outer hair cell loss reported 

by Wu et al. (2021).  
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5.11 Hearing Thresholds, Auditory Nerve Function (AP and 
Wave I) and Human Temporal Bone Research 

Wu et al. (2021) also compared the loss of inner hair cells and auditory nerve (spiral 

ganglion) fibers in the normal hearing young-middle age (1-49 years) and the mildly 

hearing impaired old group (50-74 years) with 20 dB worse pure tone hearing thresholds. 

  Inner hair cell loss was 15-20% more severe for the old group across the cochleotopic 

frequency map, ranging from 30% to 60% (2-6 kHz vs. 16 kHz cochlear regions) 

compared to 15% to 40% (2-6 kHz vs. 16 kHz cochlear regions) for the young 

group.  There was a similar trend but more significant loss of auditory nerve fibers across 

the 2-8 kHz cochlear region, with 45-60% for the old group compared to 30-35% for the 

normal hearing young group.  Viana et al. (2015) analyzed five human temporal bones 

(54-89 years of age) and found a decrease in the number of auditory nerve fibers per 

inner hair cell with increasing age, with a similar age effect noted by Wu et al. (2019) for 

29 ears. The number of intact synapses also decreased, as indicated by the reduction in 

synaptic ribbons per inner hair (Viana et al., 2015).  These histopathology results indicate 

loss of functional synaptic connections between inner hair cells and auditory neurons 

with increasing age.  

Whole nerve population responses of the AP or ABR wave I arise from the summation of 

the synchronized activity of many auditory (spiral ganglion) neurons, which in turn 

depend on the normal function of inner hair cells and their synaptic connections. The loss 

of inner hair cells, auditory (spiral ganglion) nerve fibers, and their synaptic connections, 

as noted above (Viana et al., 2015; Wu et al., 2019; Wu et al., 2021), would likely reduce 

electrophysiological activity in the whole nerve compound action response, and result in 

a reduction of the AP and Wave I amplitudes. The loss of synapses and synaptic ribbons 

could lead to variable delays in synaptic transmission time and impact the generation of 

action potentials remaining post-synaptic auditory (spiral ganglion) terminal nerve fibers. 

  Reduced number of actional potentials and desynchronization of activity in the whole 

nerve population response would prolong the latency and reduce the amplitude of the AP 

and ABR wave I (Moser and Starr, 2016).    
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In this study, older age was associated with prolonged latency of AP and ABR Waves I 

and V, indicating potential abnormalities in the auditory nerve and the brainstem 

pathway. The observed prolongation of these waves suggests alterations in auditory 

neural processing with age and aligns with these histopathological studies, which show 

loss of auditory nerve fibers and synapses even in young and middle age normal hearing 

subjects (Wu et al., 2019; Wu et al., 2021). However, dysfunction of outer hair cells as 

indicated by the DPOAE levels <8kHz, and likely present in the EHF 9-16 kHz may also 

contribute to the delayed latencies of the AP, and ABR Waves I and V, as discussed 

below.  

5.12 Summary and Conclusions  

The purpose of this study was to measure AP/ABR to evaluate pre-post synaptic neural 

function in “aging ears”.  The role of cochlear outer hair cells is to provide mechanical 

amplification to downstream inner hair cells and Type I spiral ganglion neurons, which 

perform mechanoelectrical transduction and neural encoding of sound.  Aging of the 

peripheral auditory system can involve dysfunction or loss of any of these cell types and 

their connecting synapses. ECochG AP and ABR Wave I reflect the collective electrical 

activity generated by the population spiral ganglion neurons that form the auditory nerve, 

while ABR Wave V reflects neural encoding and transmission in the auditory periphery 

and brainstem.  Previous studies have shown age-related reduction and delay of the AP 

and ABR Waves, but the underlying neuropathological mechanisms are difficult to 

interpret because of confounding high frequency hearing loss. One strength of this study 

was that conventional pure tone audiograms <8 kHz were normal for all subjects. 

Although conventional audiometric thresholds depend on outer hair cell status, they are 

not very sensitive to inner hair cell-synaptic and neural pathology (Salvi et al., 2017; 

Moser and Starr, 2016).     

1. Absolute latency of the ECochG AP neural component and ABR Waves I and V 

were significantly prolonged in the old group compared to the young group, despite 

normal hearing sensitivity (<8k).  One explanation for the prolongation of the AP 
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and ABR Wave latencies is underlying inner hair cell, synaptic, and/or peripheral 

auditory nerve pathology.   

Adults in the old group had longer latencies for the ECochG AP and ABR Waves I and 

V overall compared to young adults. The amplitude of these components was not 

significantly different, possibly due to large intersubject variability and small sample 

size. One interpretation is that ECochG AP and ABR Wave I latencies are sensitive 

metrics of age-related neural loss or dysfunction involving (1) pre-synaptic inner hair 

cells critical for mechanoelectrical transduction or pre-synaptic neurotransmitter release. 

(2) spiral ganglion neuron cell bodies or their terminal nerve fibers that synapse with 

inner hair cells. Prolongation and reduced amplitude of the ABR Wave V could reflect 

this peripheral damage or involve changes in auditory brainstem processing.   

2. Unlike the other physiological measures, the SP did not show any significant age-

related changes in latency or amplitude.  

The SP component is sensitive to hair cell function, particularly inner hair cell 

mechanoelectrical transduction when recorded in close proximity to the cochlear base. 

The stability in SP with age in this study may reflect the preservation of inner hair cell 

function.  Although the inner hair cells are considered the main generators, outer hair 

cells and neural activity also contribute to SP, making interpretation less straightforward 

(Lutz et al., 2022; Salvi et al., 2017). However, the stability of the SP aligns with recent 

human temporal bone research showing less inner hair cell loss in the basal cochlea 

relative to outer hair cells and auditory neurons (Wu et al., 2021). 

3. EHF thresholds (9-18 kHz) were impaired, and conventional DPOAEs (<8k) 

were reduced in the old group relative to the young group, despite normal hearing 

sensitivity (<8k) in both age groups. In this thesis, EHF impairment coupled 

with DPOAE reduction <8kHz together serve as markers of subclinical cochlear 

pathology worse in the old group and involving the outer hair cells. Including 

DPOAE levels and EHF thresholds (9 – 18 kHz) contributed to the interpretation 

of physiological data.  
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One strength of this study was the strict criteria that all participants have normal clinical 

audiograms (0.25-8 kHz). Despite having normal pure tone thresholds <8 kHz, reduced 

hearing sensitivity in the extended high frequency range (EHF) >8 kHz was greater in the 

older group.   Older adults also had lower DPOAE levels across the conventional 

frequency range, with a trend toward greater reductions for higher f2 frequencies (3.38 –

7.55 kHz).  The elevated thresholds from 9-18 kHz support age-related cochlear 

pathology in the extreme basal cochlea, while conventional DPOAE results specify 

effects on outer hair cell function.  For normal hearing older adults in this study, reduced 

DPOAEs, together with elevated EHF thresholds, suggest preclinical cochlear 

degeneration that includes the outer hair cells. This is important for the interpretation of 

electrophysiological measures because outer hair cell dysfunction can impair 

“downstream” mechanical amplification for low-moderate level stimuli.  Others have 

reported that for young adults with normal clinical audiograms, reduced DPOAEs < 8 

kHz in conjunction with elevated EHF thresholds > 8 kHz serve as an early indication of 

preclinical hearing decline (Dreisbach et al., 2008; Jedrzejczak et al., 2023; Mishra et al., 

2021).   

Temporal bone studies show that as the subject's age increased, the cochlear cell loss was 

progressively more severe towards the extreme basal cochleogram region. The 

percentage and cochleotopic extent of missing hair cells and auditory neural fibers across 

the cochlear frequency map was greater in older subjects and spread into the 2- 8 kHz 

region despite clinical audiograms < 8 kHz that were normal or only mildly impaired 

(Viana, 2015; Wu et al., 2019; 2020 a & b; 2021). They also found that the degree of 

outer hair cell loss correlated with greater damage to synapses and neurons in this 

cocheotopic frequency region of the underlying cochlear map, while inner hair cells were 

relatively less impaired. Observations of poor EHF hearing in this study, combined with 

this recent histological evidence (Viana, 2015; Wu et al., 2019; 2020 a & b; 2021) 

support the conclusion that structure and function in the most basal, high frequency 

cochlear regions > 8 kHz is disrupted in the older group with normal hearing clinical 

hearing sensitivity < 8 kHz.  
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4. The reduced DPOAE levels in this study indicate possible deterioration of outer 

hair cells below 8kHz, while EHF decline suggests an extension of cochlear damage 

towards extreme basal cochlea. Outer hair cells are critical for cochlear 

amplification required for sound detection and activation of inner hair cells and 

spiral ganglion neurons near the threshold. The interpretation that AP and ABR 

Waves are markers of underlying neural types of pathology is complicated by this 

evidence of outer hair cell damage.  

The outer hair cells provide “cochlear” gain by amplifying and sharpening biomechanical 

activation in response to low level sound stimulation.   The loss of outer hair cells can 

impair this mechanical amplification and tuning, which in turn affects “downstream” 

processing by inner hair cells and auditory spiral ganglion neurons.  Using the derived 

frequency-band masking method, Don and Eggermont (1978) show that the high level 

click-evoked ABR arises mainly from the 2-8 kHz cochlear region. Some suggest that 

because outer hair cell cochlear gain is specific to lower level stimulation, the impact is 

diminished when high intensity click stimuli are used, as in this study, or in people with 

high frequency sensorineural hearing loss (Hoben et al., 2017; Gorga et al., 1985)   

However, Bharadwaj et al. (2019) claim that degeneration of outer hair cells in basal 

frequency regions > 8 kHz can still influence the amplitude and latency of the AP and 

Wave I components.   In the healthy cochlea, outer hair cells in the 9-16 kHz cochlear 

region may contribute through the upward spread of high level click excitation above 8 

kHz. Stimulated outer hair cells in this “off-frequency” 9-16 kHz region mechanically 

amplify nearby inner hair cells, which in turn excite their post-synaptic spiral ganglion 

neurons.  With outer hair cell damage in the 9-16kHz region, this cochlear gain is lost, 

and spiral ganglion neurons are no longer stimulated by the click stimulus. When these 9-

16 kHz neurons fail to reach their action potential threshold, they “drop out,” and their 

contribution to whole auditory nerve electrical activity is lost.  Loss of this rapid onset, 

highly synchronized action potentials could potentially reduce the amplitude and delay 

the latency of the whole nerve AP/Wave I response, even though they are outside the 2-

8kHz region predominately activated by high intensity clicks (Bharadwaj et al., 2019).    
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5. For older adults, neural components of the ECochG and ABR (AP, Waves I, and 

V) did not show heightened susceptibility to high stimulus repetition rates compared 

to younger adults.   

It was hypothesized that increasing the click stimulation rate would 

cause greater physiological stress on the aging cochlea and would manifest as 

a greater rate-induced latency delay or reduction of the ECochG or ABR in the old 

subject group. However, increasing stimulation rate affected the latencies and amplitudes 

of the AP, Waves I, and V to the same extent in old and young adults. In contrast, the 

ECochG SP component, generated mainly by inner hair cell receptor potentials, remained 

stable across different stimulation rates and, as noted above, was not affected by age.   

5.13 Impacts and Limitations 

Aging adults with normal hearing sensitivity may have more peripheral auditory 

degeneration than suggested by their clinical audiogram as indicated by DPOAE, EHF 

thresholds and AEP results of this study. These finding should be considered in age-

related hearing research studies, and by clinicians managing older patients with hearing 

complaints and communication challenges.   

Unlike many studies that use either ECochG or ABR, this study simultaneously recorded 

both measures across different electrode configurations. This provides a more 

comprehensive picture of auditory function. This comprehensive approach enables the 

identification of dysfunction of auditory system at different cochlear and auditory nerve 

and brainstem components under the same recording conditions (e.g. myogenic noise 

artifacts). For example, by comparing recordings from mastoid and tympanic electrodes, 

the most sensitive recording site for detecting these components can be used. It also made 

it possible to compare the results of this study to others which use only one recording 

site, mastoid or tympanic membrane. The use of ultrahigh stimulus rates (up to 507.81 

clicks/s) is relatively rare in auditory research. This approach offers insights into how 

aging affects neural adaptation and recovery. It also enables the separation of the SP from 

the AP at these high rates, which has not been widely studied except in normal subjects 

and not in the context of aging. The effects of aging on SP-AP separation can reveal age-
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related changes in cochlear and auditory nerve function that are not evident at lower 

rates. The study’s inclusion of participants with normal hearing in both young and old 

groups eliminates the confounding effects of hearing loss at 8 kHz and below. Many 

previous studies have not controlled for hearing status, making it difficult to determine 

whether observed differences were due to aging or hearing loss. The study included tests 

for DPOAEs and EHF hearing measures.  DPOAEs provide information about outer hair 

cell function, and EHF hearing measures capture high-frequency cochlear function from 

extreme basal regions of the cochlea. The most novel aspect of this study was that all 

these measures and analyses were obtained from the same subjects, leading to a more 

complete interpretation of the study outcomes. Current studies in literature have looked at 

some of these factors, but not all in the same study group. 

The findings of this study have limited generalizability due to the controlled selection 

criteria of no history of health and neurological issues, which resulted in a sample biased 

towards healthy older individuals, potentially including those with less affected auditory 

system function. Additionally, the sample size and age range for older adults were limited 

due to the challenges associated with recruiting older adults with normal standard 

audiograms. The study also observed high variability in the amplitudes of ABR waves I 

and V, and ECochG AP, with no significant differences between age groups. Future 

research could benefit from a larger sample size and the incorporation of correlation 

analysis with other factors such as EHF thresholds and DPOAE levels. Furthermore, 

longitudinal data would be valuable in identifying measures that are more sensitive to 

age-related changes in the auditory system of the same individuals over time. Lastly, the 

omission of cognitive and perceptual measures, as well as more advanced neural imaging 

techniques (e.g., fMRI or MEG) or neurophysiological measures, limits the ability to 

establish a link between peripheral auditory dysfunction and higher-order auditory 

processing or cognitive decline. 
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Appendix C 

AP Latency: Channel A (ipsiTymptrode- contraMastoid) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, 

UL] 

Age 0.82 1 0.82 45.01 .000 .31   

Rate 1.63 5 0.33 17.95 .000 .47 [.33, .54] 

Age*Rate 0.07 5 0.01 0.82 .539 .04  [.00, .07] 

Error 1.82 100 0.02      

Shapiro-Wilk test, p= 0.02495653 

Levene’s test, p= 0.03173617 

 

AP Latency: Channel C (ipsiTymptrode- Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.56 1 0.56 37.44 .000 .29   

Rate 1.03 5 0.21 13.89 .000 .42 [.27, .50] 

Age*Rate 0.01 5 0.00 0.08 .996 .01 [.00, 1.00] 

Error 1.40 94 0.01      

Shapiro-Wilk test, p= 0.1419034 
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Levene’s test, p= 0.1895482 

 

AP Amplitude: Channel A (ipsiTymptrode- contraMastoid) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.00 1 0.00 0.01 .905  .00   

Rate 3.42 5 0.68 7.96 .000 .28 [.14, .37] 

Age*Rate 0.03 5 0.01 0.07 .996 .00 [.00, 1.00] 

Error 8.60 100 0.09      

Shapiro-Wilk test, p= 1.549592e-08 

Levene’s test, p= 0.2729728 

 

AP Amplitude: Channel C (ipsiTymptrode- Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.01 1 0.01 0.11 .742 .00   

Rate 3.74 5 0.75 9.35 .000 .33 [.18, .41] 

Age*Rate 0.14 5 0.03 0.35 .882 .02 [.00, .02] 

Error 7.51 94 0.08      
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Shapiro-Wilk test, p= 1.116996e-08 

Levene’s test, p= 0.5653204 

 

SP/AP Amplitude ratio: Channel A (ipsiTymptrode- contraMastoid) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.02 1 0.02 2.76 .100 .03   

Rate 0.05 5 0.01 1.60 .168 .08 [.00, .13] 

Age*Rate 0.02 5 0.00 0.68 .638 .03 [.00, .06] 

Error 0.57 94 0.01      

Shapiro-Wilk test, p= 0.3568438 

Levene’s test, p= 0.007248607 

 

SP/AP Amplitude ratio: Channel C (ipsiTymptrode- Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.01 1 0.01 1.93 .168 .01   

Rate 0.05 5 0.01 1.22 .304 .06 [.00, .11] 

Age*Rate 0.01 5 0.00 0.23 .948 .01 [.00, .00] 
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Error 0.73 94 0.01      

Shapiro-Wilk test, p= 0.3304237 

Levene’s test, p= 0.005106322 

 

SP Latency: Channel A (ipsiTymptrode- contraMastoid) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.02 1 0.02 0.81 .370 .01   

Rate 0.30 5 0.06 2.00 .085 .09 [.00, .15] 

Age*Rate 0.07 5 0.01 0.47 .800 .02 [.00, .04] 

Error 2.96 100 0.03      

Shapiro-Wilk test, p= 3.406909e-10 

Levene’s test, p= 0.3219015 

 

SP Latency: Channel C (ipsiTymptrode- Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.01 1 0.01 0.44 .510 .00   

Rate 0.20 5 0.04 1.72 .135  .08 [.00, .12] 
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Age*Rate 0.02  5 0.00 0.20 .962 .01 [.00, 1.00] 

Error 2.45 108 0.02     

Shapiro-Wilk test, p= 0.002116472 

Levene’s test, p= 0.3702353 

 

SP Amplitude: Channel A (ipsiTymptrode- contraMastoid) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.02 1 0.02 1.14 .289  .01   

Rate 0.04 5 0.01 0.45 .809 .02 [.00, .03] 

Age*Rate 0.04 5 0.01 0.39 .854 .02 [.00, .03] 

Error 1.79 100 0.02      

Shapiro-Wilk test, p= 2.173396e-10 

Levene’s test, p= 0.00100723 

 

SP Amplitude: Channel C (ipsiTymptrode- Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.00 1 0.00 0.26 .610  .00   
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Rate 0.02 5 0.00 0.36 .874 .01  [.00, .02] 

Age*Rate 0.01 5 0.00 0.22 .953 .01  [.00, 1.00] 

Error 1.37 108 0.01      

Shapiro-Wilk test, p= 3.73039e-09 

Levene’s test, p= 0.06978363 

 

Wave I Latency: Channel B (ipsi Mastoid– Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.34 1 0.34 18.10 .000  .22   

Rate 1.13 5 0.23 11.89 .000 .48 [.29, .56] 

Age*Rate 0.11 5 0.02 1.18 .331  .08 [.00, .14] 

Error 1.21 64 0.02      

Shapiro-Wilk test, p= 0.1456548 

Levene’s test, p= 0.1680826 

 

Wave I Latency: Channel C (ipsiTymptrode- Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 



101 

 

Age 0.58  1  0.58 37.42 .000  .29  

Rate 1.08 5 0.22 13.88 .000  .43 [.27, .51] 

Age*Rate 0.01 5 0.00 0.09 .994  .01  [.00, 1.00] 

Error 1.43 92 0.02      

Shapiro-Wilk test, p= 0.1061552 

Levene’s test, p= 0.3572434 

 

Wave I Amplitude: Channel B (ipsi Mastoid– Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.06 1 0.06 2.62 .111 .04  

Rate 0.41 5 0.08 3.67 .006 .22 [.04, .31] 

Age*Rate 0.00 5 0.00 0.04 .999 .00 [.00, 1.00] 

Error 1.42 64 0.02     

Shapiro-Wilk test, p= 6.725452e-13 

Levene’s test, p= 0.8717909 

 

Wave I Amplitude: Channel C (ipsiTymptrode- Forehead) 
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Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.19  1 0.19 2.22 .139  .02   

Rate 4.12 5 0.82 9.85 .000 .35 [.19, .43] 

Age*Rate 0.02 5 0.00 0.04 .999 .00 [.00, 1.00] 

Error 7.70 92 0.08      

Shapiro-Wilk test, p= 1.496411e-10 

Levene’s test, p= 0.8482949 

 

Wave V Latency: Channel B (ipsi Mastoid– Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.18  1 0.18 3.3 .072  .03  

Rate 25.97 5 5.19 93.54 .000 .83   [.77, .85] 

Age*Rate 0.05   5 0.01 0.19 .967 .01 [.00, 1.00] 

Error 5.44 98 0.06     

Shapiro-Wilk test, p= 0.0001334539 

Levene’s test, p= 0.7683606 
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Wave V Latency: Channel C (ipsiTymptrode- Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.41 1 0.41 5.28 .024 .05   

Rate 25.23 5 5.05 64.78 .000 .78  [.70, .81] 

Age*Rate 0.08 5 0.02 0.20 .960 .01 [.00, 1.00] 

Error 7.17 92 0.08      

Shapiro-Wilk test, p= 0.01434612 

Levene’s test, p= 0.753378 

 

Wave V Amplitude: Channel B (ipsi Mastoid– Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.00 1 0.00 0.02 .875 .00   

Rate 1.36  5 0.27 12.86 .000 .40 [.24, .47] 

Age*Rate 0.12 5 0.02 1.09 .369 .05 [.00, .09] 

Error 2.07 98 0.02     

Shapiro-Wilk test, p= 1.735161e-05 

Levene’s test, p= 0.265164 
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Wave V Amplitude: Channel C (ipsiTymptrode- Forehead) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 0.01 1 0.01 0.63 .431 .01   

Rate 0.74 5 0.15 12.82 .000 .41 [.25, .49] 

Age*Rate 0.07 5 0.01 1.28 .279 .06 [.00, .11] 

Error 1.07 92 0.01      

Shapiro-Wilk test, p= 0.3822233 

Levene’s test, p= 0.08982703 

 

DP levels dB: Low level tones (40, 55 dB) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 1297.20 1 1297.20 31.79 .000 .37   

Frequency 262.27  2 131.13 3.21 .048 .11 [.00, .22] 

Age* 

Frequency 

39.74  2 19.87 0.49 .617 .02 [.00, .08] 

Error 2203.73 54 40.81      
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Shapiro-Wilk test, p= 0.04950162  

Levene’s test, p= 0.006521789 

 

DP levels dB: High level tones (61, 55 dB) 

Predictor  Sum of 

Squares 

df Mean 

Square 

F p Partial 

ŋ2  

Partial ŋ2   

90% CI [LL, UL] 

Age 1257.75 1 1257.75 42.47 .000  .44   

Frequency 84.21 2 42.10 1.42 .250 .05 [.00, .15] 

Age* 

Frequency 

49.18 2 24.59 0.83 .441 .03 [.00, .11] 

Error 1599.28 54 29.62      

Shapiro-Wilk test, p= 0.01263933 

Levene’s test, p= 0.1562332 
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