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ABSTRACT

Assessing the Human Cochlea Using Stimulus Frequency Otoacoustic Emissions

Uzma Shaheen Akhtar

Otoacoustic emissions are currently used for various clinical purposes;
however, stimulus frequency otoacoustic emissions (SFOAEs) evoked using a single
tone are not utilized clinically due to uncertainties regarding their generation
mechanism, their spatial source(s) in the cochlea, and their susceptibility to various
cochlear insults, particularly in humans. Over the years, various models have been
proposed relating SFOAE levels to cochlear mechanical irregularities and SFOAE
phase gradient delays to cochlear tuning properties. However, these models have not
been systematically evaluated across a wide frequency range and in ears with
cochlear aging. The current work addresses these gaps in knowledge towards
assessing the clinical utility of SFOAESs. First, the relationship between SFOAEs and
behavioral thresholds and tuning were examined up to 14 kHz. Second, various
metrics of SFOAEs were compared across different age groups in the first five decades
of life.

The findings revealed a good correlation between behavioral and SFOAE based
estimates of threshold and tuning, suggesting that SFOAE levels and delays, as
predicted by the most current models of SFOAE generation, arise from roughly

similar cochlear regions that determine behavioral thresholds and tuning.



Furthermore, SFOAE levels and bandwidth declined with each decade of life,
suggesting that SFOAEs are sensitive to early auditory aging. The current findings
may be useful in designing future studies in ears with known pathologies towards
further evaluating the sensitivity and specificity of SFOAEs and their full clinical

potential.
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CHAPTER 1

Introduction

1.1. Overview

Otoacoustic emissions (OAEs), sounds emitted from the cochlea and
measurable in the ear canal, provide an objective and indirect window into the
biomechanical processes of the cochleal. Specifically, OAEs are linked to the normal
function of sensory outer hair cells (OHCs) within the cochlea, a normal
electrochemical environment within the cochlear ducts, and normal transmission
through the middle ear?. Hence, OAEs can be used as objective measures of OHC
function in clinical settings3.

Absence, damage or dysfunction of OHCs, due to genetic conditions or
environmental factors, are a major cause of hearing loss%5, that negatively affects
communication, social, and vocational functioning in adults and significantly
impacts speech, language and academic development in children®. The discovery of
OAEs has revolutionized the process for screening newborn hearing loss at birth in
two ways. For one, OAE screeners do not require a voluntary response and thus can
be measured in any population, including newborns. Second, the cost-effectiveness
and efficiency of OAE screeners allows newborns to be screened by any tester with
minimal training, a major boon for their ubiquitous use across the globe?”.

Despite their initial and most impactful clinical application, OAEs are not

used to their full potential for assessing human cochlear function in routine
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audiological practice. In adult audiology clinics today, OAEs are most commonly
used for monitoring patients who are receiving ototoxic medications 8 or for
confirming inorganic hearing loss 9. OAEs have also been studied for differential
diagnosis of hearing loss due to tinnitus!?, endolympathic hydrops!! or acoustic
neuromal?. Recent studies of different types of OAEs suggest that differential
diagnosis of hearing loss may be possible through examining the joint profile of
OAEs!3.14,

However, attempts to use OAEs to their full capabilities in clinical practice
have been thwarted by a lack of understanding of different types of OAEs, their
generation mechanisms, their cochlear site(s) of origin, and the connection of OAEs
to various pathologies. All of these factors contribute to the widespread lack of
clinical utilization of OAEs. Furthermore, OAEs are often not recordable with a
mild or worse hearing loss using current clinical paradigms!5. For the vast majority
of adult patients who seek audiological care once significant hearing impairment
has already begun, this begs the question: what are OAEs useful for in routine
clinical practice?

The answer to this question is early detection and routine monitoring of
cochlear changes —whether in response to an injurious event or due to gradual
decline related to natural aging. The focus of this dissertation is the latter —
detecting early onset cochlear changes due to aging using OAEs. Hence, the goals of
this chapter are: 1) to highlight the importance of early detection and monitoring of

age-related hearing loss, 2) to describe the anatomical and physiological
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mechanisms of auditory aging, 3) to discuss the current clinical standards (or lack
thereof) for detecting early onset age-related hearing loss, 4) to establish the need
for more accurate and sensitive tools for detecting age-related dysfunction, 5) and to

review the various OAE types for detecting age-related cochlear dysfunction.

1.2. Age-Related Hearing Loss

The hearing sense is critical for everyday human communication. Humans,
like other animals, use hearing to communicate for basic survival and safety, but
also use hearing, speech, and language together to connect with each other on a
social and emotional level, and even use hearing to coordinate movement with
music in the form of dance for pure enjoyment. When the hearing sense is critically
altered, human communication inevitably suffers in many contexts that include
social interaction, academic learning, or workplace functioning.

Although hearing loss has many different causes, including some genetic and
some idiopathic, only some types of hearing loss may be preventable or modifiable.
At one extreme, hearing loss due to recreational or occupational noise, may be
completely preventable, if appropriate workplace modifications and/or hearing
protective measures are implemented!6. On the other hand, hearing loss due to
genetic conditions or as a side effect of chemotherapies, potent antibiotics or other
lifesaving therapeutics may not always be avoidable!?, as those treatments are

usually life preserving.
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Somewhere between these two extremes lies age-related hearing loss
(ARHL), i.e., hearing loss that occurs as a result of the natural aging process in the
auditory system. ARHL is highly prevalent, and hearing loss is expected to affect
over 900 million people across the world by the year 20508, In the U.S., 1in 6
adults (age 18+), i.e. 37.5 million Americans, reported some trouble hearing based
on findings from the 2012 National Health Interview Survey!.

The Beaver-Dam epidemiological study of hearing loss in older adults
demonstrated that the prevalence of hearing loss was extreme among the elderly
(90.0% among 80-92 year-olds [y.o.]); however, even in 48-59 y.o., the prevalence
was quite high (20.6%)20. In fact, findings of a longitudinal study of age-related
hearing loss showed that hearing starts declining in one’s fourth decade of life21,
Several cross-sectional studies since have confirmed these early suggestions that
hearing loss occurs much sooner in life than initially realized?22.23,

More recent estimates of prevalence, obtained using audiometric data from
the National Health and Nutrition Examination Survey from 2001-2010, show that
38.17 million Americans have a hearing loss in both ears?4, which is projected to
affect 73.5 million Americans by the year 206025, With these staggering numbers,
ARHL is considered a major public health issue and requires a multi-faceted
approach towards understanding causes, innovating treatments, and employing

policies and measures for preventing or reducing ARHL.

1.2.1. Importance of early detection and monitoring of age-related hearing loss
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ARHL severely impacts the auditory processing abilities of an individual with
hearing loss. In particular, ARHL is associated with poorer speech perception
ability, both in quiet and in noise?6:27 and increased listening effort?8. Gieseler et al.,
(2017) measured unaided speech-in-noise performance among 438 individuals with
hearing loss and found that performance in speech perception ability was largely
explained by pure-tone average (proportion of variance explained was 58.48%)27.
Although studies of hearing loss in the elderly2? are helpful in explaining the degree
of the speech and cognitive deficits due to hearing loss that coincides with old age,
another subset of studies are needed to identify the relationship between speech
perception in noise and hearing loss due to normal aging (i.e. without significant
contributions from exacerbating environmental toxins).

Aiming to answer this question, Stiepan et al., (2020) reported on a variety of
auditory tests in 921 audiometrically normal individuals, ages 10-68 years, who did
not report a history of environmental toxins23. They found that age was not
correlated with QuickSIN SNR loss in these audiometrically normal individuals23.
These findings may suggest that preventing age-related hearing loss from
worsening could mitigate the adverse consequences on speech perception and
further reinforce the importance of early detection and intervention for ARHL.

1.2.1.1. Effects of ARHL on Communication Partners. ARHL not only affects
speech understanding and cognitive load but has also been shown to affect social
and psychological factors?9, both for the individual with hearing loss as well as their

communication partners3%. Using patient and partner reports from 78 studies, Vas
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et al., (2017) created two separate frameworks for classifying the impact of hearing
loss for patients (Domains of Hearing Loss- Persons with Hearing Loss — DoHL-P)
and their communication partners (Domains of Hearing Loss- Communication
Partners — DoHL-CP)30. Complaints, examples and quotes from patients and their
communication partners were used to further classify the impact into three supra-
domains: auditory, social, and self30,

Within each domain, the patient’s impact exceeds their partner’s, with some
shared impacts across subdomains. In the auditory domain, the subdomains of
hearing, listening, communicating and speaking may be affected for both the
patient and their partner. On the other hand, the social domain highlights the
negative impacts on the social life, isolation, occupational, and relationship
subdomains on both individuals. Lastly, the self domain includes the increased role
of the communication partner in daily functioning as well as the emotions, identity,
stigma, and effort of both the communication partner and the individual with
hearing loss30.

1.2.1.2. ARHL and Cognitive Costs. Although decades of research have
established that ARHL is associated with poorer physical, mental, cognitive, and
psychosocial health of an individual29.31.32  the significant pervasiveness of ARHL in
broader domains of human health are now being realized. Treatment of ARHL
using conventional tools such as hearing aids and hearing assistive devices can be
helpful for improving communication and reducing listening effort for patients33.34

and their communication partners3>. Despite these potential benefits, individuals
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with hearing loss wait an average of 8.9 years before pursuing treatment for various
reasons including not enough perceived hearing handicap3é. However, this gap
between diagnosis and uptake of hearing aid may soon change as today there is
even greater impetus for early identification and treatment of ARHL in order to
preserve cognitive functioning3?.

Maharani et al., (2018) repeatedly tested the cognitive outcomes of 2,040
adults, aged 50+, in the Health and Retirement Study before and after the
individuals started using hearing aids. They found that the trajectory of cognitive
decline as measured using episodic memory scores was less steep following the start
of hearing aid use compared to before3?. These findings suggested that timely
intervention of ARHL with hearing aids may alter the progression of cognitive
decline. Considering that the number of Americans with hearing loss is estimated to
be 73.5 million by the year 206025, slowing cognitive decline in any capacity could
avoid a national dementia epidemic.

1.2.1.3. ARHL and Other Costs. In addition to preserving cognitive function
and mitigating a national dementia epidemic, early and timely detection and
intervention of age-related hearing loss may also mitigate severe individual and
societal consequences38. Reed et al., (2019) retrospectively followed 4,728
participants over a 10-year period to examine medical costs, hospitalizations,
emergency department visits, and various other measures in order to determine the

healthcare costs of untreated hearing loss. They found that compared to adults
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without hearing loss, untreated hearing loss was associated with higher medical
costs and more inpatient hospital stays3s.

Based on these findings, the authors hypothesized that the observed
relationship between untreated hearing loss and higher healthcare costs may be in
part due to poor patient-provider communication3® and mediated by poorer
cognitive, physical, and psychosocial health29.31.32, Because of these major
downstream effects, ARHL is a target of many multi-pronged research
investigations aimed at early detection, treatment, and prevention of ARHL as well
as understanding the genetic and environmental causes of ARHL and the interplay
between nature and nurture.

1.2.1.4. Causes of ARHL. ARHL is thought to be a multigenic condition that
Iinteracts with environmental factors4041, Environmental exposures can also lead to
epigenetic regulation of genes related to hearing*2. Gates, Couropmitree & Myers
(1999) studied siblings and parent-child dyads to determine the heritability of
ARHL and found a familial association of hearing thresholds in relatives compared
to spouses, an effect that was stronger in women and differentiated by the type of
hearing loss (sensory presbycusis was more heritable than strial presbycusis)43. A
Danish twin study of over 5,000 participants reported a 40% genetic heritability of
self-reported hearing difficulty and a higher rate of concordance in monozygotic
compared to dizygotic twin pairs40.

ARHL is exacerbated by the lifetime accumulation of exposure to ototoxic

compounds and loud noise#4, a side effect of modern industrialization. Studies of
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ARHL in pre-industrial societies have shown that hearing function is sustained
later in life in the absence of environmental toxins*>:46, This suggests that although
ARHL may not be preventable, early identification and preventative measures may
delay the onset of significant ARHL and associated consequences for communication
and overall well-being.

1.2.1.5. Current approach to treatment of ARHL. The identification and
intervention of ARHL in clinical practice today can be described as wait-and-see, as
it relies on the patient to experience significant communication difficulty before a
rehabilitative treatment is pursued. Although this reactive approach is in part due
to the limited treatment options available for hearing loss currently, the need for a
more proactive approach to diagnosis and treatment of ARHL is becoming more
apparent with the increasing feasibility of regenerative or molecular medicine for
treating ARHL47 and otoprotectants for preventing or reducing ARHL*3. When these
treatments become common practice in clinics, sensitive and precise clinical tests of
auditory function will be needed, in order to detect ARHL at its earliest onset and to

differentiate the various sites of dysfunction that may contribute to ARHL.

1.2.2. Current clinical standards (or lack thereof) for detecting early-onset ARHL
ARHL is an insidious condition that manifests within the fourth decade of

life21. In fact, ARHL is now considered a major modifiable factor during middle age

for preventing dementia later in life4°. Historically, ARHL has only been treated

when there is a measurable hearing loss or self-perceived hearing handicap3;
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however, new evidence suggests that even subclinical hearing loss can be
detrimental to cognitive and mental health®°. In order to prevent ARHL from
contributing to or exacerbating cognitive decline, there needs to be early
1dentification of ARHL. Yet, there is no universal screening program in the U.S. to
detect ARHL in adults — efforts both domestically and globally are currently
underway>153,

ARHL is typically only identified once a patient seeks out consultation from a
medical physician or hearing professional. ARHL is then diagnosed based on a
combination of 1) patient complaints about their hearing (perceived difficulty by the
individual or a communication partner), 2) the patient’s case history (positive family
history of hearing loss and negative history of exposure to environmental toxins
such as ototoxic compounds and loud noises) and 3) the results of behavioral pure-
tone audiometry at frequencies 0.25-8 kHz (gradually sloping high-frequency
sensorineural hearing loss).

For some patients, even if there is significant self-report of hearing difficulty,
the measured loss is not considered significant for conventional treatments G.e.
hearing aids and hearing assistive devices)54. Kochkin’s 2007 MarkeTrak VII survey
showed that 19-34% of adults who visited a medical doctor or hearing professional
for a hearing related complaint were told to wait and retest hearing®5. This may be
due to the loss being not considered significant enough to warrant treatment with
hearing aids or the results of their behavioral pure-tone audiometry tests being

normald4,
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Tremblay et al., (2015) found that the prevalence of individuals with normal
hearing (< 20 dB HL at 0.5-8 kHz) who report hearing difficulty was 12.0%5%6, which
1s estimated to be approximately 25.3 million adults in the U.S.57. This is a
significant number of individuals who are experiencing hearing difficulty, yet the
findings of behavioral audiometry are deemed to be clinically normal. Although the
underlying reasons for this discrepancy between subjective reports and clinical test
results may vary®458, the discordance points to the insufficiency of current clinical
tests in detecting early-onset ARHL.

Modification of clinical assessment protocols would improve the diagnosis for
patients who may experience perceptual deficits in their communication due to their
early onset ARHL. However, there is also a need to identify individuals with early-
onset ARHL who are asymptomatic — i.e., do not yet experience subjective difficulty
— through universal adult hearing screening programs. In 2020, the United States
Preventive Services Task Force (USPSTF) conducted a systematic review of studies
of adults aged 50 years or older who are asymptomatic of hearing loss in order to
assess whether screening for ARHL in primary care settings would improve long-
term health outcomes.

The report determined that there is insufficient evidence to assess the
efficacy of adult hearing screening programs?®®. A response statement by the
American Academy of Audiology on the initial draft of the report acknowledged the

USPSTF report, pushing for additional research on adult hearing screenings and
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the potential benefits of adult hearing screening programs in mitigating more
severe health outcomes such as cognitive decline and dementia®°.

Before these efforts can be properly implemented in a large-scale screening
program and the appropriate tools for screening are identified, the limitations of
current clinical tests must be thoroughly examined. Current clinical tests for
detecting ARHL that only rely on behavioral pure-tone audiometry are insufficient
in the following ways:

1.2.2.1. Standard pure-tone audiometry is band-limited. Only a limited range
of frequencies (0.25-8 kHz) are tested®!, even though early onset ARHL starts at
frequencies much higher (> 8 kHz)22:62.63, Historically it was believed that ultra-high
frequency (> 8 kHz) did not contribute significantly to speech perception ability;
however, recent work has challenged this notion®4. Hearing at the ultra-high
frequencies contributes to not only enhanced quality of speech and musicé®, but also
sound localization, and speech intelligibility®3.66,

Moore & Tan (2003) showed that decreasing the high frequency cut-offs of
filtered speech (~10 kHz) and music (~16 kHz) negatively affected the perceived
quality of the signals®3. Best et al., (2005) showed that individuals poorly localized
speech stimuli that were low-pass filtered at 8 kHz compared to broadband
unfiltered speech®6. Vitela et al., (2015) tested speech intelligibility of vowels and
consonants that were band-pass filtered to only contain spectral energy between 5.7

and 20 kHz%7. They found that performance on these band-limited speech tokens,
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that included both vowels and consonant, was above chance, suggesting a
significant role of high frequency hearing in speech perception®7.

A separate line of research suggests that ultra-high frequency hearing may
also contribute to speech articulation6869. Berlin (1982) reported that 76 individuals
with hearing loss had exceptional speech detection and articulation, despite having
profound hearing loss at frequencies below 8 kHz%. When thresholds above 8 kHz
were measured, these profoundly-deaf individuals were found to have good residual
hearing above 8 kHz%8. These early reports of profound hearing loss below 8 kHz
with good residual hearing above 8 kHz and the revived interest in the ecological
value of ultra-high frequency hearing in everyday listening together reinforce the
idea that current clinical tests that only evaluate a limited range of frequencies are
insufficient6,

1.2.2.2. Pure-tone audiometry only assesses threshold sensitivity. In addition
to being frequency limited, behavioral pure-tone audiometry only assesses the
sensitivity of an individual to a set of sinusoidal tones. However, human
communication and listening abilities extend beyond just detecting soft pure-tones.
In other words, signals such as speech and music have a broad spectral bandwidth,
large amplitude fluctuations, and wide dynamic range. Not surprisingly, 99% of
individuals with any degree of hearing loss report difficulty hearing in noise,
despite use of a hearing aid to amplify soft sounds?. In clinical practice today,
hearing aid gain is prescribed based on pure-tone thresholds, with little to no

parameter optimization of other aspects of sound processing, in order to remediate
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the effects of abnormal temporal processing, reduced dynamic range, and
broadened auditory filters?2 that typically accompany hearing loss.

Although these deficits i.e. degraded temporal resolution, abnormal growth of
loudness, and poor frequency resolution, are known to affect individuals with
significant sensorineural hearing loss”3, there is also evidence that these deficits
may also be present in individuals who have audiometrically normal hearing7476,
Badri, Siegel & Wright (2011) measured auditory filter shapes in normal-hearing
individuals with self-reported difficulty understanding speech in the presence of
background noise and controls who did not report this difficulty’6. They found that
auditory filter bandwidths at 2 kHz, (a frequency where thresholds were normal in
both groups), were broader in the speech-in-noise group compared to the control
group’8. Furthermore, the speech-in-noise group displayed poorer hearing
sensitivity at ultra-high frequencies of 10, 12.5 and 14 kHz compared to controls’®.

Harris & Dubno (2017) examined temporal processing abilities using neural
phase synchrony in the electroencephalography (EEG) in young and older adults
with normal hearing (< 25 dB HL from 0.25-4 kHz) and found that the phase
locking value of the EEG was lower in the older group than the younger group,
suggesting an age-related deficit in temporal processing””. Although, the two groups
fell within the normal definition of hearing, there were significant differences in
hearing sensitivity of the two groups even at 2-4 kHz"".

The authors concluded that the age-related deficits may be a consequence of

peripheral changes not detectable by the current clinical definition of pure-tone
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audiometry””. A recent report by Gatlin & Dhar (2021) describes the arbitrary
development of the now widely accepted clinical definition of normal-hearing8. All
of these reports together highlight the need for more advanced clinical protocols
that provide a comprehensive, accurate and precise diagnosis of ARHL and extend
beyond defining normal hearing based on behavioral measures of hearing
sensitivity alone.

1.2.2.3. Pure-tone audiometry is not sensitive to specific cellular damage.
Another line of research, highlighting the shortcomings of current clinical tests of
ARHL, suggests that behavioral measures of hearing sensitivity are not able to
accurately diagnose the site of dysfunction in ARHL7981, Landegger, Psaltis &
Stankovic (2016) examined 131 human temporal bones in order to correlate the
audiometric thresholds to histological assays of cellular damage in the cochlea and
found that similar audiometric profiles could yield many different combinations of
cellular damage (e.g. combined loss of the two types of sensory cells, loss of specific
sensory cells, loss of auditory neurons, or atrophy of the vasculature)?. They
concluded that behavioral audiometric tests are not sensitive enough for defining
candidacy for novel therapeutics that target specific cellular structures or
physiological mechanisms7.

Perhaps these findings are not surprising as behavioral measures assess the
entire auditory pathway from the periphery to the cortex and thus cannot pinpoint
the decrements exclusive to the peripheral hearing mechanism, a primary site for

age-related degradation. Accordingly, for decades, clinicians have used the
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crosscheck principle to confirm behavioral findings with other measures for an
accurate diagnosis of auditory dysfunctions2. Although historically the crosscheck
principle has been mainly applied to pediatric assessments®2, there are advantages
to utilizing objective measures in addition to behavioral audiometry to more
accurately characterize the nature of auditory dysfunction due to aging.

The anatomical and physiological bases of peripheral auditory aging are
reviewed in the next section. However, it should be noted that various
compensatory mechanisms in the central auditory system, specifically the cingulo-
opercular network and the premotor cortex, may also work to counteract the
perceptual consequences of peripheral age-related hearing loss, particularly in
speech perception32, Additionally, animal studies of induced peripheral damage
have shown declines in electrophysiological measures but not in behavioral

measures, due to central gain enhancements3.

1.2.3. Anatomical bases and physiological mechanisms of auditory aging in the
periphery

ARHL is thought to be primarily due to peripheral loss or degradation of
various sensory and supporting structures within the cochlea as well as the neurons
that relay sensory information to the central auditory system84. According to Gates
& Mills (2005), peripheral auditory aging is likely more common in human ARHLS5,
although there is evidence of age-related changes in the central auditory system

(specifically gray and white matter atrophy and changes in the composition of
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metabolites in the brain)®6. In some cases, the peripheral ARHL may be the primary
cause that leads to secondary degeneration of the central auditory system®5,
Currently there is no clinically utilized differential diagnosis for peripheral
and central ARHL, and the rehabilitative treatment for both types of ARHL is the
same. However, in a future where advanced therapeutics and protective compounds
will be available to target peripheral and central ARHL separately, it would be
advantageous to differentially diagnose peripheral from central ARHL. Currently,
distinguishing peripheral vs central ARHL in humans may be difficult without
histological, physiological, and epidemiological studies of all auditory structures
from the periphery to the cortex. Given that central auditory aging is much more
complex, the current work continues the tradition of more classical studies of
ARHL, which have focused on the peripheral aging of the cochlea. The historical
path leading to the current understanding of ARHL is reviewed in the next section.
1.2.3.1. Histological studies of ARHL. In 1955, Schuknecht used pre-mortem
audiological findings and post-mortem histological findings from human temporal
bones together to propose four different subtypes for ARHL: sensory, neural,
metabolic, and mechanical (metabolic and mechanical are also referred to as strial
and cochlear conductive, respectively87-89). Later, Schuknecht added two additional
categories: indeterminate and mixed®?, with the latter still being used today as the
catch-all diagnosis referred to as sensorineural hearing loss. While all of these

studies initially established the heterogeneity seen in human auditory aging, the
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precise mechanisms and sites of age-related hearing loss have remained a topic of
debate.

Findings from the work of Schuknecht and colleagues are still being actively
refined. For example, Schuknecht & Gacek (1993) found that approximately 25% of
all ARHL cases were indeterminate, i.e. the pathological changes observed via
microscopy did not explain the hearing losses®9. In all these cases, the outer hair cell
survival, strial health, and cochlear neuronal counts did not exceed the criteria
established by Schuknecht & Gacek correlating cytocochleograms to their distinct
audiometric profiless?. Furthermore, the audiometric configurations and severity in
these cases were highly variable8®. Lastly, the audiogram profiles and
corresponding cytocochlear phenotypes were often, but not always correlated, which
gave rise to the mixed etiology of ARHLS$9. It should also be noted that isolated
pathologies of the sensory cells, neuronal cells, and stria vascularis were less
common than the mixed and indeterminate ARHLS®.

From these findings, the following questions on the physiological sites and
mechanisms of ARHL have emerged. Specifically, does human ARHL indeed
manifest more commonly as a mixture of damage to various cytological structures??
If so, what factors contribute to the susceptibility of each of the structures to aging?
Alternatively, does damage to different structures manifest as isolated pathologies,
each with its own time course and additive effect on physiological and behavioral
measures of auditory function? More specifically, is strial damage due to aging a

primary cause of ARHL? How does neuronal loss, synaptic dysfunction, and de-
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afferentation contribute to the functional deficits seen in speech perception ability
in normal and aging humans?.92? Lastly, how does loss of or damage to OHCs
contribute to ARHL with and without the harmful contributions of noise
exposureso93?

Following Schuknecht’s seminal phenotypic classifications, many human and
animal studies have focused on correlating the patterns of the audiogram to specific
structures and physiological mechanisms. Mills et al., (1990) observed that the
audiometric configuration of thresholds, estimated using electrical potentials, in
quiet-raised gerbils resembled the profile of human strial loss%4, as defined by a
relatively flat configuration, with elevated thresholds at low frequencies and
gradually sloping thresholds at high frequencies88. Later, Schmiedt et al., (2002)
showed that aged gerbils had strikingly similar patterns of compound action
potential thresholds to gerbils treated with furosemide to disrupt strial function®.
In addition, the two groups had similar the endocochlear potentials measured at the
round window?. These findings together established the gerbil as the model for
studying human strial ARHL?.

Animal models of sensory loss, induced by exposure to loud noise or ototoxic
compounds, produce a distinct sensory profile, defined by a steep slope of high-
frequency thresholds+59, Ryan & Dallos (1975) injected chinchillas with kanamycin
to selectively ablate OHCs and obtained behavioral thresholds before performing
post-mortem histological counts of surviving outer hair cells?. They found that the

patterns of OHC loss and behavioral threshold shift were quite similar in that both
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showed a steep high-frequency loss?. The similarity of the two patterns was evident
by an excellent agreement (r = 0.86) between the highest frequency at which
thresholds were normal and the first location of the cochlea from the apex at which
OHC loss was 50%*.

Burton et al., (2020) recently examined the histopathological and perceptual
correlates of noise exposure in macaques and found that OHC survival in response
to Intense noise exposure was related to poorer audiometric thresholds and broader
auditory filters, although interactions between OHC, THC, and synaptic survival
may explain the variability seen in histological and perceptual observations??.
Although these animal models of ARHL have been extensively useful in isolating
the specific contributions of various cellular structures and mechanisms, human
ARHL is widely accepted to be a complex combination of various loss types and
mechanisms, including loss of auditory nerve synaptic connections to hair cells*6.
Not surprisingly, the audiogram is not used clinically for differential diagnosis of
pathologies of different cell types, and accordingly, attempts by researchers to
isolate or differentially diagnose pathologies solely on the basis of the audiogram
have seen variable success?0:96,

Dubno et al., (2013) used a machine learning classification system based on
animal models of sensory, metabolic, and metabolict+sensory pathologies to predict
audiometric profiles of 1,728 human audiograms?. They found that 338 exemplars
of the various audiometric phenotypes (older-normal, metabolic, sensory, and

metabolict+sensory) were correctly identified (accuracy range 82.4-100%) by three
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different classifier methods?. Furthermore, the threshold, demographic, and noise
exposure history of individuals with non-exemplar audiograms (n = 1,390) were
quite similar to those of the exemplars, suggesting cross-validation of the automatic
classification method?. However, the classification of non-exemplars displayed
lower confidence than those of exemplar cases, suggesting some cases did not meet
the proposed audiometric phenotypes.

Since Schuknecht’s early studies, advances in microscopy have made
histological analysis of human cochleae more precise. Specifically, Wu et al., (2020a)
used differential interference contrast microscopy, as opposed to the bright-field
microscopy used by early studies, and an improved method for determining hair cell
survival that uses the hair bundles and cuticular plates, as opposed to the nuclei of
the hair cells used in previous studies®!. Furthermore, Wu et al., (2020a) have been
able to utilize through-section analysis, which improves the hair cell survival count
as it accounts for the increase in total number of hair cells as the slide section plane
moves from the center of the modiolus, tangentially to the edge of the cochleas!.

Using these improved histopathological assays, Wu et al., (2020b) showed
that patterns of hair cell and auditory nerve fiber survival better mirrored the
audiometric patterns than strial survival®. These findings challenge the distinct
classical audiometric phenotypes proposed by Schuknecht and further emphasize
the mixed nature of peripheral cellular decrements that accompany age-related

hearing loss in humans8?. Additionally, Wu et al., (2020b) found that temporal
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bones of individuals with a positive history of noise exposure had significantly
poorer hair cell survival in the cochlear base than non-noise exposed individuals®°,

Although hearing levels also separated the two noise groups, OHC loss was
more prominent and spanned across a wider range of the cochlea in the noise
exposed group®’. These new insights about the susceptibility of OHCs to aging and
noise exposure further support the rationale for using objective measures of OHC
function in assessing peripheral auditory dysfunction due to aging. Furthermore,
the ability of various objective measures of OHC function in the differential
diagnosis of different structures affected in ARHL needs to be thoroughly
investigated.

1.2.3.2. Physiological Studies of ARHL. In addition to the anatomical changes
observed in histological studies, many physiological and molecular changes in
ARHL have also been investigated and reported®4. In the central system, the
physiological changes are associated with altered composition of brain
neurochemicals and altered brain morphometrics86.98100, In the peripheral system,
physiological effects of aging can be seen in the endocochlear potentials (EP)101,
auditory nerve function!02104 a5 well as in the molecular pathways associated with
cell survival and cell death42:84, A brief review of the literature relevant to these
topics is presented below.

A. Effects of ARHL on brain neurotransmitters in animals. Caspary et al.,

(1995) reported on a series of studies investigating age-related changes in the

inhibitory neurotransmitter GABA of the rat inferior colliculus. The findings from
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these studies suggested that loss of GABA function with aging could alter the
balance of excitatory and inhibitory auditory processing!%. Chen et al., (2013) found
age-related changes in GABA levels of human frontal and parietal regions!%. Aging
is also related to reduced levels of the neurotransmitter glycine in the cochlear
nucleus, which is thought to be important for intensity and temporal coding!0,
Although the extent of these neurochemical changes on perceptual abilities is
yet to be determined, some evidence suggests that age-related changes in temporal
coding abilities, without a concomitant relationship with audiometric hearing
thresholds, may be partly due to changes in central physiology®6. In one animal
study, increasing GABA levels in the brains of aging mice using Vigabatrin reversed
the effects of aging as evidenced by improved thresholds in the treated mice
compared to control micel9’. Whether restoring neurotransmitter deficiencies can
also ameliorate the age-related decline of human perceptual abilities is unknown
and may not be as easily addressable given the complex etiologies of human ARHL.

B. Effects of ARHL on brain morphology in humans. In neuroimaging studies

of the human auditory cortex, ARHL has been associated with reduced total brain
volume!%8, reduced gray matter!® and cortical thinning!19. In 2,908 participants,
Rigters et al., (2017) found that hearing loss was associated with decreased total
brain volume, independently of agel%8. Towards understanding the effects of aging
and hearing loss on brain morphometrics, Lin et al., (2014) followed 126
participants (ages 56-86 years at baseline) across 6.4 years on average and found

that individuals with hearing loss had greater declines in whole brain and right
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temporal lobe gray matter volume over time than those with normal hearing (pure-
tone average at 0.5, 1, 2, and 4 kHz better than or equal to 25 dB HL)19,

In a similar design, Eckert et al., (2019) followed thirty older adults
longitudinally across 2.62 years on average and found that although pure-tone
thresholds were significantly associated with lower cortical gray matter volume, the
aging effects were not clearly distinguishable across individuals®®. In yet another
study, Profant et al., (2014) compared age-related changes in the gray matter of the
auditory cortex in young controls and two groups of elderly with mild to moderate
and moderate to severe presbycusis!!l. They found that young controls showed
higher volumes and greater thickness of gray matter than the two elderly groups,
but the two elderly groups did not differ from each other, suggesting smaller
differences in brain morphometrics due to hearing loss may not be easily
detectablelll,

C. Cochlear microphonics and the endocochlear potential. In animal models of

aging, direct measurements of the endocochlear potentials and ionic concentrations
have been performed. Schmiedt (1996) measured the endocochlear potential at the
round window in young and aged gerbils and found the average round-window EP
was significantly lower in the aged group, but endolymphatic potassium on average
was similar between the two groups!®l. In another study, Gratton et al., (1996)
showed that lower EP was associated with poor strial capillary health in aged

gerbils!i2,
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Because direct EP measurements cannot be made in humans, the cochlear
microphonic has been proposed as a potentially useful, non-invasive measure of the
electrochemical environment of the cochlea; however, many uncertainties about the
origins of the CM1!13, its susceptibility to various toxins!!4, and its clinical
effectiveness in detecting various pathologies still exist!15, These topics will be
reviewed in section 1.2.4.1. Briefly, although simultaneous measurements of the
endocochlear potential and auditory nerve tuning curves in cats have shown a 1 dB
elevation of threshold for every millivolt decrease in the EP after furosemide
injection!®, CM has not shown a similar decrease in response to cochlear
manipulations!1s,

D. Auditory nerve function in humans. Investigating the pure effects of aging

in auditory nerve function has been difficult in humans in which contributions from
other ototoxic insults cannot be easily parsed out. With this caveat, studies of
various samples of human ARHL have been conducted. Konrad-Martin et al., (2012)
measured the auditory brainstem response (ABR) in 131 veterans aged 26-71 years
of age and found that wave I amplitudes decreased as a function of age, even after
adjusting for hearing loss!2, Bramhall et al., (2018) reported a similar effect of
aging in a non-veteran population with varying degrees of hearing loss193,
McClaskey et al., (2018) compared the amplitudes of click-evoked compound
action potentials (CAP) as a measure of human auditory nerve activity in young (18-
30 years) and old (55-85 years) individuals with clinically normal audiograms up to

3 kHz104, They also found that older participants had smaller CAP amplitudes
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compared to younger participants, despite clinically normal hearing up to 3 kHz104,
All of these studies suggest that aging is associated with a decline in
electrophysiological markers of auditory nerve function that may be a result of or
coincide with other structural or functional peripheral changes.

E. Molecular changes in the cochlea. There is evidence that various molecular

anti-aging and pro-aging pathways in the cochlea contribute to the vast
heterogeneity seen in age-related hearing loss®4. Intracellular mechanisms such as
free radical accumulation, disruption of calcium homeostasis, MAPK signaling
pathways, apoptosis, and immune response are some examples that lead to cell
death®4. On the other hand, protective or survival signaling through the ROS-
opposing mechanisms, PISK/PKC/AKT signaling, anti-apoptotic pathways, and
purinergic pathways help with cell survival®4, Together, the precise combination of
these mechanisms at play determines an individual’s susceptibility to ARHL.

A recent review by Wang & Puel (2020) describes the intrinsic and extrinsic
factors involved in determining one’s susceptibility to ARHL#2. Intrinsic factors such
as genetic predisposition, epigenetics, and biological aging may not be as readily
modifiable, in contrast to extrinsic factors such as exposure to harmful noise or
ototoxic compounds and smoking, which are potentially modifiable on an individual
or societal level42. Towards addressing the societal impact of environmental toxins
in exacerbating ARHL, epidemiological studies of ARHL have been useful in

identifying populations at risk.
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1.2.3.3. Epidemiological Studies of ARHL. The epidemiology of ARHL in the
U.S. has been long studied using population-based cohorts from the Framingham
Heart Study!17.118 Baltimore Longitudinal Study of Aging?31.119.120; the Beaver Dam
Epidemiology of Hearing Loss Study?20:121.122  the National Health and Nutrition
Examination Survey!?3; and the Blue Mountains Eye Study!24. From these studies,
several comorbidities associated with ARHL have been identified.

For example, Agrawal et al., (2008) found that in 3,853 US adults aged 20-69,
hearing loss prevalence increased at an earlier age in participants with a history of
occupational noise exposure as well as cardiovascular risks such as smoking,
hypertension, and diabetes mellitus!23. Similarly, in a longitudinal study,
Cruickshanks et al., (2015) reported that smoking, adiposity as measured by waist
circumference, and unmanaged diabetes mellitus were all associated with a greater
risk of hearing loss in 1,925 participants aged 43-84121,

More recently, Reed et al., (2019) used data from the Atherosclerosis Risk in
Communities study to report an association between elevated systolic blood
pressure measured at baseline with poorer hearing thresholds measured 25 years
later125, Joo et al., (2020) reported that the use of ototoxic medications (specifically,
loop diuretics and nonsteroidal anti-inflammatory drugs) was associated with
progressive hearing loss in participants followed over a 10-year period in the
Epidemiology of Hearing Loss study!26,

From these studies, it is clear that myriad risk factors for ARHL exist;

however, from these population-based studies, predicting individual susceptibility is
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still a challenge. Although ARHL manifests similarly across individuals in both
clinical metrics and functional deficits, the numerous and highly individualized
mechanisms involved in ARHL warrant the need for more accurate and sensitive
tools for detecting, preventing, and treating age-related cochlear dysfunction. The

1deal tools for this precise approach to ARHL will be reviewed in the next section.

1.2.4. Need for more accurate and sensitive tools for detecting age-related cochlear
dysfunction

Until recently, ARHL could only be treated using traditional interventions
such as wearable or implantable devices?’, hearing assistive technologies*4, and
communication skills training including auditory training!27. Clinical trials of novel
treatments to reverse ARHL using regenerative hair cell technology are currently
underway and have shown promising results'28; however, this initial study of hair-
cell regeneration in humans has brought to question the usefulness of behavioral
and functional tests of hearing in this context and has highlighted the need for more
sensitive and accurate tools for quantifying ARHL, differentiating between various
etiologies of ARHL, and monitoring the functional status of target structures.

In a preliminary sample of 24 adults with sensorineural hearing loss, in a
randomized, double-blind, placebo-controlled trial, McLean et al., (2021)
demonstrated that although the regenerative compounds (FX-322) were safe and
well-tolerated, the hearing related assessments did not show a drastic or consistent

improvement with treatment compared to placebo group!28. Specifically, none of the
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treated ears showed a statistically significant improvement in pure-tone thresholds
from baseline to 90 days post-treatment, although four out of 15 in the treatment
group showed a 10 dB improvement in thresholds at 8 kHz only!28. Similarly, four
out of 15 in the treatment group showed a clinically significant improvement in
speech intelligibility in quiet from baseline to 90 days post-treatment28, Two of the
four also showed a clinically significant improvement in speech perception ability in
noise (an improvement of more than 3 dB signal-to-noise ratio needed for 50%
correct) 128,

McLean et al., (2021) highlight some limitations of their study and conclude
that perhaps they did not detect significant and consistent improvements in pure-
tone thresholds because frequencies > 8 kHz were not tested in their protocoll2s,
Furthermore, the degree of hearing loss may have contributed to the ceiling effect in
speech intelligibility scores of mild hearing loss individuals, making speech
perception measures insensitive to monitoring subtle changes in function due to
treatment!28. In addition to the limitations presented by McLean et al., (2021),
another major limitation of this study is that it largely focused on behavioral
outcome measures, including pure-tone thresholds and speech intelligibility scores
in quiet and in noise.

Using behavioral measures of hearing that assess the entire auditory
pathway, not individual structures along the pathway, may not be ideal in this
context, especially because the target of the regenerative treatment is cochlear hair

cells (Note: the exact proportion of outer vs inner hair cell regenerated is yet to be
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fully investigated!2?). Additionally, speech perception tasks may not be ideal for
monitoring treatment effects because of the redundancies available in speech
perception which arise from parallel processing streams!3? and the contributions of
factors such as linguistic experience, musical ability, and cognitive ability!31,
Furthermore, because the participants in the trial were diagnosed with
sensorineural hearing loss associated with a history of noise exposure or idiopathic
sudden sensorineural hearing loss, the degree to which each of these etiologies
differentially affects outer hair cells cannot be determined in this population using
behavioral measures of hearing.

Although the protocol used by McLean et al., (2021) mirrored clinical
protocols used in audiology clinics today, the findings strongly elucidate the idea
that before sensitive and accurate diagnosis, treatment, and monitoring of ARHL
can be achieved, current clinical protocols will need to be significantly altered in the
following ways: 1) objective measures of the cochlea will need to be included; 2) the
bandwidth of frequencies assessed will need to be expanded; 3) profiles of
dysfunction due to various etiologies will need to be established.

1.2.4.1. Objective measures of cochlear function. The use of objective
measures of outer hair cell function, such as the cochlear microphonic (CM)113,114,132
and otoacoustic emissions (OAEs)1133 may be important for establishing clinical
candidacy and monitoring benefit from novel treatments such as regenerative
compounds!28 and gene therapy!34 that specifically target outer hair cells. Attempts

to assay cochlear function using serological biomarkers (i.e. serum prestin levels)
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are ongoing but are not yet validated for clinical use!3>. The CM is a field potential
recordable from the round window of the cochlea and is thought to represent the
alternating transducer currents in response to mechanical stimulation of OHCs!13,
whereas OAEs are acoustic signals which are recorded in the ear canal as by-
product energy from mechanical processes related to cochlear amplification and
tuning136,

Although both OAEs and the CM offer a window into the live human cochlea,
which cannot be accessed otherwise, each is measured away from their respective
site(s) of generation, thereby limiting their specificity for identifying the cochlear
place of dysfunction. In order to understand the spatial localization of the CM,
Cheatham et al., (2011) examined the CM in wild-type and prestin knock-out mice.
In wild-type, the CM masking functions matched the compound action potential
(CAP) masking functions at 32 kHz, but at lower probe frequencies, the tips of the
CM masked functions were always higher in frequency than the probe, suggesting
that CM measured at the round window primarily reflects the status of the summed
spatial activity of basal OHCs and not those within the peak region of
amplification!!s,

Because both CAP and CM masking functions were remote measures of the
cochlea, the discordance between the two measures at lower probe frequencies can
be interpreted as evidence of basal contributions. Furthermore, there was little
difference between the CM masking functions of wild-type and prestin knock-out

micell3, suggesting that the CM, particularly at low frequencies, is a passive
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response that does not represent active cochlear amplification or tuning of the
apical cochlea related prestin-based electromotility. Using a different approach,
Charaziak, Siegel & Shera (2017) later showed that in chinchilla with noise induced
damage, the residual CM measured using a saturating tone, can be more sensitive
to the site of the noise induced damage than the raw CM. However, how well the
CM can be used in humans for this purpose is currently unknown?32,

Several groups have investigated, in different animal models, the use of
various acoustic suppressors and acoustic traumall4.132,137139 towards spatially
localizing the response of the CM. However, the CM 1is still to be used in clinical
assessment of outer hair cell function for several reasons. In addition to the basal
sources contributing to the CM, an inherent limitation of CM measurements is that
the recording electrode is away from the source and typically placed at the round
window in animals!!*132 and in the ear canal!*? or at the ear drum in humans?!4?,
Therefore, as the source of the potential moves further apically, as in low frequency
stimulation, there is poor signal to noise ratio at the recording electrode.

Furthermore, some evidence suggests that the CM at low frequencies may be
influenced by neural components!14142, All of these caveats limit the use of low
frequency CM for clinical diagnosis. At higher frequencies (> 2 kHz), although the
recording electrode is closer to the source of the potential, the amplitudes of tone-
burst evoked CMs are smaller and their morphology is poorer compared to CMs in

response to low frequency tone-bursts!43. Therefore, using the CM to assess the
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function of the high-frequency encoding cochlear base clinically remains a
challenge.

Compared to CM measurements, OAE measurements are less invasive,
recordable at frequencies up to 20 kHz!44.145 and are thought to be spatially
localized, at least for the basal half146.147 Although recent imaging studies have
shown broader vibrations of the reticular lamina compared to basilar membrane!48,
subsequent suppression experiments have shown that for both near CF and below
CF probes, only near CF and below CF suppressors are effective, not above CF
suppressors, suggesting that amplification and tuning at CF is not likely to have
significant contributions from locations basal to CF149. How these broad reticular
lamina vibrations contribute to OAEs is not yet fully understood. However, when
OAEs are compared across species, human OAEs appear to be less affected by the
presence of 1/3 octave basal suppressors compared to other laboratory animals47,
suggesting that the spatial source of human OAEs may be different from other
animals.

Some have argued that OAEs are a better indicator of OHC function than the
raw CM150 as measured clinically, because OAEs are more sensitive to changes in
OHC function than the raw CM. Indeed, in mice lacking prestin, Liberman et al.,
(2004) showed that DPOAE thresholds were elevated, whereas the raw CM,
particularly at low-levels, was not significantly different from wild-type mice!51.
These findings suggest that the raw CM alone cannot provide an accurate

assessment of OHC function and must be supplemented with OAEs.
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1.2.4.2. Extended bandwidth recording of OAEs. OAEs are currently being
used clinically for screening, differential diagnosis of specific pathologies such as
auditory neuropathy!52, and ototoxicity monitoring!®3.154, However, clinical protocols
for OAE measurements are limited to frequencies 8 kHz or lower, even though
frequencies above 8 kHz may be more informative. Reavis et al., (2008) measured
DPOAESs and behavioral thresholds for monitoring ototoxic damage in 53
individuals undergoing treatment with cisplatin, carboplatin and ototoxic
antibiotics!®5. They found that DPOAESs at frequencies higher than 2.5 kHz were
the best predictors of change in cochlear status due to ototoxicity but the sensitivity
of DPOAES at frequencies above 8 kHz could not be determined because the
majority of the participants in this study had non-recordable DPOAEs at
baselinel%5.

In a more comprehensive study with a stricter inclusion criteria for
measurable DPOAEs at baseline, Poling et al., (2019) measured behavioral
thresholds and DPOAESs at multiple stimulus levels and ratios in patients receiving
ototoxic medications!?3. They found that the sensitivity of DPOAESs for detecting
ototoxicity-induced change in cochlear function was highest, when baseline
DPOAESs were present at frequencies > 8 kHz!%3, Additionally, the highest
frequency at which DPOAEs were measurable at baseline generally decreased with
increasing age in these participants®3, Although DPOAE levels may decline as a
function of age at higher frequencies, other properties of DPOAESs could also be

informative!3. In an earlier study, Poling et al., (2014) had previously shown that
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the fine structure frequency spacing of DPOAEs > 8 kHz became wider across five
age groups, suggesting frequency spacing may be an important metric for
quantifying age-related cochlear decline!4>,

1.2.4.3. Profiles of cochlear dysfunction. In addition to revising the clinical
protocols and establishing new metrics of change, before OAEs can be used for
precision diagnostics and monitoring, OAE profiles linking phenotypes to various
etiologies will need to be thoroughly investigated. Several groups have used OAEs
combined with other measures of auditory function to differentially diagnose the
site of dysfunction by means of inducing acoustic damage or treatment with ototoxic
compounds in animal models%, or investigating known genetic conditions such as
auditory neuropathy in humans156,

Mills (2006) examined the effects of furosemide and noise on auditory
brainstem response (ABR) thresholds and DPOAE input-output functions in gerbils,
aiming to differentially diagnose hearing loss due to strial vs OHC loss?. The
findings of Mills (2006) showed that DPOAE thresholds increased and DPOAE
amplitudes decreased with strial damage; however, the thresholds were shifted by
only ~30 dB%. On the other hand, with acoustic damage, DPOAE thresholds were
shifted by as much as 60 dB and DPOAE levels were much more reduced compared
to strial damage%. Furthermore, the configuration and frequency range affected by
each condition was dramatically different compared to normal gerbils who were not

exposed to furosemide treatment or acoustic trauma?®é.
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In the case of acoustic trauma, both the ABR thresholds and DPOAE levels
were normal at low frequencies and displayed a sloping loss at high frequencies,
whereas with strial damage, the entire frequency range was affected?. Combining
all of these metrics, Mills (2006) proposed a model that could be used to
differentially diagnose OHC loss, strial loss and neural/THC loss?. Although some
efforts have been made towards applying this model to understand human aging
and its effects on DPOAEs!?7, this model is yet to be validated in humans, in whom
ototoxic or acoustic damage cannot be induced in a controlled manner due to ethical
concerns and histology phenotyping can only be performed after post-mortem
cochlear resection.

Another source of empirical evidence for the need to establish profiles of
dysfunction comes from observational studies of different OAE types to various
noise-induced or age-related pathologies!3:14.158, In a longitudinal study of noise-
exposed and non-noise-exposed individuals, Lapsley-Miller et al., (2004) measured
DPOAESs, TEOAES, and behavioral hearing thresholds across four years and found
that behavioral thresholds as measured clinically using a 5 dB step size were the
least sensitive to change across years and with noise exposure, whereas TEOAEs
were the most sensitivel®8. A subset of individuals with temporary and permanent
threshold shifts were also studied and the findings showed that DPOAEs were not
as affected by temporary or permanent threshold shift as TEOAESs, suggesting a

different sensitivity of each emission type to different degrees of noise exposurels.
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Towards understanding the use of both types of OAEs for differential
diagnosis, Abdala & Kalluri (2017) measured DPOAEs and SFOAEs in individuals
with normal-hearing and slight to moderate sensorineural hearing loss!3. They
found that compared to normal-hearing individuals, the OAE metrics of hearing-
impaired individuals were quite variable such that individuals with similar
audiograms had different joint OAE profiles in which one or both OAEs were
affected!s. These findings not only confirm the insensitivity of the audiogram to
different pathologies of the inner ear, but also highlight the possibly distinct
sensitivities of the two OAE types.

Abdala, Ortmann & Shera (2018) later investigated the different sensitivities
of DPOAESs and SFOAEs for detecting age-related changes!. They found that both
DPOAEs and SFOAEs declined across age groups!4. However, as age increased, the
difference between the two OAE levels became smaller, suggesting different
chronologies of the two OAE types for aging, with SFOAEs declining earlier than
DPOAESs!4. Whether this differential timeline is due to slow degradation of different
anatomical structures or functions is unknown.

An approach that has been used to connect OAE data to specific anatomical
structures involves genetic mutations of proteins found in the OHC soma (prestin)
and the stereocilia bundle (stereocilin). Liberman et al., (2004) measured DPOAEs
and CM in mutant mice that lacked prestin and found that DPOAEs were in the
noise floor across all stimulus levels in the homozygous mutants compared to

wildtype!®l. However, DPOAEs were measurable in some mice with better CAP
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thresholds at high stimulus levels only!5l. Based on the absence of DPOAESs at low
levels and presence at high levels, it was suggested that prestin-based
electromotility is not necessary for DPOAE generation at high levels!51,

Liberman et al., (2004) further suggested that the presence of DPOAEs at
high levels in prestin-deficient mice may be related to stereociliary nonlinearity!51,
In a study aimed to understand the role of stereociliary nonlinearity and generation
of DPOAESs, Verpy et al., (2008) measured DPOAEs in mutant mice lacking
stereocilin, a protein found in the stereocilia hair bundle that is responsible for
linking individual stereocilium together in an organized bundle!59. They found that
homozygous stereocilin mutant mice lacked DPOAEs even at very high levels!®9,
further confirming the hypothesis proposed by Liberman et al., (2004) that
stereociliary nonlinearity is necessary for DPOAE generation.

Cheatham et al., (2011) showed that in mice with a prestin knock-in
mutation, OHCs are structurally similar to wild-type micel¢?, but the prestin
mutants have reduced nonlinear capacitance and electromotility!¢!. Furthermore,
SFOAE input-output functions in the mutant mice were shifted to ~30 dB higher
probe levels compared to wild-type micel®0. These findings suggest that in mice,
SFOAEs are at least somewhat dependent on normal somatic electromotility.
Whether mutations of the stereocilia bundle proteins also lead to altered SFOAES is
unknown. Studies of tectorial membrane mutations and their relationship to

SFOAESs will be reviewed in later sections.
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Evidence from animal models with punctate lesions or specific mutations
offer insights regarding the generation site, mechanism, and sensitivity of different
OAEs to cochlear dysfunction. However, human cochlear dysfunction is likely
complex and modifying clinical protocols for more sensitive and accurate diagnosis
of cochlear dysfunction will first require a thorough examination of various OAEs in
known genetic conditions or environmentally vulnerable populations. Here, the
focus will be to investigate emissions evoked using a single tone, or stimulus
frequency otoacoustic emissions (SFOAEs). Before delving into SFOAES, cochlear

anatomy and physiology will be reviewed in the next section.

1.3. Cochlea - The Hearing Organ

Before the brain forms the percept of hearing, auditory signals are processed
peripherally!62. The peripheral hearing mechanism refers to all structures that
receive, transform, and process auditory signals before sending them centrally to be
perceived!62, After sound travels through the ear canal, it passes through the
middle ear as mechanical energy'62. The mechanical motion of the stapes footplate
in and out of the oval window initiates pressure waves that propagate along the
cochlear partition, converting the mechanical energy into hydrodynamic pressure62,
Because of the incompressibility of the fluid within the cochlea and the push-pull
displacements of the oval and round windows, the pressures in scala vestibuli and

scala tympani are inversely related!62, This pressure differential between scala
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tympani and scale vestibuli results in the displacement of the basilar membrane at
1ts resonant placel63,

The vibrations of the basilar membrane at the resonant place results in the
deflection of the tallest stereocilia of the stereociliary bundle of the sensory cells
within the envelope of the incident wavel62, The magnitude of basilar membrane
displacement determines whether the stereocilia of just outer hair cell or both outer
hair cell and inner hair cell are deflected!¢2. The deflection of the tallest stereocilia
results in stimulation of the other stereocilia of the bundle that are physically
tethered together via tiplinks'62, The transduction of ions through the mechanically
gated channels of the stereocilia of the sensory cells then causes voltage changes
within the cell that are responsible for the somatic electromotility of the outer hair
cells and responsible for initiating the signaling sequence for vesicle formation and
release in the inner hair cells that will ultimately stimulate the auditory nervel62,

While OHCs are thought to be involved in the active amplification of
mammalian cochlear mechanical responses, the inner hair cells (IHCs) are known to
transduce cochlear mechanical response into electrical signals to the auditory
nervel64, Albeit the entire transduction and signaling sequence is highly complex,
the peripheral processing of sound that allows for the various perceptual hearing
abilities is dependent on the structural and mechanical properties of the cochlea,

which will be briefly reviewed hereafter.
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1.3.1. Cochlear Structural Properties

The osseous cochlea contains three fluid-filled compartments: 1) scala
vestibuli; 2) scala tympani; and 3) scala media, also known as the cochlear duct!62.
Scala vestibuli and scala tympani are filled with perilymph that is continuous with
the vestibule and semicircular canals that make up the vestibular system; whereas
scala media is filled with endolymph which is specialized for establishing the
electrochemical gradients responsible for hearing!62, The scala media is separated
from scala vestibuli via the Reissner’s membrane along its top boundary and is
separated from scala tympani via the basilar membrane along its bottom
boundary!62. The basilar membrane and the osseous spiral lamina together make
up the cochlear partition that coils from the base of the cochlea towards the apex,
where it terminates at the helicotrema, a screw shaped bony segment where the
fluids of the scala vestibuli mixes with the fluid of the scale tympanil62,

The structural properties of the basilar membrane vary from the base to the
apex, such that the basilar membrane is thick, narrow, and stiff near the stapes
footplate getting thinner, wider, and floppier further away from the stapes
footplate!62, Békésy (1947) was the first to measure this stiffness gradient in human
cadaver ears and concluded that the stiffness gradient is important for establishing
cochlear tonotopicity, i.e. the frequency and place mapping of the cochlea, such that
high frequency stimulation resonates towards the base of the cochlea whereas low
frequency stimulation resonates towards the cochlear apex65. Furthermore, this

stiffness gradient establishes gross frequency filtering of auditory signals165,
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Atop the cochlear partition that coils within the cochlear duct of the osseous
cochlear labyrinth sits an epithelial structure called the organ of Corti that houses
the primary sensory cells of the auditory system162. The organ of Corti consists of
the outer hair cells (OHCs), inner hair cells IHCs), various supporting cells and the
tectorial membrane (TM)162, The TM is a large strip of extracellular matrix that is
attached to the spiral limbus on the medial side, and on the lateral side, the TM
overlies the inner and outer hair cells, attaching to the tips of the tallest cilium of
the OHC hair bundles!¢6,

Until recently, it was thought that the tallest of the stereocilia was attached
to the TM in only OHCs and not IHCs; however, new evidence challenges the classic
view of the TM attachment to IHCs167. Hakizimana & Fridberger (2021) used
confocal microscopy in guinea pig to show that, similar to the OHC-TM connection,
the tips of the tallest cilium of the IHCs are also embedded in the TM67, In addition
to having stereociliary bundles, the mammalian OHCs express a transmembrane
protein called prestin, which has a special area for binding Cl-, throughout their
somas!64,

The three, sometimes four, rows of OHCs are laterally located on top of
Deiter’s cells, whereas a single row of IHCs are surrounded by other supporting
cells medially!68. The two types of sensory cells are separated by the inner and outer
pillar cells, separated at the bottom, adjoining at the top and creating a tunnel
underneath, known as the tunnel of Corti, which is filled with cortilymph68. The

cuticular plate of the OHCs, IHCs, and the tops of the various supporting cells
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together form the reticular laminaé8, The reticular lamina separates the cortilymph
that bathes the bodies of the OHCs and IHCs, from the endolymph that bathes the
stereociliary bundles of OHCs and IHCs'68. Together the gross structural
architecture of the cochlea sets up the passive mechanical response, which is

further enhanced by active processes.

1.3.2. Cochlear Mechanical Properties

When sound energy arrives at the stapes, piston-like stapes motion is
initiated¢9, The motion of the stapes in and out of the oval window generates
differential pressure between the scala vestibuli and scala tympani which initiates
a traveling waves that propagate along the cochlea partition, resulting in
mechanical vibration of the basilar membrane!”?. Because of the mass and stiffness
gradient of the basilar membrane, each location along the length of the basilar
membrane maximally vibrates in response to a particular frequency!65. This
property has led to the popular labeling of specific longitudinal sections of the
cochlear partition by their characteristic frequency.

Von Békésy (1947) measured the amplitude and phase of different tones at a
fixed location on the basilar membrane relative to the stapes movement165,
Although his experiments were performed in human cadaver ears using very high
stimulus levels, von Békésy found that the amplitudes of basilar membrane
displacement in response to different tones were greatest at their resonant (or
characteristic frequency) places along the cochleal65. Furthermore, the phase

difference between the stapes and the measurement location increases as the
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frequency of stimulation approaches the resonant frequency, suggesting that the
displacement waves were not just simple resonances but traveling waves instead65,

Johnstone & Boyle (1967) later showed that mechanical tuning curves in live
guinea pig cochleae were sharper than von Békésy’s cadaver ears!7l. Rhode (1973)
also showed that compared to pre-mortem, there was a ten-fold decline in the
amplitude of basilar membrane vibrations within 10 minutes of the death of the
animal, which was a hundred-fold after 1 hour of death!?2. Later, Sellick et al.,
(1982) compared pre- and post-mortem basilar membrane motion measurements in
guinea pig cochleae and found that input-output functions became linear and tuning
curves became broader with the death of the animal!73. These findings together
were support for the idea of an active process in the living cochlea that provides the
amplification at low stimulus levels, frequency tuning, and compression at high
stimulus levels.

Towards identifying the role of the outer hair cells in the active mechanical
process, Ruggero & Rich (1991) treated chinchilla cochleae with furosemide (a loop
diuretic that reduces the endocochlear potential) to block outer hair cell
transduction and observed the basilar membrane vibrations before and after
treatment!74. The findings showed a decrease in frequency tuning, particularly at
low stimulus levels as well as a reduction in basilar membrane velocity with
furosemide treatment!74. Although these findings confirmed that hair cell

transduction is important for active amplification, tuning, and compression of the
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mammalian cochlea, the mechanisms by which OHCs accomplish these functions
are still being investigated.

The current view is that active cochlear processes are a result of two OHC
mechanisms: prestin-based somatic electromotility and calcium-dependent hair
bundle motilityl61.175, In response to the basilar membrane motion, the kinocilium of
the hair bundle embedded in the tectorial membrane shear, opening the
mechanically gated transducer channels of the stereocilia and allowing the influx of
potassium ions!’6, When the potassium flows in, it depolarizes the cell, which forces
chloride to dissociate from the prestin molecules, changing their conformation from
long state to short state!76. Because the potassium influx happens on a cycle-by-
cycle basis, the conformational change in prestin follows this cycle-by-cycle change,
and the outer hair cell goes through elongation and shortening of the soma
depending on the frequency of the stimulus!’6. Although recent in vivo recordings in
mice have shown that the tops and bottoms of OHCs have opposite displacements at
frequencies up to 20 kHz, suggesting a cycle-by-cycle amplification at these very
high frequencies, the exact mechanism of amplification at ultra-high frequencies
remains a topic of controversy and active investigation!77,

Although this prestin-based mechanism is thought to be sufficient for the
cochlear frequency range of most mammals, in species with ultrasonic hearing, hair
bundle motility may supplant prestin-based electromotility to achieve cochlear
amplification and tuning at frequencies up to 100 kHz!76. More recently, the role of

the reticular lamina (RL) and the tectorial membrane (TM) in cochlear
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amplification and tuning is also being investigated49, High resolution imaging of
live organ of Corti mechanics using low-coherence interferometry!7® and optical
coherence tomography!48149 showed that vibrations of the RL and TM were larger
and more compressive than those of the basilar membrane and were similarly
affected by the death of the animal.

Although these findings initially implicated the role of the RL and TM in the
active cochlear process, subsequent experiments in mice have shown that despite
the broad and large mechanical motions of the RL and TM, suppression responses of
the BM and RL support the hypothesis that longitudinal coupling of OHCs is
strongest near the peak of the traveling wave, despite broad amplification of below
CF response of the RL149. The complex interactions between BM, TM, and RL that
result in the stimulation of OHCs are yet to be fully characterized.

Nonetheless, through their active mechanical process, OHCs enhance the
vibrations of the organ of Corti, particularly at low input levels!7. These
enhancements of mechanical vibrations are thought to generate backwards
propagation of energy through fluid compression in the cochlear duct®, This energy
acts upon the stapes and conducts mechanical vibrations that travel back towards
the ear canal, where the transformed mechanical energy is measured with a
sensitive microphone as acoustic energy!80. These packets of acoustic energy
emitted by the cochlea are referred to as otoacoustic emissions (OAEs)1181, Decades
of research has shown that OAEs can provide a quick and objective measure of

cochlear status and will be reviewed in the next section.
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1.4. Otoacoustic Emissions — Derivates of Cochlear Processes

In 1978, Professor David T. Kemp first reported on an acoustic phenomenon
in human ears!. By placing a microphone and speaker probe assembly into the ear
canal, Kemp (1978) recorded the ear’s physiological response to transient clicks and
tones of different frequencies!. Kemp’s recordings, fittingly referred to as “echoes”,
had several key characteristics: 1) the echoes were absent in a non-human hard
cavity as well as deaf human ears; 2) they were highly personalized to an individual
ear across normal-hearing adults; 3) they displayed frequency-specific delays
consistent with the tonotopic organization of the cochlea; and 4) they were level-
dependent in their response and sometimes recordable at levels below an
individual’s subjective hearing threshold?!.

Probst et al., (1986) found repeatable characteristics of click- and tone burst-
evoked OAEs in normal hearing adults but also found a correlation between OAEs
evoked with stimulus and spontaneous OAEs evoked without stimulus, suggesting a
common generation mechanism across spontaneous, transient-evoked, and tone-
burst evoked OAEs!82, Although OAE generation mechanisms are still a topic of
debate among investigators, it is well established that OAEs arise from within the
cochlea. Hubbard and Mountain (1983) first showed that electrical current delivery
intracochlearly resulted in otoacoustic emissions in the ear canall®3. Nuttall & Ren
(1995) later measured the guinea pig basilar membrane motion in response to

electrical stimulation of the cochlea and found that the basilar membrane motion
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was correlated with electrical energy measurable at the round window and acoustic

energy measurable in the ear canall84,

1.4.1. Sensitivity of OAEs to Various Cochlear Manipulations

The sensitivity of OAEs to chemical or environmental insults,
pathophysiological processes, and genetic manipulations are also well documented.
For example, DPOAEs are reduced in animals exposed to acoustic trauma2185,
furosemide®, and ototoxic drugs!86:187. In humans, Helleman et al., (2018) reported
that a history of long-term noise exposure is linked to a deterioration in OAEs over
time albeit great variability in OAEs was observed likely due to the heterogeneity of
the studies included in the systematic literature review!8s,

Systemic diseases (e.g., diabetes) and homeostatic shifts (e.g., postural
changes) can also alter OAEs. In two mice models of diabetes mellitus, DPOAEs
were found to be reduced from baseline to 6 months, particularly at high
frequencies, compared to control mice who did not show any changes!89. Voss et al.,
(2010) measured DPOAESs before and after inducing postural changes in 12 normal-
hearing adults and found that DPOAE levels and phase angles were consistently
lower in the upright position compared to the tilted position, presumably due to the
posture-induced change in intracranial and intracochlear pressure!?. Furthermore,
genetic mutations of prestin, stereocilin, or tectorial membrane alter ear canal
OAEs in different ways151.159.191  A]] of these areas of research support the clinical
use of OAEs for a non-invasive, objective, and quick assessment of cochlear

function.
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1.4.2. Clinical Use of OAEs

Indeed, since their discovery, OAEs have been used widely for many
screening purposes from newborns to school screenings to hearing conservation
purposes. Beyond screenings, OAEs have also been used for more advanced
purposes, such as monitoring for changes in auditory status due to ototoxic
medications or noise exposure, for differential diagnosis of cochlear vs retrocochlear
type of hearing loss, and to cross-check behavioral findings when reliability of
behavioral tests is questionable. Despite these various uses, clinical application and
utilization of OAEs have not yet reached their full potentiall92.

One of the reasons for this underutilization is that advanced measurements
of OAEs (i.e., using extended high frequency stimuli, multiple levels, or multiple
types of OAEs) do not change the course of treatment for most types of hearing loss,
as treatments are often devices that amplify signals coming to the ear and not
therapies that restore cochlear structures or functions. However, novel therapies
and treatments for prevention and correction of hearing loss will necessitate major
revisions to current diagnostic testing protocols that include advanced
measurements of OAEs for differentiating outer hair cell loss, strial dysfunction,
synaptic or neural loss16:92.193 and earlier detection of signs of cochlear dysfunction
due to environmental toxins or pathophysiological processes.

Clinical use of advanced OAE measurements is also hindered by the lack of
understanding about where and how OAEs are generated in the cochlea. Although

OAEs were first described over 40 years ago!, the where and how of OAE generation
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is still a relevant and timely topic of many scientific investigations!46.147.194 A hetter
understanding of the spatial extent of OAE generation would allow for more
accurate diagnosis of the regions of cochlear dysfunction, whereas understanding
the mechanisms by which OAEs are generated may improve the accurate

1dentification of cellular and molecular targets for novel treatments.

1.4.3. OAE Generation Sources & Mechanisms

Towards determining the extent of OAE generation region, Charaziak &
Siegel (2015) measured suppression tuning curves using stimulus frequency
otoacoustic emissions (SFOAE) and compound action potentials (CAP) in chinchilla
before and after inducing acoustic trauma at far basal locations and found that
although CAP tuning was not affected by the acoustic trauma away from the 1 kHz
characteristic place, SFOAE tuning curves became broader, concluding that
SFOAEs are not indicative of cochlear function in a place-specific manner46,
Findings were similar when a high-frequency interference (suppressor) tone was
used to temporarily suppress the basal contributors instead of using acoustic
trauma to permanently ablate basal contributors!46, Although Charaziak & Siegel’s
findings indicate low-frequency SFOAEs may not be place-specific, the generation
extent of high-frequency SFOAEs is yet to be fully determined, particularly in
humans in whom intracochlear measurements are not possible.

When human OAEs are compared to other animals, evidence suggests that

OAE generation may be more localized in humans. Martin et al., (2011) compared
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distortion product otoacoustic emissions (DPOAESs) across humans, rabbits,
chinchillas, and rats using the interference tone paradigm!47. Although Martin et
al., (2011) aimed to understand the influence of interference tones (IT) on the
different components of DPOAESs, their findings showed that DPOAEs measured
with and without a 1/3-octave IT were quite similar in level across rabbits,
chinchillas, and rats; however, in humans, the DPOAEs measured with IT were
lower in level compared to DPOAEs measured without IT, particularly at higher
frequencies (> 2 kHz), suggesting less contribution from regions basal of the peak
response in humans compared to other animals!47?. These findings could be
interpreted as evidence for a more localized DPOAE generation in humans
compared to other laboratory species.

OAE generation sources (where) and mechanisms (how) are theorized to vary
with the emission type. Shera & Guinan (1999) have described at least two classes
of emissions — reflection emissions and distortion emissions!9. Reflection emissions,
such as spontaneous (S), transient-evoked (TE) or stimulus frequency (SF) OAEs,
are hypothesized to be net intracochlear wavelets reflected from the heterogenous
anatomical and mechanical irregularities along the cochlea, similarly to light
wavelets reflecting within an optical glass prism!9. Distortion emissions, such as
distortion-product (DP) OAEs, are different from reflection emissions in that their
hypothesized primary generation results from the nonlinearity of the stereocilia

bundle, and a secondary reflection mechanism is also involved!9.
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1.4.4. OAE Types & Applications

Understanding where and how various types of OAEs are originated in the
cochlea would allow for more precise diagnostics; however, as it is, TEOAEs are
used as a global measure of cochlear function for purposes such as screening for
hearing loss, whereas DPOAESs are used for more frequency-specific applications
such as cochlear monitoring. Studies have shown that TEOAEs are more sensitive
than DPOAEs in detecting hearing loss, such that ears with even a mild hearing
loss will show absent TEOAEs!5 whereas DPOAEs may be recordable even when
hearing loss is moderatel9.

Although TEOAES are easily recordable in clinical settings, they are not used
to draw place-specific conclusions regarding the cochlea. SFOAEs on the other hand
are evoked using a single tone and as such, SFOAEs are thought to be more
frequency-specific, and presumably more place-specific, than other types of OAEs.
Recent evidence suggests that DPOAESs are recordable at much higher frequencies
than SFOAEs even in young, normal-hearing adults!??. Furthermore, SFOAEs and
DPOAESs may be differentially affected by aging!3.14. These findings suggest that
SFOAEs may be more sensitive to cochlear status. However, many questions about
SFOAE generation, SFOAE relationship to other measures of hearing (Chapter 3)
and SFOAE sensitivity to aging (Chapter 4) remain unanswered and will be

addressed hereafter.
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1.5. Stimulus Frequency Otoacoustic Emissions

Stimulus frequency otoacoustic emissions (SFOAESs) are sounds emitted from
the cochlea in response to a single tone. SFOAEs are thought to arise from the
summed reflections of the forward going traveling wave and the impedance
irregularities encountered by the incident wavel. When SFOAE levels are plotted as
a function of frequency, there is a periodicity of the SFOAE peaks and dips, referred
to as microstructure — a characteristic that was initially thought to be a result of
periodically spaced irregularities in the anatomical array of hair cells along the
cochlear spirall9s,

The anatomical irregularities would allow for increased scattering at certain
positions along the cochlear spiral thus leading to increased emission amplitudes at
certain frequencies. However, early anatomical studies did not find evidence for the
periodic points of increased scattering, but instead a "generalized irregularity" and
"cellular disorganization"!99. Even when some irregularity was found in the
appearance and disappearance of the fourth row of outer hair cells, the frequency
spacing of OHC fourth row and SFOAE maxima were not identical (albeit the
spacing of both did change proportionally with frequency region)'9°. Lonsbury-
Martin et al., (1988) concluded that the frequency spacing of SFOAEs reflects
normal variation/anomalies of the organ of Corti and is not sensitive to signs of
cochlear injury99,

Because spontaneous otoacoustic emissions (SOAEs) and SFOAEs are both

thought to be reflection type emissions, characteristics of SOAEs have also been
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investigated towards understanding the generation mechanism of reflection
emissions. Some evidence in support of the local irregularities hypothesis of
reflection emission generation comes from the presence of spontaneous OAEs in a
case-study dog with a sharp transition in ABR thresholds around the frequency of
the SOAE200, and intentionally noise-damaged chinchilla20! with spontaneous

otoacoustic emissions around histologically confirmed total dead regions.

1.5.1. Reflection Emissions & Relationship to Behavioral Microstructure

Another approach for understanding OAE generation has been to compare
OAEs to perceptual hearing abilities. Commonalities in OAEs and behavioral
responses have been long observed. For example, microstructure is not unique to
OAEs, as it is also found in psychophysical measures of hearing thresholds and
loudness202:203, Kemp (1979) first posited that microstructure of thresholds and
microstructure of emissions is inversely related, such that threshold dips (also
referred to as minima) occur around the same frequency as emission peaks (also
referred to as maxima)2°3. Similar to OAEs, spectral oscillation in threshold
microstructure was also thought to be related to the regular periodicity of cochlear
micromechanical irregularities203, If this were true, the forward and backward
traveling waves measured at the stapes should also show spectral periodicity203,

Shera & Zweig (1993) refer to this as cochlear reflectance, defined as the
complex, frequency-dependent ratio between the backward wave pressure and the

forward wave pressure measured at the stapes204. Empirically derived cochlear



77

reflectance was observed to vary slowly in amplitude and linearly in phase as a
function of frequency2%4. This linear phase rotation as a function of frequency of
cochlear reflectance suggests OAE spectral oscillations do not arise from inherent
regularly spaced cochlear inhomogeneities, and instead, they must arise from
constructive and destructive interference between the incident and reflected
cochlear waves due to variations in their respective phases204,

The microstructure phenomenon is also related to standing wave resonances
in the cochlea203:205, The theoretical framework explaining the maxima and minima
in both thresholds and OAEs — referred to as the intracochlear reflections
framework203 — posits that the origin of microstructure is the constructive and
destructive interactions between primary reflections, originating initially in
response to a stimulus, and non-primary reflections that are re-introduced in the
cochlea from the impedances encountered at the middle ear boundary?203,

When the standing waves combine constructively with the primary and/or
non-primary reflections, the interaction enhances the OAE amplitude and improves
behavioral threshold293, On the other hand, when the primary and/or non-primary
reflections interact with the standing waves destructively, their interaction reduces
OAE amplitude and worsens behavioral thresholds293. The intracochlear reflections
framework predicts maxima in OAEs and corresponding minima in thresholds will
be separated at predictable frequencies293,

Several studies have measured the microstructure of OAEs and behavioral

thresholds towards understanding their respective origins and their shared
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association. Long & Tubis (1988) showed that threshold microstructure and OAE
levels were both sensitive to aspirin toxicity2°6. With increasing dosage of aspirin,
which is known to cause temporary and reversible OHC toxicity, threshold
microstructure disappeared and levels of both spontaneous and evoked OAEs
declined2%, Dewey & Dhar (2017a) measured microstructure of behavioral
thresholds and SFOAEs for frequencies between 2-5 kHz and found that SFOAEsS,
measured at very low levels, have peaks that correspond with minima of behavioral
threshold microstructure207,

Furthermore, the frequency spacing of SFOAE maxima and number of cycles
of SFOAE phase accumulated across adjacent maxima was close to one cycle207,
Baiduc, Lee & Dhar (2014) later showed that SOAEs and behavioral microstructure
were related at ultra-high frequencies as well208, All of these findings provide
additional evidence for the intracochlear reflections model. Perhaps more
importantly, these studies suggest that low-level reflection emissions, at least in
normal-hearing ears, correspond to the region that determines behavioral
thresholds. Additional studies examining the generation region and mechanism of

SFOAESs are discussed below.

1.5.2. Anatomical Correlates of SFOAEs
The conflicting reports of anatomical observations and otoacoustic emissions
have been puzzling - large interspecies morphological differences across vertebrates

exist, yet SFOAE generation shares a common mechanism across vertebrates with
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just a tectorial membrane (frog), both a TM and a flexible basilar membrane
(lizard); TM, BM, and a traveling wave (chicken); and TM, BM, traveling wave, and
hair cell somatic electromotility (humans)209. Even within the lizard suborder, both
species with a TM and without a TM exist and offer insights into OAE generation
mechanisms.

Bergevin et al., (2011) compared SFOAE phase gradient delays in nine
different species of lizard and found that the species that lacked a TM had shorter
delays compared to those with a TM210, These findings suggested a role of the TM in
the observed SFOAE phase gradient delays. However, whether these associations in
lizard ear are also representative of the mammalian cochlea remains unknown.
Since the comparative reports of Bergevin et al., (2008; 2011), some helpful insights
from genetically modified mice have emerged.

Cheatham et al., (2014) showed that, in mice with CEACAM16 mutation that
prevents the formation of the striated-sheet matrix of the TM, SOAEs were
numerous compared to wild-type mice, SFOAE and TEOAE levels were higher than
wild-type mice, but DPOAEs and auditory brainstem response (ABR) were
normall®l. Goodyear et al., (2019) recently showed that the cochleae of CEACAM16
mutant mice age faster than wild-type mice and thus can serve as a model for late-
onset human hereditary hearing loss2!1.

Cheatham et al., (2016) later showed that another TM mutation in mice
lacking otoancorin, which results in a detached tectorial membrane phenotype, also

produced increased SOAEs compared to wildtype mice2!2. Cheatham et al., (2018)
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further reported that compared to wild-type mice, TECTA gene mutant mice have a
higher incidence of spontaneous OAEs213. Like Ceacam16, alpha-tectorin (TECTA)
and beta-tectorin (TECTB) are noncollagenous proteins that make up the striated-
sheet matrix of the tectorial membrane?!3, Like otoancorin, a homozygous TECTA
mutation results in a detached tectorial membrane and hearing loss; whereas a
heterozygous TECTA mutation causes a semidominant phenotype such that the
Kimura’s membrane separates from the TM but still makes contact with the OHC
stereocilia213,

The numerous TM mutations studied, each with its own phenotypic reflection
emission signature, coupled with the interspecies data together suggest that myriad
anatomical and mechanical configurations could independently create the internal
physical dynamics necessary for the generation of reflection emissions. Perhaps this
fundamental hypothesis could explain the large amount of individual variability
seen in the presence, number, and frequency of SOAEs and the levels of SFOAEs
even among normal-hearing adult humans82.197.214 and neonates with presumably
pristine cochleae?15216,

Anatomical studies of hair cell distributions in human cochleae show that,
although the number of inner hair cells and outer hair cells vary across age groups
and across individuals within the same age group, there is heterogeneity of hair cell
counts? even among fetal human cochleae2!”. How this heterogeneity contributes to

the large inter-subject variability of reflection emissions is yet to be determined.



81

1.6. Rationale

Despite the large inter-subject variability of reflection emissions, several key
findings suggest that reflection emissions are clinically viable tools for assessing
cochlear dysfunction. First, reflection emissions are more sensitive than distortion
emissions to cochlear manipulations and various pathologies. For example, in
studies of human DPOAES, the reflection component is more affected by salicylates
than distortion component218, by efferent activation?!9, and by aging220. Second,
reflection emissions have been shown to be repeatable over time. A 33-year-long
monitoring of SOAEs of one individual ear showed that SOAE levels are stable from
year to year within an individual, suggesting that reflection emissions are an
excellent monitoring tool; however, SOAE levels and frequencies do shift slightly as
a function of age, suggesting some sensitivity to age-related changes in cochlear
status?2l.

SFOAE levels and phases have also been shown to be repeatable over time
within an animal??22 and within individual human ears?23.224; however, most human
studies have examined SFOAEs for frequencies at or below 8 kHz even though
cochlear aging begins at ultra-high frequencies (above 8 kHz). Historically, SFOAEs
have been difficult to measure because of the methodological manipulations
(compression/suppression) necessary to extract the emission from the stimulus, both
occurring at the same frequency?22. However, advances in SFOAE measurement
using faster, swept-tone stimuli have seen some success, making SFOAE recordings

easier.
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Despite advances in SFOAE recording and analysis techniques, a
comprehensive examination of human SFOAEs is lacking, specifically evaluating
their sensitivity and specificity — a necessary step towards incorporating SFOAEs
within a clinical setting. Before the sensitivity and specificity of SFOAEs can be
investigated, many questions must be addressed about their generation mechanism
and source, their relationship to other measures of hearing sensitivity and tuning,
and their performance in detecting age-related cochlear dysfunction.

The purpose of this dissertation is to address the question on the clinical
viability of SFOAEs as a sensitive and accurate tool for assessing cochlear
dysfunction. Towards answering this question, first, the relationship between
SFOAEs and behavioral measures of threshold and tuning was examined across a
wide frequency range (0.5-14 kHz). One of the reasons SFOAEs are not utilized
clinically is because it is not fully understood how SFOAEs are related to
psychophysical measures of auditory sensitivity and tuning?225, Specifically, can
SFOAESs predict hearing thresholds? Does SFOAE phase slope relate to
psychophysical tuning? Towards answering the first question, the purpose of the
first study (Chapter 3) is to investigate the relationship between SFOAE levels at
different stimulus levels and behavioral hearing thresholds up to 14 kHz. The
purpose of the second study (Chapter 4) is to examine tuning estimates from the
phase gradient of SFOAEs as compared to psychophysical tuning up to 14 kHz.

Another reason SFOAEs are not utilized clinically is because sensitivity of

SFOAEs to early age-related changes in cochlear function has not been fully
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characterized, especially for the high frequency encoding cochlear base. Specifically,
how are SFOAEs affected in early auditory aging? Do SFOAEs decline before
thresholds are affected due to age-related cochlear changes? The purpose of the last
study (Chapter 5) is to characterize SFOAE levels, phase, and bandwidth across
four age groups. The sensitivity of various properties of SFOAEs to aging were
examined and the findings will be reported in Chapter 5. Lastly, the implications of

the findings from the three studies will be discussed in Chapter 6.
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CHAPTER 2

General Methods

2.1. Overview

The study was performed at the Auditory Research Laboratory at
Northwestern University in Evanston, Illinois over the course of 1.5 years from
November 2019 — March 2021. Participants were recruited from Northwestern
University campus and the greater Chicago metropolitan area via flyers and word-
of-mouth or through the Communication Research Registry (STU00070769 [PI —
Molly Loshl]). The child participants were also recruited through the Child Studies
Group registry (STU0020141 [PI — Tina Grieco-Calub]). Adult participants provided
informed consent to participate in the study procedures. Minor assent and parent
permissions were obtained from child participants and their parent/guardian.
Participants were compensated monetarily for their participation in the study. All
study procedures were approved by the Institutional Review Board at Northwestern

University (STU00000295).

2.2. Inclusion/Exclusion Criteria
Participants were required to meet the following inclusion criteria‘ 1) normal
otoscopic examination as evidenced by the absence of active outer or middle ear
infection, excessive cerumen, or foreign body in the ear canal; 2) normal middle ear

function as characterized by a Type A tympanogram with peak compliance within
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0.3-1.4 mmbhos for adults (age 19.5-61.5 years) and 0.2-0.9 mmbhos for pediatrics (age
2.8-5.8 years)?26; 3) normal-hearing as defined by pure-tone thresholds of < 20 dB
HL across standard audiometric frequencies of 0.25, 0.5, 1, 2, 3, 4, 6, 8 kHz¢! in at

least one ear.

2.3. Equipment

Experiments were performed in a double-walled, audiometric booth with the
participant comfortably seated in a reclining chair. All experimental, behavioral
and otoacoustic emission measurements were done using the Etymotic Research
ER-10X Extended Bandwidth Research Probe System (Etymotic Research, Elk
Village, IL). Digital-to-analog and analog-to-digital conversion were performed
using an RME Fireface 400 audio device (Audio AG, Germany) at a sampling rate of
96 kHz and 24-bit resolution. Signals were generated and recorded via custom
written software in MATLAB (2015B) running on a Macintosh computer (Mac OS
10.12).

Stimulus level verification was done by first using a known sound source
(Bruel & Kjaer 4231 tone generator producing 1 kHz 94 dB SPL tone) coupled to an
ear simulator (Bruel & Kjaer type 4157) and then using the ER10x speakers to
generate and measure stimulus levels produced using our custom stimulus
generation script. Stimulus levels measured using known source and ER10x
speakers with custom generated signals were found to be within 1 dB of each other

for 1 kHz pure-tone.
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ER10x microphone sensitivity was checked every 3 months using a known
sound source (Bruel & Kjaer 4231 tone generator producing 1 kHz 94 dB SPL tone)
and Fluke 117 voltmeter. The measured sensitivity of the microphone was found to
be stable (within 3 dB), and therefore, default manufacturer specified sensitivity of
0.05 V/Pa was always used in computing the pressure recorded at the microphone.

Signals were routed through ER-10X sound drivers (Etymotic Research, IL)
and presented into the participant's ear canal coupled by a silicone ear tip (Sanibel
Supply, MN). Microphone voltages were amplified at +20 dB programmable gain
and high-pass filtered at 350 Hz. Recorded OAE responses were corrected to
emitted pressure level (EPL) to account for the standing wave related influences in
the pressure recorded at the microphone. The recorded pressures were not corrected

for the microphone frequency response due to its relatively flat output up to 16 kHz.

2.4. Thévénin Source Calibration
Forward pressure level (FPL) calibration methods based on the Thévénin-
equivalent source properties of the ER-10X probe were used to calibrate in the ear
canal by first isolating the forward-going and reflected components of the stimulus
pressure wave in the ear canal and then correcting for the stimulus reaching the
eardrum. Calibration program was provided by Dr. Shawn Goodman, University of
Iowa, with custom-written MATLAB software ARLas (version date November 7,

2017). The in-situ calibration procedure provided a frequency by frequency
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maximum output level in dB forward pressure level, from which all outgoing digital

stimuli were scaled accordingly.

2.4.1. Source calibration.

The Thévénin-equivalent source impedance characteristics of the ER10x
probe system were obtained in a set of cavities with known lengths of 2.9, 3.6, 4.15,
5.2, and 6.9 cm. Calibration stimulus was a logarithmic chirp (0.2-20 kHz). The
frequency response of the ER-10x drivers as provided by the manufacturer was used
to correct the outgoing calibration stimulus. Calibration level was set at 15 dB
below the maximum output to ensure adequate signal to noise ratio and appropriate
loudness comfort of the chirp in the ear canal. Temperature of the probe and
calibration cavity was set and maintained at body temperature (37 degrees Celsius).
Cavity diameter was estimated at 0.8 cm. 48 chirps were played and recordings
were averaged before frequency domain analysis using fast- Fourier transform
(FFT). The following variables were computed: 1) measured load pressure relative
to stimulus (PLgr10y); 2) load impedance (ZLgr10x); 3) measured source pressure

(PSEgr100); and 4) measured load impedance (ZSgrioy).

2.4.2. Load calibration.
Calibration chirps from source calibration done on the same day were
presented to the ear canal. Load impedance of the ear canal (ZLe.) was estimated

using measured load pressure (PLe.) and Thévénin-equivalent source characteristics
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of the ER10x probe system as such: ZLec = (ZSgr10x.* PLec) / (PStR10x - PLec). From
ZLec, the following variables were computed: 1) complex forward pressure level
(FPL), where FPL = (PLe/2) * (1 + z0 / ZLe) and zO0 is the surge impedance of the
ear canal; 2) complex reflected pressure level (RPL) where RPL = (PLc./2) * (1 - 20/
ZLec); 3) complex pressure reflectance (PR), where PR = RPL / FPL; and 4) power
reflectance (PPR), where abs(RPL)2 / abs (FPL)2. A calibration was determined as
successful if the absorbance was less than or equal to 0.2 at 100-200 Hz227, and

power reflectance was less than or equal to 1 between 250 -10,000 Hz228,

2.5. Screening Procedures

Following the consent process, otoscopy was performed to rule out any outer
or middle ear infections or debris, cerumen or foreign bodies in the ear canal. Only
ear canals without debris and evidence of infection were enrolled in the study.
Tympanometry was performed in both ears using an MAICO MI26 immittance
bridge (MAICO Diagnostics GmbH, Berlin, Germany). If tympanometric findings
were within normal, screening audiometry was performed in both ears with a
tablet-based audiometer (SHOEBOX, Ottawa, Ontario, Canada) using a yes/no
procedure for 0.25, 0.5, 1, 2, 3, 4, 6, 8 kHz. The game feature of the SHOEBOX
audiometer was used with child participants. After instructing the participant using
the SHOEBOX instruction video, calibrated EARTone 3A earphones connected to
the 1iPad and coupled to foam ear tips were inserted into the ear canal. Only ears

with thresholds < 20 dB HL at all frequencies were included in the study.
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2.6. Screening OAEs

2.6.1. Distortion product otoacoustic emissions (DPOAE) screener

DPOAE:sS for f = 1-20 kHz were recorded using Li/Le = 65/55 dB FPL and fa/f1
= 1.22 at the beginning of each test session. The stimuli were 3 concurrently swept
frequency segments with a rate of 1 octave/second. Each concurrent sweep was
created with three different starting phases (0, 0.33, and 0.66 radians), which were
then concatenated so that the time-domain averaging process would cancel the
stimulus tones leaving just the emission pressure. 16 sets of measurements (runs)
were recorded and processed as described in the signal processing section 2.6.3.
Pilot data showed near equivalence of the emission levels obtained using discrete
tones, single sweeps, and concurrent sweeps when measured at these levels and
absence of emissions in a hard, emission-less cavity.

The purpose of the DPOAE screener was to a) check for presence of OAEs at
moderate levels, b) ensure a low biological noise floor, and ¢) to ensure cochlear
status did not change between sessions for repeated measurements. DPOAEs were
determined to be robust and reliable if the average signal to noise ratio (SNR)
between 1 and 4 kHz was greater than or equal to 10 dB SNR and the noise floor
below 1 kHz was less than or equal to O dB EPL. If average noise floor exceeded 0
dB EPL, the participant was determined to be too noisy for subsequent
measurements and further data collection was terminated. For measurements

across multiple sessions, repeatability of baseline DPOAEs was assessed. DPOAESs
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were found to be repeatable if the average absolute difference between
measurements from different days were within 3 dB of each other. If the average

was more than 3 dB, participant was rescheduled for testing on another day.

2.6.2. Spontaneous otoacoustic emissions (SOAE) recordings

Ear canal pressure without acoustic stimulation was recorded for three
minutes to detect SOAEs. Offline processing was then performed to characterize the
number, frequency, and level of SOAEs in each ear. Briefly, the time domain signal
was first high-pass filtered at 0.25 kHz and overlapping Hanning windows of 4
seconds or 0.25 Hz resolution were created. Root-mean-square amplitudes and FFT
of each window were computed. Only data with the lowest 25% of RMS levels were
kept and FFT estimates of magnitude and phase were averaged. An automatic
algorithm employing noise rejection, peak-picking, and Lorentzian modeling of
candidate SOAEs was implemented according to Abdala, Luo & Shera (2017) with a

few modifications229,

2.7. Signal Processing
All OAE measurements were high-pass filtered (cutoff frequency = 350 Hz) to
remove any low frequency components from biological and environmental
noises. Following filtering, additional transient movement-related noises were
removed by performing a three-step artifact rejection procedure. First, if the raw

pressures contained large transients that were 10 times larger than the maximum
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stimulus pressure, that run, i.e., individual stream of recording, was removed.
Second, root-mean-square (RMS) values of each run were computed and any runs
with RMS values outside of the interquartile range of all RMS values were
removed. Third, buffers were rejected if more than 50% of the frequency domain
signal estimates of individual runs were outside the 25t or 75th percentile of signal
estimates of all runs.

Once runs were combed for clean data, recordings of similar conditions were
split into an odd and even buffer and added together to give a time-domain average
of the signal and subtracted to give a time-domain average of the noise. The
averaged time-domain waveforms of the signal and noise were then sent through a
frequency domain analysis using a method of least squares fit (LSF) which used
time-windowing and custom frequency-phase functions to estimate magnitude and

phase of signals based on frequencies provided in the model23°,
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CHAPTER 3

Investigating Auditory Sensitivity and Stimulus Frequency Otoacoustic Emissions

3.1. Introduction

Successful everyday hearing abilities such as detection, discrimination, and
localization are a culmination of acute auditory sensitivity, expansive dynamic
range, and fine frequency selectivity. Acute auditory sensitivity (detection of soft
sounds), expansive dynamic range (ability to comfortably hear sounds over a large
range of input levels), and fine frequency selectivity (distinguishing between the
spectral components of sounds) are attributed to the active mechanical processes
within the sensory apparatus of the cochlea 231. The mechanical vibrations as a
result of sensory outer hair cell (OHCs) activity yield acoustical byproducts
recordable in the ear canal, which are referred to as otoacoustic emissions (OAEs).
OAEs are of great clinical interest for screening, diagnosis, and monitoring of
cochlear dysfunction due to their objective and non-invasive nature. Here,
psychoacoustic measures of sensitivity were investigated in relation to acoustic
byproducts of cochlear activity in response to a single tone, i.e., stimulus frequency
otoacoustic emissions (SFOAEs).

Psychoacoustic responses to sounds and otoacoustic emissions are thought to
originate from the same underlying cochlear mechanical properties. The earliest
comparisons of OAEs and auditory sensitivity by Kemp (1979) revealed that the two

share a phenomenon called microstructure, a term used to describe peaks and
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valleys in both measures when either the threshold of audibility or OAE level is
plotted as a function of frequency203. Later, Zwicker & Schloth (1984) showed that
the two microstructures are inversely related such that the frequencies of
behavioral microstructure minima (valleys) coincide with the maxima frequencies
(peaks) in the emissions spectra?32. There have been decades of clinical interest in
using OAEs to determine hearing status233:235 to predict behavioral
thresholds?36.237 and even to assess the tuning properties of the auditory
system?220.224.238 ' Although behavioral thresholds are measured in response to single
tones, most previous studies have examined OAEs evoked using two tones, i.e.,
distortion product otoacoustic emissions236.239, QAEs that are methodologically
similar to behavioral paradigms (.e., SFOAEs evoked in response to a single tone)
have been least studied197:207.240,241,

In efforts to predict behavioral thresholds from SFOAESs, several groups have
evaluated input-output (I/0O) functions, which are thought to mimic mechanical
measurements of the basilar membrane or reticular lamina for characterizing the
gain and compressive non-linearity of the cochlea23!. Avan et al., (1991) examined
estimated thresholds from SFOAE 1/0 functions in normal and impaired ears, albeit
at a limited low frequency range (0.7-2 kHz)240. Ellison & Keefe (2005) evaluated
levels and signal-to-noise ratios (SNRs) of SFOAEs at a higher frequency range (0.5
— 8 kHz) in order to determine how well overall SFOAE levels and SNRs predicted

behavioral thresholds24!,
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Using two different methods, both Avan et al., (1991) and Ellison & Keefe
(2005) reported a moderate correlation between SFOAE levels and behavioral
thresholds, albeit at low frequencies (1-2 kHz). In another approach, Dewey & Dhar
(2017a) measured behavioral thresholds and SFOAEs in 1/100-octave steps from 2-5
kHz and found a moderate, but statistically significant, correlation between
auditory sensitivity, SFOAE levels and microstructure depths at near threshold
stimulus levels207.

Although these studies established the connection between SFOAEs and
behavioral thresholds at low and mid frequencies, understanding the relationship
between SFOAEs and behavioral thresholds may be particularly important at
frequencies above 8 kHz, because these cochlear regions are first affected by
dysfunction due to aging and ototoxicity!4>-193, Only one study has examined the
relationship between behavioral thresholds and high-frequency OAEs using
clicks?42. Click-evoked otoacoustic emission (CEOAEs) are thought to arise via the
same generation mechanism as SFOAEs!%9. Goodman et al., (2009) found that
behavioral thresholds accounted for 28% of the variance in CEOAE levels at 8 kHz
and 43% of the variance at 10.1 kHz and did not find any significant correlations
between CEOAE levels and behavioral thresholds at 12.7 or 16 kHz242.

In an investigation of high frequency SFOAESs in young, normal-hearing
adults, Dewey & Dhar (2017b) showed that the frequency at which SFOAE levels
declined dramatically was closely related to the frequency at which behavioral

thresholds crossed the 18 dB FPL intercept, suggesting that SFOAEs may be tightly
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related to behavioral thresholds!9?. They also reported that DPOAE levels were
correlated with SFOAE levels when DPOAE levels were matched to SFOAE levels
at 2f1-fs> rather than at f2. Nonetheless, there was considerable variability of SFOAE
levels across individuals when measured at a fixed stimulus level as used by Dewey
& Dhar (2017D).

Although the clinical utility of SFOAESs in predicting audiometric thresholds
has been questioned due to the large variation in SFOAE levels across individuals,
there is still a need to understand how well SFOAESs relate to behavioral thresholds
within an individual. The earliest studies of SFOAE and behavioral thresholds
equalized the stimulus levels within an individual?32 in terms of sensation level
relative to behavioral thresholds. The current study extends these threshold-based
measurement of SFOAEs up to 14 kHz.

SFOAESs recorded in the ear canal are thought to be a mixture of short-
latency and long-latency components243.244, Long-latency (LL) components of the
SFOAE are thought to reflect the activity from the tonotopic cochlear place as
determined by their phase gradient delays, without contributions from components
that arise via reflections from non-characteristic places215. Using advanced filtering
techniques, the LL components coming from the characteristic place, or the peak
region of the traveling wave can be disentangled from short-latency components
coming from more basal regions?42243 to the extent that latency of SFOAESs can be

directly tied to region of origin within the cochlea. Furthermore, zero-latency
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components which may be associated with an imperfect probe cancellation can also
be mitigated244.

The current study is the first to examine human SFOAEs across a wide range
of frequencies (0.75 — 14 kHz) using a time-frequency analysis technique based on
continuous wavelet transform and the characteristic delay-frequency relation
described by Moleti et al., (2012). In contrast to previous studies which have mostly
examined the total SFOAE recorded in the ear canal, time-frequency analysis was
used to separate different latency components of the total ear canal
SFOAE?23.146,197,207,224,240,241,243,245-247 Time-frequency analysis can improve the
detection of SFOAEs above the noise floor and filter the total ear canal SFOAEs
into long and short latency components244,

The purpose of this study is to investigate the relationship between SFOAE
levels and behavioral measures of auditory sensitivity up to 14 kHz. It was
hypothesized that, because SFOAEs and behavioral threshold measurements are
methodologically similar, they are both determined by activity across similar
cochlear regions. Hence, the two measures are predicted to be correlated, given that
SFOAEs are filtered to isolate long-latency components presumably corresponding
to the characteristic place for a given frequency. In order to test this hypothesis,
SFOAE levels at 10, 20, and 30 dB sensation levels were measured at eight center
frequencies (0.75, 1, 2, 4, 8, 10, 12.5 and 14 kHz), and an estimated threshold from
the SFOAE input-output function was computed at each frequency, which was then

compared to the behavioral threshold at that frequency.
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3.2. Methods

Normal-hearing participants between the ages of 6-45 years were recruited
from the greater Chicago metropolitan area. Data were collected from a randomly
chosen ear of 28 individuals (19 females, 9 males), aged 12-43 years (M= 27.55, SD
= 6.89). Participant demographics are shown in Figure 3.1. All participants were
required to have normal otoscopic, tympanometric, and audiometric screenings as
described in Screening Procedures below. Participants were excluded from being
enrolled in the study if they had excessive cerumen in the ear canal. Participants
who could not complete the behavioral procedures in a timely fashion were also
excluded from the study. Finally, whose who displayed excessive noise or recording
artifacts due to physical movement or swallowing during OAE measurements were

excluded.

3.2.1. Screening Procedures

A combination of several standardized tests and procedures was employed to
screen participants for eligibility. Otoscopy was performed to rule out any outer ear
abnormalities or debris, cerumen, or foreign bodies in the ear canal. Only clear ear
canals were enrolled in the study. Tympanometry was performed in both ears using
a Maico MI 26 Tympanometer. If tympanometric findings were within normal,
screening audiometry was performed in both ears with a tablet-based audiometer
(SHOEBOX, Ottawa, Canada) using a yes/no procedure for 0.25, 0.5, 1, 2, 3, 4, 6,

and 8 kHz. The game feature of the SHOEBOX audiometer was used with
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participants younger than 18 years of age. After instructing the participant using
the SHOEBOX demo video, calibrated EARTone 3A insert earphones connected to
the 1iPad and coupled to foam ear tips were inserted into the ear canal. Only ears

with thresholds < 20 dB HL at all frequencies were included in the study.

3.2.2. General Procedures

Measurements were made across two test sessions, each lasting about two
hours. Psychophysical tuning curves (PTCs) were also measured during each
session, the data for which are presented in Chapter 4. The center frequencies of
interests were 0.75, 1, 2, 4, 8, 10, 12.5 and 14 kHz. Four of the eight frequencies
were tested during the first test session and the remaining four frequencies were
tested during the second session, within four weeks of the initial session. For each
participant, a pseudo-frequency randomization order was created such that the first
test frequency on each day was either 2 or 4 kHz as the PTC procedure is easier at
these frequencies for most participants compared to other frequencies of interest.

Thresholds for each frequency were always obtained first. Following
threshold measurement, the participant was asked to either complete the PTC task
or sit quietly for SFOAE measurements for that frequency. If the participant could
not complete threshold testing or the practice PTC, the session was terminated, and
the participant was compensated for their participation before dismissal from the
study. The order of measure (SFOAE vs PTC) was counterbalanced across

participants. The frequency randomization and measurement order were followed
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across both sessions until all thresholds, PTCs, and SFOAE measurements for all 8
center frequencies were completed. An in-situ calibration was done prior to

initiating measurements at each test frequency.

3.2.3. In-situ Calibration

Before data collection began, participants were seated in a reclining chair in
the audiometric booth. The ER10x (Etymotic Research, Elk Grove Village) probe
assembly was placed in a randomly selected ear, as long as hearing was
symmetrical and within normal range in both ears, otherwise the normal/better ear
was selected. The cable of the ER10x probe was draped over the back of the recliner
so that the cable did not come in contact with the participant’s shoulders or torso.
The cable was then taped to the chair to prevent slippage of the probe out of the ear
canal. The participant was instructed to keep their head still and avoid talking,
coughing, or excessive swallowing. The participant was given the option to read a
book quietly or watch a silent captioned television show or movie.

Once the participant was seated comfortably and the probe was in the ear
canal, chirps were played, and the forward-pressure level calculation was performed
so that stimuli could be calibrated within each individual ear canal based on the
impedance of the ear canal compared to previously measured source pressure and
impedance. Calibration was performed at the start of each session and repeated

throughout the session, every 20 minutes or sooner if probe slippage or movement
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was detected via visual inspection or reported by the participant. Successful

calibration criteria as described in General Methods were used.

3.2.4. Behavioral Thresholds

Hearing thresholds were estimated using a modified Békésy tracking
procedure following Levitt (1971) and described fully in Lee et al., (2012)22248, In
brief, stimuli were FPL-calibrated sinusoidal pure-tones that were 250 ms in
duration and pulsed on and off using an inter stimulus interval of 250 ms.
Participants were instructed to hold down a mouse key as long as the pulsed tone
was audible.

The initial presentation level of the tone was 60 dB FPL, and the initial step
size was 6 dB, which decreased to a step size of 2 dB following a training period.
First, reversal was determined as the first time the button press was released, and
the second reversal was determined as the first time the button was pressed after
the first reversal. Following the first two reversals, which were considered a
training period, subsequent reversals were used to compute a midpoint for each
ascending run (increasing stimulus level), and a running mean and standard error
for such midpoints.

The threshold was determined as the mean of the midpoints after at least
seven midpoints were obtained and the standard error was less than 1. If a

threshold could not be found within the first 200 trials or a threshold was unreliable



101

at 200 trials, (standard error > 3), the frequency was skipped and threshold not

computed for that frequency.

3.2.5. Stimulus Frequency Otoacoustic Emissions (SFOAESs)

3.2.5.1. SFOAE Recording. SFOAEs were recorded for probe levels
corresponding to 10, 20 and 30 dB sensation level (SL) relative to the behavioral
hearing threshold for each frequency sweep with center frequencies (f.) of 0.75, 1, 2,
4, 8,10, 12.5 and 14 kHz. Probe frequencies (f,) were swept in 1/4 octave segments
spanning 0.5*f. to ~1.5*f; for f. up to 8 kHz and from 0.7*f; to 1.3*f. for f. above 8
kHz. Suppressor frequency (f;) was always 47 Hz lower than f, and at least 15 dB
above the level of the probe frequency (L,) for stimulus levels greater than 55 dB
FPL, or 70 dB FPL for stimulus levels less than 55 dB FPL. The sampling rate was
96,000 samples/second.

Sixteen sets of ear canal pressure recordings were made, where each set
contained four interleaved blocks of stimuli: probe alone (p), probe with suppressor
(ps+), probe alone (p), and probe with suppressor inverted in phase (ps-). First,
recordings were split into odd and even buffers and summed together to get an
average pressure recording and subtracted to get the noise floor. All probe only (p)
blocks were averaged together and all probe plus suppressor (ps) blocks were
averaged together. The SFOAE residual was computed as the difference between

the two blocks.
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Models of probe and suppressor were created separately in a least-square-fit
(LSF) based analysis using custom phase functions created during stimulus
generation. The analysis window (twin) was fixed at 3000 samples or 0.0313 s.
Magnitude and phase were determined by identifying the model that minimized the
RMS error within each analysis window.

3.2.5.2. SFOAE Wavelet Analysis. After the magnitude and phase of SFOAEs
were obtained, time-frequency analysis of the SFOAEs was performed using the
continuous wavelet transform technique described by Moleti et al., (2012)244. The
technique builds on previous time-frequency analyses205.249 by continuously varying
the filtering parameters along a quasi-hyperbolic delay curve.

Briefly, a family of wavelet basis functions with a sampling frequency of
40,960 Hz were created (Equation 5 of Moleti et al., [2012]) 244, The frequency
resolution of the wavelet basis functions was 10 Hz for 0.75 and 1 kHz, 20 Hz for 2
and 4 kHz, 40 Hz for 8 kHz, and 80 Hz for 10, 12.5 and 14 kHz. SFOAE spectra
were interpolated to match the frequency resolution of the wavelets. For each center
frequency, the complex SFOAE spectra were then convolved with the wavelet basis
functions in the frequency domain (Equation 6 of Moleti et al., [2012]) 244, from
which wavelet coefficients in the time-frequency domain were obtained after an
inverse FFT (Equations 1 and 7 of Moleti et al., [2012])244,

The wavelet coefficients were filtered separately using three different delay
cutoff values that varied with frequency (Equations 2 and 3 of Moleti et al., [2012])

244 For frequencies < 8 kHz, the first delay cut-off parameter was set at -0.5 to 0.5,
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which created the hyperbolic function used to constrain the zero-latency component.
The second delay cut-off parameter was between 0.5 and 1.5 for the long-latency
component, also referred to as the first-reflection component. The third delay cut-off
was between 1.5 and 3, which allowed the separation of the second-reflection
component. For frequencies > 8 kHz, the first cut-off was set at -0.5 to 0.25, whereas
the second cut-off was set between 0.25 and 1.5, and the third cut-off was set
between 1.5 and 3.

The filtered components were then convolved again with the wavelet basis
functions and an integral was performed (Equation 8 of Moleti et al., (2012)244) to
give the filtered time domain functions. The reconstructed time-domain functions
were then converted back to frequency domain after an FFT. Latency estimates for
each component were computed from the weighted average of the filtered wavelet
coefficients. To ensure the quality of the recordings included in the wavelet
analysis, only spectra with noise floors below 0 dB EPL and signal-to-noise ratio of 3
dB were analyzed.

3.2.5.3. SFOAE I/O Threshold Estimation. SFOAE levels from a given sweep
for each center frequency and each level were averaged together in 1/3 octave bins
to yield estimates of the mean SFOAE level around the center frequency with 3 dB
SNR criteria applied. Thresholds from the SFOAE 1/O functions were estimated
using two methods.

In the first method, mean 1/3-octave band averaged SFOAE levels for each

center frequency were converted to linear units, and a linear regression was
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performed similar to Boege & Janssen (2002)250, In order to maximize the number of
points included in threshold estimation while ensuring only clean data were
included, only octave band averages computed after applying a 3 dB SNR were kept.
The x-intercept of the linear fit representing the level of the probe needed to
produce a 0 pPa emission level was considered the emission threshold derived from
the I/0 function. A cubic25! or two-line fit252.253 was not performed due to the
sparsity of the I/O functions only containing three levels (10, 20 & 30 dB SL). The
I/0 functions at these levels displayed monotonic growth for the most part with a
few exceptions. Slopes from these functions were computed as the difference in OAE
levels at 10 and 30 dB SL, divided by the dB-difference between these two stimulus
levels (.e., 20).

In order to avoid fitting the saturated portions of the I/O function, only
functions with probe levels < 55 dB FPL were included in the analysis. Although
SFOAE level growth can become compressive around 40 dB SPL!3, the functions
reach saturation above ~ 50 dB SPL!. Data points were excluded from the fitting
analysis, if all three data points did not meet 3-dB SNR criteria.

In the second method, 1/3-octave band averaged SFOAE and noise floor levels
were converted to linear pressure units. Two separate linear regression lines were
fit to SFOAE and noise floor pressures and predicted values for six points along the
input output function were computed before converting the pressure values back to
sound pressure level. The signal to noise ratio of each point was computed and the

lowest probe level at which SNR was 6 dB was assigned as the emission threshold.
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Gong, Liu & Peng (2020) used a similar SNR-based method to predict threshold,
with two exceptions: 1) they used a 9 dB SNR or better as the criterion for
threshold; and 2) they required at least one level above lowest probe level to also
have SNR of 6 dB or more?254.

SNR-based threshold estimation was not very successful as only a few ears
met the SNR criteria for fitting the I/O function. Musiek & Baran (1997) reported
that predicting thresholds from SNR criteria-based estimates of DPOAE thresholds
can be inaccurate?5; therefore, only thresholds estimated using the linear

regression 0 uPa extrapolation method were used in subsequent analyses.

3.2.6. Statistical Analysis

In order to examine the relationship between SFOAE levels and behavioral
thresholds, repeated measures correlational analyses were performed using the
{rmcorr} package in RStudio (version 1.2.5033) which uses analysis of covariance
(ANCOVA). As described in Bakdash & Marusich (2017), repeated measures
correlation accounts for the non-independence of observations from a repeated
measures dataset and attempts to adjust for inter-subject variability while avoiding
the assumptions of traditional correlational analyses regarding the independence of
observations26, Linear regression models were fit, and analysis of variance was

performed using the {stats} package. Significance levels were set at p < 0.05.
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Here the relationship between SFOAE levels and behavioral thresholds was

examined for 0.75 — 14 kHz using time-frequency analysis that isolated the long-

latency (LL) component of the SFOAEs. Participant demographics (n = 28) are

shown in Figure 3.1, which showed that most of the participants were 18-35 years of

age, mostly females, and mostly white/non-Hispanic.
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Figure 3.1. Participant Demographics including age, sex, race, and ethnicity. Panel
A plots the sex distribution by age. Panel B shows the counts for each response choice
for the race question, whereas Panel C shows the counts for each response choice for
ethnicity. As shown in Panel A, most participants were female between the ages of
20 and 30 years. Panel B shows that most participants reported their race as White
followed by Asian. Lastly, Panel C shows that all but 3 participants reported non-

Hispanic or Latino ethnicity.
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3.3.1. Behavioral Thresholds

In this sample of normal-hearing individuals (as defined by the clinical criteria
of 20 dB HL or better thresholds at 0.5-8 kHz), median thresholds across frequencies
were within +10 dB FPL in the 0.75-10 kHz frequencies, with median thresholds
becoming worse and the range of thresholds becoming more variable at 12.5 and 14
kHz (see Figure 3.2). Because of this increase in threshold variability at 12.5 and 14
kHz, the possibility of an aging effect on thresholds was examined, which showed that
mean thresholds were within 2 dB across all frequencies for the two comparison
groups (18-25- and 30-35-year-old) (see Table 3.1). There were not enough data from
individuals younger than 18 years (n = 1) and older than 35 (n = 2) for comparison.
Aside from the threshold variability at 12.5 and 14 kHz, there was also a large range
of thresholds across participants at all other test frequencies. Specifically, the range

of thresholds across individuals was as high as 24 dB at 10 kHz and below.

Table 3.1. Mean Behavioral Thresholds (dB FPL) (top row) and Standard Deviations
(bottom row) by Frequency (kHz) Across Two Age Groups

Agegroup N 0.75 1 2 4 8 10 12.5 14
18-25 years 13 11.46 10.51 17.05 12.10 17.41 18.35 28.36 36.60

7.17 401 450 3.89 3.20 4.22 1232 17.70
8.79 813 1399 10.74 18.22 18.88 27.47 37.58
3.63 446 423 567 461 6.22 9.04 11.05

30-35 years 12
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Figure 3.2. Boxplots of behavioral thresholds measured using a modified-Békésy
tracking procedure for pure-tones calibrated in terms of forward pressure level (FPL).
Individual participants are represented by individual symbols. In general, thresholds
were relatively similar across frequency (median thresholds < 20 dB FPL) up to 10
kHz; however, starting at 12.5 kHz, thresholds worsened dramatically, even in this
relatively young, normal-hearing sample.

3.3.2. Total and Filtered SFOAE Levels as a Function of Probe Level

The total SFOAE recorded in the ear canal is likely a mixture of 1) the LL
component with the expected delay from the peak region in response to the incident
traveling wave: 2) the SL component whose latency is consistent with energy

coming from basal sources in response to the initial stimulus waves and, 3) the
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multiple reflections whose latency is much longer than expected from the peak
region and thus is consistent with delays of multiply reflected intracochlear waves.
Separating out the LL component from the total SFOAE required filtering the
SFOAESs based on their characteristic delay as a function of frequency. This
relationship between SFOAE delay and frequency and the level dependence of this
relationship can be visualized in Figure 3.3.

As can be gleaned from the time-frequency contour plots in Figure 3.3, the
continuous wavelet transform filtering technique filters the total SFOAE into short-
latency, long-latency, and multiple reflection components as constrained by each
component’s delay curve. Comparing the panels in Figure 3.3, it can be observed
that SFOAE latencies decrease as a function of increasing probe levels and
increasing frequency. In addition, the intensity and localization of the signal
increases as stimulus levels increase. In other words, the signal becomes less
dispersed at 30 dB SL compared to 10 dB SL for each ear and frequency.
Furthermore, at low probe levels and low frequencies, it appears that multiple
reflections are more pronounced than at high probe levels and high frequencies.
Although the frequency- and level-dependence of the delays shown in Figure 3.3 are
representative of the dataset, these time-frequency contours are highly
individualized across ears and across frequencies, such that the frequency at which
the contour plots showed the highest intensity signal was not always correlated

with the center frequency.
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Figure 3.4 shows the 1/3-octave average of levels and noise floors for
unfiltered and filtered SFOAEs. Comparing the two panels in Figure 3.4 revealed
that the levels of filtered L. SFOAEs were generally lower than the unfiltered total
SFOAE. Across participants, the filtered LL SFOAE levels were more variable than
the total SFOAE level. Furthermore, the noise floors of the filtered data (normalized
to the time window for each component) were much lower than the unfiltered noise
floors, which improved the SNR drastically, particularly at frequencies at and above
8 kHz.

Figure 3.4 also shows the probe level dependence of the total and LL SFOAE
levels, such that higher stimulus levels yielded larger emissions levels on average
across all frequencies and for both unfiltered and filtered SFOAEs. Additionally,
there was a slight trend for lower levels of L. SFOAEs compared to total SFOAEs
as a function of frequency at and above 8 kHz. The noise floors were slightly higher
for the 30 dB SL compared to the other probe levels; however, this effect was not
observed in most individual data across ears and frequencies (see Figure 3.5).

A few observations can be made from the individual panels of filtered SFOAE
data in Figure 3.5. First, the 1/3-octave band averages of filtered LL. SFOAEs
appeared to be highly individualized to an ear. Second, the LL. SFOAEs were robust
up to 4 kHz in most participants and started to decline in level at 8 kHz and above.
Third, the noise floors were relatively low between 2 and 16 kHz in most

participants, while in others, the noise floors were elevated for the low (0.75-1 kHz)
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and/or ultra-high (>16 kHz) frequencies. The levels of LL SFOAEs in these
individuals did not consistently show the level dependence, an indication of

emission growth as it relates to cochlear activity.

3.3.3. Characteristics of SFOAE I/O Functions Measured using Sensation Level (SL)
Towards examining the relationship between SFOAEs and behavioral
thresholds at each frequency, particularly within an individual, the SFOAE input-
output functions were extrapolated to obtain an I/O estimated threshold. The 1I/0
functions were fit with a linear regression after both the SFOAE and the probe
levels were converted into linear pressure units, hence the linear fit. As seen in
Figure 3.6, the I/O functions generally demonstrated a compressive yet monotonic
growth, with a few exceptions. For 12.5 and 14 kHz, some I/O functions had missing
observations due to poor signal to noise ratio at those frequencies. The noise floors
were generally similar across probe levels, except at some frequencies in some ears
which showed a slightly increased noise floor at the highest stimulus level.
Non-monotonic I/0 functions were observed at some frequencies in some
participants. Because of this non-monotonic behavior, the linear fit to the I/0
function sometimes yielded an erroneous threshold estimate. Threshold values that
were artificially high (greater than 55 dB FPL [n=8]) or artificially low (less than -
20 dB FPL [n=6]) were removed from further analysis. Given that only 14 out of 195

(6.83%) of the estimated thresholds were considered erroneous, the success rate of
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the I/0 fitting procedure was satisfactory (~93%). Figure 3.7 shows the fitting

quality of the I/0 functions with examples of successful and unsuccessful fittings,
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the latter of which occurred when the emission growth at all three probe levels was
non-monotonic. Note that the x-axis was plotted in dB units for easy interpretation
of the probe levels, even though both SFOAE and probe levels were converted into
linear units before the data were fit. The mean slopes from these 1/0 plots are
shown in Table 3.2, which showed that slopes were between 0.44 to 0.60 dB/dB but

not consistently varying with frequency.

Table 3.2. Mean Slopes and Standard Deviations of SFOAE 1/0O Functions by
Frequency (kHz)

Frequency (kHz) N  Mean slope (dB/dB) Standard deviation

0.75 23 0.44 0.23
1 28 0.49 0.19
2 27 0.46 0.21
4 28 0.54 0.24
8 26 0.50 0.21
10 23 0.47 0.21

12.5 22 0.55 0.22
14 18 0.60 0.12

3.3.4. Correlation between SFOAE and Behavioral Thresholds

When SFOAE 1I/0 estimated thresholds for all 28 subjects were pooled across
eight frequencies, and behavioral thresholds were regressed on I/0 estimated
thresholds, as shown in Figure 3.8, the repeated measures correlational analysis
showed a high correlation between behavioral thresholds and SFOAE 1/0 estimated
thresholds (r(177) = 0.863, p < 0.001). Although the two measures were strongly

correlated, the fit line was below the unity line, i.e., SFOAEs generally
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underestimated thresholds, albeit within ~5 dB of behavioral thresholds (MAE =
5.340 dB). 18 observations detected as outliers using Cook’s distance were removed
from the correlational analysis but can be seen in Figure 3.8 as red symbols. To
determine if the outliers were significantly influencing the data, linear regression
models with and without suspected outliers were created, which showed an adjusted
R-squared value of 0.415 with the outliers, which improved to an adjusted R-
squared value of 0.738 after removing the 18 outliers.

Separating the long-latency component from the total SFOAE levels only
slightly improved the correlation between SFOAE 1/0 estimated thresholds and
behavioral thresholds (r[177] = 0.86, p < 0.001 for LL SFOAE vs. r[160] = 0.80, p <
0.001 for total SFOAE); however, I/O functions that used LL SFOAE resulted in
fewer erroneous thresholds (i.e. I/O thresholds lower than - 20 dB or higher than 55
dB FPL) compared to the total SFOAE (14 for LL and 35 for total). In order to
determine the utility of using I/0O thresholds computed using just the highest two
probe levels, the correlational analysis was repeated, which showed that although
more observations were retained using two points on the I/O function, the repeated
measures correlation was weaker (r[177] = 0.76, p < 0.001).

Frequency by frequency correlational analyses also showed statistically
significant correlations between LL SFOAEs and behavioral thresholds (Figure 3.9);
however, the strength of the relationships varied from strong to weak, likely due to
the small number of observations and restricted range of values. These correlational

analyses were based on Pearson’s product moment correlation which should be
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interpreted with caution due to the non-independence of the observations in this
repeated-measures design. A linear mixed effects model using frequency and
behavioral threshold as fixed variables, controlling for repeated frequencies, and
participant as random variable, resulted in a beta coefficient (equivalent to
Pearson’s r) of 0.843. A model without frequency as a fixed effect resulted in a beta
coefficient of 0.939, whereas a model without behavioral threshold resulted in beta
of 0.0001.

An analysis of variance of the models with and without frequency as a fixed
variable showed that the two models were not significantly different (X2 (2, N = 177)
=2.101, p = 0.350). On the other hand, models with and without behavioral
thresholds were significantly different (X2 (2, N = 177) = 144.14, p < 0.001). From
the scatterplots of data subset by frequency, it can be noted that the number of
observations decreased as frequency increased, with nearly half of the participants
not included at 14 kHz for likely a combination of reasons, including not meeting
SNR criteria at all three levels or an estimated threshold that was outside the -20 to

55 dB FPL range.
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Figure 3.8. Scatterplot of behavioral thresholds (dB FPL) plotted against LL SFOAE
I/0 estimated thresholds (dB FPL) for across all frequencies. Circles indicate data
from each frequency and ear. Solid line indicates the linear fit to the data, whereas
dashed line represents unity or hypothetical perfect correlation. Outliers detected
using Cook’s distance, excluded from the linear regression, are indicated by red
symbols.
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3.4. Discussion

The purpose of this study was to examine whether behavioral measures of
threshold were related to SFOAE 1/0 estimated thresholds, when SFOAE probe
levels were set individually based on the hearing threshold for each frequency and
SFOAE levels were filtered based on the modeled latency for each frequency.
SFOAES, recorded from 28 ears of normal-hearing individuals for center frequencies
0.75, 1, 2, 4, 8, 10, 12.5 and 14 kHz, were found to be correlated with behavioral
thresholds across all frequencies and within a given frequency. The findings suggest
that behavioral measures and SFOAEs share a common generation source within
an individual, such that when measurement methods are designed to be
approximately equivalent, SFOAEs can predict behavioral thresholds within 5.340
dB on average. However, measurement error related to the quality of SFOAE
recordings, particularly at high frequencies, weakens the relationships observed
between the two measures and will be discussed in further detail hereafter.
Nonetheless, the current study has implications for the clinical use of SFOAEs for
assessment and monitoring of cochlear sensitivity across a wide cochlear frequency

range.

3.4.1. Theoretical Basis for Using Sensation Level for SFOAE I/O Functions
In a previous investigation of the relationship between SFOAEs and
behavioral thresholds, Dewey & Dhar (2017a) evaluated the microstructure of

behavioral thresholds and SFOAEs for frequencies between 2-5 kHz207, In short,
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SFOAEs and behavioral thresholds were measured in 12 subjects at 47 frequencies
over 0.46 octave span around a carefully selected region of good SNR to give very
fine resolution measurements at 1/100-octave intervals297. Using these very precise
and brute-force measurements, they found that low-level SFOAEs have peaks that
coincide with minima of behavioral threshold microstructure?0?. Furthermore, when
the behavioral thresholds were converted to a sensitivity measure by inverting the
sign, the sensitivity microstructure magnitude (overall strength) and depth (peak to
peak response) were significantly correlated with SFOAE microstructure magnitude
(r = 0.74) and depth (r = 0.78) 207,

The findings from Dewey & Dhar (2017a) suggested that low-level SFOAE
and behavioral microstructure are tightly coupled within an individual. In a
different study, Dewey & Dhar (2017b) showed that the average DPOAE corner
frequency were also similar to behavioral corner frequency; however, low-level
DPOAE microstructure and threshold microstructure were not compared in their
study!97. Using a different approach based on extrapolating threshold from SFOAE
I/0 functions, a similar result was found in the current study on the relationship
between behavioral thresholds and SFOAEs (r = 0.85), perhaps unsurprisingly,
since SFOAE and behavioral threshold measurements both represent cochlear
responses to a single tone. The current study extends the findings of Dewey & Dhar
(2017a), who measured SFOAEs between 2 and 5 kHz, to a much wider frequency

range (0.75 — 14 kHz).
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Although the probe levels in the current study (9 — 69 dB FPL) were higher
than the fixed levels used by Dewey & Dhar (2017a) (0, 6, 12, and 18 dB FPL), the
higher probe levels were useful in measuring high-frequency SFOAEs. At
frequencies above 8 kHz where hearing thresholds vary drastically across
individuals (see Figure 3.2) 257, using fixed stimulus levels across individuals may
yield any SFOAEs that are below or above threshold. This would contribute to the
variability of SFOAE derived estimates of cochlear function and how they relate to
behavioral measures. The current study used sensation level to equalize the
stimulus levels across frequencies within an individual. SFOAE 1/0 functions have
been shown to grow monotonically at least up to 30 dB SL.204232 or 40 dB SPL 13;
therefore, linearly extrapolating to O uPa and estimating its corresponding 0 dB SL
in this study has provided a reasonable agreement between SFOAE 1/0 and

behavioral thresholds.

3.4.2. Comparison to Previous Studies

In an original study, Ellison & Keefe (2005) measured SFOAEs and
behavioral thresholds in 85 ears and showed that SFOAE SNR explained up to 51%
of the variance in behavioral thresholds in ears with normal hearing and varying
degrees of hearing loss?4l. However, SFOAE levels were not found to be a significant
predictor of hearing status in the Ellison & Keefe (2005) study?4!. Unfortunately,

individual correlations were not reported for SFOAE levels and audiometric
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thresholds; therefore, the findings from the two studies cannot be directly
compared.

In a similar approach, Gong, Liu & Peng (2020) recently reported on SFOAE
I/0 derived thresholds for 0.5-8 kHz in 230 normal hearing ears and 737 ears with
sensorineural hearing loss2°4. Based on a similar linear regression method used in
the current study, Gong, Liu & Peng (2020) reported stronger correlations between
SFOAE 1/0 thresholds and audiometric thresholds than the current study (see
Figure 7 of reference) at 1 and 2 kHz, likely due to the wide range of hearing loss in
their study??4. However, their correlations at 4 and 8 kHz were weaker than the
current study?2>4, Despite the stronger correlations at 1 and 2 kHz reported by Gong,
Liu & Peng (2020), there was significant variability between participants at each
frequency tested, even among participants with normal hearing (thresholds below
20 dB HL) 254, In the current study, this variability was not seen, perhaps due to the
individually determined stimulus levels for each participant and frequency, the use
of time-frequency analysis based on the frequency-delay model of SFOAESs, and/or
the quality of the stimulus and emission calibrations.

Goodman et al., (2009) also used advanced calibration methods and
component filtering to examine the relationship between behavioral thresholds and
otoacoustic emissions for 1 to 16 kHz242, Although Goodman et al., (2009) used click-
evoked otoacoustic emissions (CEOAEs) and not SFOAEs, they reported a
significant correlation between CEOAE levels and behavioral thresholds at 8 and

10.1 kHz but not at 12.7 and 16 kHz242, The percentage of variance explained in
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CEOAE levels by behavioral thresholds as reported by Goodman et al., (2009) was
28% at 8 kHz and 43% at 10 kHz, compared to 36% and 63% at 8 and 10 kHz, as
interpreted from the R-squared values of individual regressions in the current
study?242,

Goodman et al., (2009) did not find any significant correlations between
CEOAE levels and behavioral thresholds at 12.7 and 16 kHz, likely due to the poor
signal to noise ratio at those frequencies in their data, even at the highest click
levels of 73 dB peSPL242, In contrast, a significant correlation at 12.5 kHz was found
in the current study. This difference between the two studies could be due to the
different outcome variables used, i.e., CEOAE levels used by Goodman et al., (2009)
and SFOAE I/0 derived thresholds used in the current study.

Similar to the current study, Charaziak et al., (2013) measured SFOAEs at
10, 20, and 30 dB SL for two probe frequencies, albeit for the purpose of comparing
SFOAE suppression tuning curves to psychophysical tuning curves. The average
SFOAE levels reported by Charaziak et al., (2013) were -0.9, 6.0 and 10.5 dB SPL at
1 kHz and -2.4, 4.2, and 8.3 dB SPL at 4 kHz for 10, 20, and 30 dB SL
respectively258, At those same probe frequencies, our median levels were much
lower (see Figure 2), likely because we isolated the long-latency component from the
total SFOAE, whereas the total SFOAE levels reported by Charaziak et al., (2013)
could be elevated due to contributions from multiple internal reflections25® and /or

other sources basal to the peak of the traveling wavel46,
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Another difference between our study and Charaziak et al., (2013) is that in
the representation of SFOAE levels based on emission pressure level (EPL) rather
than sound pressure level (SPL)258, Because OAEs are measured in an enclosed
space with the probe assembly on one end and the tympanic membrane I on the
other end, standing waves resulting from reflections within the enclosed ear canal
space can affect the emission pressure in a constructive or destructive manner.
According to Charaziak & Shera (2017), by compensating for ear canal acoustics
and representing OAE levels in dB emission pressure level (dB EPL), the emission
recorded in the ear canal should represent the initial outgoing OAE wave at the TM
that is free from reflections within the enclosed ear canal cavity260, As shown by
Charaziak & Shera (2017), OAE levels in dB EPL can be as much as 10 dB lower
than OAE levels in dB SPL (see Figure 5B from reference). Therefore, it is possible
that the combination of these two methodological differences between the current
study and Charaziak et al., (2013) could explain the discrepancy between SFOAE
levels at the comparison frequencies.

In the current study, SFOAEs increased in level as a function of stimulus
level and the rate of growth was compressive (0.44 to 0.6 dB/dB). The current study
is most similar to Charaziak et al., (2013) using 10, 20, and 30 dB SL for SFOAE
measurements25®. Although Charaziak et al., (2013) did not report the slope of their
growth curves at 1 and 4 kHz, these values can be computed from Table 2 of the
reference, which provides the mean total SFOAE levels for all three probe levels

and both probe frequencies. Using the same method of slope calculation as the
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current study, the slope estimates from Charaziak et al., (2013) are 0.57 dB/dB at 1
kHz and 0.54 dB/dB at 4 kHz, which are quite similar to the current slopes of 0.49
dB/dB at 1 kHz and 0.54 dB/dB at 4 kHz. In another study of SFOAE I/O functions,
albeit not measured in dB SL, Schairer et al., (2003) showed that at moderate to
high stimulus levels, SFOAE levels grew at a rate of 0.44 and 0.61 dB/dB for 2 and
4 kHz253,

Animal studies of basilar membrane input-output functions in response to a
single tone have shown different compressive growths at moderate levels in the
base (0.2 — 0.3 dB/dB) and in the apex (0.5 — 0.8 dB/dB)231. Using higher resolution
motion measurements of the basilar membrane (BM) and OHC/Deiter Cell (DC)
junction, Dewey et al., (2021) have recently shown that BM displacement I/O
functions in mice are quite similar to displacements measured at OHC-DC at CF for
low stimulus levels (~30 dB SPL or lower) with slopes of ~1 dB/dB177. However, at
the compression knee-point of ~ 30 dB SPL, the two I/O functions start to differ!77.
Because the OHC-DC displacements saturated at lower levels (~55 dB SPL) than
BM displacements which did not saturate until ~75 dB SPL, the slope of
compression was quite different between the twol77. Furthermore, the OHC-DC
displacements were more compressive at higher stimulus levels, even at non-CF
frequencies where BM responses were linear!77,

Then, why are SFOAE 1/0 functions from humans less compressive than BM
and OHC-DC I/0 functions? One simple explanation could be a difference in

cochlear mechanics and SFOAE generation between mice and humans. Although
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this explanation is parsimonious, it does not account for the relatively frequency-
independent slopes in the current study. The compression slopes across all
frequencies in the current study were similar to those from the apex in animals (0.5
— 0.8 dB/dB)231. Could this just be an inherent limitation of OAEs that represent the
spatial integration of the activity across the entire cochlear activation pattern and
not as pinpoint displacement of the CF as in measurements of the BM, OHC, and
various associated structures?

Accounting for this spatial integration of OAEs over its generation region and
contributions from non-CF places, filtering SFOAE and TEOAE components into
short-latency and long-latency components showed a more compressive growth of
the long-latency component than the short-latency components26l, This provides
further support for the extended generation of reflection emissions that could be
mitigated with advanced computational approaches to assess the cochlear regions of
interest. Utilizing these techniques, the long-latency component of SFOAEs were
correlated with behavioral thresholds across all frequencies, further validating their
clinical potential.

In the current study, the noise floors generally did not grow with increasing
stimulus levels, which indicates that the current measurements were not
significantly influenced by system distortion253. In a few instances, the noise floor
increased at 16 kHz and above, which may be related to poor signal to noise ratio at

those frequencies, probe jitter which could result in an incomplete cancellation of
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probe across measurement blocks262, or the sensitivity of the microphone above 16

kHZ7197.242,

3.4.3. Filtering the long-latency SFOAE component

Previous studies examining the clinical utility of SFOAEs for predicting
thresholds or identifying hearing loss2?4! reported on the total SFOAE residual
recorded. The current study demonstrates that filtering the total SFOAE based on
the frequency-delay relationship provided higher agreement between LL. SFOAE
and behavioral thresholds compared to the total SFOAE. These findings suggest the
relationship between total SFOAE recorded in the ear canal and behavioral
thresholds may be complicated by the presence and contributions of multiple
intracochlear reflections?53 and multiple components arising from regions in the
cochlea other than the characteristic place242261,

Although the exact relationship between OAE 1/0 growth and physiological
responses (i.e., basilar membrane [BM] and reticular lamina [RL]) can only be
modeled in humans?61, animal studies have found both linear and nonlinear growth
of physiological responses for different stimulus parameters. In chinchilla, basilar
membrane velocity in response to characteristic frequency (CF) tones has been
shown to be non-linearly compressive at moderate stimulus levels2¢3. However, BM
and RL responses to non-CF tones are also highly linear (panel 3H and 3I of
reference)149. At very low stimulus levels and at very high stimulus levels, the

responses are linear263.264, These animal studies suggest that I/0O growth functions
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of SFOAEs are also likely to be influenced by stimulus parameters such as the
probe level and potential contributions from regions other than the characteristic
place.

Using time-frequency filtering, Sisto et al., (2013) measured the I/O growth
rate of different latency components of TEOAEs and SFOAEs in three
participants26l, They found linear growth of the short-latency component, which
presumably arise from regions basal to the characteristic place, and compressive
growth of long-latency components, similar to the findings of Goodman et al.,
(2009). In the current study, LL SFOAE I/O functions also showed compressive
behavior at the three probe levels tested (see Figure 3.6). Therefore, the non-linear
and compressive growth of LL. SFOAE I/0 functions supports the hypothesis that
LL SFOAEs reflect the activity of the active region of the cochlea, where BM and RL

responses are also non-linearly compressive.

3.4.4. Relationship between SFOAEs & Behavioral Thresholds

A strong correlation between SFOAE 1/0 estimated thresholds and behavioral
thresholds was found in the current study for 0.75 to 14 kHz center frequencies. The
strengths of the correlations in the present study were much stronger than previous
reports197.240.241 There are several possible explanations to help interpret our
findings. First, previous studies that did not find correlations between SFOAE
levels and behavioral threshold measurements did not equalize the stimulus levels

between the two measures. In a recent study, Dewey & Dhar (2017b) measured
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behavioral thresholds and SFOAESs at 0.5 to 20 kHz at a single, fixed level of 36 dB
FPL in 23 normal-hearing females. They found that although the group averages of
the two measures (SFOAEs and behavioral thresholds normalized to 1 kHz) looked
similar, there were large discrepancies between individual SFOAE spectra and
behavioral hearing sensitivity across individuals!®?. Dewey & Dhar (2017b) found
that levels of SFOAEs measured at a fixed level were largely uncorrelated with
behavioral thresholds at 8-16 kHz!97. This i1s not surprising as there is a large range
of thresholds measurable across individuals, whereas SFOAE levels were only
recorded for a fixed level of 36 dB FPL; therefore, any differences in the stimulus
arriving in the cochlea would contribute to greater mismatch between SFOAEs and
behavioral thresholds because of the significant dependence of SFOAEs on middle
ear status for forward and reverse transmission.

The association between SFOAEs and behavioral thresholds at high
frequencies (>8 kHz) remained largely unexplored until the current
investigation23.197, Although SFOAE 1/0O estimated and behavioral thresholds were
correlated up to the highest measurable frequency, high-frequency SFOAEs showed
a dramatic decline at a lower frequency than behavioral thresholds. This finding
could be interpreted in several different ways. One hypothesis is that SFOAE levels
are more sensitive than behavioral thresholds for detecting changes in cochlear
status. Because SFOAE generation is hypothesized to be the coherent summation of

wavelets arising from within the peak amplification region!4?, changes in generators
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due to dysfunction could reduce the total number of wavelets contributing to the
summed response that is measured in the ear canal.

An alternative hypothesis of SFOAE generation suggests that a dysfunctional
cochlea creates impedance irregularities which serve as inflection points for the
incident wave generated from the peak amplification region. In this case, the overall
number of generators contributing to the SFOAE is expected to increase. This
hypothesis has been proposed in light of evidence of measurable SFOAEs in ears
with some degree of hearing loss!3:265, In the current study, individuals with hearing
loss at the 0.5-8 kHz frequencies were not included as evaluated by Abdala &
Kalluri (2017); therefore, the hypothesis of increased irregularities due to cochlear
dysfunction was not testable; however, evidence for the two divergent hypotheses of
SFOAE generation within the same age group comes from another study by Dewey
& Dhar.

Dewey & Dhar (2017b) identified various different landmark frequencies from
the audiometric data and compared them to landmark frequencies of SFOAE
spectra, similar to Lee et al., (2012). They found a significant correlation between
two of these measures: 1) the corner frequency of the SFOAE spectra (fs-c), defined
as the highest frequency at which SFOAE amplitudes declined at a rate of -4
dB/octave; 2) the 18-dB FPL threshold intercept frequency (fi-1s) i.e., the behavioral
frequency where thresholds were equal to 18 dB FPL97. Based on this comparison,
Dewey & Dhar (2017b) observed two different patterns across their participants: A)

fsr-c was very close to fi-isand SFOAEs were not measurable above this frequency, or
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B) fs-c was lower than fi-1s but SFOAESs re-emerged as a single low-level peak or
multiple low-level peaks above fi-18197 Both of these patterns support the two
different mechanisms by which SFOAEs may be generated — one that is sensitive to
hypofunction and corresponds to behavioral thresholds and the other that is an
indication of hyperfunction due to damage and diverges from behavioral thresholds.

Another possible explanation of the mismatch between behavioral thresholds
and the high frequency decline of SFOAEs is that high frequency SFOAEs are
limited by the reverse transmission characteristics of the middle ear242, Although
studies of middle ear mechanics have shown a reduction in stapes velocity at high
frequencies (>4 kHz)169, others have suggested that stapes velocity is likely not a
good indicator of reverse transmission, as the pressures measured in the scala
vestibuli and scala tympani in forward and reverse transmission are very different
due to the different impedances of the oval and round windows266.267,

It remains to be determined whether a combination of these occur with aging
and will be tested in a subsequent study using young, pristine hearing ears as a
reference for aged ears. If there is a mismatch between SFOAEs and behavioral
thresholds in the youngest age group, the reverse transmission hypothesis may be
supported, whereas if there is not a mismatch between SFOAEs and behavioral
thresholds at high frequencies in the youngest age group, it supports the sensitivity
of SFOAEs to cochlear damage hypothesis. A combination of the two could be
manifested as a persistent difference between the high-frequency SFOAEs and

behavioral hearing thresholds, a difference that becomes more pronounced as a
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function of age and could be evidenced as a change in slope of the high-frequency
SFOAE decline with age. Perhaps the true impact of cochlear damage due to aging
in humans may only be testable using longitudinal studies of behavioral thresholds

and SFOAEs.

3.4.5. Limitations

Because the goal of the current study was to examine SFOAEs and behavior
in clinically normal ears, the generalizability of the current findings to clinical
practice remains to be investigated in impaired ears. A main limitation of the
current study is that only three stimulus levels were used which may have impacted
the degree of the observed correlations. However, given the dearth of SFOAE data
using stimulus levels in dB SL, the current study adds to the current knowledge,
particularly at frequencies > 8 kHz. I/O functions at center frequencies up to 14 kHz
were collected; however, only half of the I/0 functions met the quality controls that
resulted in an estimated threshold. This is a major limitation in ears in which
significant cochlear damage is suspected and SFOAE 1/0 functions are essentially
futile. The silver lining may be in the differential diagnosis of retrocochlear vs
cochlear or soma vs stereociliary OHC dysfunction, which will require extensive

further investigation.
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3.5. Conclusions

The present study aimed to understand the relationship between the long
latency component of SFOAEs and behavioral estimates of auditory sensitivity
across a wide range of frequencies in clinically normal-hearing individuals. The
findings showed that SFOAE LL levels were correlated with behavioral thresholds
when stimulus levels across individuals are considered carefully and only cochlear
contributions from the CF place are isolated based on their delays. The current
study has implications for advancing the use of SFOAEs as clinical tool for the
objective and non-invasive assessment of cochlear status, particularly at the highest

measurable frequencies where cochlear dysfunction is most evident.
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CHAPTER 4

Tuning Estimates from the Delays of Stimulus Frequency Otoacoustic Emissions

4.1. Introduction

Auditory frequency selectivity, i.e., the ability to distinguish between sounds
of different spectral content, is thought to contribute to various perceptual abilities
including speech perception in noise26®, One method for assessing frequency
selectivity is to measure psychophysical tuning curves (PTCs) 268. Psychophysical
tuning curves (PTCs) are iso-response curves that are constructed when a listener
responds to a tone in the presence of a masker that varies in level and frequency?269,
Since the earliest PTC measurements in humans 270272 PTCs have been used for
diagnosing dead regions (Moore, 2001) and assessing frequency selectivity273.
Although PTC measurement paradigms have improved over the years, making
them more efficient and easier to implement274.275 even in children 276277 the task
remains too challenging and time-consuming to be implemented in clinical
protocols.

Frequency selectivity, as measured at the level of the auditory nerve, has
been related to the mechanical tuning of the cochleal”™. As such, objectively
assaying cochlear tuning using otoacoustic emissions (OAEs) has been proposed as a
faster alternative to PT(Cs224.245.246 Not only are OAEs fast and easy to measure,
requiring no input from the listener, OAEs are byproducts of active cochlear

processes, making them an appropriate tool for assessing cochlear tuning. However,
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the relationship between OAEs and PTCs, particularly at high frequencies (>8
kHz), is not well characterized. In the current study, PTCs were examined for
frequencies up to 14 kHz and related to the delays of OAEs evoked using a single
tone, i.e., stimulus frequency otoacoustic emissions (SFOAEs), in an effort to non-
invasively assess cochlear tuning.

The passive tuning profile of the cochlea is based on the mechanical mass and
stiffness gradient of the basilar membrane, which allows the incident traveling
wave to maximally vibrate at its resonant place along the cochlear partition65, The
cochlea actively filters the incident traveling wave based on the tuning profile
established by the passive mechanical stiffness gradient231.278, Furthermore,
because the traveling wave is locally amplified, the cochlea is actively dispersive27?
such that the waves travel at different rates as they approach their characteristic
place 280, As an active and non-linear system, the cochlea introduces delays in the
incident traveling wave as it reaches its resonant place.

This phenomenon is empirically observed in the phase lag of the basilar
membrane vibrations relative to the vibrations at the stapes footplate?3l. Because
cochlear place can be mapped to frequency, when the basilar membrane phase 1s
plotted as a function of frequency, the slope of the basilar membrane phase vs.
frequency can be interpreted as the forward-going delay related to cochlear tuning
and filtering?3!. Similarly, the phase of SFOAEs varies as a function of frequency,
and as such, the phase gradient has been related to the round-trip cochlear delay

associated with cochlear tuning and spectral filtering?246.
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Several groups have examined how the phase gradient of SFOAESs relates to
behavioral or neural tuning in animals?22243,245247 Sumner et al., (2018) measured
SFOAESs, PTCs, and auditory nerve fiber (ANF) tuning in ferrets and found that
tuning estimates from all three measures were similar24’. However, few studies
have characterized this proposed relationship between behavioral tuning and
SFOAE-based tuning within the same human ears224.246.247,

Wilson et al., (2020) examined this relationship at two probe frequencies in
24 normal-hearing, young adults and found a correlation between behavioral tuning
and SFOAE delay-based tuning at 4 kHz but not at 1 kHz224. The discrepancy at 1
kHz may be in part due to differences in cochlear mechanics and OAE generation at
the apex22¢, However, further characterization of the phase gradient of SFOAEs
across a wide range of frequencies and levels is needed to fully evaluate the utility
of SFOAEs in clinical protocols for assessing tuning.

The purpose of this study is to investigate the relationship between SFOAE
phase gradient to behavioral measures of auditory tuning up to 14 kHz. The
hypothesis tested was whether the phase gradient of SFOAEs reflects the delay
associated with cochlear filtering that ultimately contributes to behavioral tuning
for a given frequency region. Sharpness of tuning derived from SFOAE phase
gradient delays were compared to behavioral tuning estimates at equivalent
stimulus levels of 10 dB sensation level at eight center frequencies (0.75, 1, 2, 4, 8,
10, 12.5 and 14 kHz). SFOAE delay-based tuning estimates at 10, 20, and 30 dB SL

were also compared. Tuning is non-linearly level-dependent, such that tuning
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curves are sharpest at low levels and become broad at high stimulus levels281;
therefore, it was predicted that tuning estimates from SFOAE delays will also
demonstrate the level-dependence of tuning estimates seen in other behavioral and

physiological datal49.179.273.278,

4.2. Methods
Participants were 28 individuals (19 females, 9 males), aged 12-43 years (M=
27.55, SD = 6.89). The inclusion criteria, screening and general procedures were the
same as described in sections 3.2.1. and 3.2.2. of Chapter 3. Furthermore, details of
the in-situ calibration, behavioral thresholds and SFOAE measurements common to

both studies are presented in the sections 3.2.3., 3.2.4., and 3.2.5. of Chapter 3.

4.2.1. Psychophysical Tuning Curves (PTCs)

Behavioral tuning estimates were obtained using a fast-swept PTC method
described by Sek and Moore (2011)275. Signals were FPL-calibrated pulsed pure-
tones with a total duration of 500-ms and an interstimulus interval of 200 ms
presented at 10-dB sensation level. The masker was a narrowband noise of 320 Hz
bandwidth that was logarithmically swept in frequency over 240 seconds. The noise
sweep ranged from 0.5 to 1.5 * probe frequency for frequencies < 10 kHz275.282 and
from 0.7 to 1.3 * probe frequency for frequencies at or above 10 kHz283,

Because thresholds at high frequencies are typically poorer, the starting

frequency of the swept noise was lower than probe frequency at or above 10 kHz
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and higher than the probe frequency below 10 kHz. Participants were asked to
listen for the pulsing probe tone while ignoring the noise masker. At the start of
each measurement, the pulsing probe tone alone was played without the masker for
approximately 1 minute so that the participant became familiar with the tone they
were listening for.

The participants were instructed to listen for the probe tone, ignoring the
masker and indicate if the tone was audible by pressing the space bar on a
keyboard. When the space bar was pressed or released, the masker level increased
or decreased, respectively, at the rate of 2 dB/s in 0.5-dB steps258.275.282 yntil the
entire PTC was obtained.

The raw PTC tracings were smoothed using a loess fit (MATLAB) using three
different smoothing parameters (low, medium, and strong, i.e., 25%, 40%, and 60%
smoothing span). However, in order to compare to previous literature46, only low
smoothed PTCs were included in final analysis. Estimates of tuning sharpness for
PTCs (Qer) were computed based on the height and area of the tuning curve. Using
the findpeaks function (MATLAB), the tip of the smoothed PTC i.e., fii, was
identified. The height and area of the function were calculated using the trapz
function (MATLAB), and the equivalent rectangular bandwidth was computed as
the area divided by the height. Qe was computed as fiip divided by the equivalent
rectangular bandwidth.

Values were excluded from analysis if the tuning curves did not meet the

following quality criteria: 1) the shapes of the tuning curves were irregular
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(inverted); 2) the tip of the tuning curve was lower in level than the behavioral
hearing threshold for that frequency; and 3) the hearing threshold or the tip of the

tuning curve for a given frequency exceeded 50 dB FPL (see Figure 4.1).

4.2.2. SFOAE Tuning Estimation from Phase-Gradient Delays

For each ear, frequency, and level, the average latency (7) of the first
reflection component was computed from the filtered wavelet coefficients 284. 7 (s)
was multiplied by frequency (Hz) to compute Nusze (delay in equivalent number of
cycles) and two separate tuning estimates from the Shera & Guinan model?85 and

the Moleti & Sisto model284 were computed according to Wilson et al., (2020)224,

4.2.3. Statistical Analysis

All data were analyzed in RStudio using packages {psych}, {stats}, {rmcorr},
{dplyr}, iplyr}, treadr}, itidyr}, {ggplot2}, {ggridges} and {ggpubr}. SFOAE and PTC
tuning estimates were analyzed using repeated measures correlational analyses in
the {rmcorr} package in RStudio (version 1.2.5033). Effects of frequency and level
were tested by first generating linear mixed effects model with all variables and
interactions included in the full model, reducing models by removing variables, and
then comparing model performance using analysis of variance. Significance levels

were set at p < 0.05.
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4.3. Results
SFOAEs at 10, 20, and 30 dB SL and PTCs at 10 dB SL re: behavioral
thresholds at 0.75 — 14 kHz were collected from ears of 28 normal-hearing
individuals. Demographic descriptive data are presented in Figure 3.1, which shows
that participants were between the age of 12 and 43 years, mostly female, white,
and non-Hispanic or Latino. The current study extends the findings of Wilson et al.,
(2020)224 to multiple levels and frequencies up to 14 kHz using the long-latency

component of SFOAEs combined with behavioral measures of tuning.

4.3.1. Behavioral Thresholds and Psychophysical Tuning Curves (PTCs)
Behavioral thresholds were measured using a modified Bekesy tracking
procedure, whereas PTCs, measured using a fixed-probe, swept-masker paradigm,
were obtained at 10 dB above the behavioral threshold for each probe frequency.
Behavioral thresholds and smoothed PTCs are shown in Figure 4.1. In general,
tuning curves were sharp with sensitive tips up to the highest probe frequency (14
kHz) so long as thresholds were similar across all test frequencies (e.g., Participants
3, 12, 39, 43). Tips of tuning curves shifted upwards if there was some degree of
threshold shift at frequencies > 8 kHz compared to thresholds at or below 8 kHz
(e.g., Participant 2, 6, 31, 34). On the other hand, PTCs became inverted when
thresholds exceeded 50 dB FPL above 8 kHz (e.g., Participant 4, 40, 51, 52, 66).
Although PTCs were obtained at all eight probe frequencies from all 28

participants, a few quality criteria were established to select data for full analysis



145

and comparison. First, tuning estimates (Qer) could not be computed from some of
the irregularly shaped or flat PTCs (n = 10 out of 224). Another 8 observations were
removed from the group analysis, if the behavioral thresholds for a frequency
exceeded 50 dB FPL. Lastly, if the smoothing procedure yielded a tip level of the
PTC that was lower than the behavioral threshold for that frequency, those

observations (n = 28) were also excluded from further analysis.
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Despite these quality controls, the behavioral tuning estimates displayed
outliers with much larger or much smaller values compared to other participants.
Figure 4.2 shows boxplots of behavioral tuning estimates as a function of frequency
for all participants. A clear frequency dependence can be observed in the sharpening
of tuning (higher Qer) as a function of increasing frequency up to 8 kHz, above
which the median Qe plateaus around a value of 15. The variability of the tuning

estimates also increased at ~10 kHz.
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Figure 4.2. Boxplots of behavioral tuning estimates plotted as a function of frequency
for all participants. Individual participants are represented by individual circles.
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4.3.2. SFOAE Phase as a Function of Frequency

In order to compute tuning estimates from SFOAE delays, phase was
measured around each center frequency. Phase data from the unfiltered SFOAEs
are shown in Figures 4.3 and 4.4 for probe levels in dB SL and dB FPL,
respectively. The individual data show that phase accumulation varied across
participants, across levels, and across frequencies. For some individuals, phase
accumulation increased with increasing probe level (e.g., Participant 2, 3, 6, 31, 36,
39, 40, 49), whereas in others, phase accumulation decreased with increasing probe
level (e.g., Participant 5, 30). In most cases, there was no consistent change in phase
with level, either for stimulus represented in dB SL (Figure 4.3) or in dB FPL
(Figure 4.4).

In a few instances, there seems to be acausal phase, i.e., phase leading
instead of lagging (e.g., Participant 40, 62) which likely indicates the measurement
may have been infiltrated with artifactual recordings. In other cases, the phase
starts accumulating but flattens out when in a region of poor SFOAE SNR. The
most notable pattern that emerges is the flattening of phase above 8 kHz for most
participants. The flattening phase appears to coincide with the decline of SFOAE
levels and reduced SNR at and above 8 kHz as demonstrated in Figure 4.5.

The variable patterns of phase accumulation may be indicative of
interference from multiple components of the evoked emissions, particularly at high
levels and low frequencies, or stimulus artifact, the influence of which may be

reduced if not eliminated by time-frequency filtering using the continuous wavelet
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transform. Consistent with this hypothesis, at very high frequencies and high probe
levels (> 55 dB FPL), noise floors increased compared to stimulus levels of 55 dB
FPL or lower. Although data from probe levels > 55 dB FPL were not included in
the tuning analysis, phase data from all probe levels were used in the continuous

wavelet transform filtering for computing the phase delay estimates.
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in cycles is plotted as a function of frequency for all three probe levels represented by different colors. SFOAE phase
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4.3.3. Phase-Gradient Delays as a Function of Frequency and Probe Level

After filtering the total SFOAE based on the delay cut-offs of individual
SFOAE components, the filtered SFOAE components were processed with an
inverse FFT to estimate delays. The delay estimates from the filtered long-latency
component of the SFOAEs are shown in Figure 4.6. The loess fit to the data showed
that SFOAE delay estimates are level dependent, albeit at 2 kHz and below. This
level dependence of the long-latency SFOAE delays is better visualized, when probe
levels are represented in dB FPL rather than dB SL (Figure 4.7). A break in the
delays around ~1.5 kHz is notable in both delay-frequency plots. When delays are
expressed in dimensionless units, a clear dependence of delays across the entire
frequency range can be observed, along with breaks in the frequency-delay

functions.
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Filtered SFOAE Phase-Gradient Delays
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Figure 4.6. Long-latency SFOAE delays as a function of frequency for all three probe
levels in dB SL. Delays (ms) were computed using CWT filtering. Individual delays
across participants are represented by the circles, whereas the loess fit across
participants are shown by solid lines for each stimulus level.
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Filtered SFOAE Phase-Gradient Delays
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Figure 4.7. Long-latency SFOAE delays as a function of frequency for probe levels in
dB FPL. Delays (ms) for the long-latency component are plotted as a function of
frequency for probe levels in dB FPL as indicated by different colors (key in figure
legend). Individual delay values across participants are represented by the circles,
whereas the loess fit across participants are shown by solid lines for each stimulus
level in dB FPL. Because stimulus levels were set according to behavioral thresholds
for each of the eight center frequencies, not all participants have data at all seven
stimulus levels for each center frequency.
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Long-Latency Delays in Equivalent Number of Cycles
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Figure 4.8. Dimensionless SFOAE delays as a function of frequency for probe levels
in dB FPL. Dimensionless delays (equivalent number of cycles [Nsfoae]) for the long-
latency component are plotted as a function of frequency for probe levels in dB FPL
as indicated by different colors (key in figure legend). Individual delay values across
participants are represented by the circles, whereas the loess fit across participants
are shown by solid lines for each stimulus level in dB FPL.
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4.3.4. Tuning Estimates from SFOAE Delays

Tuning estimates calculated from the phase-gradient of the long-latency
SFOAE delays are shown in Figure 4.9. Similar to behavioral tuning, the SFOAE
delay-based tuning demonstrated a clear frequency dependent sharpening of tuning
up to 8 kHz. Above 8 kHz, tuning estimates decreased and became more variable. A
slight level dependence in the tuning estimates can also be observed, such that
tuning values tend to be higher for the lowest probe levels compared to the highest
probe levels, in contrast to the raw phase data from Figure 4.3 and 4.4, which did
not show a consistent level dependence.

The effects of frequency and level on SFOAE-based tuning were tested
statistically using multilevel mixed effect modeling. In the full model, probe level in
dB SL and probe frequency in kHz, their interaction, and the intercept were used as
fixed effects variables and participants as the random effects variable. When
intercept was removed in the second model, the analysis of variance showed a
significant effect of the intercept (X2 (1, N = 585) = 99.309, p < 0.001). Next, probe
level was removed and compared to the full model, which revealed a significant
effect of signal level (X2 (1, N = 585) = 16.631, p < 0.001). In the fourth model, probe
frequency was removed and again this model was compared to the full model, which
revealed a significant effect of frequency (X2 (1, N = 585) = 56.471, p < 0.001).
Lastly, the interaction term was removed in the fifth model and compared to the
full model, which showed a significant interaction between level and frequency for

SFOAE-based tuning (X2 (3, N = 585) = 72.413, p < 0.001).
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Figure 4.9. Boxplots of filtered long-latency SFOAE delay-based tuning estimates for
all three probe levels and all participants. Circles represent data from each individual
ear where color represents the probe level in dB SL (sensation level).

4.3.5. Correlation between Behavioral and SFOAE Delay-Based Tuning

Because there was a statistically significant effect of level on SFOAE delay-
based tuning estimates, only estimates for 10 dB SL probe levels were used for
comparison to behavioral data. When behavioral and SFOAE delay-based tuning
were compared using repeated measures correlation analysis, the two tuning
measures were found to be strongly correlated (r(176) = 0.71, p < 0.001). Figure 4.10

shows the correlation between the two measures with all frequencies pooled
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together. The regression line was very close to the unity line, suggesting that
SFOAESs predicted behavioral tuning quite well; the mean absolute error between
the two measures was 2.057.

This correlation was also statistically significant when SFOAE tuning
estimates were computed using the Shera & Guinan model (r(176) =0.73, p <
0.001), although the SFOAE tuning estimates were much sharper than behavioral
tuning. Frequency-by-frequency analyses, however, did not show any correlations as
measured by Pearson’s product moment correlation coefficients (Figure 4.11).
Furthermore, the number of observations were reduced by almost half at 14 kHz,
suggesting a limited use of SFOAE based tuning estimates at frequencies where
SNR is poor, similar to the findings of I/O data from the previous study (Chapter 3).
In contrast to the previous study, which did not have many missing observations
from 2 — 8 kHz, the current study had missing data from up to 8 participants.
Interestingly, the frequencies with the most data for this study were 1 and 10 kHz,
perhaps establishing this study’s equivalent of the Goldilocks frequencies for

assessing tuning.
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Figure 4.10. Scatterplot of behavioral tuning (Qerb) plotted against SFOAE delay-
based tuning (Qerb) pooled across all frequencies. Circles indicate data from each
frequency and ear. Solid line indicates the linear fit to the data, whereas dashed line
represents unity or hypothetical perfect correlation. r represents the repeated
measures correlation coefficient.
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4.4. Discussion

The purpose of this study was to examine whether SFOAE-based tuning
estimates were related to behavioral measures of tuning as a first step towards
investigating the clinical utility of SFOAESs for assessing cochlear tuning.
Behavioral thresholds, psychophysical tuning curves, and SFOAEs were recorded
from 28 ears of normal-hearing adults for center frequencies 0.75, 1, 2, 4, 8, 10, 12.5
and 14 kHz. Both behavioral and SFOAE delay-based estimates showed frequency
dependent tuning up to 8 kHz and a plateau above 8 kHz. Furthermore, behavioral
estimates of tuning were found to be correlated with the SFOAE delay-based
estimates of tuning, albeit only when data across frequencies were pooled together,
1.e., individual frequency correlations were not significant. The potential
explanations for the current findings, comparisons to previous literature, and
implications for phase-based delay measure as a tool for clinical assessment of

tuning will be discussed hereafter.

4.4.1. Variability of High-Frequency Psychophysical Tuning Curves

In our sample of normal-hearing individuals, a worsening of behavioral
thresholds and tuning as a function of frequency was observed. The variability of
high-frequency thresholds among normal-hearing individuals has been previously
noted in the literature25?. On the other hand, studies of high-frequency tuning

curves (> 8 kHz) in normal-hearing adults are scarce and limited to a small sample.
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Furthermore, to our knowledge, no study has examined the objective correlates of
high-frequency tuning curves (> 8 kHz).

Buus et al., (1985) measured psychophysical tuning curves at 13 kHz and
above for eight participants (ages 19-34 years) and found a high degree of
variability across participants?83. They attributed the variability in tuning curve
sharpness and morphology to reduced audibility for the high frequency probes as
well as possible influence of the difficulty in signal calibration at high
frequencies?83, In the current study, the probe tones were calibrated in terms of
forward pressure level at the eardrum, in an attempt to mitigate the influence of
ear canal acoustics for high-frequency threshold and tuning measurements.

More recently, Yasin & Plack (2005) measured four normal-hearing adults
(ages 20-36 years) for 12-17.5 kHz using forward-masking paradigm?286. Although a
forward-masking paradigm was not used in the current study, both Yasin & Plack
(2005) and Buus et al., (1985) as well as the current study show a variety of
abnormal tuning patterns across individuals?83.286, The following patterns emerged
in this study: 1) sharp tuning curves with slightly elevated tips and slightly
elevated thresholds (20-40 dB FPL); 2) sharp tuning curves with significantly
elevated tips and elevated thresholds (40-50 dB FPL); 3) irregular, inverted or flat
tuning curves with significantly elevated thresholds (exceeding 50 dB FPL). In
cases of exceptionally good hearing across the entire frequency range (< 20 dB FPL
up to 14 kHz), tuning curves were sharp with sensitive tips up to the highest tested

frequency.
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A classic study of auditory nerve threshold tuning curves in response to
noise- and kanamycin-induced cochlear pathology in cats showed that tuning curve
abnormalities were related to the health of both outer hair cells and inner hair
cells?87, Specifically, Liberman & Dodds (1984) examined auditory nerve tuning
curves in response to noise-induced damage which affected the stereocilia of both
OHCs and IHCs, as well as kanamycin-induced damage which only affected the
OHCs presumably leaving the IHC stereocilia intact287. They found that total loss of
OHCs due to noise damage elevated tuning curve tips, without affecting the tails287.

This suggested that in addition to providing sensitivity at the characteristic
place, OHCs act to decrease sensitivity at frequencies away from the characteristic
place?88, One explanation of this phenomenon is that damage or loss of OHCs could
In turn decrease the stiffness of the cochlear partition and increase the mechanical
response at frequencies away from the characteristic place?87. This phenomenon is
also correlated with an increase in maximum discharge rate of the auditory nerve
fibers of cats in response to acoustic trauma2®, Studies of noise-trauma in macaque
monkeys on the other hand have seen a mixture of OHC, IHC, and/or synaptic loss,
resulting in both threshold elevation and broadening of tuning?7.

In the instances where PTCs became inverted or irregularly shaped combined
with thresholds exceeding 50 dB FPL, it is unclear whether IHC dysfunction/loss,
OHC dysfunction/loss, or a combination of both is present. Although the behavioral
tuning paradigms in this study were consistent with patterns of damage seen in

animal studies, behavioral paradigms are not able to disentangle OHC loss from
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IHC loss, nor make their relative contributions apparent, making them insufficient
for differential diagnosis of cochlear pathology in clinical settings.

Additionally, successfully completing the procedure to yield a behavioral
tuning curve at high frequencies can be a difficult task, as not all participants were
able to complete the task successfully. Furthermore, because of reduced audibility
at high frequency regions of the cochlea, behavioral tuning paradigms can result in
inverted or irregularly shaped tuning curves as the probe and masker move in and
out of regions of good hearing to poor hearing, making it difficult to quantify the
tuning at those frequencies. Given the strong correlation between behavioral and
SFOAE delay-based tuning, clinical assessment of cochlear tuning for improving
diagnostic accuracy and differentiating between sites of dysfunction seems feasible

using SFOAE delays.

4.4.2. Variability of SFOAE Phase & Delay Estimates

The phase of SFOAEs and associated delays have long been studied for
understanding cochlear mechanics and generation of SFOAEs?22, The original
theory of SFOAE generation via coherent reflections?%4 predicts a frequency
dependence of the phase-gradient delay, which represents the difference in relative
phases between the incident and reflected waves. The relative phases of incident,
reflected, and then multiply reflected waves can have a significant effect on the
magnitude and phase of the emissions recorded in the ear canal, resulting in fine

structure205,290,
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Similar to previous studies, random fluctuations and jumps, sometimes quite
large, were observed across ears, across frequencies, and across levels in the current
study. The random jumps and fluctuations in phase have been previously shown to
be both intrinsic to the emission itself and extrinsic as in its efferent modulation.
Siegel et al., (2005) showed that large phase jumps corresponded with deep notches
in the level spectra of SFOAEs222. Later, Zhao et al., (2015) showed that efferent
activation using contralateral broadband noise in humans resulted in frequency
shifts in the peaks of SFOAESs, which corresponded with a jump in SFOAE phase?91,

Because of these irregularities in phase obtaining reliable phase-gradient
delay based tuning estimates has been a challenge292. Some of the fluctuations in
phase are a result of poor signal to noise ratio, but the majority of the error is
inherent to the OAE itself, presumably due to the contribution from delayed OAE
components?92, Shera & Bergevin, 2012 argue that the “emission itself is
intrinsically irregular” consistent with the models of reflection emissions which
relate OAE generation to micromechanical irregularities292. Nonetheless, the
irregularities in phase must be reconciled and have been previously mitigated using
several processing strategies including SNR exclusion28, SNR-weighting293, and
smoothing?223.294,

Shera & Bergevin (2012) compared several different techniques in simulated
SFOAES, first only using post-hoc signal processing strategies on the magnitudes
and phase of the SFOAEs, and later using time frequency analyses (including CWT)

to examine the phase inaccuracies related to intracochlear reflections?92, They
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concluded that the effect of multiple intracochlear reflections on phase and
associated delays are not likely to significantly influence species level comparisons
of delays and tuning but are more likely to influence estimates of delays within an
ear, particularly in ears with spontaneous emissions292, In the current study, effects
of multiple intracochlear reflections and contributions from short latency
components were reduced by filtering out the main emission component using CWT
and deriving the delay estimates that correspond to the frequency-delay function
from the cochlear tonotopic place.

Employing the CWT in the current study did not show a significant difference
in the physical latencies of SFOAE with increasing stimulus levels, except at
frequencies at or below 2 kHz. A distinct break was observed in the individual
delays around ~1.5 kHz which has been previously observed in DPOAE phase249
and SFOAE delays29. However, when latencies were expressed in a dimensionless
unit Nsfoae (equivalent number of cycles) by multiplying the delay in seconds by the
probe frequency, a clear level dependence was seen. That is, lower stimulus levels
resulted in longer latencies in cycles than higher stimulus levels.

Modeling the level-dependence of SFOAE phase, Talmadge et al., (2000)
showed a flattening of phase with increasing probe levels from 20 to 40 dB SPL and
proposed a nonlinear generation mechanism of SFOAESs at high stimulus levels29,
Goodman et al., (2003) later showed a similar finding of shallower phase with
increasing stimulus levels in guinea pig, albeit at much higher stimulus levels of 62

to 86 dB SPL2%. At the lowest two levels (62 and 68 dB SPL), the phase was quite
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similar and varied with frequency as predicted by the linear reflection theory of
SFOAE generation2%. Later, Choi et al., (2008) showed that latencies of human
SFOAEs were similar at low stimulus levels of 32, 42, and 52 dB SPL and were
lower at 62 dB SPL, suggesting contributions from short-latency components at
higher stimulus levels297. Perhaps these differences are due to the varying
contributions of multiple internal reflections and/or non-CF sources between
species.

The level dependence of the dimensionless delay function (delay in number of
equivalent cycles [Nsfoae]) has been previously shown by Moleti, Pistilli & Sisto
(2017) for 15, 25, 35, and 45 dB SPL for 0.5-5 kHz29%. The current results extend
these findings to a wider stimulus level range (10 - 55 dB FPL) and frequency range
(0.5-20 kHz). Taken together, the level and frequency dependence of the
dimensionless delays further provide evidence of the extended generation region of
the long-latency component as a function of increasing level and the scaling
invariance of this component as a function of frequency. However, how these data

directly relate to BM and RL responses remains colored with complexity.

4.4.3. Theoretical Relationship between SFOAE Delays & Tuning

At low stimulus levels, SFOAESs are thought to be generated as summed
energy from linear coherent reflections arising from or near the peak of the
traveling wavel46.198  Because the cochlea is tonotopically organized and the length

of the cochlea for a given species is known, the travel time between stimulus onset
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and resonant cochlear response can be computed as the physical delay?9s. In
empirical measurements of cochlear vibrations!7%.180 and fluid pressure?99, the travel
time of the stimulus to its characteristic place is referenced to the stapes
vibration300,

However, since the physical delay cannot be measured in humans, it is
instead inferred from the frequency-place map of the cochlea, which predicts shorter
delays for high frequency stimuli resonating in the base of the cochlea and longer
delays for low frequency stimuliZ46. Furthermore, since the stiffness gradient of the
basilar membrane sets up the gross tuning profile of the cochlea and the active and
nonlinear cochlear processes help to sharpen this tuning, the non-invasively
measured delays as a function of frequency can be related to cochlear tuning?246,

In order to understand this relationship between SFOAE delays and tuning,
it 1s also important to relate the spatial origin of SFOAEs in the cochlea to
physiological measurements of the basilar membrane?222.301 or auditory nerve
tuning?45.247, Studies that have examined the spatial extent of SFOAE generation
have reported a broader generation region than previously predicted46.222.285  with
multiple reflections as an additional mode of emission generation that could
significantly contribute to the measured emission in the ear canal244,

The updated model of SFOAE generation posits that the spatial extent of
SFOAE generation extends slightly basal to the peak region, thereby predicting
that the SFOAE recorded in the ear canal will have multiple delays242.244.284 [ndeed,

these multiple delay structures can be observed in the time-frequency analysis of
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SFOAEs and TEOAEs?44. When individual components of the SFOAE are
constrained by their characteristic delay cut-offs, the latency derived from the long-
latency component yields an estimate of tuning that is reflective of the
characteristic region with little influence of additional sources and nonlinear
mechanism of generation. The current study leverages the advanced time-frequency
analysis techniques described by Moleti et al., (2012) to estimate long-latency
SFOAE delays and uses the parameters predicted by the transmission line long-
wave model to compute tuning estimates224.261,302,303,

Since the theoretical relationship between SFOAE delays and tuning has
been proposed, two major questions have remained unanswered: 1) what does the
delay of SFOAEs indicate regarding the tuning properties of the cochlea? and 2) is
this non-invasive estimate of tuning predictive of cochlear status within individual
ears, beyond the macro chasm of species-level differences only245? The current study
aimed to address these gaps by comparing SFOAE delay-based estimates of tuning
to psychophysical tuning across a wide frequency range within the same human
ears. In this study, there was a strong relationship between the two measures when
data across all frequencies were pooled, suggesting that the delays of SFOAEs do in
fact relate to the gross profile of tuning across the cochlear length. As for predicting
cochlear status within an ear, the current findings certainly add to the current
knowledge; however, further investigation in ears with known etiologies of cochlear
dysfunction (e.g., in individuals with ototoxicity, noise toxicity or auditory

neuropathy) may be warranted.
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4.4.4. Comparison to Previous Studies of SFOAE Delay & Tuning

SFOAE delays estimated using the average latency of the long-latency
component were only slightly level dependent as seen in Figures 4.6 and 4.7. Moleti
& Sisto (2016a) reported on the level dependence of SFOAE delays for 0.5-5.5 kHz
in four normal-hearing ears using 15, 25, 35, and 45 dB SPL probe levels and a 55
dB SPL suppressor (see Table 4.1)284, The delay estimates, which were obtained
using the same time-frequency filtering technique as Moleti & Sisto (2016a), are
compared to the delays reported by Moleti & Sisto (2016a) in Table 4.2284, In both
studies, a level and frequency dependence of delays can be observed, such that
delays became longer as frequency and level decreased; however, the delay
estimates from the current study (Table 4.2) were generally longer than the

estimates from Moleti & Sisto (2016a) (Table 4.1).

Table 4.1. Average delay (ms) of SFOAEs as a function of frequency for four
stimulus levels, reproduced from Table 1 of Moleti & Sisto (2016a).

Probe Level Frequency (Hz)

(dB SPL) 750 1250 1750 2250 2750 3250 3750 4250 4750
15 159 11.1 8.3 7.0 6.1 5.4 5.0 4.7 4.1
25 152 109 8.1 6.4 5.7 5.2 5.0 4.7 4.0
35 146 9.8 7.3 5.8 5.2 4.8 4.7 4.4 4.0

45 13.8 8.9 6.8 5.3 4.7 4.4 4.1 3.8 3.6
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Table 4.2. Average delay (ms) of SFOAEs from current study at levels equivalent
to Moleti & Sisto (2016a).

Probe Level Frequency (Hz)

(dB FPL) 750 1250 1750 2250 2750 3250 3750 4250 4750
12 20.4 14.4 - - - - - - -

22 18.5 13.7 11.2 7.6 6.7 6.1 5.3 4.8 4.2
32 18.3 12.6 10.1 7.9 6.8 5.9 5.2 4.8 4.2
42 16.9 11.1 9.3 7.9 6.4 5.7 5.1 4.6 4.1

Several methodological differences could account for this difference between

the two studies. First, the probe levels in the current study were calibrated in

forward pressure level and adjusted across individuals based on the participants’

hearing thresholds. Second, the recorded SFOAE in the ear canal in dB EPL were

also corrected for individual differences in ear canal acoustics. Third, although these

stimulus and emission correction methods likely had little influence on the delay

estimates, the hearing sensitivity of the individuals from the Moleti & Sisto (2016a)

study could potentially greatly influence the delay estimates284. Sisto & Moleti

(2002) previously showed that TEOAE latencies of individuals with hearing loss

were longer than those with normal hearing3%4, although this result is not easily

interpretable as longer latencies typically indicate sharper tuning. It is possible

that the estimates reported by Moleti & Sisto (2016a) are based on exceptionally

good hearing of four individual, whereas the current estimates are from a wider

range of hearing abilities from 28 participants.
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Lastly, the suppressor level used in the current study was higher (70 dB FPL)
than Moleti & Sisto (2016a) who used a 55 dB SPL suppressor24. Studies of SFOAE
suppression have shown that the level of suppressor needed to fully suppress the
SFOAE can vary with probe level and suppressor frequency?258.305, Based on the
suppression data, it is expected that a 70 dB FPL suppressor would have achieved
complete suppression for the probe levels of up to 55 dB FPL used in the current
study.

In the case of a 55 dB SPL suppressor used by Moleti & Sisto (2016a), it is
possible that complete suppression was not achieved at their highest probe level of
45 dB SPL, particularly at frequencies above 1 kHz2%4, In the absence of full
suppression (either due to suppressor frequency being too far away from the probe
or the suppressor level being too low), the source of the SFOAE residual is predicted
to shift slightly basal to the characteristic place, thereby reducing the SFOAE
latency306. Generalizing the conclusions of Moleti & Sisto (2016b)306 to suppressor
level, the higher suppressor level in the current study was likely a more effective
suppressor than the 55 dB SPL used by Moleti & Sisto (2016a)284.

An additional difference between the two studies is the varying frequency
resolution of the current study with increasing frequency, whereas Moleti & Sisto
(20164a) used a fixed 20 Hz frequency resolution across the entire 0.5-5.5 kHz
frequency range284, Despite these differences between the current study and Moleti
& Sisto (2016a)284, both studies reported a level and frequency dependence of

SFOAE delay-based tuning, consistent with cochlear tuning.
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Tuning estimates from SFOAE delays as a function of frequency have
previously been related to behavioral tuning in humans, albeit at a limited
frequency range?24. Wilson et al., (2020) compared SFOAE delay-based tuning
estimates to simultaneously-masked PTCs at 1 and 4 kHz and found a significant
correlation between SFOAE and behavioral tuning at 4 kHz but not at 1 kHz224. In
the current study, there was a strong correlation between SFOAE-based tuning and
behavioral tuning when data across all frequencies were pooled together, suggesting
that the two measures can globally assess tuning across the entire cochlear length.
However, no significant correlations were found at any individual frequencies, likely
due to the restricted range of tuning values at 0.75-8 kHz, frequencies at which
thresholds did not vary across participants by more than 20 dB FPL.

The lack of frequency-specific correlations suggests that the relationship
between behavioral tuning and objective estimates of tuning at specific frequencies
may be complicated for different reasons. At frequencies below 4 kHz, the data
clustered together suggesting a lack of heterogeneity in cochlear function and
relatively normal hearing and behavioral tuning at those frequencies across
participants. At 4 and 8 kHz, although thresholds on average stayed within the
normal range, there was greater variability of the behavioral tuning curves
compared to lower frequencies and compared to SFOAESs, perhaps due to subtle
changes in cochlear function.

At 10 kHz and above, threshold and tuning variability both increased

dramatically, extending the range over which the correlations could be explored and
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signifying a greater degree and heterogeneity of cochlear dysfunction across ears.
Consistent with this hypothesis, a greater number of observations were lost at 12.5
and 14 kHz, due to the lack of measurable SFOAEs, difficulty in task performance
for PTCs at high frequencies, and/or incomputable tuning estimates from abnormal
PTCs.

In the current study, the mean behavioral Qe values of 5.16 and 10.85 at 1
and 4 kHz, respectively, which were similar to values reported previously by Wilson
et al., (2020) (7.31 and 9.67 at 1 and 4 kHz, respectively)?24. However, SFOAE Qe
values cannot be directly compared to the Wilson et al., (2020) study, due to the
methodological differences in probe levels, stimulus calibration, and higher mean
age of the participants in the current study (27.55 years vs 22.4 years)224,

Although SFOAE-delay based tuning estimates above 8 kHz have not been
previously investigated in humans, Wilson et al., (2021) reported highly variable
tuning estimates above 8 kHz using the level ratio functions of distortion product
otoacoustic emissions3%7, It was speculated that the higher variability of the DPOAE
level ratio functions at high frequencies, also observed in rhesus monkeys3%® and
primates3, could be related to cochlear outer hair cell dysfunction. The current
study validates the Wilson et al., (2021) findings and provides evidence for their
hypothesis regarding poorer cochlear function in the base, as seen by poorer hearing
thresholds at 10, 12.5, and 14 kHz in the current study.

Despite poorer hearing thresholds at frequencies above 8 kHz, behavioral

tuning estimates continued to increase up to 14 kHz (Figure 4.2), perhaps because
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estimates from tuning curves whose shapes were irregular or inverted could not be
computed and therefore, excluded from group analysis. In other words, since these
observations were excluded, the means continued to increase, rather than
decreasing again above 8 kHz. These findings suggest that behavioral tuning
metrics may not be affected unless there is significant hearing loss.

For example, tuning curves are significantly altered for dead regions, i.e.,
regions of complete cochlear hair cell loss281:310 hut slight damage or dysfunction of
hair cells can sustain sharp frequency tuning with some loss of sensitivity287. On the
other hand, SFOAE delay-based tuning estimates declined at 10 kHz and above,
suggesting that while behavioral tuning may not be sensitive to slight yet diffuse
damage, SFOAEs may in fact be more sensitive at those frequencies. The gold

standard for assessing frequency tuning at ultra-high frequencies remains elusive.

4.4.5. Comparison to Other OAE-Based Tuning Measures

Previously, one approach for assessing cochlear tuning using SFOAEs has
been to measure the suppression tuning curves (STCs) in an iso-response paradigm.
In this method, the suppressor level needed to sustain a criterion level of SFOAE
residual is plotted as a function of suppressor frequency. Studies of SFOAE STCs
have shown variable effects of probe frequency and level3°>, likely due to the
difficulty in measuring STCs, particularly at high frequencies. Despite these
difficulties, Keefe et al., (2008) reported that SFOAE STCs were similar to

behavioral tuning estimates of simultaneously masking paradigms305.311,
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In another study, Charaziak, Souza & Siegel (2015) reported that behavioral
tuning curves were normal for participants with slight to mild and mild to moderate
hearing loss at the probe frequencies of 1 and 4 kHz, but their SFOAE suppression
tuning curves (STC) could not be measured?25. Based on this observation and the
large inter- and intra-subject variability they observed in the SFOAE-STCs in their
earlier study?28, the authors concluded SFOAE-STCs may not be a clinically useful
tool for assessing tuning.

Another measure of tuning using distortion products in response to two tones
has been previously investigated. Wilson et al., (2021) recently investigated the iso-
input tuning of DPOAE levels plotted as a function of fo/f; ratio at f2 = 0.75 to 16
kHz and found that mean Q values doubled from 1 to 8 kHz with means increasing
from ~5 to ~10, for the lower probe levels of 52/37 dB FPL37, Slightly higher values
of Q were seen in the current study, likely due to the single tone SFOAEs compared
to the two tones in the Wilson et al., (2021) study. However, in both studies, the Q
nearly doubles from 1 to 8 kHz307,

Although Wilson et al., (2021) separated the distortion component from the
total DPOAE in the ear canal to estimate the cochlear tuning of the f> region with
little contributions from the 2f-fs place, there was a moderate correlation between
DPOAE based tuning and behavioral tuning37. In contrast, the current findings
showed a strong correlation between SFOAE delay-based and behavioral tuning,
likely due to similar equivalent intracochlear levels between the two measures in

the current study compared to the Wilson et al., (2021) study3°7.
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Here the phase-gradient delay of SFOAESs to estimate cochlear tuning was
utilized rather than SFOAE STCs and DPOAE level ratio functions. Unlike
previously investigated OAE-based measures of tuning, phase-gradient delay
estimates have properties that could be clinically useful, e.g., they are easy to
measure, are highly repeatable across and within individuals with normal hearing
224 are not influenced by the effects of two-tone suppression312, and are sensitive to
cochlear status as indirectly assayed by OAEs (as seen by flat phase at frequencies
with poor signal to noise ratio). However, how this measure can be utilized in the

context of a clinical test battery remains to be investigated.

4.4.6. Clinical Implications for Assessing Tuning using SFOAE Delay

The current behavioral findings demonstrate that individual ears exhibited a
variety of tuning patterns at high frequencies depending on the amount of hearing
loss present and the presumed underlying cause of the hearing loss. This finding on
its own calls for a revised protocol for assessing cochlear status of individuals with
perceptual speech perception deficits but have clinically normal hearing. However,
the clinical protocols used currently for diagnostic assessment of auditory function
do not include a measure of auditory tuning.

The findings of the current study suggest that SFOAE delay based tuning
measures may be an easy and objective alternative to psychophysical tuning curves
that require up to 2 hours for one frequency in a traditional laboratory paradigm?274,

Because the current study was limited to understanding the relationship between
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SFOAE and behavioral tuning in normal hearing individuals, it remains to be
investigated how SFOAE delay-based tuning measures may be affected in
individuals with different etiologies of hearing loss. If selective inner hair cell loss
or dysfunction can be differentiated from outer hair cell or dysfunction using
SFOAE-based measures of tuning, either independently or in combination with
other objective measures, future diagnosis and monitoring of hearing loss may be
ameliorated.

The current study was motivated by the discrepancies between audiometric
testing and perceptual difficulties reported by individuals who have difficulty
understanding speech in noise. Although the current study further supports the
need for precise diagnostics, additional research is needed to understand the
specific contributions of cochlear function to everyday listening abilities,

particularly at high frequencies.

4.5. Conclusions
The current study aimed to understand the relationship between SFOAEs
and behavioral estimates of frequency tuning across a wide range of frequencies in
clinically normal-hearing adults. Building upon previous findings, the frequency-
and level-dependence of SFOAE based tuning estimates was consistent with the
tuning properties of the cochlea and further related to the frequency-dependent

behavioral tuning. The findings warrant additional investigation of the type and
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degree of dysfunction affecting cochlear tuning particularly in the high-frequency

base of the cochlea and the associated costs for everyday perceptual abilities.
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CHAPTER 5

Stimulus Frequency Otoacoustic Emissions in Early Auditory Aging

5.1. Introduction

Age-related hearing loss (ARHL) affects 1 in 3 adults over the age of 65
years20:117 making it a common chronic health condition among older adults. The
most recent hearing report from the World Health Organization estimates that by
2050, a staggering 900 million people worldwide will suffer from a disabling hearing
loss!8. Over the years, ARHL has been regarded as an inevitable and unpreventable
condition that can only be treated once it is functionally manifested, as listening
difficulty in an individual’s everyday life, and clinically manifested, as a measurable
hearing loss in audiometric assessments#4.

Although ARHL has been historically known to be a condition affecting older
adults over the age of 65, evidence suggests that ARHL may be present as early as
the fourth decade of life, when compared to pristine ears (age 10-21 years) 2123145,
New evidence linking ARHL and cognitive decline31.120 has sparked a drive to
prevent, detect, and treat ARHL sooner. Furthermore, new molecular therapeutic
options for restoring hearing loss would require that ARHL is a) differentially
diagnosed from other types of hearing loss so that therapeutics are targeted to the
appropriate cellular structures and/or pathways, and b) detected sooner so that
protective therapeutics can be administered as early as possible4247:48.134 Because

ARHL typically originates in the cochlea®’, the earliest signs of ARHL may be
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detected using sensitive measures of cochlear function, such as otoacoustic
emissions (OAEs). OAEs are byproducts of the nonlinear cochlear processes related
to the activity of the outer hair cells (OHCs).

Because of their direct relationship to OHCs, OAEs are a sensitive tool for
detecting OHC changes due to various cochlear insults and for differentially
diagnosing ARHIL.8158.188,313.314 Several lines of investigation suggest that different
types of OAEs are better suited for different clinical purposes. For example,
Lapsley-Miller et al., (2004) showed that in individuals with temporary and
permanent threshold shifts, distortion product otoacoustic emissions (DPOAESs) are
not as affected as transient evoked otoacoustic emissions (TEOAEs)158, perhaps due
to contributions from synchronized SOAEs. Furthermore, TEOAESs are thought to
be more sensitive to mild hearing loss compared to DPOAEs233.315, More recently,
patterns of TEOAE SNRs have even been related to audiometric patterns of ARHL
due to various pathologies316,

Much less 1s known about the relationship between ARHL and OAEs evoked
using low level pure-tones, i.e., stimulus frequency otoacoustic emissions (SFOAESs).
Although TEOAESs are thought to arise via the same reflection mechanism as
SFOAEs317, TEOAEs are evoked using broadband stimuli which stimulate broad
regions of the cochlea318, SFOAEs are thought to be more frequency-specific than
TEOAESs?!9 and generated via a single mechanism compared to the dual-

mechanisms of DPOAEs320,
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Over the years, SFOAEs have been studied extensively in normal-hearing
and hearing-impaired individuals3.197.203,223,224,241,244,253,321.322] however, the
sensitivity of SFOAEs to early age-related changes in cochlear function has not been
fully characterized!4.23,

Abdala, Ortmann & Shera (2018) measured DPOAEs and SFOAEs in 77
humans (ages 18-76 years) for frequencies up to 8 kHz and reported that SFOAEs
were not as sensitive to aging as DPOAEs!4. While DPOAE levels were dramatically
reduced across all frequencies in middle-aged and older-adult groups compared to
young-adults, SFOAE levels were only reduced in the highest frequencies (2-8 kHz)
14 suggesting DPOAESs are a better diagnostic tool for detecting hearing loss. When
hearing loss was removed as a variable and only subjects with normal-hearing were
considered (see Figure 9 of reference), a clear aging effect can be seen for both types
of emissions, albeit the slope of DPOAE decline with age is much steeper!4.
Nonetheless, the notable variability of both DPOAE and SFOAE levels in normal-
hearing participants ages 42 years or younger warrants further investigation.

In another investigation, Abdala, Luo & Guardia (2019) measured SFOAEs
in newborns and found that SFOAE levels and apical/basal transition frequencies
were similar?15, but SFOAE phase gradient was much steeper in newborns
compared to adults from a previous investigation?!6, A steeper phase gradient is
associated with longer SFOAE delays, where the phase-gradient delay is
theoretically related to cochlear tuning?24.285.323 Therefore, the finding of sharper

cochlear tuning in newborns compared to adults, despite similar levels requires
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further investigation regarding the relationship between SFOAE phase-gradient
delays and tuning.

In addition to SFOAE levels and delays, the high-frequency extent, or
bandwidth, of SFOAESs as a function of age have not been previously studied. High
frequency SFOAEs (>8 kHz), corresponding to regions first affected by cochlear
aging, largely remain uninvestigated in adults23:197 as well as in children215.324,
Stiepan et al., (2020) recently reported on SFOAE levels from 0.75 — 18 kHz in
participants as young as 10 years and as old as 68 years of age}23. They found that
mean SFOAE levels decreased with each increasing age group for frequencies up to
6 kHz}23. At 8 kHz and above, all age groups showed similar SFOAE levels that
mirrored the rising noise floors for those frequencies}?3. In light of these findings, it
remains to be determined whether high-frequency SFOAE measurements without
artifact are feasible and more importantly, whether they can be useful in
identifying age-related dysfunction in the cochlear base.

Therefore, the purpose of this study is to investigate how SFOAEs change
with age across the first five decades of life in a cross-sectional examination of 9-45
year olds up to the highest frequency of human hearing. Because SFOAEs arise
from cochlear activity, the sensitivity of SFOAE levels, tuning estimates, and

bandwidths to cochlear aging was tested.
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5.2. Methods

The study was performed at the Auditory Research Laboratory at
Northwestern University in Evanston, Illinois over the course of 1.5 years from
November 2019 — March 2021. Participants were recruited from Northwestern
University campus and the greater Chicago metropolitan area via flyers and word-
of-mouth or through the Communication Research Registry (STU00070769 [PI —
Molly Losh]). Participants younger than 18 years of age were also recruited through
the Child Studies Group registry (STU0020141 [PI — Tina Grieco-Calub]).

Adult participants provided informed consent to participate in the study
procedures. Minor assent and parent permissions were obtained from participants
younger than 18 years old and their parent/guardian. Participants were
compensated monetarily for their participation in the study. All study procedures
were approved by the Institutional Review Board at Northwestern University
(STU00000295).

Note: Data collection was paused from March 2020 to August 2020 due to
university closure in response to the COVID-19 global pandemic and did not resume
until it was deemed safe for human research by the Institutional Review Board at
Northwestern University. All participants recruited after March 2020 were
screened for COVID-19 symptoms before they were allowed to participate in the

study.
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5.2.1. Participants

Participants were 68 normal-hearing individuals (48 females, 20 males)
between the age of 9 and 45 years (M= 29.79, SD = 9.62). Participants were
required to meet the following inclusion criteria: 1) normal otoscopic examination
consistent with a healthy ear canal and an absence of any ear abnormalities,
excessive cerumen, or foreign body in the ear canal; 2) normal middle ear function
as characterized by a Type A tympanogram with peak compliance within 0.3-1.4
mmbhos for adults and 0.2-0.9 mmbhos for pediatrics226; 3) normal-hearing as defined
by pure-tone thresholds of < 20 dB HL across standard audiometric frequencies of
0.25,0.5, 1, 2, 3, 4, 6, 8 kHz®! in at least one ear. Participants were excluded from
the study if they had excessive cerumen in the ear canal, abnormal middle ear

function, or failed the pure-tone screening in both ears.

5.2.2. General Procedures

Each participant was screened using otoscopy, tympanometry, and pure-tone
audiometry to determine if they met the inclusion criteria. Following screening,
participants were comfortably seated in a reclining chair in a sound-treated booth
that met the ANSI standard for ambient noise levels325. Behavioral thresholds were
obtained using a modified Békésy tracking method at 21 frequencies from 0.125-20
kHz?2 and at additional frequencies in 1/18-octave steps chosen individually for each
participant, typically above 8 kHz (additional description of these measurements is

included in section 5.2.3.). At frequencies for which the participants did not respond
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at even the maximum limit of our equipment, an artificial threshold of 105 dB FPL
was used.

SFOAESs were collected in short sweeps spanning 0.375-20 kHz using two
probe levels of 30 and 36 dB FPL and a suppressor level of 70 dB FPL. In order to
avoid any practice or learning effects, frequencies were split into four sets of
behavioral frequencies and corresponding frequency sweeps for SFOAE
measurements. Frequency sets were randomized using a random sequence
generator, and the order of measurements (SFOAEs vs behavioral) was

counterbalanced across participants.

5.2.3. High-Resolution Corner Frequency Threshold Measurements

After obtaining a complete tracking threshold audiogram at standard
frequencies, thresholds around the corner of the audiogram were measured in 1/18
octave steps. These will be referred to as the high-resolution frequencies. First, the
start frequency, i.e., the lower end of these high-resolution frequencies, was
determined as the lowest of three consecutive frequencies where thresholds do not
change by more than 5 dB. Second, the stop frequency, i.e., the higher end of the
high-resolution frequencies, was determined as the frequency at which threshold
exceeds 60 dB FPL. Thresholds were measured in 1/18 octave steps between the
start and stop frequencies. Finally, the behavioral corner frequency was manually

picked by multiple raters using a custom written MATLAB program.
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The raters were blinded to the age of the participants. An intra-class
correlation showed excellent repeatability of raters across participants (ICC3k (67,
134) = 0.92, p < 0.001 for behavioral thresholds). In short, the analysis program
gathered all the behavioral thresholds for both standard audiometric frequencies as
well as high-resolution frequencies. If multiple thresholds were obtained at a single
frequency (to assess reliability of measures), the thresholds were averaged. Next,
the thresholds were interpolated in 100 Hz steps between 6 and 20 kHz to obtain a
smoothed threshold curve using a MATLAB spline smoothing method. The
smoothed threshold curve was useful as raters picked the corner frequency of the
thresholds. The raters were instructed to pick the corner frequency for each
participant as the lowest frequency where thresholds increased precipitously, and
the threshold slope was steep. The corner frequencies from multiple raters were
averaged.

Additional metrics from the interpolated behavioral thresholds were obtained
automatically. These included the frequency at which behavioral thresholds
intercepted 30 dB FPL (the lower SFOAE probe level), 36 dB FPL (the higher
SFOAE probe level), 18 dB FPL, and 60 dB FPL (the end frequency of the
audiogram). Two additional metrics were calculated from the corner and end
frequencies and their corresponding thresholds to yield the slope of the audiometric

decline in dB/Hz and dB/octave.
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5.2.4. Stimulus Frequency Otoacoustic Emissions (SFOAESs)

SFOAEs were recorded for probe levels of 30 and 36 dB forward pressure
level (FPL), where probe frequencies (f,) were swept in 1/4 octave segments
spanning 0.375-20 kHz. Suppressor frequency (fs) was always 47 Hz lower in
frequency than f, and 70 dB FPL. The sampling rate was 96,000 samples/second.
For each frequency sweep, 16 sets of ear canal pressure recordings were made,
where each set consisted of four stimulus blocks: probe alone, probe with
suppressor, probe alone, and probe with suppressor inverted in phase. First, an
average pressure waveform was computed by summing together recordings split
into two buffers. The recordings from odd and even buffers were subtracted to get
the noise floor waveform. The average waveform was then split so that the probe
only blocks and probe plus suppressor blocks were separated. The SFOAE residual
was then computed by subtracting the probe plus suppressor waveform from the
probe only waveform.

Models of probe and suppressor were created separately in a least-square-fit
(LSF) based analysis using custom phase functions. The analysis window (twin) was
fixed at 3000 samples or 31 ms to provide a reasonable estimate of high frequency
emissions while preserving fine structure at lower frequencies32l, Magnitude and
phase of emission, probe, and suppressor were determined as the estimates with the
least RMS error across analysis windows. SFOAE level and phase from the LSF

analysis were then used in the wavelet analysis according to the methods described
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in Chapters 2 and 3. SFOAE phase gradient delays and tuning estimates were also

computed according to the methods described in Chapters 2 and 4.

5.2.5. SFOAE Bandwidth Analysis

Following wavelet filtering, the long-latency SFOAE levels were plotted as a
function of frequency for both probe levels. To ensure data quality, only SFOAEs
with noise floors below 0 dB SPL and SNR > 3 dB were included in the corner
frequency determination. The SFOAE bandwidth determination was performed in
MATLAB using a custom program as described herein. The spectra were first down
sampled to a frequency resolution of 100 Hz to match the interpolated frequency
resolution of behavioral thresholds. The spectra were then smoothed using a robust
loess method in MATLAB with a constant smoothing span of 150 points across
spectra to match the number of observations in the behavioral threshold corner
frequency analysis.

Following the smoothing, median emission and noise floor levels were
computed. If the median LL. SFOAE level was greater than or equal to 0 dB EPL
and the median noise floor levels were less than or equal to -10 dB EPL, the
following bandwidth metrics were extracted: 1) first, the end frequency (Fena) of the
SFOAE spectrum was determined as the highest frequency where the smoothed LL
SFOAE levels were at least 9 dB above the smoothed noise floor; 2) the corner
frequency (F.) was manually picked by a rater as the frequency at which LL SFOAE

levels drop precipitously.
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If the median LLL SFOAE level was below 0 dB EPL or the median total noise
floor was greater than -10 dB EPL, the programmed determined that the quality of
the data were too poor to pick a corner frequency. Unfortunately, only 4 spectra met
the quality criteria established based on the LL SFOAE level and total noise floor,
therefore, F. could not be determined for 64 participants and was assigned a 0.
Only Fend was computed in these cases. If the smoothed LL SFOAE and smoothed
noise floor did not show at least 9 dB SNR (n = 11 out of 64), the Fena was also

assigned a 0.

5.2.6. Statistical Analysis

Correlations between measures were investigated using cor.test function and
effects of individual predictors on outcome variables were investigated using
generalized linear regressions (glm) and analysis of variance (aov) in the {stats}
package in RStudio (version 1.2.5033). A principal component analysis was also
performed using the {stats} package and results of the PCA were extracted using
the {factoExtra} package. A secondary analysis using logistic regression was
performed using the glm function. Statistical significance was established at alpha

levels of p < 0.05.
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5.3. Results

Behavioral thresholds and SFOAEs at fixed probe levels of 30 and 36 dB FPL

were collected from 68 participants between the age of 9 and 45 years. Participant

demographics are shown in Figure 5.1, which shows that the majority of the

participants were white females within the 18-35 age range. As seen in Figure 5.1,

there was roughly equal male/female distribution for ages 35 and older, slightly

more females in the 18-35 years age group and slightly fewer females in the 9-12

years age group.

Gender
F
M

0.034
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0.001
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Figure 5.1. Participant demographics for all 68 individuals including gender, age,
race, and ethnicity. Panel A shows the gender distributions as a function of age
(years). Panel B plots the number of individuals who selected the given responses for
race, whereas Panel C plots the number of individuals with given responses for

ethnicity.
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5.3.1. Behavioral Thresholds Across Age Groups

Figure 5.2 shows the mean behavioral thresholds and 95% confidence
intervals as a function of frequency for all age groups. Average thresholds were
similar across all groups up to 6 kHz. Compared to the youngest group, the oldest
group displayed poorer thresholds by 8.0 dB at 8 kHz, 29.8 dB at 10 kHz, 50.2 dB at
12.5 kHz, 75.9 dB at 14 kHz, and 59.6 dB at 16 kHz. The youngest group (9-12 y.o.)
displayed the greatest sensitivity (best thresholds) up to 20 kHz; however, the
variability in thresholds was also the largest due to the small number of ears tested
compared to the other three age groups. Above 6 kHz, the oldest group displayed
thresholds poorer than the 18-25 y.o. group by 9.2 dB at 8 kHz, 12.6 dB at 10 kHz,
25.7dB at 12.5 kHz, 44.1 dB at 14 kHz, and 44.4 dB at 16 kHz. The data also
demonstrate that average thresholds declined as a function of frequency above 6
kHz for the oldest group and above 12.5 kHz for the youngest three groups.
However, the corner frequency, i.e., the frequency at which high-frequency
thresholds increased dramatically, was variable across individuals within and

acCross groups.
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Figure 5.2. Behavioral Thresholds as a function of frequency averaged across all
participants in each age group. Individual symbols represent the means, whereas
error bars indicate 95% confidence interval for each age group represented by color
(key in legend).
5.3.2. SFOAE Levels Across Age Groups

Even though behavioral thresholds were similar up to 4 kHz across groups
(Figure 5.2), total SFOAE levels for both probe levels were different across groups,
with the highest levels in the youngest age group at 1-4 kHz. (Figure 5.3). This
difference was even more pronounced for the filtered long-latency SFOAEs (Figure
5.4). Despite these group differences, there was a large amount of variability noted
in the filtered SFOAE levels across all age groups (Figure 5.5). Figure 5.5 shows the

trend for lower long-latency SFOAE levels in the oldest group from 2 to 8 kHz and a

trend for higher levels below 2 kHz. The effect of age on SFOAE levels was
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statistically tested using multiple linear regression models with and without age as
the continuous predictor variable, while controlling for repeated measures variables
— frequency and probe level. The analysis of variance of the two models showed a
significant effect of age group (X2(1, 2) = 57.133, p < 0.001). Finally, Figure 5.6
shows the short-latency SFOAE levels as a function of frequency and age group,
which did not show significant differences between age groups, except at ~1.5 kHz
at 36 dB FPL for the youngest age-group. In this study, short-latency components
were defined similar to Mertes & Goodman (2013) as SFOAEs with shorter than
predicted latencies326, although Sisto et al (2013) have also defined short-latency

and long-latency components within the main reflection component261,
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Total/Unfiltered SFOAEs and Noise Floors - 1/3 Octave Band Averages
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Figure 5.3. Total/Unfiltered SFOAEs as a function of frequency plotted by age group
for both 30 and 36 dB FPL probe levels. Filled symbols connected by solid lines
indicate the mean 1/3-octave band SFOAE levels in dB EPL for each frequency and
each age group as indicated by color for 30 dB FPL (left) and 36 dB FPL (right).
Dashed lines represent the average 1/3-octave band noise floor. Error bars represent
the 95% confidence interval.
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Long-Latency SFOAEs - 1/3 Octave Band Averages
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Figure 5.4. Filtered Long-Latency SFOAEs as a function of frequency for all four age
groups and both probe levels. Filled symbols connected with lines indicate the mean

filtered SFOAE levels for 30 dB FPL (left) and 36 dB FPL (right), whereas error bars
indicate 95% confidence interval of the mean.
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Long-Latency SFOAEs - 1/3 Octave Band Averages
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Figure 5.5. Filtered Long-Latency SFOAE levels plotted as a function of frequency
and age in years for both probe levels. As indicated by the legend, dark lines represent
younger participants which gradually lightened as a function of increasing age in
years. Data from 30 dB FPL probe are presented in the left panel, whereas data from
36 dB FPL probe are in the right panel.
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Figure 5.6. Filtered Short-Latency SFOAE levels plotted as a function of frequency
for all age groups. Filled symbols connected with lines indicate the mean filtered
SFOAE levels for 30 dB FPL (left) and 36 dB FPL (right), whereas error bars indicate
95% confidence interval of the mean.

5.3.3. SFOAE Delays and Tuning Across Age Groups

Next, the delays of the long-latency component of SFOAEs as a function of
frequency were investigated, which showed that delays were not different across
age groups except at 0.5 kHz at 36 dB FPL for the youngest age group (Figure 5.7).
This was also true when delays were plotted in dimensionless units Nsfoae (Figure
5.8). There was a trend for slightly longer delays with increasing stimulus levels up

to 8 kHz. Across all age groups, there is an abrupt change in the delays around ~1



200

kHz; however, regression models with and without age groups were not
significantly different from each other for delays (Figure 5.7 and 5.8) or for tuning
estimates computed from the delays (Figure 5.9). Although delays and tuning
estimates were not significantly different between groups, the tuning estimates
demonstrate a slight trend for sharper tuning in the youngest age group only. As
seen with previous delay-based estimates, tuning increased from 1-8 kHz but
declined and plateaued at frequencies > 8 kHz. For all measures, variability was
greatest for the youngest group, likely due to the very small number of ears tested

(n=4).



201

Filtered Long-Latency SFOAE Delays
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Figure 5.7. Delays computed from the inverse FFT of the long-latency component for
all age groups and both probe levels. Symbols connected by lines represent the mean
delays (ms) for each age group (color key in legend) for probe levels of 30 dB FPL (left)
and 36 dB FPL (right). Error bars indicate the 95% confidence interval of the mean.
Points slightly jittered for better visualization.
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Filtered LL SFOAE Delay - Equivalent Number of Cycles
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Figure 5.8. Delays expressed in equivalent number of cycles by frequency (Nfoae)
across all age groups and both probe levels. Filled circles connected by lines represent
the mean delays (Nstoae) for each age group (color key in legend) for probe levels of 30
dB FPL (left) and 36 dB FPL (right). Error bars indicate the 95% confidence interval

of the mean. Points slightly jittered for better visualization.
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Figure 5.9. Delay-based tuning estimates from the long-latency SFOAE component
as a function of frequency for all four age groups and both probe levels. Points slightly

jittered for better visualization.

5.3.4. Threshold & SFOAE Bandwidth Across Age Groups

An analysis of the high frequency extent of behavioral thresholds and SFOAE

levels was conducted to assess whether changes in cochlear function are

concomitant with changes in behavioral thresholds as a function of age. Only the 36

dB FPL corner was chosen for the comparison to behavioral corner frequency; the

values will be compared in the Discussion section to Dewey & Dhar (2017b) who

also used the 36 dB FPL probe levels in their study!?7. Figure 5.10 demonstrates an

example of the SFOAE corner frequency analysis, showing that the smoothed and
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original LL. SFOAE levels decline around ~7 kHz and fall into the noise floor
completely around 10 kHz. Of the 4 spectra analyzed for the SFOAE corner
frequency, three showed a corner frequency between 6 and 7 kHz, whereas the

fourth showed a much higher corner frequency ~12 kHz.

30

T
——— Original LL SFOAE (dB EPL)
—>— Smoothed LL SFOAE(dB EPL)

20—

Long Latency SFOAE Level in dB EPL
5
I
|
1
}
|
[
=
|

.30 —

40 —

.50 — —

60 I I | I I I | | | I I | L
500 1000 2000 4000 8000 16000
Frequency Hz

Figure 5.10. Example of SFOAE corner frequency analysis for participant
UWSF017CL. Red curve represents the original long-latency SFOAE levels (dB EPL)
plotted as a function of frequency (Hz). The black symbols connected with a line
represent the smoothed SFOAE over 150 points in 100 Hz steps. The red symbols
indicate the frequencies selected as the corner frequencies where both the original
and smoothed responses begin to decline. Gray symbols indicate the total SFOAE
noise floor in dB EPL.

In addition to the corner frequency, another bandwidth metric was extracted
from SFOAEs. The end frequency of SFOAEs (Fena), defined as the highest
frequency with a 9 dB SNR, was compared to the behavioral corner frequency

(Figure 5.11). In contrast to the corner frequency which could only be determined in
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4 participants, Fenda was computed for 57 out of 68 individuals (the remaining 11
participants did not have 9 dB SNR at any frequency). On the other hand,
behavioral threshold corner frequencies were measurable in all 68 participants. The
behavioral threshold corner frequencies established the behavioral bandwidth of
hearing as referred to hereafter.

As shown in Figure 5.11, behavioral bandwidth was highest in the youngest
group (~13 kHz) which declined with each age group with the lowest ~9.5 kHz in
the oldest age group. Post-hoc comparisons performed using generalized linear
regression and contrast coding showed that groups A, B, and C were not
significantly different from each other, but group D was significantly different
(t(116) = -2.948, p = 0.004). The mean slope of the behavioral corner frequencies was
91.57 dB/octave in the youngest group and 79.07 dB/octave in the oldest age group.

Analysis of variance showed that there was a main effect of measure (SFOAE
vs. behavioral: F(1,106) = 148.251, p < 0.001)) and age groups (F(3,106) = 6.472, p <
0.001) on this bandwidth metric, but no significant interaction between measure
and group (F(3,106) = 0.239, p = 0.869). Additional comparisons of the SFOAE
bandwidth frequency to various behavioral landmarks are shown in Figure 5.12. As
can be gleaned from Figure 5.12, SFOAE Fcna was only weakly correlated with the
behavioral corner frequency (r(55) = 0.294, p = 0.026), but SFOAE end frequency
was much more strongly correlated with the 18 dB FPL-intercept (r(36)=0.515, p <

0.001) and the 36 dB FPL-intercept of behavioral thresholds (+(55) = 0.375, p =
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0.004). However, there were fewer behavioral thresholds that could be interpolated

to the 18 dB FPL threshold (n = 38) compared to 36 dB FPL (n = 57).
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Figure 5.11. Bandwidth of SFOAEs and Behavioral Thresholds by Age Group.
SFOAE bandwidth was defined as the highest frequency where SNR is 9 dB.
Behavioral bandwidth was defined as the corner frequency of the high-resolution
behavioral audiogram. Average SFOAE bandwidth frequency (filled triangles) and
average behavioral bandwidth (filled circles) are plotted for each age group. Error
bars indicate the 95% confidence intervals.
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Figure 5.12. Scatterplots of Behavioral Threshold Corner Frequency, 18- and 36- dB
FPL Intercepts Plotted against SFOAE End Frequency for All Participants.
Scatterplots show the relationship between SFOAE end frequency (kHz) to
behavioral threshold corner frequency (eft), behavioral 18-dB FPL intercept
frequency (middle), and behavioral 36-dB FPL intercept (right). Filled circles
represent data from one individual. Note that due to increasing hearing thresholds
as a function of frequency and age, the 18 dB FPL intercepts could only be computed
for 38 participants. Corner frequency and 36-dB FPL intercepts for 57 participants
for whom SFOAE Fenq could be computed are shown. In all panels, the dashed line
represents unity.

5.3.5. Principal Component Analysis (PCA)

In order to better understand the relationship between behavioral thresholds
and SFOAE levels, tuning, and bandwidth across different age groups, a principal
component analysis was performed using the following variables: frequency, age,
behavioral thresholds, SFOAE levels, SFOAE-based Qerb, and SFOAE Fena. The
results of this analysis showed that Qe, thresholds, and frequency clustered
together, and the first two components explained a total of 74.6% of the variance in
the data. When SFOAE-based tuning variable was removed from the PCA model,
the variance explained by the first two components improved to 79.5%. Because this

model explained more variance and tuning was not significantly different across age
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groups, the PCA model with the fewer variables was retained. The variable
correlation plot for this analysis (Figure 5.13) shows that the first component
explains 47.5% of the variance in the data, whereas the second component explains
an additional 32% of the variance.

The figure also shows that SFOAE levels were negatively correlated with
frequency and behavioral thresholds, where the latter two were positively
correlated. Age was also a significant factor in the second component, which was
negatively correlated with the SFOAE end frequency (Fena). The outputs of the PCA
are shown in Table 5.1 which shows the eigenvalues and variances for each
component and in Table 5.2 which shows the contribution of each variable in each
component of the PCA expressed in percentage. As seen from these outputs,
frequency, SFOAE levels, and behavioral thresholds were the main factors
contributing to the first component, whereas age and SFOAE Fenq were the

significant contributors in the second component.
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Figure 5.13. Variable Correlation Plot for PCA. Component 1 labeled as Dim1 and its
variance are represented on the x-axis and Component 2 labeled as Dim 2 and its
variance are shown on the y-axis. The vector length or distance between each variable
and the origin represents the relative weight of each variable in that component,
where further away from the origin is interpreted as greater influence on the
component loadings.

Table 5.1. Eigenvalues, Individual Variance, and Cumulative Variances of the PCA
Components

Eigenvalue Variance Explained (%) Cumulative Variance
Explained (%)
Component 1 2.373 47.456 47.456
Component 2 1.600 32.997 79.453
Component 3 0.598 11.965 91.419
Component 4 0.345 6.906 98.324

Component 5 0.084 1.676 100.00
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Table 5.2. Contributions (%) of Variables Loaded in Each PCA Component

Compl Comp2 Comp3 Comp4 Compb5

Frequency 31.778 12.376 0.217 0.023 55.606
Age 5.760 39.456 18.009 35.764 1.011
SFOAE Levels 27.232 0.085 51.347 10.488 10.849
Thresholds 29.847 4.841 27.417 7.097 30.798
SFOAE Fena 5.383 43.242 3.010 46.628 1.737

5.3.6. SFOAE Levels & Phase Across Hearing Groups

Because age did not load in the first component and behavioral thresholds
did, a secondary analysis splitting the data into better hearing and worse hearing
groups based on median split of behavioral threshold averages for frequencies up to
4 kHz (frequencies that did not show significantly different thresholds across age
groups). SFOAE levels, Qerb, and Fena were examined after splitting the data by
hearing group (Figure 5.14), which showed higher SFOAE levels, similar Qer, and
higher SFOAE Fenq in the better hearing group compared to worse hearing as
determined by the pure-tone average (PTA). The worse hearing group based on PTA
consisted of 29 participants with a PTA range of 12.8 to 23.0 dB FPL, whereas the
better hearing group consisted of 28 participants, with a PTA range of 5.8 to 12.5
dB FPL. A logistic regression was conducted with hearing group as the outcome
variable and SFOAE levels, Qerb, and Fend as the predictor variables. Based on this
analysis, only SFOAE Fenq was able to predict hearing threshold group (B =0.064, p
= 0.008), while SFOAE level (B =-0.003, p = 0.766) and SFOAE Qe did not (B = -

0.00007, p = 0.998). The odds ratio (ef) for SFOAE Fena was 1.066 and the 95%
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confidence interval for the odds ratio was [1.017 1.118]. In other words, holding
SFOAE levels and Qe constant, for every unit increase in SFOAE Fend, the odds of
being in the Better PTA group increased by 1.066 times. However, a univariate
logistic regression model with just SFOAE Fcnq as the predictor showed that the
modeled probabilities of hearing group were not significantly different from each
other (8 =0.073, p = 0.396), likely due to the small number of observations included

in the model (n = 57) compared to the multivariate model (n = 818).
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Figure 5.14. SFOAE Levels and Tuning Estimates as a function of Frequency and
SFOAE End Frequency for Better PTA and Worse PTA Hearing Groups. Panel A
shows the mean long-latency SFOAE levels for both better PTA (n = 28) and worse
PTA (n = 29) groups as represented by color. Panel B shows the mean SFOAE tuning
estimates as a function of frequency for both groups. Panel C shows the mean SFOAE
end frequency for both groups. The error bars in all panels represent the 95%
confidence interval of the means.
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5.4. Discussion

The purpose of this study was to examine the influence of age on stimulus
frequency otoacoustic emissions (SFOAEs) in individuals between the age of 9 and
45 years. The findings show that LL SFOAE levels measured using fixed probe
levels were different at 1- 4 kHz between age groups, despite similar behavioral
thresholds up to 6 kHz. At frequencies above 4 kHz, the LL. SFOAE levels across
age groups were indistinguishable. Tuning estimates derived from SFOAE delays
were not significantly different across age groups at any frequencies. On the other
hand, the high-frequency extent of measurable SFOAEs, as referred to as the
SFOAE bandwidth and measured as the Feng, herein was significantly different
across age groups and related to various high-frequency behavioral threshold
metrics.

A principal component analysis showed that although age was a significant
factor in predicting this SFOAE bandwidth metric, age was not loaded in the first
component. Instead, among the top contributors to the first component of the PCA,
behavioral thresholds contributions were almost 30%. Consequently, a secondary
analysis was performed on the various SFOAE metric after splitting participants
into better hearing and worse hearing group based on their behavioral pure-tone
average (PTA) from 0.5 to 4 kHz. This secondary grouping analysis showed that
SFOAE levels and Qerb could not predict hearing group, but high-frequency extent of
measurable SFOAESs could. The findings suggest that SFOAE Fenq is sensitive to

both aging and hearing status. The relationship between the various SFOAE
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metrics and behavioral thresholds, their respective sensitivities to aging and

hearing status, and potential clinical implications will be discussed hereafter.

5.4.1. Characteristics of SFOAE Levels and Delays across Age Groups

The current findings show that behavioral thresholds worsened as a function
of frequency and with age. Similarly, SFOAE levels declined as a function of
frequency and age, albeit with significant variability across participants. There was
a trend for higher levels in the oldest age group at frequencies 0.5 to 1 kHz
compared to the other two adult age groups. This could be an indication of changes
in the apical OHC status that might be explained as a re-emergence of SFOAEs
consistent with the increased irregularity with aging hypothesis. Wu et al., (2021)
recently showed that OHC loss in the apex can be as high as 50% even in normal
aging adults up to 49 years of age without a history of noise exposure (Figure 3 of
reference)?3. If this apical OHC loss generates additional irregularities along the
cochlear spiral, which serve as contributors to the reflection mechanism of SFOAESs,
could this elevation in the oldest age group at 1 kHz be an indication of the apical
OHC loss?

Only one other study has examined SFOAEs across different age groups up to
20 kHz23. Similar to Stiepan et al., (2020), SFOAE levels were highest in the
youngest age group and decreased with each increasing age group23. Although the
age groups between the two studies are different and a direct comparison of levels

across age groups 1s not possible, the overall levels in the current study were



214

slightly lower than Stiepan et al., (2020), likely due to differences in calibration
(correcting for the emission pressure level in the current study)23260. The declines in
SFOAE levels with age group were more noticeable, when the total SFOAEs were
filtered to examine the long-latency (LL) component only. The LL SFOAE were
filtered using time-frequency analysis based on the frequency-delay relationship of
adult ears244:304, This filtering resulted in a larger difference between unfiltered and
filtered SFOAESs in the oldest age group than the youngest three groups. Sisto &
Moleti (2002) previously showed that in ears with hearing loss, the delays of
TEOAEs were slightly longer than normal hearing ears3%4. This was true for both
adults 394 and in neonates who failed the TEOAE screening protocol327. If hearing
loss affects latencies of OAEs, it is possible that the filtered SFOAE long-latency
components, separated based on average delay cut-off parameters of normal-
hearing individuals, are outside of the expected delay window for that component.
Alternatively, the significantly lower levels of LL. SFOAEs in the oldest group
compared to the total SFOAEs could be a result of significant contributions from
non-CF places that would result in higher total SFOAE in the ear canal in the
oldest group compared to the youngest three age groups. Abdala, Ortmann & Shera
(2018) showed that DPOAEs and SFOAEs are affected differently with age,
consistent with an increased irregularity hypothesis that preserves SFOAE levels in
older participants with hearing loss but diminishes DPOAEs!4. If true,
contributions of other sources to the total ear canal SFOAE levels would be great

and filtering of these other sources would reduce the long-latency response in the
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oldest group far more than for the younger groups. How does adjusting the different
cut-off parameters affect the filtered SFOAE across age groups was not the primary
goal of this study. Nonetheless, future studies could examine the optimization
parameters depending on the desired application.

At frequencies above 6 kHz, the age groups did not show any differences in
SFOAE levels. Because SFOAEs and corresponding noise floors were corrected for
ear canal acoustics using emission pressure level, signal to noise ratio was
maintained between SFOAE and the noise floor; however, the noise floor mirrors
the SFOAE at these frequencies, suggesting that the two may be correlated. This
could be related to Compared to the current study’s noise floors, the SFOAE noise
floors reported by Stiepan et al., (2020) decreased from -10 dB SPL to -20 dB SPL
from 0.5 to 3 kHz, which was similar to the current study?23. However, the noise
floors in the Stiepan et al., (2020) measurements increased from -20 dB SPL to -10
dB SPL from 4 to 8 kHz, whereas the current noise floors stayed around -25 dB EPL
at those frequencies?3.

Interestingly, the noise floors in the current study matched the DPOAE noise
floors of Stiepan et al., (2020) from 0.5 to 10 kHz and not their SFOAE noise
floors23. Above 10 kHz, the noise floors of the current study follow the contour of the
microphone noise as specified by the manufacturer of the ER10x probe used in this
study. The noise floors were not significantly different across age groups, although
noise floors were highly variable for the youngest group, likely due to the small

number of ears tested (n = 4) and potential contributions from noisier participants
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in this age group. Dewey & Dhar (2017b) also measured SFOAEs up to 20 kHz in a
group of young adults (ages 18-25 years); however, their reported SFOAE levels and
noise floors are normalized to the average SFOAE levels at 1 kHz and thus direct
comparisons cannot be made between the two studies!?7.

In contrast to LL SFOAE levels, the delay estimates across age groups were
not significantly different. Abdala, Ortmann & Shera (2018) reported sharper
tuning in the older adult group; however, the smoothed delay curves for each of
their age groups were overlapping!4. At similar probe levels of 40 dB SPL/36 dB
FPL, the values of Nsfae 1n the current study increased from ~10 cycles to ~23 cycles
from 0.5 — 8 kHz, whereas Abdala, Ortmann & Shera (2018) reported Ngfoae values of
8 to ~25 from 0.6 — 8 kHz!4. The slightly longer delays in the current study
compared to Abdala, Ortmann & Shera (2018) may be due to the filtering of the LL
component delays in the current study which Abdala, Ortmann & Shera (2018) did
not consider!'4. Nonetheless, the general agreement between the two studies
suggests that aging without substantial hearing loss is not likely to affect cochlear
tuning as reflected in the SFOAE phase-gradient delays.

The delay estimates from the LL component showed a decrease with
increasing frequency in terms of physical delay in milliseconds but an increase in
delay in terms of equivalent number of cycles accumulated as a function of
frequency. Although delays were slightly longer with increasing probe levels from
30 to 36 dB FPL, the difference was only significant at frequencies below 2 kHz.

Moleti et al., (2017) showed a decrease in SFOAE latency with increasing stimulus
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levels for probes of 25 and 35 dB SPL from 1 to 5 kHz29, In another study, Abdala,
Guardia & Shera showed a level dependence of delays in Ngfoae between stimulus
levels of 30 and 40 dB SPL but not between 20 and 30 dB SPL for 0.6 — 8 kHz214,
These differences in the three studies could be related to the methodological
differences in latency computation with and without separating the LL component.
There was an abrupt break in the smooth delay curve around 1 kHz, which
has been observed previously in the phase delays of both distortion and reflection
OAEs and likely relates to the break in scaling symmetry of the cochlea around 1-2
kH2z220.244.249.295 Tn the most recent investigation using similar time-frequency
analyses as the current study, Moleti et al., (2017) measured the apical-basal
transition frequency in the SFOAEs, TEOAES, and the reflection component of
DPOAEs?9. They found that all three OAE types had similar delay-frequency
functions with a sharp transition around 1 kHz2%. This apical-basal transition was
not as easily observable in delays normalized to frequency or corresponding tuning
estimates?95, The delays at and below this apical-basal transition frequency were
lower in the youngest age group compared to the oldest age group, which may be
related to developmental differences in the apex of the youngest age group in the

current study?220,

5.4.2. SFOAE Bandwidth Metrics in Relation to Behavioral Corner Frequency
The term “corner frequency of the audiogram” has been previously used to

describe the sudden roll-off in thresholds. Shaffer & Long (2004) examined the
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corner frequency of DPOAESs to determine the low-frequency roll-off in kangaroo rat
and its relation to auditory sensitivity328. They found that DPOAE levels declined
around the same frequency as the increase in hearing thresholds, suggesting that
the two are related328. Dewey & Dhar (2017b) recently compared the corner
frequency of the audiogram to the corner frequency of SFOAEs and found that the
latter was always lower than the audiometric corner frequency, suggesting two
possible explanations: 1) SFOAE levels at high frequencies may be limited by the
reverse transmission characteristics of the middle ear or 2) SFOAEs may be more
sensitive to basal cochlear dysfunction than audiometric thresholds97.

Supporting evidence for the first hypothesis comes from measurements of
middle ear vibrations and intracochlear pressures, which suggest that transmission
in both the forward- and reverse-directions are affected at frequencies 5 kHz and
above267.329.330 Cheng et al., (2021) measured the level- and frequency-dependence of
the middle ear in human cadavers for frequencies up to 20 kHz and showed that
stapes displacements decreased as a function of increasing frequency above 1 kHz to
10 kHz and became even smaller at frequencies above 10 kHz329. In differential
intracochlear pressure measurements, similar drop at 10 kHz in the pressure
magnitude of scale vestibuli has been reported3s?. Furthermore, at frequencies as
low as 5 kHz, there is a phase variation hypothesized to be a result of the rocking
motion of the stapes at high frequencies rather than a piston-type motion at low

frequencies329.330,
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A comparison of forward transmission from the ear canal to the middle ear
and reverse transmission from the inner ear to the middle ear has only been
reported by Puria, 2003266, These measurements have shown large inter-subject
variability of the reverse transmission at frequencies below 0.5 kHz and above ~7
kHz266 which may explain the variability of high-frequency SFOAE levels97,
Another finding from Cheng et al., (2021) that relates to the variability of SFOAE
levels and behavioral thresholds seen in even the relatively young ears, is that
umbo and stapes displacements across the entire frequency range can be highly
variable across temporal bones from different ears329, albeit the temporal bones in
the Cheng et al., (2021) study are from much older ears (ages 53-65 years).

Dewey & Dhar (2017b) proposed an alternative explanation for the
discrepancy between audiometric and SFOAE corner frequencies, one that supposes
that SFOAE generation requires a healthy cochlea, hence weak high-frequency
SFOAESs could be a result of cochlear dysfunction in the base that is not yet evident
in audiometric measurements!?7. In order to test this hypothesis, the current study
examined the SFOAE corner frequencies and their relation to audiometric
frequencies across participants of different ages and increasing degree of high-
frequency hearing loss above ~6-8 kHz. If the explanation proposed by Dewey &
Dhar (2017b) were true, both the SFOAE and audiometric corner frequencies would
be higher in more pristine ears, i.e., young ears that have not been exposed to noise-

or chemico-toxicity. Furthermore, the discrepancy between SFOAE and audiometric
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corner frequency would become smaller for younger ears and larger for older ears
with more cumulative cochlear dysfunction.

In the current study, the corner frequency of the audiogram followed this
trend — the corner frequency was highest in the youngest age group and lowest in
the oldest age group. Lee et al., (2012) have previously reported this similar result
in a wider age (10-65 years) range of 352 individuals2?2. Although Lee et al., (2012)
used a slightly different yet equivalent calibration method to account for standing
waves at high frequencies33! and the age groups were slightly different than the
current study, the youngest groups in both studies showed a corner frequency
between 12.5-13 kHz, which decreased to ~9.5 kHz in the oldest age group of the
current study (40-45 y.o.) and the middle age group of Lee et al., (2012) (.e 36-45
y.0.)22,

SFOAE corner frequencies in the current study could not be obtained in any
but four participants due to the reduction in SFOAE levels with filtering resulting
in poor SNR at high frequencies. Dewey & Dhar (2017b) used an objective criterion
based on the roll-off slope of high-frequency SFOAESs to compute corner frequencies
but did not find a relationship between the SFOAE corner frequency and
audiometric landmarks!97. This discordance may be due to the idiosyncratic
behavior of SFOAE levels and of reflection emissions in general, such that bigger is
not always better. For example, studies of reflection emissions in mutant mice have
shown enhanced spontaneous emissions and SFOAEs in various anomalies of the

tectorial membranel91.212.213, Additionally, studies of punctate lesions in other
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animals have seen spontaneous emissions around the histologically confirmed
regions of damage20! and at frequencies concomitant with a sharp decline in ABR
thresholds200,

A fixed criterion like Dewey & Dhar (2017b) could not be employed in the
current study due to the variable morphologies of SFOAE spectra observed across
age groups!®’. Although the exemplar spectra (as shown in Figure 5.10) with robust
emissions and a distinct roll-off was observed in a handful of participants, a
majority of participants showed a gradual decline of emission levels with frequency
without any distinct corner frequencies, yet others showed flat and weak emissions
close to the noise floor across the entire frequency range. These variable patterns
made it difficult to establish a uniform criterion for all participants.

In contrast to the SFOAE corner frequency, another bandwidth property of
SFOAESs was both related to the audiometric corner frequency, 18- and 36- dB FPL
threshold intercept frequencies and sensitive to aging. The end frequency of
SFOAEs (Fena), as defined as the highest frequency with 9 dB SNR was most closely
related to the frequency where thresholds crossed 36 dB FPL. This is likely due to
the matched stimulus levels between the two measures.

Fena was also related to the behavioral corner frequency. Although Feng was
always lower than the behavioral corner frequencies in all four age groups, the
objective criterion of this metric ensured that there would be adequate SNR at
frequency regions that reflect functioning OHC status. On the other hand,

behavioral corner frequency was a subjective determination of the frequency
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demarcating transition from stable hearing thresholds to precipitously poorer
hearing.

The stringent treatment of SFOAE Fenq eliminated some observations, as the
SNR criterion was not met for this iso-input metric in some ears, whereas the
behavioral threshold corner frequencies as an iso-response metric could be
measured for all 68 participants. Future studies could employ measurement of
SFOAESs at multiple levels in order to extract an i1so-response metric of Fend, even in
ears with poor SFOAEs at a fixed low level. SFOAE Fena was also correlated with
the behavioral threshold intercepts for 18-dB FPL. Similar to the current study,
Dewey & Dhar (2017) also found a significant correlation between SFOAE Fena and
the 18-dB FPL behavioral threshold intercept frequency!9’; however, their end
frequency was much higher than the current study (~12 kHz vs. ~6.3 kHz) for the
same age comparison, which may be related to the filtering of SFOAEs in the

current study.

5.4.3. Sensitivity of SFOAEs to Aging and Hearing Status

A principal component analysis showed that age was not loaded in the first
component, instead behavioral thresholds and SFOAE levels at each frequency
were. This prompted the analysis of SFOAE levels, delays, and bandwidth for two
split groups based on pure-tone average hearing thresholds from 0.5-4 kHz.
Although this analysis did reveal a slight difference in level and in SFOAE Feng,

with better hearing group outperforming than the worse hearing group, the effect of



223

hearing threshold group was not nearly as dramatic as the differences observed
across each age group. This suggested that although the PCA correctly identified
SFOAE levels and thresholds as inversely related, the effect may be driven by the
repeated measures nature of the many frequencies measured for SFOAE levels. On
the other hand, the effect of age group was not loaded in the first component
because of the much fewer observations (n = 57 vs. n = 818 for frequencies tested for
SFOAE levels).

SFOAE delays were not sensitive to different age groups or hearing groups,
likely due to the clinically-normal hearing ears in the current study, whereas
SFOAE levels and SFOAE Fena were. Using a different type of reflection emission,
Fultz et al., (2020) examined the cochlear reflectance (CR) in 60 adults from 20-79
years of age332. They found that although CR magnitude (CRM) were poorer with
increasing age, the effects were mostly driven by hearing sensitivity332. They
concluded that adults with better pure-tone thresholds had significantly larger
CRM than those with poorer CRM thresholds, and therefore, changes in OHC
function due to aging also affect pure-tone thresholds332. One important
consideration for these findings is that Fultz et al., (2020) examined age effects over
a wide age range (20-79 years) and varying degrees of hearing thresholds from
normal to unmeasurable responses at the limit of the equipment?32, However, age-
related changes in CR can be observed in their dataset as early as 30-39 year olds

(see Figure 3 of reference)332, which is in agreement to the findings of this study.
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In contrast to the Fultz et al., (2020) study, the current findings suggest that
hearing loss is not required to explain the inter-subject variability of SFOAE levels.
SFOAE levels and tuning were not significantly different between better PTA and
worse PTA hearing groups, but the high-frequency extent of SFOAEs in these
individuals was somewhat different. Together these findings suggest that the
clinical definition of normal hearing, relative to other ears within the same age
group, may not be appropriate for the purpose of monitoring cochlear changes.
However, the current findings are limited to ears with relatively good hearing at
standard clinical frequencies. Future studies focusing on longitudinal measurement
of SFOAEs could provide insight into the origins of this heterogeneity of SFOAESs,
the functional relevance of this heterogeneity, and the clinical implications for

assessment of the cochlear status.

5.5. Conclusions

SFOAE levels decreased across age groups even at frequencies where hearing
thresholds were within a clinical normal range. SFOAE based tuning estimates on
the other hand were not significantly different. Lastly, SFOAE Fenq determined the
high-frequency extent of cochlear function across age groups and across two
different groups of normal- and hyper-normal hearing. Furthermore, SFOAE Fena
was associated with various behavioral threshold metrics, suggesting it could
predict the frequencies where normal hearing transitions into regions of cochlear

dysfunction. However, this particular SFOAE metric needs further investigation
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particularly in ears with known cochlear pathologies towards its implementation in

clinical assessment.
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CHAPTER 6

Summary

6.1. Overview
Despite advances in SFOAE recording and analysis techniques, the use of
SFOAEs in clinical settings is lacking. A comprehensive examination of human
SFOAES, including phase and bandwidth properties, was conducted as a first step
towards evaluating the sensitivity and specificity of SFOAEs in detecting cochlear
dysfunction due to aging. Insights on SFOAE generation mechanism and source,
their relationship to other measures of hearing sensitivity and tuning, and their

performance in detecting age-related cochlear dysfunction were obtained.

6.2. Summary of Findings

In the first study, the relationship between SFOAEs and behavioral
thresholds was examined for frequencies up to 14 kHz. The findings showed that
SFOAESs can predict behavioral thresholds within 5 dB on average. These findings
are the first to show that SFOAE predicted thresholds are related to behavioral
thresholds up to 14 kHz. Although many previous studies have shown that SFOAEs
and behavioral microstructure are related, the nuances of SFOAE measurement
paradigms and contributions from various intracochlear sources and mechanisms
may have blurred this relationship. As a result, SFOAEs have been disregarded as

the ugly duckling of OAEs in their clinical potential and utilization. In the current
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study, contributions from other sources impacted the degree of the relationship
between SFOAEs and behavioral thresholds, whereas the mitigation of these
extraneous contributions to SFOAEs strengthened this relationship. The
observation that total SFOAEs measured in the ear canal were greater than the
filtered long-latency component, presumably from the characteristic place based on
their delay, further provide support for the nonlinearity seen in basilar membrane
vibrations?231.278 which 1s even more enhanced in the reticular lamina vibrations!49.
However, contributions of these nonlinear responses away from the characteristic
place are not dominant in the total emission recorded in the ear canal333,

In the second study, delays of SFOAEs were used to derive a tuning estimate
for frequencies up to 14 kHz, and the findings showed a global relationship between
the two measures; however, the predictability of tuning estimates at individual
frequencies appears to be limited due to the large variability in behavioral tuning at
high frequencies (at and above 4 kHz) that is inherent to the paradigm and the
heterogeneity of thresholds at those frequencies across ears. SFOAE tuning
estimates were also highly variable at high frequencies (at and above 4 kHz),
requiring a relatively high SNR. This finding seems to suggest that the phase of
SFOAESs might only be informative in cases where OHC function is intact. Although
this finding initially presents itself as a limitation of using phase for the purpose of
assessing the cochlea, there may be value in obtaining SFOAE phase-based delays

to aid in the differential diagnosis of outer vs inner hair cell loss. The exact ratios of
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these losses due to various pathologies combined with genetic and environmental
susceptibilities are yet to be fully understood.

In the third study, SFOAE levels, tuning, and bandwidth were examined
across four age groups. The findings showed that SFOAE levels and tuning did not
show a significant difference across age groups, but the high-frequency extent of
SFOAEsS, i.e., the bandwidth, became more limited with increasing age.
Furthermore, within each age group, better and worse hearing threshold averages
predicted larger or smaller bandwidth of SFOAES, respectively. These findings
suggest that 1) the variability of SFOAE levels may mirror the variability in
thresholds, even when hearing is clinically normal; 2) tuning of the delay-based
tuning may be intact with ARHL despite declines in hearing sensitivity starting in
the base; and 3) cochlear bandwidth may be an appropriate measure to quantify
degree of OHC dysfunction or loss that appears sooner than in behavioral measures;
and 4) in addition to tracking the progressive loss of bandwidth with aging, the
bandwidth metric could inform the distinction of normal and hyper-normal hearing.
How these normal variants of hearing thresholds and SFOAEs exhibit in everyday

perceptual abilities remains to be investigated.
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6.3. Clinical Implications

SFOAESs, and OAEs in general, are not currently utilized in clinical practice
to assess cochlear OHC status. Historically the presence or absence of OAEs did not
inform the clinical decision making of the hearing care provider or treatment for the
patient in the majority of clinical cases. However, a few exceptions exist. Many
clinical ototoxicity monitoring protocols include OAE measurements and conditions
such as auditory neuropathy already rely on the combined use of OAEs and ABR.
However, the introduction of molecular therapeutics for restoring hearing function
into clinical practice requires precision diagnostics that differentiate outer hair cell
vs inner hair cell loss.

A new gene therapy drug DB-OTO (https://www.decibeltx.com/pipeline/) is

being used to target otoferlin deficiency in children who display the clinical and
functional signs of auditory neuropathy. Using OAEs that are frequency-specific,
1.e., SFOAEs, could better inform the regions that may be affected in conditions like
auditory neuropathy. The same biotechnology company is also evaluating the

efficacy of an otoprotective drug DB-020 (https://www.decibeltx.com/pipeline/) that

aims to prevent cisplatin-induced hearing loss. A different startup is already in
Phase 2 clinical trials to evaluate the use of FX-322

(https!//www.frequencytx.com/pipeline-programs/pipeline/) for regenerating cochlear

hair cells in patients with noise-induced or sudden sensorineural hearing loss.
These advanced therapeutics require significant modifications to current

clinical protocols to ensure a sensitive, accurate, and precise assessment of auditory
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function. OAEs are a clinical tool already for evaluating OHC status but different
aspects of OAEs could inform a more comprehensive assessment of cochlear
sensitivity, tuning, bandwidth, and compression, without subjecting patients to
length behavioral paradigms. The findings of the current dissertation provide a
suitable protocol for using SFOAESs for assessing cochlear function in a more

sensitive and efficient manner.

6.4 Limitations & Future Studies
Several limitations of the current work present opportunities for future
studies. These limitations could be categorized into two broad categories: 1)
methodological choices made for the purpose of demonstrating feasibility and
ensuring efficiency, and 2) issues of generalizability based on the study sample. The

specific issues and potential impacts of these limitations are presented below.

6.4.1. Methodological Limitations

A main methodological limitation of this study is that although age-related co
cochlear dysfunction was referenced to the youngest age group (9-12 y.o.), only four
participants could be included in the study due to the difficulties in recruiting and
including this age group during a global pandemic. Although the findings across age
groups are still valid, more data from the youngest age group could have helped

characterize variants of normal hearing and associated otoacoustic signatures.
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As with all research, the availability of time and resources restricted the
addition of more levels to the input-output functions in order to better characterize
the compressive behavior of SFOAEs measured in dB SL. This important function
of the cochlea must be characterized to a greater degree across different age groups
using SFOAEs to better understand the physiological bases and the functional
effects of compression loss with aging. Furthermore, combining different types of
reflection emissions (SOAEs and TEOAESs) to the current findings in SFOAEs could
have served as validation measures. On the other hand, combining DPOAEs with
SFOAESs in future studies could further solidify the understanding of the joint
profile of OAEs in differentiating various pathologies. Lastly, combining OAE and
neural measures such as the cochlear microphonic or auditory nerve action
potentials, to the current study would have served to better phenotype ARHL.
Future studies could be directed at identifying various electrophysiological and

OAE biomarkers in known genetic hearing losses.

6.4.2. Generalizability

The generalizability of the current study remains limited to white women as
most of the data comes from that demographic. Future studies could focus efforts on
recruitment to improve the gender distribution of the sample to equal numbers of
both men and women and more equal representation of different races and
ethnicities. Furthermore, the current study only included individuals with clinically

normal hearing who would otherwise not seek audiological assessment. However, in
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order to understand the clinical application of the current study, it may be
worthwhile to perform these studies in patients with auditory neuropathy, those
undergoing ototoxic monitoring, or individuals who seek regenerative therapies to

monitor restored function.

6.5. Conclusions

The findings from the current study suggest that when stimulus levels are
equivalent and only contributions from the characteristic place are considered,
SFOAESs can provide an assessment of cochlear regions evaluated by behavioral
measures, as evidenced by the strong relationship between SFOAE predicted and
behaviorally measured thresholds and tuning estimates. Furthermore, SFOAEs are
sensitive to age-related cochlear dysfunction, particularly in the bandwidth of
recordable SFOAESs. The current dissertation supports the continued investigation
of SFOAEs and their sensitivity and specificity for detecting cochlear dysfunction,
differentially diagnosing types of cochlear dysfunction, and monitoring cochlear

status over time, with insult, and with treatment.
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