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We investigated the contribution of auditory inputs to balance control in healthy
young adults and older adults with normal hearing by simulating hearing loss, as well as
in older adult with hearing loss by testing with and without hearing aids. Twenty healthy
young adults with normal hearing, twenty older adults with normal hearing, and twenty
older adults with hearing aids completed single- and dual- tasks consisting of a
standardized audiology test (BKB-SIN) and maintaining standing balance in response to
surface translations. Participants performed an auditory task of repeating back sentences
from a standardized audiological test, the Bamford-Kowal-Bench Speech-In-Noise
(BKB-SIN), played through wireless noise-cancelling headphones under randomized
normal hearing and simulated hearing loss conditions or through surrounding speakers
under hearing aid or no hearing aid condition. Simulated hearing loss was achieved using
Adobe Audition software and a FFT logarithmic curve to manipulate sound volume and
frequencies of standardized sentences according to age-related moderate hearing loss
documented in literature. Backward surface translation perturbations inducing a forward
loss of balance were synchronized with the auditory task and presented randomly at three
levels (Om/s?, 2m/s®, and 5 m/s?). Primary outcome measures included: maximum Center
of Pressure — Center of Mass (COP-COM) distance in response to perturbation during the
first compensatory step, reaction time for initiating the first compensatory step, number
of steps after loss of balance, and performance on the BKB-SIN. Repeated measures

ANOVA were conducted for each dependent variable with respect to perturbation level



and auditory condition. Results show reaction time decreases, maximum COP-COM
distance increases, and number of steps increases as perturbation level increases across
all groups. BKB-SIN scores and reaction time were significantly worse under the
simulated hearing loss condition. Hearing aids significantly improved BKB-SIN scores,
but not balance scores. Hearing loss affects reactive balance control, particularly while
simultaneously attending to auditory tasks. Older adults maintain the ability to initiate
compensatory steps, but they require an increase number of steps to regain balance.
Individuals with hearing loss may be at greater risk of falling compared to individuals
with normal hearing due to age-related cognitive and neurodegenerative changes

associated with hearing loss.
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CHAPTER 1
INTRODUCTION

l. INTRODUCTION

Falls are a prevalent problem in the United States, particularly in adults 65 years and
older. In 2015, Medicare used $31 billion dollars to cover the cost of fall-related injuries (Burns,
Stevens, & Lee, 2016). One-third of older adults fall annually on average, costing approximately
$34 billion dollars for direct medical expenses related to medical procedures and hospitalization
(Oliver, Daly, Martin, & McMurdo, 2004; Stevens, Corso, Finkelstein, & Miller, 2006). Falls are
not only financially costly; falls also burden families taking care of the older adult, stress the
constantly shrinking budget for Medicare, decrease the quality of life for the older adult, and
may even lead to death of the older adult (Sherrington, Tiedemann, Fairhall, Close, & Lord,

2011; Shumway-Cook et al., 2009).

Another common problem prevalent in older adults is hearing loss. Age-related hearing
loss affects approximately 51% of people aged 70-79 and 78% of those 80 and older (NIDCD,
2016). In the USA, hearing loss has expanded at a rate of 160% of the total population growth
and continues to grow due to aging of the population. However, only 20-25% of hearing-
impaired individuals seek to improve hearing with hearing aids (Kochkin, 2009; F. R. Lin et al.,
2013). Evidence now suggests that older adults should address hearing loss, because untreated
hearing loss may have indirect psychosocial and physical consequences, such as social isolation,
depression, increased risk for falls, increased risk for hospitalization, and even mortality (Dalton
et al., 2003; Feeny et al., 2012; Girard et al., 2014; Hidalgo et al., 2009; Lin & Ferrucci, 2012;

Pryce & Gooberman-Hill, 2012).



Noise-Induced Hearing Loss (NIHL) is another common problem with older adults, a
topic that will be discussed only briefly because it is not the focus of this dissertation. NIHL may
occur due to an excessively loud noise, such as an explosion, but NIHL more commonly occurs
from exposure to loud noise over an extended period of time (NIDCD, 2018). According to data
from the 2009-2010 National Health and Nutrition Examination Survey, approximately 2% of
adults 45-54 years old have disabling hearing loss, this rate increases to 8.5 % for adults aged 55-
64 years old. Nearly 25% of adults 65-74 years old and 50% of adults 75 years and older have
disabling hearing loss (Agrawal, Platz, & Niparko, 2008). Contrary to popular belief, hearing
loss does not favor older adults. Within the United States of America, an estimated 15% of all
individuals between the ages of 20 to 69 have NIHL. This percentage trend continues to rise,
particularly with the younger population, due to use of personal listening devices (Widén, Basjo,
Moller, & Kahari, 2017). Given excess noise often contributes to or accelerates age-related
hearing loss; the close relationship between noise-induced and age-related hearing loss should be

taken into account with older adults (Kujawa & Liberman, 2006; Yamasoba et al., 2013).

While it is now clear that both the incidence and negative consequences of hearing
impairments and falls increase during aging, epidemiologic recent evidence suggests that rather
than occurring in parallel, there may be a possible link between hearing loss and balance deficits

(Viljanen, Kaprio, Pyykko, et al., 2009).

A. Literature Review: Hearing Loss and Postural Control Mechanisms

Traditionally, either an age-related or pathologically-related decline in sensory systems —
specifically, the visual, vestibular, and somatosensory system — is considered to contribute to

poorer control of balance and increased risk for falling in older adults (Manchester, Woollacott,



Zederbauer-Hylton, & Marin, 1989). Recent epidemiological evidence suggests that changes in
another sensory system, the auditory system, may contribute to or be associated with the control
of balance and an increased risk of falling in older adults (Lin & Ferrucci, 2012; Viljanen,

Kaprio, Pyykko, et al., 2009).

A literature search was performed to retrieve recent studies investigating the link between
hearing loss, balance impairments and increased risk for falls in older adults, as well as the
various mechanisms by which auditory impairments may affect balance. PubMed, Scopus,
CINAHL, Cochrane, ScienceDirect, and Medline databases were queried for articles published
between January 2000 and January 2018. The key terms used were: hearing loss, auditory
impairment, older adults, elderly, balance, falls, hearing aids, hearing devices, gait, locomotion,
cognition, and postural control. Article inclusion parameters required: (1) an available abstract,
(2) human subjects only, (3) English language only, and (4) publication in an academic journal.
A total of 541 articles were found. Two reviewers screened the articles based on the relevance to
the topic and narrowed the inclusion number to 115 articles. Literature reviews and articles about

pediatrics were excluded, which further narrowed the inclusion number to 80 articles.

Epidemiological evidence

As mentioned previously, falls due to poor postural control are a common problem within
the older adult population, leading to many negative outcomes such as fractures, hospitalization,
and even death (Kingma & Duis, 2000; Sihvonen, Era, & Helenius, 2004; Stel, Smit, Pluijm, &
Lips, 2004; Wojszel & Bien, 2004). Recent epidemiological research supports the notion that
hearing loss may affect postural control and leads to an increased risk for falls in older adults.

Hearing loss has been more specifically linked to slow walking speed, poor static balance scores,



poor quality of life, frailty, increased risk for injuries and hospitalizations due to falls, and
increased risk for mortality (Table 1) (Anstey, Luszcz, Giles, & Andrews, 2001; Cakmur, 2015;
Criter & Honaker, 2013; Feeny et al., 2012; Grue, et al., 2009; Kamil et al., 2016; Kulmala et al.,
2009; Lacerda, E Silva, De Tavares Canto, & Cheik, 2012; Li, Simonsick, Ferrucci, & Lin, 2013;
Lopez et al., 2011; Rumalla, Karim, & Hullar, 2015; Sihvonen et al., 2004; Skalska et al., 2013;
Stephens & Ken, 2003; Viljanen, Kaprio, Pyykko, et al., 2009; Viljanen, Kaprio, Pyykkao, et al.,
2009; Weaver, Shayman, & Hullar, 2017; Wojszel & Bien, 2004). Although this recent literature
alerts clinicians and clinical researchers regarding the association between hearing loss and
balance deficits, it fails to explain how and why hearing loss affects balance. Indeed, there is no
clearly defined underlying mechanism establishing a cause and effect relationship and explaining
how and why individuals with hearing loss fall more often than individuals with normal hearing.
Several theories explaining the relationship between hearing loss and increased risk for falls have

been proposed, including physiological, social, perceptual and cognitive mechanisms (Figure 1).

1) Physiological Mechanism:

The physiological mechanism has various hypotheses and sub-mechanisms explaining
how hearing loss may cause balance deficits, ranging from a common blood supply between the
vestibular and cochlear system, cross-talk between the vestibulocochlear nerve, solvent
exposure, low bone mineral density of the inner ear, and a common gene that causes both hearing
loss and muscular weakness (Table 2) (Agrawal et al., 2008; Kakarlapudi, Sawyer, & Staecker,
2003; J. Y. Kim, Lee, Lee, & Kim, 2016; Mendy et al., 2014; Oh et al., 2014; Purchase-Helzner

et al., 2004; Zamyslowska-Szmytke, Politanski, & Sliwinska-Kowalska, 2011).



According to this mechanism, hearing loss could cause balance deficits due to the close
connection of the vestibular nerve and the cochlear nerve, allowing for “cross-talk” between one
another (Viljanen, Kaprio, Pyykko, et al., 2009). Both nerves share the same blood supply and
eventually run together and to form the afferent vestibulocochlear nerve; damage to the cochlear
nerve could inherently affect the vestibular nerve (Rosenhall, 1973; Schuknecht & Gacek, 1993;
Viljanen, Kaprio, Pyykko, et al., 2009). Minimal evidence exists to refute or deny this sub-

theory.

Another sub-mechanism discusses the notion of bone-mineral density being a
coincidental link between hearing loss and balance deficits. Individuals with low Bone Mineral
Density (BMD) may have poor bone mineral density globally, including the temporal bone that
houses the inner ear bones (Mendy et al., 2014; Purchase-Helzner et al., 2004). Low BMD of the
inner ear bones may coincidentally negatively affect hearing ability; poor bone mineral density
of the lower extremity bones, such as the femur, may increase the risk for fractures related to
falls (Mendy et al., 2014; Purchase-Helzner et al., 2004). Although little evidence exists

regarding this sub-mechanism, the evidence is mixed.

Hearing loss and balance difficulties have also been linked to physiological changes in
the inner ear, which includes but is not limited to: microvascular changes and ototoxic changes
(Cunningham & Tucci, 2017). Recent evidence has linked hearing loss to diabetes mellitus,
hypertension, and smoking due to microvascular changes in small arteriole blood vessels
(Agrawal et al., 2008; Cruickshanks, Klein, et al., 1998; Kakarlapudi et al., 2003; Oh et al.,
2014). The central and peripheral nerves of inner ear may also be affected by chronic, low-level
ototoxic exposure of various industrial materials, chemicals, and solvents; however, the extent of

neuronal damage is currently unknown (Estill, Rice, Morata, & Bhattacharya, 2017). Current
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evidence suggests a significant link exists between solvent exposure and vestibular hypofunction,
increased postural sway, and workplace accidents that include slipping, tripping, or falling
(Herpin et al., 2008; Hunting, Matanoski, Larson, & Wolford, 1991; Zamyslowska-Szmytke et
al., 2011). Several therapeutic drugs have been well-documented to cause neurodegeneration of
both the cochlear and vestibular nerve (Cunningham & Tucci, 2017). These drugs include, but
are not limited to: antibiotics (i.e. aminoglycosides, vancomycin, and erythromycin), loop
diuretics, non-steroidal anti-inflammatory drugs, malaria drugs, and cancer drugs (Rybak, 1986).
Given the prevalence of these drugs taken by adults as they age, the role of ototoxic drugs in
hearing loss and balance deficits may be currently overlooked or may confound results of future

mechanistic research.

Lastly, gene inheritance or mutations are known to affect hearing loss (Cunningham &
Tucci, 2017). Both hearing loss and muscular weakness has also been linked to the insulin-like
growth factor 1 (IGF-1) gene (Barbieri et al., 2003; Cappola, Bandeen-Roche, Wand, Volpato, &
Fried, 2001; Varela-Nieto et al., 2004; Viljanen, Kaprio, Pyykkd, et al., 2009). The potential

effect of genes on both hearing loss and postural control cannot be ignored.

The number of physiological sub-mechanisms muddles the evidence and current
literature does not focus on one particular topic. It is currently unknown whether hearing aids
may improve hearing ability or postural control for individuals with hearing loss due to

physiological mechanisms.

2) Social Mechanism:

An abundance of evidence links hearing loss to decreased balance control and risk for

falls due to lack of socialization (Arlinger, 2003). Consequences of lack of socialization due to



hearing loss has been associated with depression, decreased ability to perform Activities of Daily
Living (ADLs) and Instrumental Activities of Daily Living (IADLs), and reported difficulty with
functional mobility. (Table 3) (Bazargan, Baker, & Bazargan, 2001; Brink & Stones, 2007; Chen
etal., 2014; Chia et al., 2007; Dawes et al., 2015; Grue, et al., 2009; Heyl & Wahl, 2012;
Hidalgo et al., 2009; Hogan, O'Loughlin, Miller, & Kendig, 2009; Hung, Ross, Boockvar, & Siu,
2012; Jagger, Spiers, & Arthur, 2005; Kiely, Anstey, & Luszcz, 2013; Lacerda et al., 2012; M.
Y. Lin et al., 2004; Lopez et al., 2011; Loprinzi, Smit, Lin, Gilham, & Ramulu, 2013; Lupsakko,
Kautiainen, & Sulkava, 2005; Mikkola et al., 2015; Pryce & Gooberman-Hill, 2012; Tomioka et
al., 2015). Older adults with hearing loss experience the vicious cycle of social isolation due to
difficulty hearing and communicating (Crews & Campbell, 2004; Dawes et al., 2015). Social
isolation is known to lead to general deconditioning and weakness; thus leading to balance
difficulty and an increased risk for falls, secondary to the general deconditioning and weakness,

with older adults (Brink & Stones, 2007).

Not only has hearing loss been associated with social isolation and decreased social
engagement due to difficulty with communication, but also a higher incidence of poorer mood
and depression have been reported in older adults with hearing loss compared to older adults
with normal hearing (Brink & Stones, 2007; Dawes et al., 2015; Kiely et al., 2013). Regarding
physical functioning and overall health, individuals with hearing loss have also reported
decreased quality of life, difficulty with Activities of Daily Living (ADLS) (i.e. bathing, dressing,
eating, toileting), and Instrumental Activities of Daily Living (IADLS) (i.e. driving, shopping,
laundry) (Grue, Ranhoff, et al., 2009; Heyl & Wahl, 2012; Hidalgo et al., 2009; Jagger et al.,

2005; Kiely et al., 2013).



3) Perceptual Mechanism:

Hearing loss may be associated with poor balance control and increased risk for falls due
to inability to localize potentially hazardous sounds (Lau, Pichora-Fuller, Li, Singh, & Campos,
2016). Hearing loss may create an incomplete or inaccurate representation of environmental
sounds (ie. the proximity a fire truck’s siren), putting the individual at risk of unexpected events
that could lead to a fall (Arlinger, 2003; Cox & Alexander, 1995; Girard et al., 2014; Lundélv,
2004). An individual often uses sound to discern the external environment and changes within
the environment (Palmer, D'angelo, Harris, Linaker, & Coggon, 2015). The perceptual
mechanism suggests an individual with hearing loss has difficulty perceiving the environment
around him or her, preventing an accurate representation of the environment (Lundélv, 2004). An
individual with hearing loss may perceive a noise that is in close proximity as being distant, so a
signal, such as a person coming behind, may startle the individual with hearing loss, potentially
causing a loss of balance and a fall (Arlinger, 2003; Girard et al., 2014). Studies assessing the
perceptual mechanism have ranged from finding hearing loss is associated with increased risk for
workplace injuries to studying standing balance tasks with varying types of noise (Table 4)
(Girard et al., 2014; Kanegaonkar, Amin, & Clarke, 2012; Lau et al., 2016; Negahban &

Nassadj, 2017; Palmer et al., 2015; Vitkovic, Le, Lee, & Clark, 2016).

Hearing loss has not only been associated with an increased number of falls, but also
varying types of injurious accidents (M. Picard et al., 2008). Noise-induced hearing loss,
specifically, has been significantly correlated with a greater risk for industrial work-related
accidents, which increases as the number and amount of environmental hazards increase, due to
inability to perceive dangerous sounds (M. Picard et al., 2008; Zwerling et al., 2000). Individuals

with noise-induced hearing loss have also been associated with an increased risk for traffic
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accidents and non-speeding traffic citations due to inability or inaccurate perception of
dangerous noises (ie. car horn), potentially in combination with divided attention from various
environmental sounds (Michel Picard et al., 2008). Pedestrians and cyclists with hearing loss are
also at an increased risk for traffic-related accidents. Furthermore, those who use hearing aids
would often turn off hearing aids when environmental sounds became too distracting, further
putting these individuals at risk for an accident due to increased difficulty hearing dangerous
sounds (Lundalv, 2004). Currently, not enough evidence exists to determine whether hearing

aids would reduce the number of accidents and falls for individuals with hearing loss.

New literature is emerging that attempts to link auditory input to balance control through
sound localization under various balance conditions (Jayakody, Friedland, Eielboom, Martins, &
Sohrabi, 2017). Young and older adults appear to have increased sway when sound is distorted,;
however, older adults with hearing loss may not be as affected by localization of auditory input
due to inability to perceive it (Jayakody et al., 2017; Lau et al., 2016; Vitkovic et al., 2016).
More research is needed to determine whether poor sound localization in individuals with

hearing loss causes impaired balance control and increased risk for falls.

4) Cognitive Mechanism:

The cognitive mechanism suggests that individuals with hearing loss have difficulty
maintaining postural control while attending to speech and sounds. This process becomes a
dual-task in which the person reallocates or divides attention otherwise used for balance to
processing sounds and hear more accurately, leading to balance issues and an increased risk for
falls with older adults (Kerr, Condon, & McDonald, 1985; Lajoie, Teasdale, Bard, & Fleury,

1993; Lundin-Olsson, Nyberg, & Gustafson, 1997; Shumway-Cook & Woollacott, 2000;



Viljanen, Kaprio, Pyykko, et al., 2009; Viljanen, Kaprio, Pyykko, et al., 2009; Woollacott &
Shumway-Cook, 2002). Studies assessing the cognitive mechanism have used variable
assessments to come to the following conclusions: hearing loss is associated with poorer Mini-
Mental State Exam (MMSE) scores, poorer self-report of cognitive abilities, poorer cognitive
performance on various cognitive tests and dual-tasks, poor verbal working memory and
executive function abilities, and dementia (Table 5) (AKYIGIT et al., 2014; Bazargan et al.,
2001; Brink & Stones, 2007; Bruce et al., 2017; Bush, Lister, Lin, Betz, & Edwards, 2015; Chia
et al., 2007; Choi, Shim, Lee, Yoon, & Joo, 2011; Da, Lee, & Lee, 2015; Davis, 2003; Dawes et
al., 2015; Dupuis et al., 2015; Edwards et al., 2016; Gatehouse, Naylor, & Elberling, 2003;
Glyde, Cameron, Dillon, Hickson, & Seeto, 2013; Grue, et al., 2009; Gurgel et al., 2014;
Gussekloo, de Craen, Oduber, van Boxtel, & Westendorp, 2005; Hallgren, Larsby, Lyxell, &
Arlinger, 2005; Heyl & Wahl, 2012; Hidalgo et al., 2009; Hogan et al., 2009; L. E. Humes, 2002;
Larsby, Hallgren, & Lyxell, 2008; Larsby, Hallgren, Lyxell, & Arlinger, 2005; Lau et al., 2016;
F.R. Linetal, 2011; F. R. Linetal., 2013; M. Y. Lin et al., 2004; Lopez et al., 2011; Lunner,
2003; Lupsakko et al., 2005; McCoy et al., 2005; Mikkola et al., 2015; Moore et al., 2014; Ng,
Rudner, Lunner, Pedersen, & Ronnberg, 2013; Pearman, Friedman, Brooks, & Yesavage, 2000;
Ronnberg et al., 2011; Rudner, Lunner, Behrens, Thorén, & Rénnberg, 2012; Shahidipour,
Geshani, Jafari, Jalaie, & Khosravifard, 2013; Tomioka et al., 2015; Tun, Benichov, &
Wingfield, 2010; van Hooren et al., 2005; Wollesen et al., 2018; Wu, Stangl, Zhang, Perkins, &

Eilers, 2016; Zekveld, Deijen, Goverts, & Kramer, 2007; Zekveld, Kramer, & Festen, 2011).

Although few studies directly investigated hearing loss and postural dual-tasks, strong
evidence links hearing loss to cognitive decline, dementia, and potentially even psychiatric

disorders in older adults. The reason behind how and why hearing loss is associated with
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cognitive decline is unknown (Blazer, 2018; F.R. Lin et al., 2011). Four major explanations of
how hearing loss is associated with cognitive decline currently exists, the: 1) common cause, 2)
information-degradation, 3) sensory-deprivation, and 4) the cognitive-load-on-perception (L.E.
Humes, Busey, Craig, & Kewley-Port, 2013; Mudar & Husain, 2016; Wayne & Johnsrude,
2015). According to the “common cause” explanation, a global decline of hearing and cognitive
function occurs simultaneously and the correlation is coincidental (L.E. Humes et al., 2013). The
information-degradation explanation suggests increased auditory processing overloads the
auditory cortex and other cognitive functions cannot perform optimally. The sensory-deprivation
explanation suggests increased auditory processing causes neurodegenerative changes of the
auditory cortex and the cognitive regions of the brain, leading to cognitive decline (Wayne &
Johnsrude, 2015). Neurodegenerative changes in the frontal lobe and the limbic region of the
brain in individuals with hearing loss have been reported, as well, which may support either the
information-degradation or the sensory-deprivation explanations (Mudar & Husain, 2016). The
cognitive-load-on-perception explanation suggests cognitive decline leads to less cognitive
resources available for auditory processing, which appears as hearing loss (Wayne & Johnsrude,

2015).

Clinicians and clinical researchers, in particular, have studied the association between
hearing loss and cognitive functioning extensively (V. Y. Lin et al., 2017). Hearing loss has been
widely associated with increased listening effort, which suggests an increased amount of
cognitive resources must be reallocated to listen and process speech (Gosselin & Gagné, 2010).
Hearing loss has been widely associated with poorer performance on short-term memory tasks

(Ronnberg et al., 2011) and with lower scores on outcome measures, such as the mental
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component of the Short Form (SF)-36 and the Mini Mental State Exam (MMSE) (Chia et al.,

2007; Hogan et al., 2009; F. R. Lin et al., 2011; M. Y. Lin et al., 2004; Lopez et al., 2011).

State of Current Evidence

In summary, the physiological mechanism has a varying number of sub-theories, which
makes determining the strength of the evidence complicated. Not enough evidence exists to
support or refute the perceptual mechanism. A large amount of evidence suggests hearing loss
and balance difficulty may be associated with the social mechanism and research is beginning to
test interventions (ie. social engagement) (Bazargan et al., 2001; Mudar & Husain, 2016). Strong
evidence suggests hearing loss and balance difficulty may be associated with the cognitive
mechanism (Bruce et al., 2017); however, mixed evidence exists regarding the effectiveness of
hearing aids on communication abilities of older adults (Brink & Stones, 2007; Bruce et al.,
2017; Vitkovic et al., 2016). Research is also attempting to create comprehensive auditory
rehabilitation to prevent potential negative effects of hearing loss and cognitive decline (Mudar

& Husain, 2016).

Limited evidence exists to determine whether the correlation between hearing loss and
increased risk for falls, particularly with older adults, is merely coincidental or is cause-and-
effect (Bruce et al., 2017). Epidemiological and more recent balance research have identified
specific types of balance deficits (Li et al., 2013). Individuals with hearing loss have a slower
gait speed, self-report poor physical mobility and increased number of falls compared to normal
hearing individuals, and have increased Center of Pressure (COP) sway measurements during
quiet stance with background noise (Sogebi, Oluwole, & Mabifah, 2015; Viljanen, Kaprio,

Pyykko, et al., 2009; Vitkovic et al., 2016). However, there is a paucity of evidence regarding
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the effect of hearing impairment on reactive balance, namely the ability to regain balance after a
stumble, trip, slip, or near loss of balance (Bruce et al., 2017). In a real-world setting, individuals
with hearing loss are constantly performing a dual-task of attending to auditory sounds, such as
speech, while simultaneously attempting to stand, walk, or cross obstacles. An individual with
hearing loss may either be distracted by or use a high level of processing resources to attend to

environmental sounds, therefore being more at risk of loss of balance and falling.

B. Balance and Postural Control Assessment

Postural Control Outcome Measures

Both anticipatory and reactive balance controls are regulated by the Central Nervous
System (CNS) in order to maintain posture (Kanekar & Aruin, 2014). Anticipatory responses are
internal, voluntary initiations performed prior to an anticipated movement, in which the
subconscious choice of a particular movement is based on prior experience (Kanekar & Aruin,
2014; Patla, Ishac, & Winter, 2002). Reactive responses respond to an external or unexpected
disturbance, such as a loss of balance, and work toward regaining stability and equilibrium
within the balance system (Kanekar & Aruin, 2014; S.-1. Lin & Woollacott, 2005). Falls most
often occur during situations that require reactive balance control, such as tripping or slipping,
particularly with older adults (Niino, Tsuzuku, Ando, & Shimokata, 2000; Papa, Garg, & Dibble,
2015). Clinical research has begun to focus on studying reactive balance control in an attempt to
identify older adults at fall risk and reduce the risk for falling in the older adult population (Carty
et al., 2014; Dijkstra, Horak, Kamsma, & Peterson, 2015; Paquette, Li, Hoekstra, & Bravo,

2015).
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Laboratory experiments investigating reactive balance create a life-like type of loss of
balance in a safe and controlled environmental setting. Biomechanical outcome measures
commonly utilized in research settings to assess reactive balance abilities include: maximum
Center of Pressure (COP) — Center of Mass (COM) distance during compensatory steps, reaction
time to initiate the first compensatory step, and number of steps after a loss of balance (Burleigh,
Horak, & Malouin, 1994; Horak, Dimitrova, & Nutt, 2005; Kanekar & Aruin, 2014; Mansfield,

Peters, Liu, & Maki, 2010; Mcllroy & Maki, 1996).

Center of Pressure (COP) is the collected average of the pressure from the bottom of the
feet and is a measure of the motor system and is often described in research as ‘sway’ (Ruhe,
Fejer, & Walker, 2011). Center of Mass (COM) is a kinematic measure considered the weighted
average of all joint segments moving at a particular moment and this measure favors a position
of stability for a person, which typically is located around the sacrum (Winter, 1979; F. Yang &
Pai, 2014). COP and COM interact closely with one another to maintain postural stability during
both anticipatory stepping (ie. gait initiation) and compensatory stepping (ie. unexpected loss of
balance) (Shumway-Cook & Woollacott, 2007). Compensatory stepping occurs with an initial
COM displacement followed by COP displacement that regains balance equilibrium and
maintains postural stability (Henry, Fung, & Horak, 2001; Horak et al., 2005; Santos, Kanekar,
& Aruin, 2010; Winter, Patla, & Frank, 1990; J. Yang, Winter, & Wells, 1990). Maximal
displacements of COP and COM (also known as peak COP and peak COM) have been
individually documented in the literature as stability measures. Another important stability
measure documented in the literature is the stability margin, the difference between COP and
COM (COP-COM) (Jacobs, Dimitrova, Nutt, & Horak, 2005; Kanekar & Aruin, 2014; Santos et

al., 2010; Winter, 1979). The COP-COM maximum distance is considered an indicator of
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robustness in the balance control system (Corriveau, Hébert, Prince, & Raiche, 2001; Jancova,
2008; Lafond, Duarte, & Prince, 2004; Papa, Foreman, & Dibble, 2015; Winter, 1995; Winter,
Prince, Frank, Powell, & Zabjek, 1996). COP and COM are interconnected during compensatory
stepping; therefore, COP-COM was chosen as the most appropriate outcome measure of postural

stability during unexpected compensatory steps (Kanekar & Aruin, 2014).

Reaction time is an important predictor for falls in older adults, in which a slower
reaction time indicates a greater likelihood of falling (Lord & Fitzpatrick, 2001). Furthermore,
reaction time indicates the quality neuromuscular and physiological response to a sudden and
unexpected loss of balance, particularly a loss of balance requiring compensatory steps to regain
balance, with a quicker reaction time indicating better control of balance and decreased risk for
falling (Mansfield et al., 2010). Reaction time is typically assessed through use of
Electromyography (EMG) to measure muscle activation, or through kinetic or kinematic
assessments using force plates or marker analysis (Do & Roby-Brami, 1991; Mcllroy & Maki,
1996). Reaction time is considered such an important fall risk outcome measure that it’s even
been suggested that reaction time is a better clinical indicator of fall risk than walking speed (van
den Bogert, Pavol, & Grabiner, 2002). We, therefore, chose reaction time during the first
compensatory step as an appropriate outcome measure to utilize to assess fall risk with a slower

reaction time indicating worse control of balance.

Number of steps is an observable clinical outcome measure that can be used when
administering reactive balance tests, such as the Nudge Test, to identify an older adult faller
(Granacher, Muehlbauer, & Gruber, 2012; Stone & Skubic, 2011). An increased number of
recovery steps after an unexpected loss of balance are associated with an increased risk for

falling (Crenshaw & Kaufman, 2014; Hilliard et al., 2008; Pai, Rogers, Patton, Cain, & Hanke,
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1998). Number of steps during loss of balance is a simple and affordable clinical test that can be
performed in clinical settings without the use of expensive technology (Colagiorgio et al., 2014).
We determined number of steps after loss of balance would be an appropriate outcome measure

to use due to its ability to be clinically translatable.

Dual-Task Paradigm

Because balance and mobility are underpinnings for functional performance in real life
(walking in a grocery store while talking on the phone and shopping at the same time), dual-task
paradigms have been used to determine the impact of impairment in a complex system
(McFadyen, Gagné, Cossette, & Ouellet, 2017). In the classic dual-task paradigm, performance
on each task is measured in isolation (single task) and while performed concurrently (dual-task)
with the aim of determining task interference and inferring attentional/cognitive prioritization
and implications for safety (Silsupadol et al., 2009). A large number of studies using dual-task
paradigms studies have investigated balance and postural control with walking, driving, reaching
and grasping, while simultaneously performing other cognitive tasks (counting backwards,
remembering words and colors, simple conversation) in a variety of patient populations from
healthy young adults to older adults, patients with stroke, Parkinson’s disease, Alzheimer’s
disease, etc. (Bowen et al., 2001; Creem & Proffitt, 2001; Hollman, Kovash, Kubik, & Linbo,

2007; Muir et al., 2012; Penko et al., 2018; Strayer & Johnston, 2001)

We created a novel auditory and balance dual-task paradigm to investigate the effect of
hearing loss on reactive balance control. We intend to test whether a cognitive mechanism

explains why hearing aids improve balance for older adults with hearing loss (Figure 2).
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C. Audiology assessment

The most common form of audiological assessment performed by audiologists is an
audiogram. An audiogram displays the frequency, or pitch, and the hearing threshold level, or
volume, the subject hears. The subject is exposed to several volume levels at various frequencies.
The average hearing threshold level is calculated by the audiologist to diagnose the extent of
hearing loss. An individual with normal hearing has an average hearing threshold level below 25
decibels (dB) Hearing Level (HL). An individual with mild hearing loss has an average hearing
threshold level between 26-40 dB HL. An individual with moderate hearing loss has an average
hearing threshold level between 41-70 dB HL. An individual with severe hearing loss has an
average hearing threshold level between 71-90 dB HL. An individual with profound hearing loss

has an average hearing threshold level greater than 91 dB HL (ASHA, 2015a; Clark, 1981).

A device, known as an audiometer, records the data through a process known as pure-
tone testing. Pure-tone testing often uses both air-conduction testing and bone-conduction testing
to determine the type of hearing loss. A subject undergoes air-conduction testing to determine if
the individual has sensorineural hearing loss. During air-conduction testing, the subject wears
headphones or insert-phones and pushes a button or raises a hand to indicate a sound has been
detected. During bone-conduction testing, the subject wears a bone oscillator, which passes
sound directly to the inner ear consisting of the cochlea and vestibular system, bypassing the
outer and middle ear. The pitch and volume is recorded on the audiogram during both types of
testing and is further analyzed by the audiologist to determine type of hearing loss (ASHA,

2015b; Isaacson, 2010).
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An audiometer measures the range of pitch and volume an individual can hear.
Audiometers can be hand-held, portable, or can be set-up within an audiology clinic using a
sound-attenuated booth. Most hand-held and portable audiometers have a set of headphones,
which the participant wears, and are utilized in a quiet setting like an empty room. The handheld
audiometer typically has less frequency and decibel options and sometimes has an otoscope
placed in the patient’s ear instead of using headphones. Hand-held and portable devices are
commonly used as a screening tool in primary care clinics. Audiometers in the audiology clinic

are often used within a sound-attenuated booth (ASHA, 2015b).

Other common forms of audiological screening assessments include: Auditory Brainstem
Response (ABR), Otoacoustic Emissions (OAEs), and Speech Reception Threshold (SRT).
These tests are performed specifically in audiology clinics. These tests — in combination with
other testing methods — are used for differential diagnosis to determine if an older adult has
sensorineural hearing loss, conductive hearing loss, or other ear-related pathologies, such as
Méniere's disease or an acoustic neuroma. An audiologist uses OAEs to determine cochlear
functioning. An audiologist inserts a device into a patient’s inner ear, the device sends vibrations
and stimulates the cochlea, and the cochlea responds by creating OAEs. The audiologist then
determines cochlear function based on the cochlea’s response to the signals. Lack of signaling to
the probe indicates damage to the cochlea’s hair cells (ASHA, 2015b; Isaacson, 2010; Kemp,
2002; Norton et al., 2000). SRT is often used in conjunction with pure-tone testing to confirm the
degree of sensorineural hearing loss. The testing procedure requires the subject to repeat various
words or phrases presented at various volumes over a loudspeaker or headphones in either

silence or background noises. The Signal-to-Noise Ratio (SNR) is a measure of the volume of
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speech an individual can hear in a particular level background noise. It is assessed by an

audiologist to determine the degree of hearing loss (ASHA, 2015b; Isaacson, 2010).

The auditory task selected for single- and dual-task testing was the standardized
audiology test, Bamford-Kowal-Bench Speech-In-Noise-Test (BKB-SIN), consisting of a target
voice and multi-talker babble. The test is commonly used to determine whether an individual
with hearing loss would benefit from a hearing aid or cochlear implant (Litovsky, 2011; Wilson,
McArdle, & Smith, 2007). The test consists of simple sentences such as, “The truck drove up the
road.” Subjects are scored on how accurately they can repeat back the underlined words, which
consists of either three or four words per sentence. Scores are tallied and the total score is
subtracted from 23.5, providing a speech-in-noise ratio that the test-taker will correctly repeat
50% of the sentences (Bench, Kowal, & Bamford, 1979). A speech-in-noise ratio is the volume
of speech relative to the background noise , with +0 being the speech and background noise are
the same level and +10 being the speech is 10 dB higher than the background noise
(McShefferty, Whitmer, & Akeroyd, 2016). A higher score on the BKB-SIN indicates a poorer

performance (Bench et al., 1979).

Hearing loss was simulated using Adobe Audition. Five second clips of each sentence
from the standardized audiology test, BKB-SIN, were uploaded into the program. The BKB-SIN
consists of a target voice and multi-talker babble/noise. The voice and the multi-talker babble
were separated from 1 track into 2 separate tracks with 1 track constituting the target voice and 1
track constituting the multi-talker babble. The decibels were manipulated at particular
frequencies associated with moderate hearing loss. Moderate hearing loss values of decibels per
frequency were obtained from The National Institute for Occupational Safety and Health

(NIOSH) Hearing Loss Simulator (H. P. Kim et al., 2011). Moderate hearing loss was simulated
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by applying a Fast Fourier Transform (FFT) filter (Logarithmic scale, FFT size: 2048, Blackman
window) in Adobe Audition to the separated track of the voice, according to previous research
simulating hearing loss (Cruickshanks, Wiley, et al., 1998; Hornsby, Johnson, & Picou, 2011;

Korhonen & Kuk, 2008; McPherson, McMahon, Wilson, & Copland, 2012).

Subsequently, the voice and babble/noise were recombined in one file that maintained the
Speech-in-Noise (SIN) ratio associated with each sentence of the BKB-SIN test. A total of 3 lists
each containing 8 short sentences were manipulated to simulate hearing loss or left in the
original state for subjects with hearing aids to perform; the other 3 lists of the BKB-SIN were
used in their original state for a normal hearing or no hearing aid condition. No sentence was
heard more than one time by each subject in the study. Subjects used Bose® QuietComfort 35
wireless headphones to listen to sentences and limit any additional environmental noise during

testing.

Subjects were required to stand and maintain their balance following unexpected surface
translations while simultaneously listening and repeating back sentences from the BKB-SIN at
an intensity level of 60 dBA. There were three auditory conditions: 1) no audio sound, no repeat
back, resulting in the single task of maintaining balance; 2) normal hearing or with hearing aid;
and 3) hearing loss or no hearing aid. The conditions were randomized for the normal hearing

subjects and were randomly assigned for the hearing loss subjects.
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D. Hearing Aids

Types of Hearing Aids

Hearing aids are devices placed either in or behind the ear that improve listening abilities
for an individual with sensorineural hearing loss. Three basic components assemble a hearing
aid: a microphone, amplifier, and speaker. The microphone receives the sound waves of speech
or noise and transmits the signals into the amplifier. The amplifier converts these waves into
electrical signals and transmits these signals to the amplifier. The amplifier magnifies the signals
for the remaining hair cells. The hair cells convert the signals into neural inputs sent to the brain

for processing (NIDCD, 2017).

Presently, two major types of hearing aid circuitry exist on the market: analog hearing
aids or digital hearing aids. Analog hearing aids enhance the volume of all sounds without
differentiating between sound of interest vs. noise in various environments, such as a quiet
museum or a noisy stadium. The hearing aid user can manually adjust between settings on the
hearing aids to improve sound quality based on his or her current environment. Digital hearing
aids amplify sound signals, and have the ability to selectively amplify specific sound frequencies
based on the hearing aid user’s needs. Some digital hearing aids can also amplify sound coming

from a particular direction (H. H. Kim & Barrs, 2006).

Frequency Modulated (FM) systems are a common accessory to hearing aids used by
individuals with hearing loss who have exceptional difficulty hearing speech in a noisy
environment (Chisolm, Noe, McArdle, & Abrams, 2007). FM systems are designed to perform 3
major functions: 1) Limit background noise and distractors, 2) increase the volume of speech,

and 3) maintain the same volume of speech, regardless of the location of the talker (A.
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Boothroyd, 2004; A. Boothroyd & Ross, 1992). FM systems typically are device with a
directional microphone wirelessly linked to a hearing aid, in which the sound from the
microphone is sent directly into the hearing aid of the hearing aid user (Thibodeau, 2010). These
devices allow individuals with hearing loss to improve their understanding of speech in a noisy

setting, such as a restaurant (Schafer & Thibodeau, 2006).

Various styles of hearing aids exist and are chosen by an audiologist and patient based on
each patient’s personal wants and needs. “Behind The Ear” (BTE) hearing aids consist of a
computer device fitted behind the ear with the electrical portion fitted in the outer ear. Recently,
a smaller and more esthetically pleasing version known as the “Mini” BTE hearing aid has been
developed. “In The Ear” (ITE) hearing aids fit completely within the outer ear. “In the Canal”
(ITC) hearing aids fit within the ear canal and “Completely-In-Canal” (CIC) hearing aids are
fully inserted into the ear canal. Canal hearing aids are primarily effective for mild or moderate

hearing loss (NIDCD, 2017; H. H. Kim & Barrs, 2006).

The FDA renewed a bill through the United States Senate in 2017 that will allow hearing
aids to be purchased over-the-counter and will be suitable for individuals with mild to moderate
hearing loss. Individuals with hearing loss will still be able to go to an audiologist to have the
hearing aid serviced, but do not need to be fitted for a hearing aid (Thomas, 2017; Warren &
Grassley, 2017). Currently, the topic of purchasing hearing aids over the counter is highly
controversial and the amount of adherence by over the counter hearing aid users is yet to be

determined (The Hearing Review, 2017).
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Reasons for Non-Use of Hearing Aids

As mentioned previously, many older adults who need hearing aids do not wear hearing
aids (Lupsakko et al., 2005). Less than 4% of older adults with sensorineural or conductive
hearing loss wear hearing aids, which equals an estimated 22.9 million Americans. According to
The National Academy Aging Society Group (1999), inadequate Medicare and insurance
coverage of hearing aids for seniors is a major contributory factor as to why the majority of older
adults do not wear hearing aids. Furthermore, lack of hearing aid use is linked with lower
socioeconomic status and lower level education level; therefore, many individuals who need
hearing aids either cannot afford the devices or may not know about the benefits of a hearing aid

(Bazargan et al., 2001).

Many older adults who are fortunate enough to receive hearing aids are resistant to
hearing aid prescription or chose not to wear prescribed hearing aids (Bazargan et al., 2001;
Hidalgo et al., 2009; Li et al., 2013; Lupsakko et al., 2005; Pryce & Gooberman-Hill, 2012).
Several reasons exist for lack of hearing aid use. The cochlear nerve degrades slowly throughout
a lifespan so many older adults are unaware of the extent of their hearing disability and often
attribute their hearing loss due to general aging, which causes resistance to wearing hearing aids
(Bazargan et al., 2001; Davis, 2003). Resistance to hearing aid use may also be due to self-
consciousness or stigmatism of looking or feeling “old” with a hearing aid (Franks & Beckmann,
1985; McCormack & Fortnum, 2013; Meister, Walger, Brehmer, von Wedel, & von Wedel,
2008). It should be noted that hearing aids are beginning to look more discrete and aesthetically
pleasing so stigma is not as big of an issue compared to previous years (McCormack & Fortnum,

2013).
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A first-time hearing aid user also does not adjust to the device immediately. Adjustment
takes a few months requiring neuroplasticity and often tweaking of the hearing aid device to suit
the individual. Hearing aids do not completely resolve of hearing loss and hearing aid users may
experience inconveniences, such as amplified distorting speech in a noisy environment or
buzzing while using a cell phone (NIDCD, 2017). A hearing aid user may find these
inconveniences to outweigh the believed benefits of the hearing aid and lead to disuse (Hallgren

et al., 2005; Willott, 1996).

One study performed by Lupsakko et al. (2005) found that 25% of subjects who had
hearing aids did not wear their listening devices. Subjective reasons as to why these individuals
did not use their hearing aids regularly included: 42% of subjects reported they felt a hearing aid
did not benefit them and using the device was unnecessary, 21% of subjects reported the hearing

aids were too hard to use, and 17% of subjects reported their hearing aid was defective.

Hearing Aids and Socialization

Unfortunately, hearing aids may or may not improve socialization of older adults with
hearing loss (Pryce & Gooberman-Hill, 2012). A barrier preventing older adults to receive a
hearing aid is the cost of hearing aids or hearing interventions are expensive and not fully
covered by Medicare or Medicaid (Cohen-Mansfield & Infeld, 2006). Lack of coverage for
hearing aids forces individuals with hearing loss to pay more out-of-pocket annual expenses for
medical care compared to individuals with normal hearing, creating a major barrier for hearing
aid adoption among older adults (Cunningham & Tucci, 2017). For instance, one study by
Kochkin (2007) suggests 76% of individuals who did not adopt hearing aids report inability to

afford hearing aids. Individuals unable to afford hearing aids earned approximately $20,000-
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$45,000 less annually compared to age-matched individuals who reported the ability to afford

hearing aids, creating a health disparity among individuals of lower socioeconomic status.

Hearing Aids and Cognitive Function

Currently, there is mixed evidence as to whether hearing aids may improve cognitive
function given that hearing aids do not fully restore hearing abilities. Further confounding the
hearing aid controversy, high working memory may influence listening abilities and reduce the
benefit of a hearing aid (Chia et al., 2007; Hallgren et al., 2005; Lupsakko et al., 2005; Meister et
al., 2008; Ng et al., 2013). Promising recent evidence, on the contrary, suggests that hearing aids
as part of a comprehensive rehabilitation program may improve listening ability and slow or
prevent cognitive decline for older adults with hearing loss (Mudar & Husain, 2016). The
interventions of the comprehensive rehabilitation program include, improving social engagement
(i.e. outside home activities), hearing amplification (i.e. hearing aids), cognitive training focused
on both verbal and non-verbal tasks in which individuals with hearing loss have the greatest
amount of difficulty, and auditory training targeted at improving speech intelligibility (Mudar &
Husain, 2016). Further research is needed to determine if a comprehensive auditory rehabilitation

program could improve both listening ability and cognitive function for hearing aid users.

1. SIGNIFICANCE and INOVATION

Significance
Individuals with hearing loss may be at greater risk of falling than individuals without

hearing loss and the magnitude of hearing loss may relate to the level of fall risk (Gerson,

Jarjoura & McCord, 1989; Grue et al., 2009). Viljanen, Kaprio, Pyykko, et al. (2009) reported
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older adults with poorer hearing to be at a 3-4x higher risk of falling compared to those with
better hearing. It has also been shown that two-thirds of patients who have sustained a hip
fracture also had a hearing impairment at the time (Grue, Kirkevold, & Ranhoff, 2009);
moreover, of those with hearing loss who reported suffering from additional limitations, the most
commonly reported limitations were related to “mobility” (65%) compared to less frequently

reported limitations (communication 12%, memory 12%, learning 11%) (Stats Canada, 2006).

Determining how hearing loss affects balance in older adults is significant because it is
expected to determine if a cognitive mechanism partially or fully explains the link between
hearing loss and balance deficits. As mentioned previously, the cognitive mechanism theorizes
hearing loss requires an individual to reallocate resources used for maintaining balance towards
listening to speech and essential sounds in the environment. This contribution is also significant
because it is expected to determine if hearing aids decrease the cognitive demand from hearing
loss, allowing an older adult to reallocate cognitive resources formally required for listening

towards maintaining balance; thus preventing falls.

Decreasing the number of falls within the older adult community will prevent
consequences from fractures, hospitalization, medical procedures, family burden, and financial
stress (Oliver et al., 2004; Sherrington et al., 2011; Shumway-Cook et al., 2009; Stevens et al.,
2006). In addition, preventing an older adult from falling may lead to positive outcomes, such as
improved quality of life, increased mobility, decreased social isolation, and decreased level of
depression (Brink & Stones, 2007). Revealing a mechanism to explain the link between hearing
loss and balance deficits will also open the door for interventions, such as better acceptance or

new types of auditory interventions, to reduce the number of falls in the older adult population.
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1. SPECIFIC AIMS

The purpose of this project is to investigate the contribution of auditory input to the
control of balance and to determine how and why hearing loss contributes to loss of balance and
falls. We will use sophisticated virtual environments to conduct standardized speech recognition
and sound localization tests while moving and maintaining balance in realistic, yet controlled
conditions. We hypothesize that individuals with hearing loss have poorer postural control
compared to individuals without hearing loss because attempting to understand speech or discern
sounds while maintaining balance becomes a dual-task. The dual-task requires individuals to re-

allocate resources required to maintain balance towards listening and sound processing.

Sample size was calculated from pilot data and standard clinical normative values, using.
G*Power 3.1.9.2 based on an ANOVA: Fixed effects, special, main effects, and interactions.
Sample size was calculated for gait speed using pilot data for gait speed of older adults (1.5 m/s)
and older adults with hearing loss (1.35m/s), as well as normative values for young, healthy
adults (1.6 m/s) (Oberg, Karsznia, & Oberg, 1993) (effect size = 0.58, a = 0.05, Power = 0.80,
Numerator df = 5, and number of groups = 6), leading to a total sample size of 45 subjects
required. Accounting for 33% attrition, the total sample size will be 60 subjects total (20 young
healthy adults, 20 older adults with normal hearing, and 20 older adults with age-related hearing

loss).
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Specific Aim 1: Investigate the contribution of auditory inputs to balance control in healthy

young adults.

Recent epidemiological research has brought attention to the notion that other sensory
impairments, such as hearing loss, may affect balance deficits and lead to an increased risk for
falls in older adults (Li et al., 2013; Viljanen, Kaprio, Pyykko, et al., 2009). Therefore, we intend
to determine if hearing loss alone — without additional sensory impairments — causes balance
deficits in individuals. Because extensive literature suggests hearing impairment impacts
cognitive processing during challenging tasks (Larsby et al., 2008; McCoy et al., 2005), we will

require subjects to perform a cognitive task and observe changes in reactive balance.

Twenty healthy, young adults with normal hearing between the ages of 21-35 will
perform the dual-task experimental protocol (Figure 2). This dual-task experimental protocol will
be performed with headphones under a normal hearing and simulated hearing loss condition. A
pair of wireless Bose® QuietComfort 35 wireless headphones will be provided for the subjects to
minimize environmental sounds. Hearing loss will be simulated using the Adobe Audition
(Adams, Gordon-Hickey, Morlas, & Moore, 2012). The BKB-SIN will be played through the
headphones under simulated hearing loss conditions used in audiology research (Adams &
Moore, 2009). Surface translations creating a loss of balance will be provided as well to simulate
an unexpected event. The order of the tasks with and without headphones will be randomized to

prevent bias.
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Specific Aim 2: Determine the effect of age-related hearing loss on balance in older adults.

Evidence suggests older adults with hearing loss are particularly vulnerable to less social
engagement, less ability to perform Activities of Daily Living (ADL), poor physical functioning,
balance difficulty, and increased risk for falls (Chia et al., 2007; Kiely et al., 2013; Kulmala et
al., 2009; Pryce & Gooberman-Hill, 2012; Viljanen, Kaprio, Pyykko, et al., 2009; Wojszel &
Bien, 2004). Evidence also suggests that older adults with hearing loss have poor cognitive
processing during challenging auditory tasks compared to older adults with normal hearing
(McCoy et al., 2005; Tun et al., 2010). We, therefore, will investigate if older adults with normal
hearing and simulated hearing loss have poor balance compared to older adults with normal
hearing while performing a cognitively challenging dual-task. Twenty older adults (65+) with
normal hearing and with simulated age-related hearing loss will perform the dual-task while
experiencing unexpected surface translations (Figure 2). The auditory test will be played through
the headphones. The results of the 20 older adults with normal hearing will be compared to the

20 healthy young adults.

Specific Aim 3: Determine the effect of hearing aids to improve balance in older adults with

age-related hearing loss.

Older adults with hearing loss have been known to experience depression, social
isolation, loss of ADLs, poor balance, and increased risk of falling (Chia et al., 2007; Kiely et al.,
2013; Pryce & Gooberman-Hill, 2012; Viljanen, Kaprio, Pyykko, et al., 2009; Wojszel & Bien,
2004). Hearing aids do not completely restore speech understanding, particularly in a noisy

environment, but literature suggests hearing aids may still improve communication, decrease
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depressive symptoms, and may allow listening tasks to be less cognitively taxing; thereby
preventing mental fatigue, information overload, and cognitive decline (Arlinger, 2003;
Lupsakko et al., 2005; Young Choi, Shim, Lee, Yoon, & Joo, 2011). Furthermore, literature
suggests hearing aids may even improve physical functioning and increase independence
performing ADLs (Hogan et al., 2009; Lupsakko et al., 2005). Although this evidence is
insightful, the minimal evidence has tested whether a decrease in cognitive load is the reason
why a hearing aid improves physical functioning (F. R. Lin et al., 2013; Rumalla et al., 2015).
We intend to test whether a cognitive mechanism explains why hearing aids improve balance for
older adults with hearing loss. We theorize the older adult with hearing loss who wears a hearing
aid does not need to attend as closely to unheard speech or sounds and can dedicate more

resources to balance control.

Twenty older adults (65+) with age-related mild (20-40 dB HL) or moderate hearing loss
(41-55 dB HL) and with hearing aids will perform the dual-task and receive perturbations
(Figure 2). The auditory test will be played through the speakers instead of the headphones. The
main speaker positioned top center on the screen of the V-Gait system played the sentences
while the other speakers positioned laterally and backwards relative to the person on the
treadmill, delivered the surround noise. The dual-task protocol will be performed both with and
without the subject’s hearing aids, in addition to the unexpected surface translations. The order

of the task will be randomized to prevent bias.

We hypothesize older adults with age-related hearing loss will show improved balance

while wearing hearing aids versus not wearing hearing aids.
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The long-term goal of this research is to improve balance and reduce falls in older adults.
This innovative research will improve preventative care and interventions for older adults with
both hearing loss and balance impairments, will save millions of dollars to cover the cost of
medically treating injurious falls, and will open the door for future research to improve
understanding about the mechanisms behind how and why hearing loss is associated with

balance deficits.
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Figure 1. The figure displays the four potential mechanisms hypothesizing why hearing loss
negatively affects balance — Physiological, Social, Perceptual, and Cognitive — and provides

succinct rational behind the mechanism.
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Dual-Task: Auditory + Balance/Mobility

« Balanced test design conditions:
> Headphones: Yes/No
> Hearing Aids: Yes/No
« Outcome measures:
> Max COP-COM distance
> Reaction Time
> Number of Steps
» Performance on auditory test

Standing balance perturbations
+ Auditory test

BKB-SIN
List SA Key Words # Correct SNR
1. The football plaver lost a shoe. 4 +21 dB
2. The painter used a brush. 3 +18 dB
3. The [ady sat on her chalr. 3 +15 dB
4. The milkman brought the cream. 3 +12 dB
5. The dog chased the cat. 3 +9 dB
6. Mother shut the windovs. 3 +6 dB
7. The apple ple was good. 3 +3 dB
8. Baln falls from the clouds. 3 0 dB

Total Key Words Correct
SNR—50 = (23.5) - (# Correct) = dB

Figure 2. The figure (top left) illustrates the dual-task performed in the human performance
laboratory. Testing involves maintaining standing balance and responding to unexpected surface
translation perturbations that require compensatory steps, while simultaneously listening and
responding to a standardized audiology test, Bamford-Kowal-Bench Speech-In-Noise (BKB-
SIN). The text (top right) describes the balance test conditions of three perturbation levels at 0, 2,
and 5m/s%; Hearing condition was either with headphones playing normal or simulated hearing
loss sentences, or with (yes) or without (no) hearing aids; primary outcome measures included:
maximum Center of Pressure — Center of Mass (COP-COM) distance, reaction time, number of
steps, and performance of the BKB-SIN. The outcome measure (bottom) is an example of one
list from the BKB-SIN. These sentences are played in the headphones or surround system and
each sentence has a Signal-To-Noise Ratio (SNR), where the voice (signal) is accompanied by
varying levels of multi-talker babble (noise). The difficulty increases as the SNR decreases, and

subjects are graded on how accurately they are able to correctly repeat back the sentences.
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Table 1. Epidemiological Evidence linking hearing loss to balance deficits and increased risk for

falls in older adults.
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Table 2. Literature support for the physiological mechanism explaining the relationship between

hearing loss and balance deficits.
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Table 3. Literature support for the social mechanism explaining the relationship between hearing

icits.
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Table 4. Literature support for the perceptual mechanism explaining the relationship between

hearing loss and balance deficits.
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Table 5. Literature support for the cognitive mechanism explaining the relationship between

hearing loss and balance deficits.

aouabijau] pinj4 o

aouewlopad i vodaryjas o'k gg-0F
UIYIJEL Sl O _ (51.02) 12
anyuboa | jm pajeinosse spie Guuesy - SLU1] LOIIESY O {11a) 1sel [HUETIEL e = alfiues aby 8°d ‘someq
uomubod T jm paleiaosse sso| Buueay ”m_.r:mm:. aaqubon - 191du] g 0LL F9L=u
(oav)
spuewa] pue ajfisap] Aoupny -
(AvHdW) Weusg piy )
Waueq pie Bueay *7 Buuesy Jo ajunld pelEWAI]Ty .  JUSLISSSSSE ] VLS5
saloas QY T B [SUENTE M= -abuey aby (co0z)
Ewmmﬁ_ _m__.__m_mm_m”_ m_mmﬂwc___w_u_.“ E_umummo%m”wm_m . wausg pry Buneay] moBSE[D « .Eam:..:mw | [euondss-ss0ig . - mm" __,umm W SIe(]
-S3llIge A 'y £50] Duueay |[8981 Y yjse) Buipeay - 805 -99F 2=
159 (vv)
alnjea Aolpny &1ELISYY N0 «
+6¥
81025 SO 95-45 m_}aa.E._ Lupip spie Buueay « 65-45 UBLISSASSE EuOpas-SsOly  uoisnou| by | E_Smu
21025 SO 96-45 T wawnedw| Gunesy « JUjaLoIpY 966'7 = U B3 °g ‘BIyD
apnyduwe 0k 01=THYO
10 uoisuaxa diy Jo apnydwe “o°f §g=
THWO 18 HNWO Isuapa diy Py fnawoipne m.m_ HNWVO (J102) 78
uaaimlaq spnydwe diy/spue Ul aauslagp op) - uoixapeeld spjuy o SUoLoIn [SOENTIED P! ok LZ=WA B 11 ‘8o
1500 yseprenp | :sso| Buueay . YIEQ-L O reind -afiy ueap P .
seren(/albug - 18=u
onuBo 8|eag uoiubior uove oda-a anaadsons QTG [RT] Mmm,m . "mhmm_.ﬁ_uwmu
uo uswiedw Buuesay jo 1oays JussIsuoa)| [E95 uohiubeg towen HodRHIRS a By uesn " | 90V W . S
Fieeb=U g W Yulg
5620 (L000) e se
spayap ampubos m paieisosse juawiedwn Buuesy IS voday-ag  |[BUOIIDAS-55017) -abuey aby 1 “uebrezeg
ge6=U
B
JSINN UOlEUILIEXS o0 Leaiy (rLoz) T8
EIUBLWED SJalWIayzZ)y jm palelsosse sso| Buues ) o euswadxy  (pz) ‘Enuswap g
. P s ety /T pe | P dl-AHNSa - aNBojoipny ! e ek 2 13 VB
‘FLZ Z|oJuo3)
gee=u
JUBLUSSESSY slea),
5)|nsay S3INSE3j| IWo3INg Buueay ubisag Apnig ajdweg 2 sioqny

Aosy] anniubon

40



81028 Z|-45 SO L :spie Buueay . ) ’ +55 -saby (500Z) e
§81028 ZL-4S SO T uswnedwn Buuesy « ¢hds Hodaiyjes  anpaadsonay crZcy=U 158 ¢ ‘ueboy
‘dnoub panedwiun % ‘dnosb panedwi-enp (rSivin) 8[eag sausbyjsw) ynpy vodalyag « ok §6-51 (ZLog)
. . 13|SL28/\ JO UDISISN PASINSY - . ) ,
dnoib panedwi &jensin “dnoib panedwn Buueay 5 Jawssasse  |ElUaWLadx] -abuey aby MH UM
uaam}aq asuslayp op -s1sa) Buluonouny anpubon mv_mEM_MmﬂuHU:L“M” JUALUDIPNY « gcF=u pue ‘p ‘iay
asiou punoibyzeq uo juspusdap wausg o
s1s8) dIAS Buunp auag oy o Hoys
1sa| yossadg uewnsbey uo souewiopad | o Buwals) pamaed podar)sg s 02-59 % SF-5¢ )
: : (5002) &
spie Buueay - s1s81 (gInS) welshg Buissenolg  siasn pie Buueay |Eluswuadxg -abuey aby o'W b
spie Buuesy om | o uonEWIoU| [BNSIA pUB Ylaadg . e =1U i IIEH
‘yaeadg = asiou s uewlabey = sJua)g o 158 Ydeads uewisbey s
‘Hoga panedlad .
salods paads anpuboo 5 EM._. doons - ok +5g ( )
pue fiowaw uo sa1035§ Y /M UDIJEIDOSSE O]« i lajawoipny  amlzedsoney  cuoisnjou) ey | "maaw /g3
- 1581 Buweaq piopp-zL [ ‘00[assng
sa1028 JSWW T /m paielsosse sso| Buuesy . GS=U
B
.o (d4-SINg) wex3
- . L B B - g3 |
" 31098 A-SINE T “auloap EEW SMIEIS [EWSPLIY POPOY] - unssl Buunp e dsoig +69-saby ?Emu 12
BljuawWap Jo ¥su L yjm pajesosse sso| Buueay - enusLag Jaydwe oipny EgF'F=U 8 My ‘|#bing
suayap anpuboo ) y2aads ] ]
-saf
Jo 35U L m paieinosse Jou Juswledw Aosuas-en - (820) Ieay 0} wool aajdadsoney ¥3L-sety "Hmn_g"mu e
a|eag aouewlopad amyubion 0ll=u  }8°A3 anug
y=u syoyap aupubos | gm pajeinosse jou Y - 19Inb :s=0| Buueay
501098 PSS T » (nsg) aeag m__._:mm:._ josaiqenyy  slasn pie Buueay
$81095 |WISINDOD T - pue [eneds yaaads ayL- oy (9iF) ued 69~ saby (z102) 8
co1095 e T I¥ISINDOD = uoiuasul Jes-jgay «  |EJUSWLEDXT o—u 15y ‘anf
. STHSH 1+ [S-MST) 1591 saoualuag JUBLISSASEE 08 = 19 H BPAD
- paleisosse juswnedw Buneay
-asiop pezieneds ul Buuais - JUjSWOIpNY -
. 0l g 1ses| 1 o wiN 8By (c00z) B 18
581098 dvvd BRIV cjaen pie Buueay [EiusWIacxg 05=Uu ‘g ‘asnoysieg
UoIjESSaD buiu Mmalp jo plal a5 » 0°A O~
! IALIp (AQdn) maip, jo pl _n_ nasn fnswoipne . 06—£9 (110Z) 12 15
10 Aypgow Buwwp jm pajeisosse Jou sso| Buuesy . Aynowp pue “safuajeya anpoadsold abuey aby | T
o . auo}aind ar ‘spiemp3
sa102s AO4N T :ss0| Buueay alanasfalelapop) - aoeds Buwnup podaryeg - 0Qs5=u
podarjasg . abvs B ( )-
saloas oy T jm paleoosse sso| Buueay  uewssassy amjubog eanuopy UoIJEUIIEXE  |BluBiLadxg bL -Bbw B . m"_.cm e
FOE=U 33 ‘M “sindng
216ojoipny «
nsa S3INSEap) aWwoon JusLussasSy ubisag a|dwe it
sinssy W no Bupeay Apnig _ s 2 sloyny

{panunuoa) Lioay| anmubon

41



(053D} uoissaidaq saipmig
yfojonuapidg 10) 18u8T -
(L NINY)

58] Buipesy ynpy |euonep

£81005 (]-§30 0

S1025 | HyNINY O
fouan|4 fobBajen g 1snajo

§21025 g9 v Bunew-el] o

+55

i paleIaosse jou uswiiedw Buueay - SLHG UDlsIEh UEILsWY - JsLiSsasse anoadsongy  uoisnpu) aby ) :ENH
N Ffouan4 fiobeieq pue 1apa - JujRWoIpNY [ 35 "4 ‘U
sai0os jsaldoonyg T o X IFE=u
. doong g pue w Buniel-jel] -
saI03s |Hgnd T o
. (14804) 53] Buipunuay
saloos JSNN T o
. amnlaa]ag pang pue 8814 .
jw palelsosse juawedw Buueay .
B
Appqeueayopd peaypjunig L o _.__uzﬂumaxm el f m.wmu THVO
sa103s uoipubooal piom aJualagip op o HORIUBOISTPIOM O wLiolpne [ejuawnadxg 6 63=HNVO ) _ E_ENH
HSEFENP PUE JH - HIEAA © auo-aing aby uespy (B8 1S ‘e
A ysereng/abuig glL=u
vous Buiusis) panadsad vopa Buuals) Buner)ag . Joud 1eaf suo )
L% asuewropad T -asiou punoubyoeq 9 SHINS - (5dIng) waishg Buissasolq  1sea)1e Bumy wH - Eawadxg ”mmcmm_mmm%,w .Hm_m_cm__ e
poya Buways) pamsasad | g souewnoped  wonewulopu [ensip pue yaadg . JUBLWISSAsSE _, #g ‘fgsie
T 2asiou punoubyoeq g isa) s uewisbey . 159 guewsbey ay] - JUISLLOIPNY = ve=
54-99
81095 (L-HD aleas gL-4o sbiog. i .
Biog | -asiou punoibyoeq pue juswiedun Buueay. sisa) (gqas) waisdg Buissasoly aLssssse [ejuawnadxg ] ¥oeze "Hmﬂcm__ il
) JujawoIpny abuey aby 13 °'g ‘Agsie]
SdIAS Buunp swn uonoeal | juswuiedwn Buueay .  uonewlol [ENSIA PUE Y2aadg . ah= U
[1S70] 18] adjuelg bag-aug - 0°h +59
m_mEE.v_m_“N:me._“_ma.ﬂwmﬂ_uwm_mm_MNMMM MMM“ M“"“MMH ) 1581 9L = Jajpwoipny  |euawuadxg  uoisnou) afy - _I%_%ﬂ
) ) . JASINN-H - 9f=u
gaueLulopad
IS Jo} ageues Joympald jsabuons = sso Buueay - (15) xapul Aunqibyjau) yoasds « £8-09
(150} 158] yosaadg pajdauun) - UBLUSSASSE : (zooz)
aouewopad g0 Lo [eluaWLadx] -abuey aby .
(1SN) JujBLLOIpY 37 sawny
souewliopsd LSN ANND 4 0 sa| a|qe|is asuasun bk =t
‘yasads p 12inb Buunp spie Buueay - 159 BIGBIAS N ANMD -
LIAH -
sa) uedg [enedg pue pbiq -
eel HECS 1= mh %Hn._:m . VEL (5L02) 12
ge anpuboo P g pajeiaosse sso| Buueay LosuEdwWOD) WS pUE Jare - Jajpwoipny  aajdadsoney “aby :mmr_u = .._r,_n.a.mﬁu_m_“m_
ary Hed isa] Burjepy jes] re8= e
Adoguonnmsgng joquikg ubiqg -
nsa S3INSES)Y 3WoNn juswssassy ubiseq a|dwe SIEaA
Sinssy " no Bupeay Apmig _ s 2 sloyny

(penunuoa) Aioay| aaubor)

42



ueds p6iQ -

faoway [ensip - 1) 1sa o ( ) 1e
"31008 188) anpubod | jm paleoosse s81028 || L fiowapy m}_wm__ame.m_.. s1adu] wbig - anpadsonsy 595 aby uespy o _m%._m_m_un_?
: ’ darjag « ‘205 =
sousbijeIu| pinj - HodaH{ag Zr9'gns =u
saioe dnosb u vonedioiped T o Alnowp bupjjem podsi43s -
S ! HOBEGION alleuuonsanb (wd|) Awouoimy oA R
uolEe|os! [B120S | O : L (5L02) 18 }2
pue uonedizped uo 1oedw) . vodareg amjoadsonsy -g; abuey aby 7T
Aupgow gm Aynayp | o SaINIIE b8 = U AL ElOHHIN
/M peieioosse ssof bupesy ainsial pue [e10s podaryag -
8JUBJUSS PIOM-C Ul [[EDS] PIOM PIE Ul aJUBlagip Op = 19 ]
83UBIUSS PIOM-F B Ul PIOM PUZ § 15| Jo |[B23Y T » [ chcwm:amm%__huﬁ_mm_ M“m ﬁn_ﬂ__w_‘mp._ﬂm_um__m_.wm [Euawuadxg -gg -abuey aby o Hm"wwmuu__m
ss0) Buesy [INA] Loy Use] pouy nsa] Ujawolpny 7= U J2 15 AoDIN
spie Buueay ofm g /i ylog 159 uawbpnl swiy 1591 uawbpnl awiyy - oS ple _m_“__.____mm_wu 9/-a% ‘58 (£002)
pue ‘1581 ueds Bulpeal “158] souaas s uewuabey 15a] uedg Buipeay . as0 m_.._:mm. [eluawuadxy -cr abuey sby 1 Jsuun
uo asuewuopad | Buwenouny anpuboa ybiy 153 ajusuag s uewlabey . ¥ " _mﬁm.E:M L ZL=u 1 1
alleUUOlSaNT +5g salby (6002} 72
wawnedw! anyubod m palelnosse sso0| Buueay MBS [B1USI 5 .m o : 0 vodar)eg |[BUOI}28S-S5010) _ 15 ‘obBlepiy
1B1S [EJUS|A 3|90 HOYS 188l = sal0]-zado
9645 - L8
81025 ) (LLog) e
. ElI| 8leTy anjuasald Slie vodaly|a anyzadsonsy -g; -ebuey ab o
ge-45 oW T m paledosse uawnedw Buueay M_._.m.“.mﬁm.}u“n_ E.MD _._m__u.__mbm.:wg.. HeS i g -8l qmmm"m u,m_. 38 ‘Q ‘zado
+69
auII8p [BUOIJIUNY JO YSU JUBWSSaSSE ‘uoisn|au) afy (+00z)
L uswnedw) fosuag-eng g wewnedw) Buueay SN LAY anpoadsonsy (uawom) e s AN CUn
Zhi'g=u
aulzap anyubos jo s3el Jo ¥su T juop spie Buueay . uoEIpaW BluUSWa] -
£81025 }58] SO0 /M 83uslaylp Op O a|eag uoissaidag
. seloIsSNE T O salpmig |eaibojonuapidy Bunsa) . 6404 (£102)
i palelaosse spie Buueay « 10} anuaT) Wal-gg - anyzadsoney abuey aby L
[eaiBojoipny jB 12 "Hd ‘un
S3102s uoissaidag ul aduslayp op o (g5q) uonnsgng joquig ubig - T FOE' L= U :
sal00s 158} gQT wsaloas gE T o (SnE) uoneunwexy
jm pajelsosse sso| Buneay - 3lE1S [EUBFIUIY payIpOl -
sjnsay SUNSE3| SWoANNY uBLSSassy ubisag Apmg a|dweg SIESA
Bupeay ’ g sioyIny

(panupuos) Moay| sanubon

43



58-89

_ .0 as|eyani] JUBLWISSISSE ) (oLoz)
awiy uonaess 1abuo) = synpe Japjo pauedw Buuesy BuuamMsUE ajiym aLI UONIESY S [EuaLad®T .mm_._m.w_mmm,m B8 g ‘un]
SS9 -Gg IUOIEn um_._m :
wawnedw sapubos | m pajeisosse sso| Buuesy IS Guueay papodal  |euonoas-sSOID 33 -HosniRtl " H"meH 2
i aby j8 Y ‘Eeyonuo|
H@s -5-3JIHH 286 = U
oA 0g-p9
-abuey aby
: IS (€Z = TH S
ajualagip ou SIS - Anawoipne yasads : (eLoz) 1218 7
dinAaa T im pageisosse sso Buuesy . (LWAa) pue auol-aind [EUORSS-SS01D . poitl 03 pi ‘imodipiyeys
159 Mowsaly [eqian 2110yQ- ¥z = Buueay
|Ewiou)
IF=u
fpms 01
1581 ueds Buipeay « .
1591 ueds yse1 Buloluow .._Mzmm_ . 1oud 1eaf auo pajy 0/ ‘5eg caby ( ) e
Buipeal g Buuojuow Jaya| 3y} uo so2s SyA T m o ous spie Buueay - [euawLadxg abelany " m"__.mr_w :_ﬁ
palelposse fuowsw Buryiom yBiy pue sso| Buneay vl UAWSSaSSE 0f ‘gL =u o P
Buluals) pamadiad 10} S -
JUIBLUOIPNY
1583 JIE93 sa] Aouan
PIOM-231 8 1S3 SIIUIIUSS 4O |EDS) a3y Aowaw ﬁ..m._ﬁ I o b
wusl-poys 1o Jposids uo ays ou pey sso| Buueay . 1591 AUBINGEI0A = 5L -3 -3¢ .
] . 159] |[EJ8) pIOM 281 JUBLWISSISSE afiesany (LLoz) e
1591 Aouany e g “1s8] anlaadsonay 6
AJEINQES0A E 1581 [[E28) PIOM-861) ‘1S8] SEOUAIUS 10 158] S8IUSIUAS JO |[E2S) 88l . JUlELIOIPNY gL 38 ‘Busgquuoy
[|E3a) @8y ‘S]4S 40 ||EJ8! a8y ay} uo asuewuopad T swouad-1oslans aﬂmwmmummw_mﬂ daLe=t
-faowaw wiarbuo| paioaye Ajaaebau sso| Buueay « P HECRANS 40 i -
S81005 1591 ||BDa) aneuuonsanb yyesy dsuauab « podaiy }
piom |Euas T jm pajeldosse Em.E__.m_uE_ Buueay - 158] ||E28) PIOM [BLIES EmEmemmmm EweLsdyg ”mm_._mw._mmw_mmw "HE"ENH B 8
S31035 SN (]9 - SUBWoIpnY - rop = U W ‘uBllEad
1o ggo /m paerdosse jou juawnedw) Buueap . IS - . : -
aouewsopad 158) HIPAS 4 = Aiep sinoy +5°g
souewioped 1581 S | - (MImS) lIeaey pue uoneaynuap] o Buvest] - 59-ZE (€102)
" PIOj [BUL-BOUSIUSS = [euswuadxy  ebuey aby L
fuowaw 501 (gyy) Ueds Buipeay - JUBLWISSISSE .y e 33 "H3 ‘B
Burpom-ybiy g 50| Buleay yum |ENprIpUl Uy ! Sy : JUIBLUDIPNY = 9=
JUBISSaSSY sigap
s} nsay salnseap] awong Buyeayy ubisag Apmg ajdwesg 2 sioyiny

(panunuoa) Aoay) aamubon

44



S31035 |57 + /M pI]EIJOSSE

S31005 188] 20/ PIOfA L= {Buueay
1581 (20/\pI0AA) AUBINGEIOA, PO = 581025 158 M| T /M peleId0ssE |ELLIOL)
(1sa) 1581 uonmsgng ubig sepe - .
1ou awnedw Buueay - JuaWssasse 55 % (panedw (LLog) B 12
1531 (1d1) ploysesy) uondsday a) - .. |eluainadxg \ .
sa02s |5 T ‘woye Buwais) JaoIpNYy Buuesay) 1y vy ‘planez
voya Buluals) panadsad 1oy Buneryag - .. i
panadad | ‘(peopaso amjiubos) ey abelany
fayawoydng - .
asiou ul uonedepe pdnd Tom Fl=u
paleinosse uawnedwn Buueay s
faoway Burgiopy
Mowsw Buryiom |eneds o [eneds 1o} ABajens yaess . — Cl-¥e ( )98 je
AbBaiens Yyaleas Juaiows jm paleldosse sso| Buuesy . (gv 1wl [UEIIES e :abuey aby | Eg..w &3
JaWoIpy Wy Cplaayaz
5159} GWINWD /M pajenosse jou sso| Buueay « Maneq palewolny 158 ’ ' pe=u
|[exbojoyaisdoina)y abpugquen -
(dnoub |osnuo2)
. }'£9% (dnosb
S90S 353 NIM 1 - 521 (NIA) 3SION-UFSPAOA - JUSLIESASEE |eluaLnadxa) | Vet
581005 |TAN + = (1A [EluaLLadx] o r.Em 1
. JujaWoIpYy 564 1043 Bunog,
‘Bunmy pre Buueay-1zod syuow-xs 18] Buiuies |egiap, [ENSIA = ey abeiany
GE=uU
UNS pue 1Y usamag diysuone|al JEaul-uop o piEASES (1) SWI] UOIDESY O m..mmwl__._ﬁo
3SE} piey sa ASES 581025 YNS S2USIBLIP O O ( ) o Anawoipne equaIadx L EE=HNWA {9102)
ysel pley jm 1y Lo w__,.._.m INH auo}-aing _ Heed alby uesp BB CHEA A
. HsEl-{EN]-
jw palelaosse sso| Buneay. af=u
. . 158] doong o ok gy=alana
DLL30uIng "D1Q bus|dats T o Jatem modno m:_n_n_m ] _“ h‘_u_u_m___“ ..r_._||_m
paads . Anawoipne o (2102) 122
. . . s1alaweled yeq o [EawLadxg P ‘FO=HN) 5
Buryjem pue ‘yibua)deis ‘souapes T ||EIBAQ O { ) suompuo auolaing v uea g ‘uasa|opa
jm palelsosse sso| Buueaps 1011010018 HHpUeY o0V W
yse] sidulsengsiBuig. £4=u
158 Aouani4 |eqiap, -
il .
s1s8] amyuboa || uo juawasoidw ou Jng #Mmm..w_.ﬁcn___“_:cu__”mmhz_m.wnﬁ__mﬂw._Wm:me_.ﬂ. WOWSSIEEE . o - M%m y mﬁ.mmam“_
“ Aupge Buueayl Bumy pie Buueay-i1sod Jesf-aupn o o JujaLwoIpny EusLl 3 -Holsnpu| sby 1819 'HYS
- : : : : {159) y=sel Buyyg desouosy - : : Zop=u ‘UaIooH uen
(Lmos) 1881 popp-1oj) doons -
s}nsay SaINSeayy swong Em_..w_”_mw_._n :.ﬂ_vﬂm“m a|dwesg 2 EHHM“

{panunuoa) Lioay| anmubon

45



References

Adams, E. M., Gordon-Hickey, S., Morlas, H., & Moore, R. (2012). Effect of rate-alteration on
speech perception in noise in older adults with normal hearing and hearing impairment.
American Journal of Audiology, 21(1), 22-32.

Adams, E. M., & Moore, R. E. (2009). Effects of speech rate, background noise, and simulated
hearing loss on speech rate judgment and speech intelligibility in young listeners. Journal
of the American Academy of Audiology, 20(1), 28-39.

Agrawal, Y., Platz, E. A., & Niparko, J. K. (2008). Prevalence of hearing loss and differences by
demographic characteristics among US adults: data from the National Health and
Nutrition Examination Survey, 1999-2004. Archives of Internal Medicine, 168(14), 1522-
1530.

AKYIGIT, A., SUBASI B., SAKALLIOGLU, O., Polat, C., DUZER, S., KELES, E., & OZER,
N. (2014). HEARING LEVELS IN PATIENTS WITH ALZHEIMER'S DEMENTIA.
Turkish Journal of Geriatrics/Turk Geriatri Dergisi, 17(3).

Anstey, K. J., Luszcz, M. A,, Giles, L. C., & Andrews, G. R. (2001). Demographic, health,
cognitive, and sensory variables as predictors of mortality in very old adults. Psychology
and aging, 16(1), 3.

Arlinger, S. (2003). Negative consequences of uncorrected hearing loss--a review. International
journal of audiology, 42 Suppl 2, 2517-20.

ASHA, A.S. L. H. A. (2015a). Degree of Hearing Loss. Retrieved from

https://www.asha.org/public/hearing/Deqgree-of-Hearing-Loss/

46



ASHA, A.S. L. H. A. (2015b). Hearing Screening and Testing. Retrieved from

https://www.asha.org/public/hearing/Hearing-Testing/

Barbieri, M., Ferrucci, L., Ragno, E., Corsi, A., Bandinelli, S., Bonafe, M., . . . Guralnik, J. M.
(2003). Chronic inflammation and the effect of IGF-1 on muscle strength and power in
older persons. American Journal of Physiology-Endocrinology and Metabolism, 284(3),
E481-E487.

Bazargan, M., Baker, R. S., & Bazargan, S. H. (2001). Sensory impairments and subjective well-
being among aged African American persons. The journals of gerontology.Series B,
Psychological sciences and social sciences, 56(5), P268-278.

Bench, J., Kowal, A., & Bamford, J. (1979). The BKB (Bamford-Kowal-Bench) sentence lists
for partially-hearing children. British journal of audiology, 13(3), 108-112.

Blazer, D. G. (2018). Hearing Loss: The Silent Risk for Psychiatric Disorders in Late Life.
Psychiatric Clinics, 41(1), 19-27.

Boothroyd, A. (2004). Hearing aid accessories for adults: The remote FM microphone. Ear and
hearing, 25(1), 22-33.

Boothroyd, A., & Ross, M. (1992). The FM wireless link: An invisible microphone cable. FM
Auditory Training Systems, 1-19.

Bowen, A., Wenman, R., Mickelborough, J., Foster, J., Hill, E., & Tallis, R. (2001). Dual-task
effects of talking while walking on velocity and balance following a stroke. Age and
Ageing, 30(4), 319-323.

Brink, P., & Stones, M. (2007). Examination of the relationship among hearing impairment,
linguistic communication, mood, and social engagement of residents in complex

continuing-care facilities. Gerontologist, 47(5), 633-641.

47



Bruce, H., Aponte, D., St-Onge, N., Phillips, N., Gagné, J.-P., & Li, K. Z. (2017). The Effects of
Age and Hearing Loss on Dual-Task Balance and Listening. The Journals of
Gerontology: Series B.

Burleigh, A. L., Horak, F. B., & Malouin, F. (1994). Modification of postural responses and step
initiation: evidence for goal-directed postural interactions. Journal of neurophysiology,
72(6), 2892-2902.

Burns, E. R., Stevens, J. A., & Lee, R. (2016). The direct costs of fatal and non-fatal falls among
older adults—United States. Journal of safety research, 58, 99-103.

Bush, A. L. H., Lister, J. J., Lin, F. R., Betz, J., & Edwards, J. D. (2015). Peripheral hearing and
cognition: Evidence from the Staying Keen in Later Life (SKILL) study. Ear and
hearing, 36(4), 395.

Gakmur, H. (2015). Frailty among elderly adults in a rural area of Turkey. Medical science
monitor: international medical journal of experimental and clinical research, 21, 1232,

Stats Canada (2006). Participation and Activity Limitation Survey 2006 Facts on Hearing
Limitations.

Cappola, A. R., Bandeen-Roche, K., Wand, G. S., Volpato, S., & Fried, L. P. (2001). Association
of IGF-I levels with muscle strength and mobility in older women. The Journal of
Clinical Endocrinology & Metabolism, 86(9), 4139-4146.

Carty, C. P., Cronin, N. J., Nicholson, D., Lichtwark, G. A., Mills, P. M., Kerr, G., . . . Barrett,
R. S. (2014). Reactive stepping behaviour in response to forward loss of balance predicts
future falls in community-dwelling older adults. Age and Ageing, 44(1), 109-115.

Chen, D. S., Betz, J., Yaffe, K., Ayonayon, H. N., Kritchevsky, S., Martin, K. R., . . . Xue, Q.-L.

(2014). Association of hearing impairment with declines in physical functioning and the

48



risk of disability in older adults. Journals of Gerontology Series A: Biomedical Sciences
and Medical Sciences, 70(5), 654-661.

Chia, E. M., Wang, J. J., Rochtchina, E., Cumming, R. R., Newall, P., & Mitchell, P. (2007).
Hearing impairment and health-related quality of life: The blue mountains hearing study.
Ear and hearing, 28(2), 187-195.

Chisolm, T. H., Noe, C. M., McArdle, R., & Abrams, H. (2007). Evidence for the use of hearing
assistive technology by adults: The role of the FM system. Trends in amplification, 11(2),
73-89.

Choi, A. Y., Shim, H. J,, Lee, S. H., Yoon, S. W., & Joo, E.-J. (2011). Is cognitive function in
adults with hearing impairment improved by the use of hearing aids? Clinical and
Experimental Otorhinolaryngology, 4(2), 72.

Clark, J. G. (1981). Uses and abuses of hearing loss classification. Asha, 23(7), 493-500.

Cohen-Mansfield, J., & Infeld, D. L. (2006). Hearing aids for nursing home residents: current
policy and future needs. Health policy, 79(1), 49-56.

Colagiorgio, P., Romano, F., Sardi, F., Moraschini, M., Sozzi, A., Bejor, M., . . . Ramat, S.
(2014). Affordable, automatic quantitative fall risk assessment based on clinical balance
scales and Kinect data. Paper presented at the Engineering in medicine and biology
society (EMBC), 2014 36th annual international conference of the IEEE.

Corriveau, H., Hébert, R., Prince, F., & Raiche, M. (2001). Postural control in the elderly: an
analysis of test-retest and interrater reliability of the COP-COM variable. Archives of
Physical Medicine and Rehabilitation, 82(1), 80-85.

Cox, R. M., & Alexander, G. C. (1995). The abbreviated profile of hearing aid benefit. Ear and

hearing, 16(2), 176-186.

49



Creem, S. H., & Proffitt, D. R. (2001). Grasping objects by their handles: a necessary interaction
between cognition and action. Journal of Experimental Psychology: Human Perception
and Performance, 27(1), 218.

Crenshaw, J. R., & Kaufman, K. R. (2014). The intra-rater reliability and agreement of
compensatory stepping thresholds of healthy subjects. Gait & posture, 39(2), 810-815.

Crews, J. E., & Campbell, V. A. (2004). Vision impairment and hearing loss among community-
dwelling older Americans: implications for health and functioning. American journal of
public health, 94(5), 823-829.

Criter, R. E., & Honaker, J. A. (2013). Falls in the audiology clinic: A pilot study. Journal of the
American Academy of Audiology, 24(10), 1001-1005.

Cruickshanks, K. J., Klein, R., Klein, B. E., Wiley, T. L., Nondahl, D. M., & Tweed, T. S.
(1998). Cigarette smoking and hearing loss: the epidemiology of hearing loss study.
Jama, 279(21), 1715-17109.

Cruickshanks, K. J., Wiley, T. L., Tweed, T. S., Klein, B. E., Klein, R., Mares-Perlman, J. A., &
Nondahl, D. M. (1998). Prevalence of hearing loss in older adults in Beaver Dam,
Wisconsin: The epidemiology of hearing loss study. American journal of epidemiology,
148(9), 879-886.

Cunningham, L. L., & Tucci, D. L. (2017). Hearing Loss in Adults. New England Journal of
Medicine, 377(25), 2465-2473.

Da, H. K., Lee, J. D., & Lee, H. J. (2015). Relationships among hearing loss, cognition and
balance ability in community-dwelling older adults. Journal of physical therapy science,

27(5), 1539-1542.

50



Dalton, D. S., Cruickshanks, K. J., Klein, B. E., Klein, R., Wiley, T. L., & Nondahl, D. M.
(2003). The impact of hearing loss on quality of life in older adults. The Gerontologist,
43(5), 661-668.

Davis, A. (2003). Population study of the ability to benefit from amplification and the provision
of a hearing aid in 55-74-year-old first-time hearing aid users. International journal of
audiology, 42 Suppl 2, 2S39-52.

Dawes, P., Emsley, R., Cruickshanks, K. J., Moore, D. R., Fortnum, H., Edmondson-Jones, M., .
.. Munro, K. J. (2015). Hearing loss and cognition: the role of hearing AIDS, social
isolation and depression. PLoS ONE, 10(3), e0119616.

Dijkstra, B. W., Horak, F. B., Kamsma, Y., & Peterson, D. S. (2015). Older adults can improve
compensatory stepping with repeated postural perturbations. Frontiers in aging
neuroscience, 7, 201.

National Institute on Deafness and Other Communication Disorders (NIDCD) (2016). Quick
Statistics About Hearing. Retrieved from

https://www.nidcd.nih.gov/health/statistics/quick-statistics-hearing#6

National Institute on Deafness and Other Communication Disorders (NIDCD) (2017). Hearing

Aids. Retrieved from https://www.nidcd.nih.gov/health/hearing-aids#hearingaid 04

National Institute on Deafness and Other Communication Disorders (NIDCD (2018). Noise-
Induced Hearing Loss. Retreived from

https://www.nidcd.nih.gov/health/noise-induced-hearing-loss

Do, M., & Roby-Brami, A. (1991). The influence of a reduced plantar support surface area on
the compensatory reactions to a forward fall. Experimental brain research, 84(2), 439-

443.

51



Dupuis, K., Pichora-Fuller, M. K., Chasteen, A. L., Marchuk, V., Singh, G., & Smith, S. L.
(2015). Effects of hearing and vision impairments on the Montreal Cognitive
Assessment. Aging, Neuropsychology, and Cognition, 22(4), 413-437.

Edwards, J. D., Lister, J. J., Lin, F. R., Andel, R., Brown, L., & Wood, J. M. (2016). Association
of Hearing Impairment and Subsequent Driving Mobility in Older Adults. The
Gerontologist, 57(4), 767-775.

Estill, C. F., Rice, C. H., Morata, T., & Bhattacharya, A. (2017). Noise and neurotoxic chemical
exposure relationship to workplace traumatic injuries: a review. Journal of safety
research, 60, 35-42.

Feeny, D., Huguet, N., McFarland, B. H., Kaplan, M. S., Orpana, H., & Eckstrom, E. (2012).
Hearing, mobility, and pain predict mortality: a longitudinal population-based study.
Journal of clinical epidemiology, 65(7), 764-777. doi:10.1016/j.jclinepi.2012.01.003;
10.1016/j.jclinepi.2012.01.003

Franks, J. R., & Beckmann, N. J. (1985). Rejection of hearing aids: attitudes of a geriatric
sample. Ear and hearing, 6(3), 161-166.

Gatehouse, S., Naylor, G., & Elberling, C. (2003). Benefits from hearing aids in relation to the
interaction between the user and the environment. International journal of audiology, 42
Suppl 1, S77-85.

Gerson, L. W., JARJOURA, D., & McCORD, G. (1989). Risk of imbalance in elderly people
with impaired hearing or vision. Age and Ageing, 18(1), 31-34.

Girard, S. A,, Leroux, T., Verreault, R., Courteau, M., Picard, M., Turcotte, F., & Baril, J.
(2014). Falls risk and hospitalization among retired workers with occupational noise-

induced hearing loss. Canadian Journal on Aging, 33(1), 84-91.

52



Glyde, H., Cameron, S., Dillon, H., Hickson, L., & Seeto, M. (2013). The effects of hearing
impairment and aging on spatial processing. Ear and hearing, 34(1), 15-28.
doi:10.1097/AUD.0b013e3182617f94; 10.1097/AUD.0b013e3182617f94

Gosselin, P. A., & Gagné, J.-P. (2010). Use of a dual-Task paradigm to measure listening effort.
Utilisation d’un paradigme de double tiche pour mesurer 1’attention auditive. Revue
canadienne d’orthophonie et d’audiologie, 34(1), 43-51.

Granacher, U., Muehlbauer, T., & Gruber, M. (2012). A qualitative review of balance and
strength performance in healthy older adults: impact for testing and training. Journal of
aging research, 2012.

The National Academy Aging Society Group (1999). The consequences of untreated hearing loss
in older persons. Washington, DC: The National Council on the Aging.

Grue, E. V., Kirkevold, M., & Ranhoff, A. H. (2009). Prevalence of vision, hearing, and
combined vision and hearing impairments in patients with hip fractures. Journal of
clinical nursing, 18(21), 3037-3049.

Grue, E. V., Ranhoff, A. H., Noro, A., Finne-Soveri, H., Jensdéttir, A. B., Ljunggren, G., . ..
Schroll, M. (2009). Vision and hearing impairments and their associations with falling
and loss of instrumental activities in daily living in acute hospitalized older persons in
five Nordic hospitals. Scandinavian Journal of Caring Sciences, 23(4), 635-643.

Gurgel, R. K., Ward, P. D., Schwartz, S., Norton, M. C., Foster, N. L., & Tschanz, J. T. (2014).
Relationship of hearing loss and dementia: a prospective, population-based study.
Otology & neurotology: official publication of the American Otological Society,
American Neurotology Society [and] European Academy of Otology and Neurotology,

35(5), 775.

53



Gussekloo, J., de Craen, A. J., Oduber, C., van Boxtel, M. P., & Westendorp, R. G. (2005).
Sensory impairment and cognitive functioning in oldest-old subjects: the Leiden 85+
Study. The American Journal of Geriatric Psychiatry, 13(9), 781-786.

Hallgren, M., Larsby, B., Lyxell, B., & Arlinger, S. (2005). Speech understanding in quiet and
noise, with and without hearing aids. International journal of audiology, 44(10), 574-583.

Henry, S. M., Fung, J., & Horak, F. B. (2001). Effect of stance width on multidirectional postural
responses. Journal of neurophysiology, 85(2), 559-570.

Herpin, G., Gauchard, G. C., Vouriot, A., Hannhart, B., Barot, A., Mur, J.-M., . . . Perrin, P. P.
(2008). Impaired neuromotor functions in hospital laboratory workers exposed to low
levels of organic solvents. Neurotoxicity research, 13(3-4), 185-196.

Heyl, V., & Wahl, H.-W. (2012). Managing daily life with age-related sensory loss: cognitive
resources gain in importance. Psychology and aging, 27(2), 510.

Hidalgo, J. L.-T., Gras, C. B., Lapeira, J. T., Verdejo, M. A. L., del Campo, J. M. d. C., &
Rabadan, F. E. (2009). Functional status of elderly people with hearing loss. Archives of
Gerontology and Geriatrics, 49(1), 88-92.

Hilliard, M. J., Martinez, K. M., Janssen, |., Edwards, B., Mille, M.-L., Zhang, Y., & Rogers, M.
W. (2008). Lateral balance factors predict future falls in community-living older adults.
Archives of Physical Medicine and Rehabilitation, 89(9), 1708-1713.

Hogan, A., O'Loughlin, K., Miller, P., & Kendig, H. (2009). The health impact of a hearing
disability on older people in Australia. Journal of aging and health, 21(8), 1098-1111.

doi:10.1177/0898264309347821; 10.1177/0898264309347821

54



Hollman, J. H., Kovash, F. M., Kubik, J. J., & Linbo, R. A. (2007). Age-related differences in
spatiotemporal markers of gait stability during dual task walking. Gait & posture, 26(1),
113-119.

Horak, F. B., Dimitrova, D., & Nutt, J. G. (2005). Direction-specific postural instability in
subjects with Parkinson's disease. Experimental neurology, 193(2), 504-521.

Hornsby, B. W., Johnson, E. E., & Picou, E. (2011). Effects of degree and configuration of
hearing loss on the contribution of high-and low-frequency speech information to
bilateral speech understanding. Ear and hearing, 32(5), 543.

Humes, L. E. (2002). Factors underlying the speech-recognition performance of elderly hearing-
aid wearers. Journal of the Acoustical Society of America, 112(3 1), 1112-1132.

Humes, L. E., Busey, T. A., Craig, J., & Kewley-Port, D. (2013). Are age-related changes in
cognitive function driven by age-related changes in sensory processing? Attention,
Perception, & Psychophysics, 75(3), 508-524.

Hung, W. W., Ross, J. S., Boockvar, K. S., & Siu, A. L. (2012). Association of chronic diseases
and impairments with disability in older adults: a decade of change? Medical care, 50(6),
501-507. doi:10.1097/MLR.0b013e318245a0e0; 10.1097/MLR.0b013e318245a0e0

Hunting, K. L., Matanoski, G. M., Larson, M., & Wolford, R. (1991). Solvent exposure and the
risk of slips, trips, and falls among painters. American journal of industrial medicine,
20(3), 353-370.

Isaacson, B. (2010). Hearing loss. Medical Clinics, 94(5), 973-988.

Jacobs, J. V., Dimitrova, D. M., Nutt, J. G., & Horak, F. B. (2005). Can stooped posture explain
multidirectional postural instability in patients with Parkinson’s disease? Experimental

brain research, 166(1), 78-88.

55



Jagger, C., Spiers, N., & Arthur, A. (2005). The role of sensory and cognitive function in the
onset of activity restriction in older people. Disability and rehabilitation, 27(5), 277-283.

JanCova, J. (2008). Measuring the balance control system—review. Acta Medica (Hradec
Kralove), 51(3), 129-137.

Jayakody, D. M., Friedland, P. L., Eielboom, R. H., Martins, R. N., & Sohrabi, H. R. (2017). A
novel study on association between untreated hearing loss and cognitive functions of
older adults: Baseline non-verbal cognitive assessment results. Clinical Otolaryngology.

Kakarlapudi, V., Sawyer, R., & Staecker, H. (2003). The effect of diabetes on sensorineural
hearing loss. Otology & Neurotology, 24(3), 382-386.

Kamil, R. J., Betz, J., Powers, B. B., Pratt, S., Kritchevsky, S., Ayonayon, H. N., . .. Martin, K.
(2016). Association of hearing impairment with incident frailty and falls in older adults.
Journal of aging and health, 28(4), 644-660.

Kanegaonkar, R., Amin, K., & Clarke, M. (2012). The contribution of hearing to normal balance.
The Journal of Laryngology & Otology, 126(10), 984-988.

Kanekar, N., & Aruin, A. S. (2014). Aging and balance control in response to external
perturbations: role of anticipatory and compensatory postural mechanisms. Age, 36(3),
9621.

Kemp, D. T. (2002). Otoacoustic emissions, their origin in cochlear function, and use. British
medical bulletin, 63(1), 223-241.

Kerr, B., Condon, S. M., & McDonald, L. A. (1985). Cognitive spatial processing and the
regulation of posture. Journal of Experimental Psychology: Human Perception and

Performance, 11(5), 617.

56



Kiely, K. M., Anstey, K. J., & Luszcz, M. A. (2013). Dual sensory loss and depressive
symptoms: The importance of hearing, daily functioning, and activity engagement.
Frontiers in Human Neuroscience, 7(DEC).

Kim, H. H., & Barrs, D. M. (2006). Hearing aids: A review of what's new. Otolaryngology—
Head and Neck Surgery, 134(6), 1043-1050.

Kim, H. P., Han, J. H., Kwon, S. Y., Lee, S. M., Kim, D. W., Hong, S. H., ... Kim, S. I. (2011).
Sensitivity enhancement of speech perception in noise by sound training: Hearing loss
simulation study. Biomedical Engineering Letters, 1(2), 137-142.

Kim, J. Y., Lee, S. B., Lee, C. H., & Kim, H.-M. (2016). Hearing loss in postmenopausal women
with low bone mineral density. Auris Nasus Larynx, 43(2), 155-160.

Kingma, J., & Duis, H.-J. T. (2000). Severity of injuries due to accidental fall across the life
span: a retrospective hospital-based study. Perceptual and motor skills, 90(1), 62-72.

Kochkin, S. (2007). MarkeTrak VII: Obstacles to adult non-user adoption of hearing aids. The
Hearing Journal, 60(4), 24-51.

Kochkin, S. (2009). MarkeTrak VIII: 25-year trends in the hearing health market. Hearing
review, 16(11), 12-31.

Korhonen, P., & Kuk, F. (2008). Use of linear frequency transposition in simulated hearing loss.
Journal of the American Academy of Audiology, 19(8), 639-650.

Kujawa, S. G., & Liberman, M. C. (2006). Acceleration of age-related hearing loss by early
noise exposure: evidence of a misspent youth. Journal of Neuroscience, 26(7), 2115-
2123.

Kulmala, J., Viljanen, A., Sipila, S., Pajala, S., Parssinen, O., Kauppinen, M., . . . Rantanen, T.

(2009). Poor vision accompanied with other sensory impairments as a predictor of falls in

57



older women. Age and Ageing, 38(2), 162-167. doi:10.1093/ageing/afn228;
10.1093/ageing/afn228

Lacerda, C. F., E Silva, L. O., De Tavares Canto, R. S., & Cheik, N. C. (2012). Effects of
hearing aids in the balance, quality of life and fear to fall in elderly people with
sensorineural hearing loss. International Archives of Otorhinolaryngology, 16(2), 156-
162.

Lafond, D., Duarte, M., & Prince, F. (2004). Comparison of three methods to estimate the center
of mass during balance assessment. Journal of biomechanics, 37(9), 1421-1426.

Lajoie, Y., Teasdale, N., Bard, C., & Fleury, M. (1993). Attentional demands for static and
dynamic equilibrium. Experimental brain research, 97(1), 139-144.

Larsby, B., Hallgren, M., & Lyxell, B. (2008). The interference of different background noises
on speech processing in elderly hearing impaired subjects. International journal of
audiology, 47 Suppl 2, S83-90. doi:10.1080/14992020802301159;
10.1080/14992020802301159

Larsby, B., Hallgren, M., Lyxell, B., & Arlinger, S. (2005). Cognitive performance and
perceived effort in speech processing tasks: effects of different noise backgrounds in
normal-hearing and hearing-impaired subjects. International journal of audiology, 44(3),
131-143.

Lau, S. T., Pichora-Fuller, M. K., Li, K. Z., Singh, G., & Campos, J. L. (2016). Effects of
Hearing Loss on Dual-Task Performance in an Audiovisual Virtual Reality Simulation of
Listening While Walking. Journal of the American Academy of Audiology, 27(7), 567-

587.

58



Li, L., Simonsick, E. M., Ferrucci, L., & Lin, F. R. (2013). Hearing loss and gait speed among
older adults in the United States. Gait and Posture, 38(1), 25-29.

Lin, F. R., & Ferrucci, L. (2012). Hearing loss and falls among older adults in the United States.
Archives of Internal Medicine, 172(4), 369-371.

Lin, F. R., Ferrucci, L., Metter, E. J., An, Y., Zonderman, A. B., & Resnick, S. M. (2011).
Hearing loss and cognition in the Baltimore Longitudinal Study of Aging.
Neuropsychology, 25(6), 763-770. doi:10.1037/a0024238; 10.1037/a0024238

Lin, F. R., Metter, E. J., O’Brien, R. J., Resnick, S. M., Zonderman, A. B., & Ferrucci, L. (2011).
Hearing loss and incident dementia. Archives of neurology, 68(2), 214-220.

Lin, F. R., Yaffe, K., Xia, J., Xue, Q. L., Harris, T. B., Purchase-Helzner, E., . . . Simonsick, E.
M. (2013). Hearing loss and cognitive decline in older adults. JAMA Internal Medicine,
173(4), 293-299.

Lin, M. Y., Gutierrez, P. R., Stone, K. L., Yaffe, K., Ensrud, K. E., Fink, H. A., . .. Mangione,
C. M. (2004). Vision impairment and combined vision and hearing impairment predict
cognitive and functional decline in older women. Journal of the American Geriatrics
Society, 52(12), 1996-2002.

Lin, S.-1., & Woollacott, M. (2005). Association between sensorimotor function and functional
and reactive balance control in the elderly. Age and Ageing, 34(4), 358-363.

Lin, V. Y., Chung, J., Callahan, B. L., Smith, L., Gritters, N., Chen, J. M., . .. Masellis, M.
(2017). Development of cognitive screening test for the severely hearing impaired:

Hearing-impaired MoCA. The Laryngoscope, 127(S1).

59



Litovsky, R. Y. (2011). Review of recent work on spatial hearing skills in children with bilateral
cochlear implants. Cochlear Implants International, 12 Suppl 1, S30-34.
doi:10.1179/146701011X13001035752372; 10.1179/146701011X13001035752372

Lopez, D., McCaul, K. A., Hankey, G. J., Norman, P. E., Almeida, O. P., Dobson, A. J,, . ..
Flicker, L. (2011). Falls, injuries from falls, health related quality of life and mortality in
older adults with vision and hearing impairment--is there a gender difference? Maturitas,
69(4), 359-364. doi:10.1016/j.maturitas.2011.05.006; 10.1016/j.maturitas.2011.05.006

Loprinzi, P. D., Smit, E., Lin, F. R., Gilham, B., & Ramulu, P. Y. (2013). Accelerometer-
Assessed Physical Activity and Objectively Determined Dual Sensory Impairment in US
Adults. Mayo Clinic proceedings, 88(7), 690-696.
doi:http://dx.doi.org.proxy.hsc.unt.edu/10.1016/j.mayocp.2013.04.008

Lord, S. R., & Fitzpatrick, R. C. (2001). Choice stepping reaction time: a composite measure of
falls risk in older people. The Journals of Gerontology Series A: Biological Sciences and
Medical Sciences, 56(10), M627-M632.

Lundélv, J. (2004). Self-reported experiences of incidents and injury events in traffic among
hearing impaired people as pedestrians and cyclists. A follow-up study of mobility and
use of hearing equipment. International Journal of Rehabilitation Research, 27(1), 79-80.

Lundin-Olsson, L., Nyberg, L., & Gustafson, Y. (1997). Stops walking when talking as a
predictor of falls in elderly people. Lancet, 349(9052), 617.

Lunner, T. (2003). Cognitive function in relation to hearing aid use. International journal of
audiology, 42 Suppl 1, S49-58.

Lupsakko, T. A., Kautiainen, H. J., & Sulkava, R. (2005). The non-use of hearing aids in people

aged 75 years and over in the city of Kuopio in Finland. European archives of oto-rhino-

60



laryngology : official journal of the European Federation of Oto-Rhino-Laryngological
Societies (EUFOS) : affiliated with the German Society for Oto-Rhino-Laryngology -
Head and Neck Surgery, 262(3), 165-169. doi:10.1007/s00405-004-0789-x

Manchester, D., Woollacott, M., Zederbauer-Hylton, N., & Marin, O. (1989). Visual, vestibular
and somatosensory contributions to balance control in the older adult. Journal of
Gerontology, 44(4), M118-M127.

Mansfield, A., Peters, A. L., Liu, B. A., & Maki, B. E. (2010). Effect of a perturbation-based
balance training program on compensatory stepping and grasping reactions in older
adults: a randomized controlled trial. Physical therapy, 90(4), 476-491.

McCormack, A., & Fortnum, H. (2013). Why do people fitted with hearing aids not wear them?
International journal of audiology, 52(5), 360-368.

McCoy, S. L., Tun, P. A,, Cox, L. C., Colangelo, M., Stewart, R. A., & Wingfield, A. (2005).
Hearing loss and perceptual effort: Downstream effects on older adults' memory for
speech. Quarterly Journal of Experimental Psychology Section A: Human Experimental
Psychology, 58(1), 22-33.

McFadyen, B. J., Gagné, M.-E., Cossette, 1., & Ouellet, M.-C. (2017). Using dual task walking
as an aid to assess executive dysfunction ecologically in neurological populations: a
narrative review. Neuropsychological rehabilitation, 27(5), 722-743.

Mcllroy, W. E., & Maki, B. E. (1996). Age-related changes in compensatory stepping in
response to unpredictable perturbations. The Journals of Gerontology Series A:
Biological Sciences and Medical Sciences, 51(6), M289-M296.

McPherson, B., McMahon, K., Wilson, W., & Copland, D. (2012). “I know you can hear me””:

neural correlates of feigned hearing loss. Human brain mapping, 33(8), 1964-1972.

61



McShefferty, D., Whitmer, W. M., & Akeroyd, M. A. (2016). The just-meaningful difference in
speech-to-noise ratio. Trends in hearing, 20, 2331216515626570.

Meister, H., Walger, M., Brehmer, D., von Wedel, U.-C., & von Wedel, H. (2008). The
relationship between pre-fitting expectations and willingness to use hearing aids.
International journal of audiology, 47(4), 153-159.

Mendy, A., Vieira, E. R., Albatineh, A. N., Nnadi, A. K., Lowry, D., & Gasana, J. (2014). Low
bone mineral density is associated with balance and hearing impairments. Annals of
Epidemiology, 24(1), 58-62. doi:10.1016/j.annepidem.2013.10.012 [doi]

Mikkola, T. M., Portegijs, E., Rantakokko, M., Gagné, J.-P., Rantanen, T., & Viljanen, A.
(2015). Association of self-reported hearing difficulty to objective and perceived
participation outside the home in older community-dwelling adults. Journal of aging and
health, 27(1), 103-122.

Moore, D. R., Edmondson-Jones, M., Dawes, P., Fortnum, H., McCormack, A., Pierzycki, R. H.,
& Munro, K. J. (2014). Relation between speech-in-noise threshold, hearing loss and
cognition from 40-69 years of age. PLoS ONE, 9(9), e107720.

Mudar, R. A., & Husain, F. T. (2016). Neural alterations in acquired age-related hearing loss.
Frontiers in psychology, 7, 828.

Muir, S. W., Speechley, M., Wells, J., Borrie, M., Gopaul, K., & Montero-Odasso, M. (2012).
Gait assessment in mild cognitive impairment and Alzheimer's disease: the effect of dual-
task challenges across the cognitive spectrum. Gait & posture, 35(1), 96-100.

Negahban, H., & Nassadj, G. (2017). Effect of hearing aids on static balance function in elderly

with hearing loss. Gait & posture, 58, 126-129.

62



Ng, E. H., Rudner, M., Lunner, T., Pedersen, M. S., & Ronnberg, J. (2013). Effects of noise and
working memory capacity on memory processing of speech for hearing-aid users.
International journal of audiology, 52(7), 433-441. doi:10.3109/14992027.2013.776181;
10.3109/14992027.2013.776181

Niino, N., Tsuzuku, S., Ando, F., & Shimokata, H. (2000). Frequencies and circumstances of
falls in the National Institute for Longevity Sciences, Longitudinal Study of Aging
(NILS-LSA). Journal of Epidemiology, 10(1sup), 90-94.

Norton, S. J., Gorga, M. P., Widen, J. E., Folsom, R. C., Sininger, Y., Cone-Wesson, B., . . .
Fletcher, K. A. (2000). Identification of neonatal hearing impairment: summary and
recommendations. Ear and hearing, 21(5), 529-535.

Oberg, T., Karsznia, A., & Oberg, K. (1993). Basic gait parameters: reference data for normal
subjects, 10-79 years of age. Journal of Rehabilitation Research and Development, 30(2),
210.

Oh, I.-H., Lee, J. H., Park, D. C., Kim, M., Chung, J. H., Kim, S. H., & Yeo, S. G. (2014).
Hearing loss as a function of aging and diabetes mellitus: a cross sectional study. PLoS
ONE, 9(12), e116161.

Oliver, D., Daly, F., Martin, F. C., & McMurdo, M. E. (2004). Risk factors and risk assessment
tools for falls in hospital in-patients: a systematic review. Age and Ageing, 33(2), 122-
130.

Pai, Y.-C., Rogers, M. W., Patton, J., Cain, T. D., & Hanke, T. A. (1998). Static versus dynamic
predictions of protective stepping following waist—pull perturbations in young and older

adults. Journal of biomechanics, 31(12), 1111-1118.

63



Palmer, K. T., D'angelo, S., Harris, E. C., Linaker, C., & Coggon, D. (2015). Sensory
impairments, problems of balance and accidental injury at work: a case—control study.
Occup Environ Med, 72(3), 195-199.

Papa, E. V., Foreman, K. B., & Dibble, L. E. (2015). Effects of age and acute muscle fatigue on
reactive postural control in healthy adults. Clinical Biomechanics, 30(10), 1108-1113.

Papa, E. V., Garg, H., & Dibble, L. E. (2015). Acute effects of muscle fatigue on anticipatory
and reactive postural control in older individuals: a systematic review of the evidence.
Journal of Geriatric Physical Therapy, 38(1), 40-48.

Paquette, M. R., Li, Y., Hoekstra, J., & Bravo, J. (2015). An 8-week reactive balance training
program in older healthy adults: A preliminary investigation. Journal of Sport and Health
Science, 4(3), 263-269.

Patla, A. E., Ishac, M. G., & Winter, D. A. (2002). Anticipatory control of center of mass and
joint stability during voluntary arm movement from a standing posture: interplay between
active and passive control. Experimental brain research, 143(3), 318-327.

Pearman, A., Friedman, L., Brooks, J. O., & Yesavage, J. A. (2000). Hearing impairment and
serial word recall in older adults. Experimental aging research, 26(4), 383-391.

Penko, A. L., Streicher, M. C., Koop, M. M., Dey, T., Rosenfeldt, A. B., Bazyk, A. S., &
Alberts, J. L. (2018). Dual-task interference disrupts Parkinson’s gait across multiple
cognitive domains. Neuroscience.

Picard, M., Girard, S. A., Courteau, M., Leroux, T., Larocque, R., Turcotte, F., . .. Simard, M.
(2008). Could driving safety be compromised by noise exposure at work and noise-

induced hearing loss? Traffic injury prevention, 9(5), 489-499.

64



Picard, M., Girard, S. A., Simard, M., Larocque, R., Leroux, T., & Turcotte, F. (2008).
Association of work-related accidents with noise exposure in the workplace and noise-
induced hearing loss based on the experience of some 240,000 person-years of
observation. Accident; Analysis and Prevention, 40(5), 1644-1652.
doi:10.1016/j.aap.2008.05.013; 10.1016/j.aap.2008.05.013

Pryce, H., & Gooberman-Hill, R. (2012). "There's a hell of a noise': living with a hearing loss in
residential care. Age and Ageing, 41(1), 40-46. doi:10.1093/ageing/afr112;
10.1093/ageing/afr112

Purchase-Helzner, E. L., Cauley, J. A., Faulkner, K. A,, Pratt, S., Zmuda, J. M., Talbott, E. O, ..
. Newman, A. (2004). Hearing sensitivity and the risk of incident falls and fracture in
older women: the study of osteoporotic fractures. Annals of Epidemiology, 14(5), 311-
318. doi:10.1016/j.annepidem.2003.09.008

The Hearing Review, T. H. (2017). OTC Hearing Aid Act Passed by US House. Retrieved from

http://www.hearingreview.com/2017/07/otc-hearing-aid-act-passed-us-house/

Ronnberg, J., Danielsson, H., Rudner, M., Arlinger, S., Sternang, O., Wahlin, A., & Nilsson, L.-
G. (2011). Hearing loss is negatively related to episodic and semantic long-term memory
but not to short-term memory. Journal of Speech, Language, and Hearing Research,
54(2), 705-726.

Rosenhall, U. (1973). Degenerative patterns in the aging human vestibular neuro-epithelia. Acta
Oto-Laryngologica, 76(1-6), 208-220.

Rudner, M., Lunner, T., Behrens, T., Thorén, E. S., & Ronnberg, J. (2012). Working memory
capacity may influence perceived effort during aided speech recognition in noise. Journal

of the American Academy of Audiology, 23(8), 577-589.

65



Ruhe, A., Fejer, R., & Walker, B. (2011). Center of pressure excursion as a measure of balance
performance in patients with non-specific low back pain compared to healthy controls: a
systematic review of the literature. European Spine Journal, 20(3), 358-368.

Rumalla, K., Karim, A. M., & Hullar, T. E. (2015). The effect of hearing aids on postural
stability. The Laryngoscope, 125(3), 720-723.

Rybak, L. P. (1986). Drug ototoxicity. Annual Review of Pharmacology and Toxicology, 26(1),
79-99.

Santos, M. J., Kanekar, N., & Aruin, A. S. (2010). The role of anticipatory postural adjustments
in compensatory control of posture: 2. Biomechanical analysis. Journal of
Electromyography and Kinesiology, 20(3), 398-405.

Schafer, E. C., & Thibodeau, L. M. (2006). Speech recognition in noise in children with cochlear
implants while listening in bilateral, bimodal, and FM-system arrangements. American
Journal of Audiology, 15(2), 114-126.

Schuknecht, H. F., & Gacek, M. R. (1993). Cochlear pathology in presbycusis. Annals of
Otology, Rhinology & Laryngology, 102(1_suppl), 1-16.

Shahidipour, Z., Geshani, A., Jafari, Z., Jalaie, S., & Khosravifard, E. (2013). Auditory memory
deficit in elderly people with hearing loss. Iranian journal of otorhinolaryngology,
25(72), 1609.

Sherrington, C., Tiedemann, A., Fairhall, N., Close, J. C., & Lord, S. R. (2011). Exercise to
prevent falls in older adults: an updated meta-analysis and best practice

recommendations. New South Wales public health bulletin, 22(4), 78-83.

66



Shumway-Cook, A., Ciol, M. A., Hoffman, J., Dudgeon, B. J., Yorkston, K., & Chan, L. (2009).
Falls in the Medicare population: incidence, associated factors, and impact on health care.
Physical therapy, 89(4), 324-332.

Shumway-Cook, A., & Woollacott, M. (2000). Attentional demands and postural control: the
effect of sensory context. Journals of Gerontology-Biological Sciences and Medical
Sciences, 55(1), M10.

Shumway-Cook, A., & Woollacott, M. H. (2007). Motor control: translating research into
clinical practice: Lippincott Williams & Wilkins.

Sihvonen, S., Era, P., & Helenius, M. (2004). Postural balance and health-related factors in
middle-aged and older women with injurious falls and non-fallers. Aging clinical and
experimental research, 16(2), 139-146.

Silsupadol, P., Shumway-Cook, A., Lugade, V., van Donkelaar, P., Chou, L.-S., Mayr, U., &
Woollacott, M. H. (2009). Effects of single-task versus dual-task training on balance
performance in older adults: a double-blind, randomized controlled trial. Archives of
Physical Medicine and Rehabilitation, 90(3), 381-387.

Skalska, A., Wizner, B., Piotrowicz, K., Klich-Raczka, A., Klimek, E., Mossakowska, M., . . .
Gasowski, J. (2013). The prevalence of falls and their relation to visual and hearing
impairments among a nation-wide cohort of older Poles. Experimental gerontology,
48(2), 140-146.

Sogebi, O. A., Oluwole, L. O., & Mabifah, T. O. (2015). Functional assessment of elderly
patients with hearing impairment: A preliminary evaluation. Journal of Clinical

Gerontology and Geriatrics, 6(1), 15-19.

67



Stel, V. S., Smit, J. H., Pluijm, S. M., & Lips, P. (2004). Consequences of falling in older men
and women and risk factors for health service use and functional decline. Age and
Ageing, 33(1), 58-65.

Stephens, D., & Ken, P. (2003). The role of positive experiences in living with acquired hearing
loss. International journal of audiology, 42(supl), 118-127.

Stevens, J. A., Corso, P. S., Finkelstein, E. A., & Miller, T. R. (2006). The costs of fatal and non-
fatal falls among older adults. Injury prevention, 12(5), 290-295.

Stone, E. E., & Skubic, M. (2011). Evaluation of an inexpensive depth camera for passive in-
home fall risk assessment. Paper presented at the Pervasive Computing Technologies for
Healthcare (PervasiveHealth), 2011 5th International Conference on.

Strayer, D. L., & Johnston, W. A. (2001). Driven to distraction: Dual-task studies of simulated
driving and conversing on a cellular telephone. Psychological science, 12(6), 462-466.

Thibodeau, L. (2010). Benefits of adaptive FM systems on speech recognition in noise for
listeners who use hearing aids. American Journal of Audiology, 19(1), 36-45.

Thomas, K. P. (2017). Are Direct-to-Consumer Marketing and Over-the-Counter Sale of Hearing
Aids Beneficial to Patients with Hearing Loss? A Provider's Perspective. North Carolina
medical journal, 78(2), 109-110.

Tomioka, K., Harano, A., Hazaki, K., Morikawa, M., lwamoto, J., Saeki, K., . . . Kurumatani, N.
(2015). Walking speed is associated with self-perceived hearing handicap in high-
functioning older adults: The Fujiwara-kyo study. Geriatrics & gerontology

international, 15(6), 745-754.

68



Tun, P. A., Benichov, J., & Wingfield, A. (2010). Response latencies in auditory sentence
comprehension: effects of linguistic versus perceptual challenge. Psychology and aging,
25(3), 730-735. doi:10.1037/a0019300; 10.1037/a0019300

van den Bogert, A. J., Pavol, M., & Grabiner, M. D. (2002). Response time is more important
than walking speed for the ability of older adults to avoid a fall after a trip. Journal of
biomechanics, 35(2), 199-205.

van Hooren, S. A., Anteunis, L. J., Valentijn, S. A., Bosma, H., Ponds, R., Jolles, J., & van
Boxtel, M. P. J. (2005). Does cognitive function in older adults with hearing impairment
improve by hearing aid use? International journal of audiology, 44(5), 265-271.

Varela-Nieto, I., Morales-Garcia, J. A., Vigil, P., Diaz-Casares, A., Gorospe, I., Sanchez-
Galiano, S., . . . Cediel, R. (2004). Trophic effects of insulin-like growth factor-1 (IGF-I)
in the inner ear. Hearing research, 196(1-2), 19-25.

Viljanen, A., Kaprio, J., Pyykko, 1., Sorri, M., Koskenvuo, M., & Rantanen, T. (2009). Hearing
acuity as a predictor of walking difficulties in older women. Journal of the American
Geriatrics Society, 57(12), 2282-2286. d0i:10.1111/].1532-5415.2009.02553.x;
10.1111/5.1532-5415.2009.02553.x

Viljanen, A., Kaprio, J., Pyykkd, 1., Sorri, M., Pajala, S., Kauppinen, M., . . . Rantanen, T.
(2009). Hearing as a predictor of falls and postural balance in older female twins.
Journals of Gerontology - Series A Biological Sciences and Medical Sciences, 64(2),
312-317.

Vitkovic, J., Le, C., Lee, S.-L., & Clark, R. A. (2016). The contribution of hearing and hearing

loss to balance control. Audiology and Neurotology, 21(4), 195-202.

69



Warren, E., & Grassley, C. (2017). Over-the-counter hearing aids: the path forward. JAMA
Internal Medicine, 177(5), 609-610.

Wayne, R. V., & Johnsrude, I. S. (2015). A review of causal mechanisms underlying the link
between age-related hearing loss and cognitive decline. Ageing research reviews, 23,
154-166.

Weaver, T. S., Shayman, C. S., & Hullar, T. E. (2017). The effect of hearing aids and cochlear
implants on balance during gait. Otology & Neurotology, 38(9), 1327-1332.

Widén, S. E., Basjo, S., Moller, C., & Kéahari, K. (2017). Headphone listening habits and hearing
thresholds in swedish adolescents. Noise & Health, 19(88), 125.

Willott, J. F. (1996). Physiological plasticity in the auditory system and its possible relevance to
hearing aid use, deprivation effects, and acclimatization. Ear and hearing, 17(3 Suppl),
66S-77S.

Wilson, R. H., McArdle, R. A., & Smith, S. L. (2007). An evaluation of the BKB-SIN, HINT,
QuickSIN, and WIN materials on listeners with normal hearing and listeners with hearing
loss. Journal of Speech, Language, and Hearing Research, 50(4), 844-856.

Winter, D. A. (1979). A new definition of mechanical work done in human movement. Journal
of Applied Physiology, 46(1), 79-83.

Winter, D. A. (1995). Human balance and posture control during standing and walking. Gait &
posture, 3(4), 193-214.

Winter, D. A., Patla, A. E., & Frank, J. S. (1990). Assessment of balance control in humans. Med
Prog Technol, 16(1-2), 31-51.

Winter, D. A., Prince, F., Frank, J., Powell, C., & Zabjek, K. F. (1996). Unified theory regarding

A/P and M/L balance in quiet stance. Journal of neurophysiology, 75(6), 2334-2343.

70



Wojszel, Z., & Bien, B. (2004). Falls amongst older people living in the community. Rocz Akad
Med Bialymst, 49, 280-284.

Wollesen, B., Scrivener, K., Soles, K., Billy, Y., Leung, A., Martin, F., . .. Dean, C. (2018).
Dual-Task Walking Performance in Older Persons With Hearing Impairment:
Implications for Interventions From a Preliminary Observational Study. Ear and hearing,
39(2), 337-343.

Woollacott, M., & Shumway-Cook, A. (2002). Attention and the control of posture and gait: a
review of an emerging area of research. Gait & posture, 16(1), 1-14.

Wu, Y.-H., Stangl, E., Zhang, X., Perkins, J., & Eilers, E. (2016). Psychometric Functions of
Dual-Task Paradigms for Measuring Listening Effort. Ear and hearing, 37(6), 660-670.

Yamasoba, T., Lin, F. R., Someya, S., Kashio, A., Sakamoto, T., & Kondo, K. (2013). Current
concepts in age-related hearing loss: epidemiology and mechanistic pathways. Hearing
research, 303, 30-38.

Yang, F., & Pai, Y.-C. (2014). Can sacral marker approximate center of mass during gait and
slip-fall recovery among community-dwelling older adults? Journal of biomechanics,
47(16), 3807-3812.

Yang, J., Winter, D., & Wells, R. (1990). Postural dynamics in the standing human. Biological
Cybernetics, 62(4), 309-320.

Young Choi, A., Shim, H. J., Lee, S. H,, Yoon, S. W., & Joo, E. J. (2011). Is cognitive function
in adults with hearing impairment improved by the use of hearing aids? Clinical and

Experimental Otorhinolaryngology, 4(2), 72-76.

71



Zamyslowska-Szmytke, E., Politanski, P., & Sliwinska-Kowalska, M. (2011). Balance system
assessment in workers exposed to organic solvent mixture. Journal of Occupational and
Environmental Medicine, 53(4), 441-447.

Zekveld, A. A., Deijen, J. B., Goverts, S. T., & Kramer, S. E. (2007). The relationship between
nonverbal cognitive functions and hearing loss. Journal of speech, language, and hearing
research : JSLHR, 50(1), 74-82. doi:10.1044/1092-4388(2007/006)

Zekveld, A. A., Kramer, S. E., & Festen, J. M. (2011). Cognitive load during speech perception
in noise: the influence of age, hearing loss, and cognition on the pupil response. Ear and
hearing, 32(4), 498-510. doi:10.1097/AUD.0b013e31820512bb;
10.1097/AUD.0b013e31820512bb

Zwerling, C., Sprince, N. L., Davis, C. S., Wallace, R. B., Whitten, P. S., & Heeringa, S. G.
(2000). Occupational injuries among workers with disabilities. Employment, disability
and the Americans with Disabilities Act: issues in law, public policy, and research, 315-

329.

72



CHAPTER 2
SIMULATED HEARING LOSS IN HEALTHY YOUNG ADULTS DOES NOT CHANGE

REACTIVE BALANCE RESPONSES

Introduction

Epidemiological and emerging research evidence suggests a correlation between hearing
loss and increased risk for falls, particularly in older adults. Individuals with hearing loss walk
with slower gait speed, self-report poor physical mobility, fall more often compared to normal
hearing individuals, and have increased COP sway measurements during quiet stance with
background noise.’® However, there is no clear evidence determining the effect of hearing
impairment on balance. In a real-world setting, individuals with hearing loss are attending to
auditory sounds, such as speech, while simultaneously attempting to stand, walk, or cross
obstacles. It is plausible that when performing mundane postural tasks while attending to sounds,
individuals with hearing loss are performing dual-tasks of and may have a higher risk of loss of

balance and falling.

Incidences of hearing loss and balance problems are higher in older adults, and the
consequences of loss of balance and falls have a major impact on this population. Studying the
effect of hearing loss on balance control in older adults can be confounded and/or compounded
by the multitude of age-related changes in the neuro-musckulosekeletal and cognitive systems

that contribute to decreased balance control.?*

Therefore, we aimed to investigate the effect of
hearing loss on the control of balance in healthy young subjects with intact neuro-

musculoskeletal systems and simulated hearing loss. Various studies have simulated acute
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sudden hearing loss in both young and older adults with the goal to improve methods for
audiological assessments of individuals with hearing loss, compare differences in sensorineural
hearing loss to acute sudden hearing loss, and to improve hearing aid benefit.>® However, no
studies have investigated the effect of simulated hearing loss on the control of reactive balance.
Research studies testing the control of reactive balance have a particular translational potential
due to ability to create unexpected, similar to real-life loss of balance conditions in a controlled
environment. A biomechanical outcome measure commonly used to analyze reactive balance is
maximum Center of Pressure — Center of Mass (COP-COM) distance during compensatory
steps.”® Center of Pressure (COP) and Center of Mass (COM) interact closely with one another
to maintain postural stability during both anticipatory stepping (ie. gait initiation) and
compensatory stepping (ie. unexpected loss of balance).® The maximum COP-COM distance is

considered an indicator of robustness in the balance control system.™®

We created a novel auditory and balance dual-task paradigm to investigate the effect of
hearing loss on balance control. To our knowledge, this is the first study to integrate a
standardized audiology test with surface translation perturbations. Healthy, young adults with
optimally functioning neuro-muscular and sensory systems performed an auditory task under
normal hearing and simulated hearing loss conditions while simultaneously maintaining standing
balance during unexpected surface translations. We hypothesized that sudden acute simulated
hearing loss would negatively impact balance control manifested by a decreased maximum COP-
COM distance during the first compensatory step, and increased reaction time for initiating the
first compensatory step; particularly while performing the dual auditory-postural task compared

to a no audio or normal auditory condition.
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Methods

Subjects

Twenty-five young healthy young adults voluntarily agreed to participate in the study and
provided written informed consent, approved by the institutional review board. All subjects were
verbally screened prior to enrollment to ensure no auditory, vestibular, musculoskeletal,
neurological, or cardiopulmonary conditions existed that would impair balance. Furthermore,
subjects were excluded if they had a history of tinnitus, motion sickness/dizziness or were taking

medications that affect balance.

Experimental Design

Subjects participated in two visits, consisting of: Visit 1) Memory and sensory screening,

Visit 2) Balance testing: dual-task auditory and perturbation protocol.

Visit 1: Memory and Sensory Screening

Subjects participated in memory, auditory, visual, vestibular, somatosensory, and sensory
integration screening to ensure no undiagnosed impairments existed. All screening procedures
were performed by a licensed physical therapist. Subjects who passed memory and sensory
screenings were invited back to participate in dual task auditory-balance testing. Subjects who
did not pass all screening assessments were withdrawn by the principal investigator from the

research study.

Visit 2: Balance testing: Dual-Task auditory and perturbation protocol.

Subjects were required to stand and maintain their balance following unexpected surface

translations while simultaneously listening and repeating back sentences from the standardized
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audiology outcome measure, the Bamford-Kowal-Bench Speech-In-Noise (BKB-SIN) test,
played through the headphones at 60 dBA.* These are simple sentences like, “The dog chased
the cat.” A higher score on the BKB-SIN indicates a poorer performance. There were three
auditory conditions: 1) no audio sound, no repeat back, resulting in the single task of maintaining

balance; 2) normal hearing; and 3) simulated hearing loss.

Hearing loss was simulated using Adobe Audition. Five second clips of each sentence
from the standardized audiology test, BKB-SIN, were uploaded into the program. The BKB-SIN
consists of a target voice and multi-talker babble/noise. The voice and the multi-talker babble
were separated from 1 track into 2 separate tracks with 1 track constituting the target voice and 1
track constituting the multi-talker babble. The decibel (dB) levels were manipulated at particular
frequencies associated with moderate hearing loss. Moderate hearing loss values of decibel loss
per frequency were obtained from The National Institute for Occupational Safety and Health
(NIOSH) Hearing Loss Simulator.> Moderate hearing loss was simulated by applying a Fast
Fourier Transform (FFT) filter (Logarithmic scale, FFT size: 2048, Blackman window) in Adobe
Audition to the separated track of the voice, according to previous research simulating hearing

loss.>® (Figure 1)

Subsequently, the voice and babble/noise were recombined in one file that maintained the
Speech-in-Noise (SIN) ratio associated with each sentence of the BKB-SIN test. A total of 3 lists
each containing 8 short sentences were manipulated to simulate hearing loss; the other 3 lists of
the BKB-SIN were used in their original state. No sentence was heard more than one time by
each subject in the study. Subjects used Bose® QuietComfort 35 wireless headphones to listen to

sentences and limit any additional environmental noise during testing.
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A 12 camera Motion Analysis System capture system collected kinematic data from 54
reflective markers placed on anatomical landmarks of the body. The V-gait treadmill system (by
Motek Medical) with two separate force plates mounted underneath each belt was used to deliver
perturbations and record force data. Perturbations consisted of backward surface translations to
simulate a real-word unexpected event that creates a loss of balance in the forward direction.
Three levels of balance conditions were delivered at accelerations: Level “0” (0 m/s?), with no
backward surface translations, resulting in the single task of listening and repeating back the
sentence; Level “1” backward surface translations at acceleration of 2m/s? and Level “2”
backward surface translations at acceleration of 5m/s?. Subjects were instructed to “do whatever
is natural to you to keep your balance” and encouraged to guess every time they heard babble.
When the treadmill accelerated backward, subjects experienced a forward loss of balance
requiring 1 or more compensatory steps forward to maintain their balance. An overhead harness

system equipped to support up to 181 kg was in place to preventing injury or a fall to the floor.

Subjects were initially introduced to each single task: 1) listening and repeating back
sentences from the BKB-SIN test, in sitting with and without simulated hearing loss and, 2)
responding to surface translations at all levels in standing. After introduction to the two tasks,
subjects performed a randomized sequence of single- and dual-tasks with combinations of

balance and auditory conditions.

Single- and dual-task auditory-balance conditions were randomized to control for a
learning effect with the BKB-SIN and reactive balance ability.**** Randomization occurred in a
data excel file according to perturbation level, auditory condition, and Signal-To-Noise (SNR)
level; resulting in a total of 64 trials per subject. Conditions were then divided into 4 sets to
allow subjects to have a mental and physical break between bouts of tasks (Table 1).
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Outcome measures

Primary outcome measures were: performance on the BKB-SIN, the maximum COP-
COM distance during the first compensatory step, and the reaction time for initiating the first

compensatory step.

Maximal distance between COP and COM has been documented in the literature as a
stability measure.® In gait initiation, the dissociation of COP from COM (COP-COM) is a
requirement for the first step and is considered a measure of robustness of balance control
system; the larger the COP-COM distance, the more robust the balance control is considered to

be.'® Therefore, COP-COM was chosen as an appropriate measure of postural stability.
Data Processing

All kinematic and force data were processed using MATLAB. COP was measured using
ground reaction forces from the force plate data and COM was extrapolated using the sacral
marker as described in Yang and Pai, 2014 [15]. Baseline values for COP-COM were calculated
in the 30 frames before the surface translation (0.25 seconds). The maximum COP-COM
distance during the first compensatory step was calculated within the window of time from
surface perturbation to completion of the first compensatory step, indicated by placement of the
stepping leg heel on the force plate. Both heel marker data and force data were used to confirm
initiation and completion of reactive step. All maximum COP-COM distances were normalized
to subject height. Reaction time was determined as the time in milliseconds (ms) from start of
surface perturbation to the point in time when the heel marker of the stepping foot transitioned
from accelerating backward while receiving the surface translation to accelerating forward in the

opposite direction while responding with a compensatory step. Calculation of reaction time was
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assessed within the window from surface perturbation initiation to maximum acceleration of the

heel marker during first compensatory forward step.

Data Analysis

The BKB-SIN scores, maximum COP-COM distance during the first compensatory step,
and reaction time values from the 8 trials of same combination of auditory-balance conditions
were averaged by person, resulting in an average outcome score per combination of conditions.
For each outcome measure — BKB-SIN, maximum COP-COM distance, and reaction time —
repeated measures ANOVA models were run in Stata 13.1 using auditory condition, and balance
condition as predictors. All independent variables were coded as categorical with time, auditory,

and balance conditions designated as repeated measures variables.

Results

Twenty-five subjects participated in Visit 1, however only 19 subjects completed Visit 2.
Three subjects were lost to follow-up, 2 subjects did not pass hearing screening in Visit 1, and 1
subject did not pass vision screening in Visit 1. Baseline characteristics and results of memory

and sensory screenings for the 19 subjects are presented in Table 2.

The overall mean BKB-SIN score under the normal auditory condition was 7.7+1.2 dB
(Hearing Level) HL and under the simulated hearing loss condition was 16.8+2.5 dB HL. The
overall mean BKB-SIN scores under the normal hearing condition with perturbation Level 0 was
8.1+0.8 dB HL, with Level 1 was 7.7+1.3 dB HL, and with Level 2 was 7.2+1.6 dB HL; the
overall mean BKB-SIN scores under the simulated hearing loss condition with perturbation
Level 0 was 17.9+2.0 dB HL, with Level 1 was 16.2+2.7 dB HL, and with Level 2 was 16.5+2.7
dB HL. Young adults performed significantly worse on the BKB-SIN under the simulated
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hearing loss condition compared to the normal hearing condition at each surface translation
Level 0, 1, and 2 . There was a significant main effect for hearing condition (p<0.001); however,
there was no significant interaction between hearing condition and perturbation level (Figure
2).There was no significant difference in BKB-SIN scores at surface translation Levels 0, 1, or 2
under Normal Hearing nor at surface translation Levels 0, 1, or 2 under Simulated Hearing Loss

condition (p>0.05) (Figure 2).

The average for maximum COP-COM distance during the no repeat back condition was
8.9+2.4 centimeters (cm) at Level 1, and 19.0+£4.5 cm at Level 2. The average for maximum
COP-COM distance during the normal hearing condition was 9.0+2.2 cm at Level 1, and
18.6+4.1 cm at Level 2. The average for maximum COP-COM distance during the simulated
hearing loss condition was 9.0£1.9 cm at Level 1, and 18.8+£5.3 cm at Level 2. Maximum COP-
COM distance was significantly different between surface translation Level 1 and Level 2
(p<0.001). However, maximum COP-COM distance was not significantly different between no
repeat back, normal hearing, and simulated hearing loss conditions during Level 1 or Level 2
surface translations (p=0.9496) (Figure 3). There was no significant interaction between hearing

condition and perturbation level.

The average reaction time during the no repeat back condition was 30151 milliseconds
(ms) at Level 1, and 216+14 ms at Level 2. The average reaction time during the normal hearing
condition was 308+50 ms at Level 1, and 214+18 ms at Level 2. The average reaction time
during the simulated hearing loss condition was 292+55 ms at Level 1, and 210+19 ms at Level
2. Young adults had a significantly faster average reaction time during surface translation Level
2 compared to Level 1 (p<0.001). However, reaction time was not significantly different

between no repeat back, normal hearing, and simulated hearing loss conditions during Level 1 or
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Level 2 surface translations (p>0.6551) (Figure 4). There was no significant interaction between

hearing condition and perturbation level.
Discussion

The results suggest subjects performed significantly worse on the BKB-SIN under the
simulated hearing loss condition. Subjects’ maximum COP-COM increased as the perturbation
level increased and reaction time decreased as the perturbation level decreased. However, acute
sudden simulated hearing loss did not significantly affect the reactive balance outcome measures
investigated in this study: maximum COP-COM distance during the first compensatory step, nor
the reaction time to initiate the first step. These results suggest that hearing loss may not have a

major impact during dual-task situations for young healthy adults.

The results of our study suggest an acute, sudden hearing loss alone may not result in
reactive balance deficits in young adults with optimally functioning systems. Similar research
with young adults performing single and dual listening-reactive postural task found a significant
difference in listening performance, but not reactive balance, during quiet and noisy single- and
dual-task conditions, suggesting young adults may have the resources to allocate attention

between both tasks.®

One explanation could be that young adults typically display flexibility during cognitive-
balance dual-task conditions, often performing well on both tasks in cognitive-balance dual-task
conditions.*” Young adults have also been known to prioritize one task over the other,
particularly prioritization of the cognitive task when the postural task is not perceived as a
threat.’® In our study, young adults may have prioritized the postural task due to the perturbation

levels causing compensatory steps to regain balance. Lastly, young adults may over-perform
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during dual-task conditions when the single-task is automatic and requires little to no attention or
executive functioning to execute the task, leading to confounded results."® Our results may,

therefore, not reveal the true impact of hearing loss on postural control.

The results from the maximum COP-COM distance during the first reactive step coincide
with the literature on surface translations and compensatory stepping, in which a treadmill or
platform acceleration of 2.0m/s? is fast enough to induce a stepping strategy; thus, leading to the
required separation of COP and COM to observe a COP-COM maximum distance.?® Increased
separation of COP-COM during the first compensatory step at Level 2 compared to Level 1
surface translations further supports our analysis. In addition, our results for reaction time during
the initial compensatory step coincide with the literature on kinetic and kinematic reaction time,

particularly during dual-task conditions, for healthy young adults without balance impairments.’

One limitation of our study is that sudden, acute simulated hearing loss cannot recreate
the neurodegenerative processes that accompany age-related sensorineural hearing loss, also
known as presbycusis.?* Recent evidence has linked presbyscusis to greater cognitive decline
compared to individuals with normal hearing, as well as with neurodegenerative diseases
associated with aging, such as Alzheimer’s and Parkinson’s disease.?>?* Anatomical and
functional brain changes occurring independent of age-effects are associated with not only with
auditory processing, but also with attention and emotional processing, and have been identified
in individuals with age-associated hearing loss.?* Therefore, manipulating auditory input to
simulate hearing loss may not address the full scope of brain function changes occurring in

addition to or as a result of hearing loss, particularly with the older adult population.
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Our attempt to simulate hearing loss in young healthy adults was unable to elucidate the
contribution of hearing loss to balance deficits observed in the older adult populations with
hearing loss. Currently, limited research exists describing an underlying mechanism that explains
how and why individuals with hearing loss fall more often than individuals with normal hearing,
therefore further research is needed. Potential mechanisms to explain the relationship between
hearing loss and increased risk for falls includes a: 1) Physiological: various physiological
theories exists, such as a shared blood supply of the cochlea and vestibular system or a gene
plays a role in the association between hearing loss and balance deficits;* 2) Social: the vicious
cycle occurs of social isolation due to difficulty hearing and communicating, decreased physical
activity, leading to weakness and increased risk for falls;?® 3) Perceptual: hearing loss may create
an incomplete or inaccurate representation of environmental sounds (ie. the proximity a fire
truck’s siren), putting the individual at risk of unexpected events that could lead to a fall;*’ 4)
Cognitive: an individual with hearing loss is constantly performing a dual-task of maintaining
balance while processing environmental sounds, such as speech, thus dividing the individual’s

attention and increasing the risk of falling.>*®
Conclusion

In young healthy adults, simulated hearing loss does not negatively impact postural
control. Young health adults either prioritize the postural task or simultaneously respond to
balance perturbations while attending to auditory task due to sufficient redundancy in the system.
Further research is needed to determine whether a cause-and-effect relationship exists between
hearing loss and balance deficits and, if so, which underlying mechanisms play a key role.
Learning more about the underlying mechanisms will help create clinical assessment tools and

interventions for individuals, particularly older adults, with hearing loss and balance deficits.
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Table 1. The Randomization Table illustrating the number of trials randomized to different

combinations of auditory and surface translations conditions resulting in a total of 64 trails and

one set of 30 seconds of quiet stance.

Randomization Table

Auditory
Condition

Surface Translation Level
Level 0 Level 1 Level 2

Repeat Simulated Hearing Loss 8 8 8
Back
Normal Hearing 8 8 8
No Repeat
Back No Audio 30sec 8 8
16 24 24
64 trials

+ 30sec Quiet Stance
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Baseline Characteristics

Table 2. Average baseline characteristic values and scores among the young, healthy adults.

Vestibular
Dix-Hallpike Maneuver
Dynamic Visual Acuity (mean line difference)
Vestibular/Ocular Motor Screening
Sensory Integration
Clinical Test of Sensory Interaction and Balance

86

Number of Subjects (n) 19
Age (yrs) (mean = SD) 27.2+31
Height (cm) (mean + SD) 170.3+£9.0
Weight (kg) (mean = SD) 73.2+111
Gender (%)

Male 42%

Female 58%
Race (%)

White 63%

Asian 26%

Black 11%
Hand Dominance (%)

Right 95%

Left 5%

Cognitive and Sensory Screening

Cognitive

Word Span Test (mean + SD) 85+19
Auditory

Cerumen Impaction Negative

Pure-tone threshold <20 dB HL at 500-4,000 Hz

Speech-In-Noise (mean % + SD) 82% + 8%
Visual

Eye Chart (mean score) 20/15
Somatosensory

Ankle Joint Position (%) 100%

Tuning Fork (L foot) (mean = SD) 79+0.2

Tuning Fork (R foot) (mean = SD) 79+03

Negative signs/symptoms
0
Negative signs/symptoms

6/6 conditions
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Figure 1. Created in Adobe Audition and used to simulate hearing loss according to defined

moderate hearing loss.
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Surface Translation Level

ONormal Hearing @ Simulated Hearing Loss

Figure 2. Group averages + stdv for BKB-SIN scores under the normal hearing condition (grey
bars) and simulated hearing loss condition (hashed bars) at the three levels of surface translations
perturbation: Level 0 = no perturbation of 0m/s?, no repeat back, resulting in single task of
maintaining balance; Level 1 = surface translation at 2m/s®; and Level 2 = surface translation at
5m/s®. Combinations of Hearing Conditions and Levels 1 and 2 resulted in dual-task conditions
of repeating back sentences while maintaining standing balance in response to surface translation
perturbations. The higher the score on BKB-SIN, the lower the performance on the auditory task

of repeating back sentences.
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Figure 3. Group averages + stdv of Maximum COP-COM difference (cm) during the first
compensatory step in response to surface translations at Level 1 = 2m/s* (left bars) and at Level 2
= 5m/s? (right bars), under the no repeat back condition (black bars), normal hearing condition

(grey bars), and simulated hearing loss condition (hashed bars).
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Figure 4. Group averages + stdv of Reaction time (ms) to generate the first compensatory step in
response to surface translations at Level 1 = 2m/s? (left bars) and at Level 2 = 5m/s? (right bars) ,
under the no repeat back condition (black bars), normal hearing condition (grey bars), and

simulated hearing loss condition (hashed bars).
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CHAPTER 3
SIMULATED HEARING LOSS IN HEALTHY YOUNG AND OLDER ADULTS RESULTS

IN POOR REACTION TIME IN OLDER ADULTS

Introduction

Recently, new emerging research has unveiled a correlation between hearing loss and
increased risk for falls, particularly in older adults (Agmon, Lavie, & Doumas, 2017). Research
has shown individuals with hearing loss walk slower, have a higher incidence of frailty, fall more
frequently, undergo hospital admission more often, and have increased Center of Pressure (COP)
sway in a noisy environment compared to normal hearing individuals (Cakmur, 2015; Pope,
Gallun, & Kampel, 2013; Sogebi, Oluwole, & Mabifah, 2015; Viljanen et al., 2009; Vitkovic,
Le, Lee, & Clark, 2016). However, minimal evidence provides a clear cause-and-effect
explanation for the observed association between hearing impairment and postural control
(Agmon et al., 2017). Several theories exist as to how and why hearing loss affects postural
control (Jiam, Li, & Agrawal, 2016). One plausible theory suggests individuals with hearing loss
are performing a dual-task when standing or walking while attending to sounds, requiring
divided attention or increased cognitive resources, leading to a higher risk of loss of balance and
falling (Viljanen et al., 2009). The risk of falling increases as age increases due to a global
decline of sensory and motor function (Bolger, Ting, & Sawers, 2014; Brauer, Woollacott, &

Shumway-Cook, 2002; Hyodo et al., 2012; Jacobs, Dimitrova, Nutt, & Horak, 2005).

Various studies have simulated hearing loss, in both young and older adults with normal

hearing to improve audiological assessments for individuals with hearing loss, to compare the
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differences between sensorineural hearing loss and acute sudden hearing loss, and to improve
hearing aid technology (Bacon, Opie, & Montoya, 1998; Buus & Florentine, 1985; Hornshy,
Johnson, & Picou, 2011; Korhonen & Kuk, 2008; McPherson, McMahon, Wilson, & Copland,
2012; Moore, Vickers, Glasberg, & Baer, 1997; Stone & Moore, 1999). Although these studies
are beneficial to both audiologists and individuals with hearing loss, no studies have investigated
the effect of simulated hearing loss outside of an audiological setting nor have any studies
investigated the effect of simulated hearing loss on the control of reactive balance. Laboratory
experiments investigating reactive balance have the ability to create unexpected, real-life loss of
balance in a safe and controlled environment (Horak, Dimitrova, & Nutt, 2005). Biomechanical
outcome measures commonly utilized in research settings to assess reactive balance abilities
include: maximum Center of Pressure (COP)-Center of Mass (COM) distance during
compensatory steps and reaction time to initiate the first compensatory step (Burleigh, Horak, &
Malouin, 1994; Horak et al., 2005; Kanekar & Aruin, 2014; Mansfield, Peters, Liu, & Maki,
2010; Mcllroy & Maki, 1996). Maximal displacements of COP and COM have been individually
documented in the literature as a stability measures. Another important stability measure is the
stability margin, the difference between COP and COM (COP-COM) (Jacobs et al., 2005;
Kanegaonkar, Amin, & Clarke, 2012; Santos, Kanekar, & Aruin, 2010; Winter, 1979). COP and
COM interact closely with one another to maintain postural stability during both anticipatory
stepping, i.e. gait initiation, and compensatory stepping, i.e. unexpected loss of balance
(Shumway-Cook & Woollacott, 2007). The COP-COM maximum distance is considered an
indicator of robustness in the balance control system (Corriveau, Hébert, Prince, & Raiche, 2001;
Jancova, 2008; Lafond, Duarte, & Prince, 2004; Papa, Foreman, & Dibble, 2015; Winter, 1995;

Winter, Prince, Frank, Powell, & Zabjek, 1996).
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Reaction time is an important fall predictor outcome measure in which fall risk is
associated with a slower reaction time (Lord & Fitzpatrick, 2001). In fact, reaction time may be a
better assessment tool to determine fall risk compared to walking speed (van den Bogert, Pavol,
& Grabiner, 2002). Walking speed is considered the “6" vital sign” of fall risk in older adults

(Fritz & Lusardi, 2009).

We created a novel auditory and balance dual-task paradigm to investigate the effect of
hearing loss on balance control. Healthy, young and older adults with audiometrically assessed
normal hearing abilities performed an auditory task under normal hearing and simulated hearing
loss conditions while simultaneously maintaining standing balance during unexpected surface
translations. We hypothesized that sudden acute simulated hearing loss would have a greater
negative impact on postural control of older adults compared to younger adults; in which the
older adults will have decreased maximum COP-COM distance during the first compensatory
step, and increased reaction time for initiating the first compensatory step. Furthermore, we
hypothesized that both young and older adults will perform worse during the acute, simulated
hearing loss condition compared to the normal hearing condition or no repeat back audio

condition.

Methods
Subjects

Twenty-five healthy, young adults and 33 healthy, older adults voluntarily agreed to
participate and provided Institutional Review Board (IRB)-approved informed consent. All
participants were phone screened prior to enrollment to ensure no sensory, auditory, health
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conditions or balance impairments existed that would restrict exercise ability or confound results
of the study. Subjects were excluded if the subject had a history of tinnitus (ringing in the ears),
history of motion sickness/dizziness, body weight over 400 Ibs, or currently taking medications

that affect balance.

Experimental Design

Subjects participated in two visits, consisting of: Visit 1) Cognitive and sensory

screening, Visit 2) Balance testing: dual-task auditory and perturbation protocol.

Visit 1: Cognitive and Sensory Screening

Participants participated in cognitive, auditory, visual, vestibular, somatosensory, and
sensory integration screening to ensure no undiagnosed impairments existed (Table 1). All
screening procedures were performed by a licensed physical therapist. Cognitive testing
consisted of a Mini Mental State Examination (MMSE) and a Word Span Test (MMSE > 24;
Word Span Test > 4). Speech-in-noise ability has been associated with working memory ability
(Ronnberg, Rudner, Foo, & Lunner, 2008); therefore, we wanted to ensure working memory was
intact. Hearing screening consisted of a pure-tone threshold testing, speech-in-noise screening,
and checking for earwax impaction. Participants underwent pure-tone threshold conduction
hearing screening using a MAICO MA 25 portable audiometer and were required to hear within
standard auditory threshold (20-55dB HL at 500-4000Hz) guidelines recommended for
audiometry screening (Fausti, Wilmington, Helt, Helt, & Konrad-Martin, 2005; Walker,
Cleveland, Davis, & Seales, 2013). Participants underwent Speech-In-Noise screening through
an online screening test (SIN > 60% (Hear-It, 1999). Adults with normal hearing thresholds who

fail speech in noise tests may either have excessive difficulty hearing speech in a noisy
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environment or have a “hidden” hearing loss that cannot diagnosed yet through pure tone
audiometry and were excluded from the study (Anderson, Parbery-Clark, Yi, & Kraus, 2011,
Liberman, Epstein, Cleveland, Wang, & Maison, 2016). Presence of earwax impaction was
determined using a sound probe; inability to view the eardrum would exclude an individual from
participating in the study. Visual testing consisted of subjects reading a standard eye chart, in
which subjects must have at least 20/20 vision. Vestibular testing consisted of a Dix-Hallpike
Maneuver, Vestibular-Occulomotor Screening (VOMS) test, and the Dynamic Visual Acuity
(DVA) test to ensure no peripheral or central vestibular disorders (no objective signs or reported
symptoms of vestibular disorders) (Demer, Honrubia, & Baloh, 1994; Hoffman, Einstadter, &
Kroenke, 1999; Labuguen, 2006; Mucha et al., 2014). Somatosensory testing consisted of joint
position testing and tuning fork testing using a 128-Hz tuning fork to rule out impairments with
sense of touch (5/5 joint position; Young Adults: >5.5, Older Adults: >4.5 tuning fork) (Boyle &
Negus, 1998; Kastenbauer, Sauseng, Brath, Abrahamian, & Irsigler, 2004). Sensory integration
testing was performed using a standard clinical outcome measure known as the Clinical Test of
Sensory Interaction and Balance (CTSIB) (maintain balance for 30sec for all 6 conditions)
(Shumway-Cook & Horak, 1986). Participants who passed cognitive and sensory screenings
were invited back to participate in dual-task auditory and balance testing; participants who failed

cognitive and sensory screenings were withdrawn by the Principal Investigator.

Visit 2: Balance testing: Dual-Task auditory and perturbation protocol.

The auditory task selected was the standardized audiology test Bamford-Kowal-Bench
Speech-In-Noise-Test (BKB-SIN) consisting of a target voice and multi-talker babble. Five
second clips of each sentence from the BKB-SIN were uploaded and the voice and the multi-

talker babble were separated into 2 separate tracks: Track 1) the target voice and, Track 2) the
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multi-talker babble. Hearing loss was simulated using the Fast Fourier Transform (FFT) filter
(Logarithmic scale, FFT size: 2048, Blackman window) in Adobe Audition, allowing specific
decibel (dB) levels to be manipulated at particular frequencies associated with moderate hearing
loss (Cruickshanks et al., 1998; Hornsby et al., 2011; Korhonen & Kuk, 2008; McPherson et al.,

2012).

After initial introduction to the auditory and the balance single-tasks, subjects performed
a randomized single- and dual-task test with a balance condition and an auditory condition.
Subjects were required to stand and maintain their balance with and without surface translations
while simultaneously listening and repeating back auditory sentences from the BKB-SIN through
headphones at 60 dBA (Wilson, McArdle, & Smith, 2007). Subjects performed the auditory test
while wearing Bose® QuietComfort 35 wireless headphones to limit additional environmental
noise and performed the task under a normal hearing and simulated hearing loss condition.

Subjects were also encouraged to guess every time they heard babble through the headphones.

Backward surface translations were delivered and led to the subject experiencing to a
forward loss of balance, while he or she simultaneously either repeated or prepared to repeat the
sentence. Surface translations were delivered through the treadmill dual-belts at acceleration
Level 0 (0 m/s?), Level 1 (2m/s), or Level 2 (5 m/s?). The loss of balance required participants
to take 1 or more compensatory steps forward to maintain their balance. An overhead harness
system equipped to support up to 181 kg was in place to prevent participants from hitting the

ground if a fall would occur.

A 12 camera Motion Analysis System collected kinematic data from 54 reflective

markers placed on anatomical landmarks of the body. The V-gait treadmill system by Motek
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Medical containing 2 separate force plates mounted underneath each belt was used to deliver

surface translations and record force data.

Single- and dual-task auditory-balance conditions were randomized to control for a
learning effect with the BKB-SIN and reactive balance ability (Cainer, James, & Rajan, 2008;
Lussier, Gagnon, & Bherer, 2012; Mansfield, Peters, Liu, & Maki, 2007). Randomization
occurred in a data excel file according to perturbation level, hearing condition, and Signal-To-
Noise (SNR) level; resulting in a total of 64 conditions (Table 2). Conditions were then divided
into 4 sets to allow participants to have a mental and physical break between bouts of performing

the dual-task.

Outcome measures

Primary outcome measures were: performance on the BKB-SIN, COP-COM maximal
distance during the first compensatory step, and reaction time for initiating the first

compensatory step.

The BKB-SIN is a Speech-In-Noise outcome measure developed to test SNR loss for
individuals with hearing impairment, as well as the necessity of a hearing aid (Beck & Nilsson,
2013; Bench, Kowal, & Bamford, 1979). The score provides the SNR required for the test-taker
repeat the full sentence accurately 50% of the time, with a higher score indicating a poorer

performance (ETYMOTIC, 2018).

During compensatory stepping there is an initial COM displacement followed by COP
displacement that regains balance equilibrium and maintains postural stability (Henry, Fung, &
Horak, 2001; Horak et al., 2005; Santos et al., 2010; Winter, Patla, & Frank, 1990; J. Yang,
Winter, & Wells, 1990). Because COP and COM are interconnected during compensatory
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stepping, the maximum COP-COM distance was chosen as the most appropriate outcome

measure of postural stability during unexpected compensatory steps (Kanekar & Aruin, 2014).

Data Processing

All kinematic and force data were processed using MATLAB. COP was measured using
ground reaction forces from the force plate data and COM was extrapolated using the sacral
marker (F. Yang & Pai, 2014). Baseline values for COP-COM were calculated in the 30 frames
before the surface translation (0.25 seconds). The maximum COP-COM distance during the first
compensatory step was calculated within the window of time from surface perturbation to
completion of the first compensatory step, indicated by placement of the stepping leg heel on the
force plate. Both heel marker data and force data were used to confirm initiation and completion
of reactive step. All maximum COP-COM distances were normalized to subject height. Reaction
time was determined as the time in milliseconds (ms) from start of surface perturbation to the
point in time when the heel marker of the stepping foot transitioned from accelerating backward
while receiving the surface translation to accelerating forward in the opposite direction while
responding with a compensatory step. Calculation of reaction time was assessed within the
window from surface perturbation initiation to maximum acceleration of the heel marker during

first compensatory forward step.

Data Analysis

For each individual, the values for each outcome (i.e., reaction time and maximum COP-
COM difference) for each variation set—3 hearing levels X 3 perturbation levels in a
randomized sequence—were averaged, resulting in an average outcome score by variation set

(each individual has 8 variation sets). For each outcome, repeated measures ANOVA models
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were run in Stata 13.1 using group, time, hearing levels, perturbation levels, and a hearing-by-
perturbation levels interaction term as predictors. The between-subjects error terms was
designated as “subject in age group”, “subject” was designated as the variable representing the

lowest unit in the between-subjects error term, and “age group” was designated as the variable

for computing the pooled covariance matrix.

Results

Twenty-five young adults and 33 older adults participated in Visit 1. For the young
adults, three subjects did not pass Visit 1 screening and three were lost to follow-up. For the
older adults, one subject was lost to follow-up, eleven subjects did not pass Visit 1 screening,
and one subject withdrew from the study. A total of nineteen young adults and twenty older
adults completed both study visits, their baseline characteristics and screening tests scores are

provided in Table 3.

For the young adults, the overall mean BKB-SIN scores under the normal hearing
condition with perturbation Level O was 8.1+0.8 dB Hearing Level (HL), with Level 1 was
7.7+£1.3 dB HL, and with Level 2 was 7.2+1.6 dB HL; the overall mean BKB-SIN scores under
the simulated hearing loss condition with perturbation Level 0 was 17.9£2.0 dB HL, with Level
1 was 16.2+2.7 dB HL, and with Level 2 was 16.5+2.7 dB HL. For the older adults, the overall
mean BKB-SIN scores under the normal hearing condition with perturbation Level 0 was
8.0+0.6 dB HL, with Level 1 was 8.2+1.7 dB HL, and with Level 2 was 8.5+1.0 dB HL; the
overall mean BKB-SIN scores under the simulated hearing loss condition with perturbation

Level 0 was 18.3+1.4 dB HL, with Level 1 was 14.9+2.3 dB HL, and with Level 2 was 16.5+1.8
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dB HL. Both young and older adults performed significantly worse on the BKB-SIN under the
simulated hearing loss condition compared to the normal hearing condition at each surface
translation Level 0, 1, and 2 (p<0.001), but no difference existed between groups (p>0.05)

(Figure 1).

For the young adults, the average maximal COP-COM distance for the no audio
condition at Level 1 was 8.9+2.4 cm and with Level 2 was 19.0£4.5 cm, for the normal hearing
condition at Level 1 was 9.0£2.2 cm and with Level 2 was 18.6+4.1 cm, for the simulated
hearing loss condition at Level 1 was 9.0£1.9 cm and with Level 2 was 18.8+5.3 cm. For the
older adults, the average maximal COP-COM distance for the no audio condition at Level 1 was
9.1+1.5 cm and with Level 2 was 18.9£2.1 cm, for the normal hearing condition at Level 1 was
9.0+1.4 cm and with Level 2 was 18.5£2.0 cm, for the simulated hearing loss condition at Level
1 was 8.9£1.3 cm and with Level 2 was 18.4+2.1 cm. Both young and older adults had
significantly worse average maximum COP-COM distance during Level 2 surface translation
compared to Level 1 (p<0.001), but no interaction existed between surface translation level and

auditory condition for maximum COP-COM distance (p>0.05) (Figure 2).

For the young adults, the reaction time for the no audio condition was 301+51 ms at
Level 1 and was 216+14 ms at Level 2; for the normal hearing condition it was 308+50 ms at
Level 1 and was 214+18 ms at Level 2; for the simulated hearing loss condition it was 292+55
ms at Level 1 and was 210+£19 ms at Level 2. For the older adults, the reaction time for the no
audio condition at Level 1 was 294+43 ms and with Level 2 it was 226+18 ms; for the normal
hearing condition at Level 1 was 298+42 ms and with Level 2 it was 230+£20 ms, for the
simulated hearing loss condition at Level 1 was 283+37 ms and with Level 2 was 224+20 ms.

For reaction time, the results of repeated measure ANOVA indicated that after controlling for all
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other variables in the model, there were significant main effects for perturbation levels and
hearing levels, and a significant interaction effect for perturbation by hearing levels; time was
not significant. Both young and older adults had significantly shorter reaction time in response to
the Level 2 surface translation compared to the Level 1 (p<0.001) (Figure 3). A significant
interaction was found between perturbation level and auditory condition for reaction time
(p=0.0191). Across all participants, the marginal means scores indicated that the longest reaction
times were recorded for perturbation level 1 with normal hearing and shortest for perturbation
level 2 with hearing loss. Differences in reaction times between level 1 and level 2 perturbations,

by hearing condition and group, illustrate the interaction effect (p<0.05) (Figure 4).

Discussion

The results suggest both young and older adults perform significantly worse on the BKB-
SIN under the simulated hearing loss condition, thus confirming successful simulation of hearing
loss. Sudden, acute simulated hearing loss significantly worsened BKB-SIN scores to
comparable levels documented in the literature values of moderate-to-severe SNR experienced
by individuals with hearing loss (Cruickshanks et al., 1998; ETYMOTIC, 2018). Typically
during simulated hearing loss studies, adults are grouped together based on similar hearing
thresholds regardless of age (Stone & Moore, 1999). Because we screened all adults to be at
similar hearing thresholds, our results of no group differences on performance of the BKB-SIN

are as expected.

The maximum COP-COM distance increased as the perturbation level increased. Our

results for maximum COP-COM distance during the first reactive step are aligned with the
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literature on COP-COM values during surface translations and compensatory stepping, in which
a platform acceleration of 2.0m/s is fast enough to induce a stepping strategy; our values for
maximum COP-COM during perturbation Level 1 are larger compared to literature values of
COP-COM during static stance. (Henry et al., 2001; Horak et al., 2005; Mcllroy & Maki, 1996;
Santos et al., 2010; Winter et al., 1990; J. Yang et al., 1990). This is to be expected because a
stepping strategy requires greater dissociation of COP from COM compared to quiet standing
control strategy in which the two variables track closely together (Woollacott & Shumway-Cook,
2002). Our COP-COM results during perturbation Level 2 matched closely with literature values
of COP-COM results using the tether-release model (Henry et al., 2001; Horak et al., 2005;
Mcllroy & Maki, 1996; Papa et al., 2015; Santos et al., 2010; Winter et al., 1990; J. Yang et al.,
1990). However, because there were no significant differences in maximum COP-COM distance
between young and old adults, or between normal and simulated hearing loss conditions, the
maximum COP-COM distance may not be an effective standalone outcome measure for

identifying individuals with hearing loss and balance deficits.

Our reaction time results during the initial compensatory step corresponds with the
literature on kinetic and kinematic reaction time, particularly during dual-task conditions, for
both normal, healthy young and older adults (Brauer et al., 2002; Luchies et al., 2002). A similar
study performed by Troy and Grabiner (2006) assessed that change in trajectory for the lateral
malleoli marker, indicating reaction time, occurred at ~200ms during a slip on a platform in
young adults. Our result that healthy, young and older adults do not have a difference in reaction
time during no repeat back and normal hearing conditions also aligns with literature on healthy
young and older adults, particularly during dual-task conditions (Brown, Shumway-Cook, &

Woollacott, 1999; Luchies et al., 2002). Overall, the reaction time decreased between
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perturbations at Level 1 and 2, as it would be expected, because a faster perturbation level
requires a shorter reaction time to initiate a compensatory step. Reaction time was shown to
decrease in young adults as speed of surface translation increased (Bhatt, Wening, & Pai, 2005).
However, the pattern of change in reaction time we observed was not similar in young and older
adults or across hearing conditions. Older adults responding to perturbations under simulated
hearing loss did not decrease their reaction time just as much as they did under no repeat back or

normal hearing condition (smaller difference between level 2 and level 1 noted in figure 4).

Young adults were able to adapt their initiation, decrease reaction time, execute
compensatory stepping, and increase the maximum COP-COM distance, as they responded to
progressively more challenging perturbations of balance. They did so regardless of hearing
conditions, confirming that either they have enough redundancy in the balance control system or
that the dual-task was not challenging enough to affect their balance control. In older adults with
simulated hearing loss, attending to auditory input does not change the execution of
compensatory steps (no significant changes in COP-COM) but attending to auditory input may
play a role in ability to modulate the initiation of reactive balance strategies during challenging
dual-task situations (significant smaller difference in reaction time responding to level 2 vs level
1 perturbations under simulated hearing loss compared to no repeat back and normal hearing

conditions).

Additional research is beginning to test various types of adults in dual-task conditions of
a balance-auditory/cognitive task to determine whether individuals with hearing loss have poorer
balance measures (Bruce et al., 2017; Lau, Pichora-Fuller, Li, Singh, & Campos, 2016). One
study, performed by Bruce et al. (2017) observed the effect of a reactive balance task and a

simultaneous cognitive task in the presence of babble. Their results found that healthy young
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adults have more flexibility responding to dual cognitive-balance tasks, while healthy older
adults prioritize their balance over the auditory task (Bruce et al., 2017). Another study by Lau et
al. (2016) determined that both older adults with normal hearing and older adults with hearing
loss prioritize their balance over the listening task. Due to the variability of the outcome
measures in the dual-task studies, not enough evidence exists to confirm or deny whether
cognitive processing plays a role in causing older adults with hearing loss to have balance
deficits. More research is needed to determine whether dual-task conditions requiring cognitive

resources negatively affect balance control for older adults with hearing loss.

One limitation to our study is that males and females were not equally represented in the
older adult group; we had 75% females and 25 % males. However, hearing loss is more common
in males compared to females (Lin, Niparko, & Ferrucci, 2011). Males who reported symptoms
of hearing loss during the phone screen or males who did not pass audiometer testing at Visit 1
were not eligible to participate in Visit 2, limiting the number of males eligible to participate in

Visit 2.

Conclusion

Sudden, acute simulated hearing loss negatively affects auditory scores for both young
and older adults. The execution of compensatory stepping response seems to be maintained with
aging under all conditions of hearing. However, the ability to modulate reaction time and initiate
compensatory steps to regain balance as a function of challenge difficulty is negatively impacted
by simulated hearing loss in older adults. Individuals with hearing loss may be at greater risk of
falling compared to individuals with normal hearing due to age-related cognitive and

neurodegenerative changes associated with hearing loss (Mudar & Husain, 2016). Further
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research is needed to clarify whether a single or multi- cause and effect relationship exists

between hearing loss and balance deficits.

Acknowledgements

This work has been supported by the Neurobiology of Aging Training grant (National
Institute of Health — T32 AG020494) to Victoria Kowalewski at the University of North Texas

Health Science Center.

109



Table 1. The cut-off scores are provided for the Cognitive and Sensory screening assessments

performed during Visit 1.

Cognitive and Sensory Screening: Cut-off Scores

Cognitive

MMSE

Word Span Test
Auditory

Cerumen Impaction
Pure-tone threshold

Speech-In-Noise
Visual

Eye Chart (mean score)
Somatosensory

Ankle Joint Position

Tuning Fork
Vestibular
Dix-Hallpike Maneuver
Dynamic Visual Acuity
Vestibular/Ocular Motor Screening
Sensory Integration
Clinical Test of Sensory Interaction and Balance

110

24

Visible eardrum

Young adults:

< 20 dB HL at 500-4,000 Hz
Older adults:

< 30 dB HL at 500-4,000 Hz

60%
20/20

100%
Young adults: 4.5
Older adults: 5.5

Negative signs/symptoms
3 lines above baseline vision

Negative signs/symptoms

6/6 conditions



Table 2. The Randomization Table illustrating the number of trials randomized to different
combinations of auditory and surface translations conditions resulting in a total of 64 trails and

one set of 30 seconds of quiet stance.

Randomization Table

Perturbation Level

Level 0 | Levell | Level 2
Auditory Repeat  Simulated Hearing 8 8 8
Condition Back Loss
Normal Hearing 8 8 8
No audio  No Audio 30sec 8 8
16 24 24

64 conditions
+ 30sec Quiet Stance
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Table 3. Average baseline characteristic values and scores among the young and older adults.

Baseline Characteristics

Young Adults Older Adults
Number of Participants (n) 19 20
Age (yrs) (mean = SD) 27.2+3.1 68.7£4.3
Height (cm) (mean + SD) 170.3+£9.0 163.6 £8.2
Weight (kg) (mean * SD) 73.2+11.1 70.5+19.0
Gender (%)
Male 42% 25%
Female 58% 75%
Race (%)
White 63% 95%
Asian 26% 5%
Black 11% 0%
Cognitive and Sensory Screening
Cognitive
MMSE (mean * SD) 289+1.2 289+14
Word Span Test (mean + SD) 85+19 6.6 25
Auditory
Cerumen Impaction Negative Negative
Pure-tone threshold <20 dB HL at 500-4,000 Hz | <30 dB HL at 500-4,000Hz
Speech-In-Noise (mean % + SD) 82% * 8% 73% + 7%
Visual
Eye Chart (mean score) | 20/15 20/20
Somatosensory
Ankle Joint Position (%) 100% 100%
Tuning Fork (L foot) (mean + SD) 7.9+0.2 6.8+0.9
79+0.3 6.7+1.1

Tuning Fork (R foot) (mean £ SD)

Vestibular

Dix-Hallpike Maneuver

Negative signs/symptoms

Negative signs/symptoms

Dynamic Visual Acuity
(mean line difference)

0

0.7+0.38

Vestibular/Ocular Motor Screening

Negative signs/symptoms

Negative signs/symptoms

Sensory Integration
Clinical Test of Sensory

Interaction and Balance (CTSIB)

6/6 conditions

6/6 conditions
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Figure 1. Group averages + stdv for BKB-SIN scores under the Normal Hearing (NH) condition
(hashed bars) of Young Adults (YA) and Older Adults (OA) and Simulated Hearing Loss (SHL)
condition (colored bars) at the three levels of surface translations perturbation: Level 0 = surface
translation at 0m/s?, resulting in single task of repeating back; Level 1 = surface translation at
2m/s?, and Level 2 = surface translation at 5m/s®. Combinations of Hearing Conditions and
Levels 1 and 2 resulted in dual-task conditions of repeating back sentences while maintaining
standing balance in response to surface translation perturbations. The higher the score on BKB-

SIN, the lower the performance on the auditory task of repeating back sentences.
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Figure 2. Group averages + stdv of Maximum COP-COM difference (cm) during the first
compensatory step in response to surface translations at Level 1 = 2m/s? (left bars) and at Level
2 = 5m/s? (right bars), under the No repeat back condition (grey bars) , normal hearing condition
(hashed bars) and simulated hearing loss condition (black and white bars). No RB = No Repeat
Back/Audio condition, NH = Normal Hearing condition, SHL = Simulated Hearing Loss

condition, YA = Young Adults, OA = Older Adults.
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Figure 3. Group averages + stdv of Reaction Time (ms) during the first compensatory step in
response to surface translations at Level 1 = 2m/s? (left bars) and at Level 2 = 5m/s? (right
bars), under the No repeat back condition (grey bars) , normal hearing condition (hashed bars)
and simulated hearing loss condition (black and white bars). No RB = No Repeat Back/Audio
condition, NH = Normal Hearing condition, SHL = Simulated Hearing Loss condition, YA =

Young Adults, OA = Older Adults.
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Figure 4. Group averages + stdv of differences between Reaction Time (ms) at Level 1 = 2m/s®
and at Level 2 = 5m/s?, under the No repeat back condition (right bars - dark grey and large
hashed bars) , normal hearing condition (middle bars - black and medium grey bars) and
simulated hearing loss condition (left bars - small hashed and light grey bars). No RB = No
Repeat Back/Audio condition, NH = Normal Hearing condition, SHL = Simulated Hearing Loss

condition, YA = Young Adults, OA = Older Adults.
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CHAPTER 4
HEARING AIDS DO NOT IMPROVE REACTIVE BALANCE IN OLDER ADULTS

WITH HEARING LOSS

Introduction

Hearing loss, particularly with older adults, has been linked to many negative
consequences, such as difficulty with communication, depression, and increased risk for
dementia (Brink & Stones, 2007; Dawes et al., 2015; Heyl & Wahl, 2012). Recent
epidemiological research has also linked hearing loss in older adults to increased risk for falls.
Individuals with hearing loss have been found to have slower gait speed compared to normative
values, report increased difficulties with Activities of Daily Living (ADLS), have injurious falls
more often, and have worse standing balance in noisy environments compared to individuals
with normal hearing (Grue, Kirkevold, & Ranhoff, 2009; Sogebi, Oluwole, & Mabifah, 2015;

Viljanen et al., 2009; Vitkovic, Le, Lee, & Clark, 2016).

Hearing aids are the most common treatment for hearing loss. It would follow that
advances in hearing aid technology — including digital and frequency-modulated systems that
allow for custom tuning of devices based on individual needs and miniaturization of hearing aids
that them less noticeable — would translate into hearing aids being widely used (McCormack &
Fortnum, 2013; Thibodeau, 2010). However, many older adults who would benefit from hearing
aids do not wear hearing aids (Lupsakko, Kautiainen, & Sulkava, 2005). Less than 4% of older
adults with sensorineural or conductive hearing loss wear hearing aids, which equals an
estimated 22.9 million Americans. Reasons for low adoption rates of hearing aids include the

high cost and the necessary adaptation period for neuroplasticity to take place before noticing a
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benefit in hearing ability (Castiglione et al., 2016; Cox & Alexander, 1992; Lupsakko et al.,
2005). Lupsakko et al. (2005) found that 25% of subjects who had hearing aids did not wear
their listening devices regularly for subjective reasons, such as considering the device: i)
unnecessary / not providing benefit (42% of subjects), ii) hard to use (21% of subjects) or iii)
defective (17% of subjects). Further confounding the hearing aid controversy is the evidence
that suggests high working memory may influence listening abilities and may reduce the benefit
of a hearing aid (Chia et al., 2007; Hallgren, Larsby, Lyxell, & Arlinger, 2005; Lupsakko et al.,
2005; Meister, Walger, Brehmer, von Wedel, & von Wedel, 2008; Ng, Rudner, Lunner,
Pedersen, & Ronnberg, 2013). Promising recent evidence, on the contrary, suggests that hearing
aids, as part of a comprehensive rehabilitation program, may improve listening ability and slow

or prevent cognitive decline for older adults with hearing loss (Mudar & Husain, 2016).

Even though hearing aids do not completely restore speech understanding, particularly in
a noisy environment, the literature suggests hearing aids may still improve communication,
decrease depressive symptoms, and may allow listening tasks to be less cognitively taxing;
thereby preventing mental fatigue, information overload, and cognitive decline (Arlinger, 2003;
Lupsakko et al., 2005; Young Choi, Shim, Lee, Yoon, & Joo, 2011). Furthermore, hearing aids
may even improve physical functioning and increase independence performing ADLs (Hogan,
O'Loughlin, Miller, & Kendig, 2009; Lupsakko et al., 2005). Although this evidence is
insightful, to date no experimental studies tested whether a decrease in cognitive load is the
reason why a hearing aids improve physical functioning (Lin et al., 2013; Vitkovic et al., 2016).
In a real-world setting, older adults with hearing loss are constantly attending to sounds, such as
talking, while simultaneously attempting to stand, walk, or cross obstacles. It is possible that

when performing balance tasks while attending to sounds, like standing or walking, older adults
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with hearing loss are performing dual-tasks of and may have a higher risk of loss of balance and

falling (Bruce et al., 2017).

Because hearing aids improve sound recognition, it is plausible that hearing aids may
provide a possible solution to improving standing or walking balance for older adults with
hearing loss by easing difficulty of the listening task (Vitkovic et al., 2016). However, the impact
of hearing aids on balance control — whether hearing aids may improve balance and through

what mechanism(s) — is not fully understood (Negahban & Nassadj, 2017).

To our knowledge, there is a paucity of evidence regarding the effect of hearing loss on
ability to regain balance after a stumble, trip, slip, or near loss of balance. Few studies have
investigated the effect of hearing loss on reactive balance, and whether hearing aids may
improve control of reactive balance, in an older adult population (Bruce et al., 2017).
Experiments assessing the control of reactive balance are particularly translational due to the
creation of unexpected, “real-life” loss of balance situations in a controlled environment.
Biomechanical outcome measures commonly used to analyze reactive balance are: reaction time
to generate the compensatory step after a loss of balance, and the relationship between the Center
of Pressure (COP) and Center of Mass (COM) during compensatory steps (Burleigh, Horak, &
Malouin, 1994; Horak, Dimitrova, & Nutt, 2005; Kanekar & Aruin, 2014; Mcllroy & Maki,
1996). The maximum COP-COM distance is considered a robust indicator of balance control
ability in the human body (Corriveau, Hébert, Prince, & Raiche, 2001; Jancova, 2008; Lafond,
Duarte, & Prince, 2004; Papa, Foreman, & Dibble, 2015; Winter, 1995; Winter, Prince, Frank,

Powell, & Zabjek, 1996).
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We created a novel auditory and balance dual-task paradigm to investigate the effect of
hearing loss on reactive balance control in older adult hearing aid users, and whether hearing aids
improve reactive balance control. Older adults with hearing loss, who were regular hearing aid
users, performed an auditory test under normal hearing (hearing aid) and hearing loss (no hearing
aid) conditions while simultaneously maintaining standing balance during unexpected surface
translations. We intend to test whether a cognitive mechanism explains why hearing aids
improve balance for older adults with hearing loss. We theorize older adults with hearing loss
who wear a hearing aid do not need to attend as closely to unheard speech or sounds and can
dedicate more resources to balance control. We hypothesized hearing aids would improve
reactive balance control for older adults with hearing loss shown by an increased maximum
COP-COM distance during the first compensatory step, decreased reaction time for initiating the
first compensatory step, and an improved score on the auditory test. Furthermore, we
hypothesized older adults with hearing loss would have improved scores on the single-task

condition compared to the dual-task condition.

Methods

Subjects

Twenty-three older adults with diagnosed bilateral hearing loss and fitted with hearing
aids in both ears participated in the research study. All participants were verbally screened to
ensure no vestibular, neuromuscular, or cardiovascular conditions existed that would impair
balance or restrict exercise. Participants received an initial phone screen that included a verbal
explanation of the research study prior to visiting the lab. All subjects voluntarily agreed to

participate through Institutional Review Board (IRB) approved written informed consent.
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Subjects were excluded if they had a history of motion sickness or dizziness, inability to stand
independently for at least 1 minute, body weight over 181 kg, a history of falls (>3 falls within
the past 6 months), or currently taking medications that affect balance. Subjects were also
excluded if they had not used a hearing aid more than 2 months, had not underwent a hearing aid
fitting within the past year, or did not use the hearing aid for at least 8 hours per day. Due to the
requirement that subjects were fitted for hearing aids prior to enrollment, proof of hearing loss

through an audiogram was not required.

Experimental Design

Subjects participated in two visits, consisting of: Visit 1) Cognitive and sensory

screening, Visit 2) Balance testing: Dual-Task auditory and perturbation protocol.

Visit 1: Cognitive and Sensory Screening

Cognitive and sensory screenings were used to rule-out any additional undiagnosed
impairments. All screening was performed by a licensed healthcare professional. Participants
who passed cognitive and sensory screenings were eligible to participate in dual-task auditory
and balance testing; participants who failed cognitive and sensory screenings were withdrawn the

study.

Visit 2: Dual-Task auditory and balance testing protocol.

Protocol

Participants were first introduced to the balance and auditory tasks and were instructed to
“do whatever is natural to you to keep your balance” and encouraged to guess every time they

heard babble. Subjects were asked to stand and maintain their balance while simultaneously
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listening and repeating back auditory sentences from the Bamford-Kowel-Bench Speech-In-
Noise (BKB-SIN), a standardized audiology test, played through the speakers at 60 dBA
(Wilson, McArdle, & Smith, 2007). There were three auditory conditions: 1) no repeat back
resulting in the single-task of maintaining balance; 2) hearing aid condition in which participants
performed dual-tasks while wearing their hearing aids (equivalent to their “normal hearing”) and
3) no hearing aid condition in which participants performed the dual-tasks without their hearing
aids (equivalent to “hearing loss”). A higher score on the BKB-SIN indicates a poorer

performance. Only 2 subjects required visual cues when hearing aids were not worn.

Surface translations were administered in the backward direction while the subjects
simultaneously repeated back sentences (dual-task conditions) or did no repeat back sentences
(single-task conditions). When the treadmill accelerated backward, participants experienced a
forward loss of balance requiring participants to take 1 or more steps forward to maintain their
balance. Surface translations were administered using the treadmill dual-belts at the following
accelerations: Level 0 (0 m/s?) no backward surface translations, resulting in the single task of
listening and repeating back the sentence; Level 1 (2m/s?) or Level 2 (5 m/s?), resulting in dual-
tasks of repeating back sentences while responding to balance perturbations. An overhead
harness system able to support 181 kg was attached to each subject to prevent the subject from

hitting the ground if a fall would occur.

A 12 camera Motion Analysis System capture system collected kinematic data from 54
reflective markers placed on anatomical landmarks of the body (reference). The V-gait treadmill
system (by Motek Medical) with two separate force plates mounted underneath each belt was

used to deliver surface perturbations and record force data.
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Single- and dual-task auditory-balance conditions were randomized to control for a
learning effect with the BKB-SIN and reactive balance ability (Cainer, James, & Rajan, 2008;
Lussier, Gagnon, & Bherer, 2012; Mansfield, Peters, Liu, & Maki, 2007). Randomization
occurred according to perturbation level, hearing condition, and Signal-To-Noise (SNR) level,
resulting in a total of 64 conditions (Table 1). Subjects performed half of testing with their
hearing aid and half of testing without their hearing aid. The order of hearing aid use (first or

second) was randomized among subjects based on the order the subjects participated in Visit 2.

Outcome measures

Primary outcome measures included: BKB-SIN performance, maximum Center of
Pressure (COP) - Center of Mass (COM) (COP-COM) distance during the first compensatory

step, and reaction time for initiating the first compensatory step.

The BKB-SIN is a Speech-In-Noise (SIN) outcome measure developed to test an
individual’s ability to hear speech in noise, which determines the necessity and benefit of a
hearing aid (Beck & Nilsson, 2013; Bench, Kowal, & Bamford, 1979). The sentences and words
are easily understandable for all ages, making the test appropriate for both adults and children
with severe hearing impairment (Dodd-Murphy & Ritter, 2013; Gifford, Dorman, Shallop, &
Sydlowski, 2010). These are simple sentences like, “The apple pie was good.” Each sentence
has a specific speech-to-noise ratio. The BKB-SIN consists of 1 main talker (target voice/signal)
and a 4-person multi-talker babble (background noise/distractors). The score of BKB-SIN
reveals the signal to noise ratio of the target voice required for an individual to get the full
sentence correct 50% of the time (ETYMOTIC, 2018). The higher the BKB-SIN score, the lower

the performance on the auditory test.
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In response to a loss of balance forward, a forward compensatory step is required to
regain balance. During the first compensatory step, COM is displaced forward, while COP is
first displaced posteriorly and laterally under the stance leg (Kanekar & Aruin, 2014; Martin et
al., 2002). This dissociates the two variables, creating a distance between COP and COM which
eventually will be reconciled when the first step is completed to regain equilibrium and maintain
postural stability (Henry, Fung, & Horak, 2001; Horak et al., 2005; Santos, Kanekar, & Aruin,
2010; Winter, Patla, & Frank, 1990; J. Yang, Winter, & Wells, 1990). Maximum COP-COM
distance is a stability measure that creates a stability margin for each individual (Jacobs,
Dimitrova, Nutt, & Horak, 2005; Kanekar & Aruin, 2014; Papa et al., 2015; Santos et al., 2010;
Winter, 1979). Quiet standing analyses of COP-COM suggest good reliability in the Antero-
Posterior (AP) direction (Corriveau et al., 2001). Due to the interplay between COP and COM,
COP-COM was chosen as an appropriate measure of postural stability during unexpected

backward surface translations that force forward compensatory steps to occur.

Data Processing

All kinematic and force data were processed using MATLAB. COP was measured using
ground reaction forces from the force plate data and COM was extrapolated using the sacral
marker as described in F. Yang and Pai (2014). Baseline values for COP-COM were calculated
in the 30 frames before the surface translation (0.25 seconds). The maximum COP-COM
distance during the first compensatory step was calculated within the window of time from
surface perturbation to completion of the first compensatory step, indicated by placement of the
stepping leg heel on the force plate. Both heel marker data and force data confirmed initiation
and completion of reactive step. All maximum COP-COM distances were normalized to subject

height. Reaction time was determined as the time in milliseconds (ms) from start of surface
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perturbation to the point in time when the heel marker of the stepping foot transitioned from
accelerating backward while receiving the surface translation to accelerating forward in the
opposite direction thus initiating a compensatory step. Calculation of reaction time was assessed
within the window from surface perturbation initiation to maximum acceleration of the heel

marker during first compensatory forward step.

Data Analysis

For each individual, the values for each outcome (i.e. BKB-SIN scores, reaction time, and
max COP-COM diff) for each variation set—3 hearing conditions X 3 perturbation levels in a
randomized sequence—were averaged, resulting in an average outcome score by combination of
conditions. For each outcome, repeated measures ANOVA models were run in Stata 13.1 using

time, hearing conditions, and perturbation levels as predictors.

Results

Twenty-three participants participated in Visit 1, however one subject did not pass the
screening and two subjects withdrew from the research study. Twenty subjects were included in
Visit 2 for dual-task auditory and balance testing. The baseline characteristics of the subjects
were the following: 45% of subjects were female and 55% of subjects were male (9 F, 11 M); the
mean age of subjects was 73.2+9.1 years; 95% of subjects were white, 0% of subjects were
Asian, and 5% of subjects were black (Table 2). Cognitive and sensory screening results were
also included (Table 2). Upon review of data, one subject was excluded from analysis as the
subject completed less than half of trials due to a fall in the harness and inability to complete

Level 2 perturbations. Three subjects had two outlier values for max COP-COM and reaction
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time more than 3.5 standard deviations from group average; these outlier values were replaced

with the value for group mean at that combination of conditions. .

The overall mean BKB-SIN score under the hearing aid condition was 12.5+£3.2 dB
Hearing Level (HL) and under the no hearing aid condition was 19.5+3.9 dB HL. The mean
BKB-SIN score in the hearing aid condition at perturbation Level 0 was 12.3+3.5 dB HL, Level
1 was 13.4+3.1 dB HL, and Level 2 was 11.8+2.9 dB HL. The mean BKB-SIN score in the no
hearing aid condition at perturbation Level 0 was 20.6+2.8 dB, at Level 1 was 19.2+3.6 dB HL,
and Level 2 was 18.6+5.4 dB HL. There was a significant main effect for hearing condition
(p<0.0001), but not for perturbation level (p=0.7804). There was no significant interaction

between hearing condition and perturbation level (p>0.05) (Figure 1).

The average maximum COP-COM distance for the no repeat back condition at Level 1
was 6.9+0.8 cm and at Level 2 was 17.4+2.8 cm; for the hearing aid condition at Level 1 was
7.0+£0.8 cm and at Level 2 was 17.1+2.8 cm; for the no hearing aid condition at Level 1 was
6.3+1.1 cm and at Level 2 was 17.4+3.4 cm. There was a significant main effect for perturbation
level (p<0.001), but not for hearing condition (p=0.9417). There was no significant interaction

between hearing condition and perturbation level (p>0.05) (Figure 2).

The reaction time for the no audio condition at Level 1 was 312+21 ms and at Level 2
was 238+20 ms; for the hearing aid condition at Level 1 was 303+30 ms and at Level 2 was
241+24 ms; for the no hearing aid condition at Level 1 was 314+48 ms and at Level 2 was
248+39 ms. There was a significant main effect for perturbation level (p<0.001), but not for
hearing condition (p=0.1029). There was no significant interaction between hearing condition

and perturbation level (p>0.05) (Figure 3).
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Discussion

The results suggest subjects performed significantly worse on the BKB-SIN under the no
hearing aid condition, subjects’ maximum COP-COM distance increased, and reaction time
decreased as the balance perturbation level increased. While hearing aids improve speech
comprehension in noise, in this study hearing aids did not necessarily improve reactive balance

ability for older adults with hearing loss.

To our knowledge, this is the first research study to utilize reactive balance outcome
measures of maximum COP-COM distance and reaction time, in conjunction with a standardized
audiology test, BKB-SIN. Although few studies have observed maximum COP-COM distance as
an outcome measure, our results are comparable to previously reported values whereas
maximum COP-COM distance was averaging 3.5cm in static standing balance and 16cm with
loss of balance requiring compensatory steps (Horak et al., 2005; Papa et al., 2015). Our values
for maximum COP-COM distance during level 1 perturbations are higher than results reported
for static stance, (6.7cm vs. 3.5 cm), and to be expected at the 2m/s? perturbation (Mcllroy &
Maki, 1996). Our results for maximum COP-COM distance during level 2 perturbations align
very well with reported values from other compensatory steps perturbations (17 cm vs 16 cm)
(Papa et al., 2015). Because there was no significant difference in maximum COP-COM distance
between conditions of no repeat back, hearing aids, and no hearing aids, these results suggest that
older adults with hearing loss maintain the ability to execute compensatory reactive balance

stepping strategy and prioritize balance task over the auditory task.

Our results of step-onset reaction time in response to level 1 perturbations averaging

~310 ms indicate slower reaction time compared to values from older adults with normal hearing
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responding to unexpected similar magnitude perturbations previously reported in the literature,
averaging ~250 ms (Patel & Bhatt, 2015). These results are similar to literature values of step-
onset time in older adults with balance impairments averaging ~280ms (Brauer, Woollacott, &
Shumway-Cook, 2002). Only in response to more challenging perturbations at level 2, the
reaction time in older adults with hearing loss was comparable to values reported in the literature
(Brauer et al., 2002; Patel & Bhatt, 2015). However, there was no modulation of stepping
reaction time as a function of auditory condition and hearing aids did not improve stepping
reaction time. These results suggest older adults with hearing loss have slower ability to initiate
reactive balance compared to older adults with normal hearing and these balance impairments

may be similar to a typical older adult faller.

To our knowledge only one study prior to ours has investigated reactive balance in older
adults with and without hearing loss; however, the study used ankle and hip strategy as an
outcome measure versus compensatory steps (Bruce et al., 2017). The study, performed by Bruce
et al. (2017) determined older adults with hearing loss performed significantly worse on a
cognitive task during background noise of babble, but had no difference in reactive balance
outcomes. These results suggest dual-task interference with the older adults with hearing loss,
who prioritize maintaining balance over cognitive task performance (Bruce et al., 2017). This
study, however, did not observe the effect of hearing aids on control of reactive balance.
Evidence as to whether hearing aids improve balance control is mixed (Agmon, Lavie, &
Doumas, 2017; Negahban & Nassadj, 2017; Vitkovic et al., 2016). Hearing aids have been
shown to both improve and worsen COP sway in white noise (Rumalla, Karim, & Hullar, 2015;
Vitkovic et al., 2016). Inconsistent results could be due to variable low-level background sounds

in different laboratory environments, in which certain sounds could be picked-up more readily by
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the hearing aid compared to no hearing aid; these certain sounds could create an inadvertent
distraction to hearing aid users and confound results (Vitkovic et al., 2016). Therefore, the results
of our study may mask the reality that hearing aids may improve balance, particularly during

dual-task conditions.

One limitation to our study was not including older adults with normal hearing as a
comparison group. Results of studies comparing balance control of older adults with normal
hearing to older adults with hearing loss, however, have been mixed. For instance, gait
parameters have been found to be worse in some participants with hearing loss, but unaffected in
other participants (Edwards et al., 2016; Kamil et al., 2016; Wollesen et al., 2018). These results
suggest hearing aids may improve balance in certain scenarios and in certain groups of hearing
aid users but future research should be performed to determine which outcome measures and

testing conditions are better suited and more sensitive to capture these effects.

Conclusion

As expected, hearing aids improved speech recognition in noise, but did not significantly
changed the ability of older adults with hearing loss to initiate and execute the first compensatory
step in response to balance perturbations. Further research needs to be done to determine whether
a cause and effect relationship exists between hearing loss and balance deficits and, if so,
whether hearing aids improve reactive balance control by decreasing listening effort and/or

cognitive processing.
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Table 1. The randomization table illustrating the number of trials randomized to different
combinations of auditory and surface translations conditions resulting in a total of 64 trails and

one set of 30 seconds of quiet stance.

Randomization Table

Perturbation Level
Level 0 Level 1 Level 2

Repeat Hearing Aid 8 8 8
Auditory Back
Condition No Hearing Aid 8 8 8
No Repeat
Back No Audio 30sec 8 8
16 24 24

64 conditions
+ 30sec Quiet Stance
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Baseline Characteristics

Table 2. Average baseline characteristic values and scores among the young and older adults.

Vestibular
Dix-Hallpike Maneuver
Dynamic Visual Acuity (mean line difference)
Vestibular/Ocular Motor Screening
Sensory Integration
Clinical Test of Sensory Interaction and Balance

140

Number of Participants (n) 20
Age (yrs) (mean = SD) 73.2+9.1
Height (cm) (mean + SD) 169.4+9.0
Weight (kg) (mean + SD) 74.0 £ 16.6
Gender (%)

Male 55%

Female 45%
Race (%)

White 95%

Asian 0%

Black %
Initial Hearing Loss Diagnosis 52.3+22.5

Cognitive and Sensory Screening

Cognitive

MMSE (mean £ SD) 28.6+1.6

Word Span Test (mean £ SD) 55+ 17
Auditory

Cerumen Impaction Negative
Visual

Eye Chart (mean score) 20/20
Somatosensory

Ankle Joint Position (%) 100%

Tuning Fork (L foot) (mean = SD) 6.5+1.0

Tuning Fork (R foot) (mean = SD) 6611

Negative signs/symptoms
0
Negative signs/symptoms

6/6 conditions
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Figure 1. Group averages + stdv for BKB-SIN scores under the Hearing Aid condition (dark
bars) and No Hearing Aid condition (hashed bars) at the three levels of surface translations
perturbation: Level 0 = no surface translation Om/s?, resulting in single task of repeating back;
Level 1 = surface translation at 2m/s?, and Level 2 = surface translation at 5m/s®>. Combinations
of Hearing Conditions and Levels 1 and 2 resulted in dual-task conditions of repeating back
sentences while maintaining standing balance in response to surface translation perturbations.
The higher the score on BKB-SIN, the lower the performance on the auditory task of repeating

back sentences.
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Figure 2. Group averages + stdv of Maximum COP-COM difference (cm) during the first
compensatory step in response to surface translations at Level 1 = 2m/s® (left bars) and at Level 2

= 5m/s? (right bars), under the no repeat back condition (grey bars), hearing aid condition (black

bars) and no hearing aid condition (hashed bars).
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Figure 3. Group averages + stdv of Reaction Time (ms) during the first compensatory step in
response to surface translations at Level 1 = 2m/s* (left bars) and at Level 2 = 5m/s? (right
bars), under the no repeat back condition (grey bars), hearing aid condition (black bars) and no

hearing aid condition (hashed bars).
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CHAPTER 5

HEARING LOSS CONTRIBUTES TO BALANCE DIFFICULTIES IN BOTH YOUNGER

AND OLDER ADULTS

INTRODUCTION

Falls are a common problem with adults 65 years and older. One-third of older adults fall
annually, costing the United States government approximately 34 billion dollars to cover direct
medical expenses for procedures and hospitalization [1, 2]. Falls are not only financially costly;
falls also burden families taking care of the older adult, stress the constantly shrinking budget for
Medicare, decrease the quality of life for the older adult, and may even lead to death of the older

adult [3, 4].

Another common problem plaguing older adults is hearing loss. Age-related hearing loss
affects greater than 60% of people aged 70-79 and 80% of those 80 and older [5]. In the USA,
hearing loss has expanded at a rate of 160% of the total population growth and continues to grow
due to an aging population [6, 7]. Evidence now suggests older adults should address hearing
loss because untreated hearing loss may have consequences such as depression, cognitive

impairment, and even dementia [8-10].

Moreover, recent evidence has also linked hearing loss to balance deficits in older adults
through fall-risk associated assessments, such as slower walking speed and poor Romberg scores
[11, 12]. These balance deficits increase when noise is present during balance testing [13].
Although the mentioned evidence highlights the need to identify older adults with hearing loss
who are at risk for falling, to our knowledge no study has investigated the impact of hearing loss
on ability to regain balance following an unexpected loss of balance. Number of steps is an

151



observable clinical outcome measure that can be used when administering reactive balance tests,
such as the Nudge Test, to identify an older adult faller [14, 15]. An increased number of
recovery steps after an unexpected loss of balance are associated with an increased risk for

falling [16-18].

We aimed to answer two questions: 1) does hearing loss negatively affect the ability to
regain balance as reflected by an increased number of steps needed after a perturbation, and 2)
do hearing aids reverse this effect and improve balance control, reflected by a decrease in

number of steps needed to regain balance.

We hypothesize older adults with hearing loss will take a greater number of steps during
an unexpected loss of balance, compared to young adults with normal hearing and older adults

with normal hearing.

METHODS

Twenty-five young adults, 33 healthy older adults with normal hearing, and 22 older
adults with bilateral hearing loss were verbally informed about the research study and voluntarily
agreed to participate through Institutional Review Board (IRB)-approved informed consent. All
participants were phone screened prior to enrollment to ensure no visual, vestibular,
somatosensory, auditory, health conditions or balance impairments existed that would restrict
ability or confound results of the study. Participants were excluded if they had a history of

motion sickness/dizziness, or were currently taking medications that affect balance.

Participants underwent cognitive and sensory screening to ensure no undiagnosed
cognitive or sensory impairments were present. Five young adults, 13 older adults with normal
hearing, and three older adults with hearing loss were excluded due to either undiagnosed
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cognitive or sensory impairments, or withdrew from the study; resulting in a final count of 20
young adults, 20 older adults with normal hearing, and 19 older adults with hearing loss who

participated.

Participants underwent dual-task auditory and balance testing while standing on an
instrumented dual-belt treadmill. Participants were required to stand and maintain their balance
with unexpected surface translations while simultaneously listening and repeating back sentences
at 60 dBA. Dual-task auditory-balance sentences were randomized to control for a learning effect
[19-21]. Participants were required to listen and repeat sentences from the standardized
audiology outcome measure, the Bamford-Kowal-Bench Speech-In-Noise (BKB-SIN) test [22].
These are simple sentences like “the football player lost a shoe.” Each sentence has a specific
speech-to-noise ratio, and the scoring on the BKB-SIN outcome measure indicates the required
ratio of speech-in-noise for a participant to be able to correctly repeat back 50% of the sentences.
The higher the BKB-SIN score, the lower the performance on the auditory test. There were three
auditory conditions: 1) no audio sound, no repeat back resulting in the single task of maintaining
balance; 2) normal hearing condition in which the BKB-SIN audio files were played, and
participants with a diagnosis of hearing loss wore their hearing aids; and 3) hearing loss
condition in which the audio files were manipulated to simulate hearing loss for the young and
old adults without a hearing loss diagnosis, and participants with a hearing loss diagnosis
performed the task without their hearing aids. Participants with hearing loss received the audio
input through the speakers, which was delivered directly to the ear via hearing aids. In order to
standardize audio input directly to the ear, participants with normal hearing received the audio

input to the ear through Bose® QuietComfort 35 wireless headphones.
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Backward surface translations were delivered through the treadmill dual-belt system
causing the participant to experience a forward loss of balance, while he or she simultaneously
listened and repeated the sentence. Three balance conditions were delivered: “0” at Om/s® and no
backward surface translations, resulting in the single task of listening and repeating back the
sentence; “1” backward surface translations at acceleration of 2m/s%; and “2” backward surface
translations at acceleration of 5m/s. The surface translations induced a loss of balance requiring
the participants to take 1 or more compensatory steps forward to maintain their balance. An
overhead harness system equipped to support up to 181 kg was in place to prevent participants

from hitting the ground if a fall would occur.

Combinations of three auditory and three balance conditions were provided randomly and

each participant completed 8 trials per combination of auditory-balance conditions.

A 12 camera Motion Analysis System collected kinematic data from 54 reflective
markers placed on anatomical landmarks of the body. The V-gait treadmill system by Motek
Medical containing 2 separate force plates mounted underneath each belt was used to deliver

surface translations and record force data (Figure 1).

The primary outcome measures were number of steps and BKB-SIN scores. Number of
steps was recorded using visual observation with Cortex Motion Analysis to verify for any
uncertainties. Only 1 fall into the harness occurred during data collection; therefore, steps
leading to the fall were counted. The BKB-SIN was scored by a single grader, who wore
headphones connected via Bluetooth to a microphone worn by the participant. Participants were

encouraged to guess every time they heard babble.
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The number of steps and BKB-SIN scores across the 8 trials per combination of auditory-
balance conditions were averaged by person, resulting in an average outcome score per
combination. For each outcome, repeated measures ANCOVA models were run in Stata 13.1
using group, time, auditory condition, and balance condition as predictors. All independent
variables were coded as categorical with the first group entered as the referent group, and time,
auditory, and balance conditions designated as repeated measures variables. The between-
participants error terms was designated as “ID|time”, ID was designated the variable representing
the lowest unit in the between-participants error term, and time was designated as the group

variable for computing the pooled covariance matrix.

RESULTS

Baseline characteristics for the sample of 59 participants by group are presented in Table
1, which includes: Young adults with normal hearing (YANH), Older adults with normal hearing

(OANH) and Older adults with hearing loss (OAHL).

The results suggest that group, auditory condition and balance condition (perturbation
level) are significantly related to both outcome measures. There were significant difference in the
BKB-SIN score between groups, auditory, and balance conditions (all p<0.0001) (Figure 2).
There was a significant difference in number of steps between groups, (p=0.0001), auditory
conditions (p=0.0301), and balance conditions (p<0.0001) (Figure 3). In addition, the
perturbation level has a greater impact on steps, and auditory condition has a greater impact on
BKB-SIN. Time was not significant for number of steps (p=0.1828), but was significant for

BKB-SIN (p=0.0001), meaning that repeated trials lead to different performances.
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DISCUSSION

The results of this study state there are significant differences in BKB-SIN scores and
number of steps between young and older adults with normal hearing, and older adults with
hearing loss. These results suggest older adults with hearing loss have poorer reactive balance
compared to young and older adults with normal hearing. In older adults with normal hearing,
simulated hearing loss negatively affects the ability to regain balance as reflected by an increased
number of steps needed after a perturbation. However, the balance performance, as measured by
the number of steps required to regain balance while wearing hearings aids, may not have
significantly improved enough to prevent a fall. This suggests that while, hearing aids are
beneficial for speech recognition, their impact in reversing the negative effect and improve

balance control is not as easily measured or understood.

These results coincide with the mixed literature regarding hearing loss and balance
difficulty among older adults, as well as whether hearing aids improve balance for older adults
with hearing loss [23]. Older adults with hearing loss have been shown to have increased sway
compared to older adults with normal hearing, and hearing aids have been shown to improve
static balance and balance outcome measures such as the Berg Balance Scale (BBS) [12, 24, 25].
Older adults with hearing loss have also been shown to have no difference in performance on
physical tasks and outcome measures, such as the Timed-Up-And-Go (TUG), and hearing aids

did not improve physical function [26, 27].

One limitation to the study was the size of the treadmill and the harness system. Al
individuals were limited in the number and direction of steps able to be taken compared to a

setting where participants are able to move more freely [28]. Another limitation is the variably of
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BKB-SIN scores, particularly among older adults with hearing loss. Some older adults with
hearing loss scored close to older adults with normal hearing on the BKB-SIN, while others
experienced the floor effect with the BKB-SIN — with higher scores indicating worse
performance — and could only attend to a small handful of sentences. The BKB-SIN was
designed and is usually administered in a sitting position in a sound-proof booth. The test may
have a floor or ceiling effect that has yet to be examined while participants are standing and
interacting in a ‘real-world’ setting [29]. The older adults with hearing loss experiencing the
floor effect on the BKB-SIN may not have demonstrated a true listening-auditory dual-task
based on their hearing ability and these results could actually mask this population at risk for
falling, especially in noisy environments [30]. Lastly, many older adults with hearing loss read
lips, but the role of vision on speech perception while performing a balance test was not able to

be assessed based on the nature of the BKB-SIN [31, 32].

It is currently unknown how and why older adults with hearing loss fall more often
compared to older adults with normal hearing [33]. More research needs to be performed in order
to determine reasons behind why older adults with hearing loss fall more often in order to create
proper assessment and treatment strategies for older adults with hearing loss who are at risk for

falling [34].

CONCLUSION

Older adults with hearing loss appear to require an increased number of steps to regain
balance and may be at a greater risk for falling compared to older adults with normal hearing.
Number of steps may be an appropriate balance outcome measure to assess fall risk for older

adults with hearing.
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Table 1. Baseline characteristics of young adults with normal hearing, older adults with normal

hearing, and older adults with hearing loss.

Baseline Characteristics YANH OANH OAHL
Number of Participants (n) 20 20 19
Age (yrs) (mean = SD) 27.2+30| 687+x43| 732%09.1
Height (cm) (mean + SD) 170.4+8.8 | 163.6+8.2 | 169.4+9.0
Weight (kg) (mean £ SD) | 74.1+115| 705+19.0 | 74.0+16.6
Gender (%)
Male 55% 25% 55%
Female 45% 75% 45%
Race (%)
White 65% 95% 95%
Asian 25% 5% 0%
Black 10% 0% 5%
Initial HL diagnosis (yrs) 52.3+225
YANH = Young Adults with Normal Hearing; OANH = Older Adults with Normal Hearing;
OAHL = Older Adults with Hearing Loss
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Figure 1. An example image of the research study performed in the laboratory. The participant is
standing on a dual-belt treadmill and wearing 54 reflective markers that are being captured by 12

surrounding cameras.
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Figure 2. Older adults with hearing loss have significantly higher average BKB-SIN scores, with
a higher score indicating worse performance, compared to young adults and older adults with
normal hearing during Level 0, 1, and 2 surface translations. All adults perform significantly
worse under the hearing loss condition. YANH = Young Adults with Normal Hearing; OANH =
Older Adults with Normal Hearing; OAHL = Older Adults with Hearing Loss. Normal Hearing
= Normal Hearing/Hearing Aid condition; Hearing Loss = Simulated Hearing Loss/No Hearing

Aid condition.
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Figure 3. Older adults with hearing loss take a significantly greater number of steps on average
compared to young and older adults with normal hearing during no repeat back, normal hearing,
and hearing loss conditions, significantly increasing as perturbation level increases from 1 to 2.
Number of steps significantly changes across all groups as challenge of task increases from
single-task, no repeat back to dual-task condition under normal hearing to dual-task condition
under hearing loss. YANH = Young Adults with Normal Hearing; OANH = Older Adults with
Normal Hearing; OAHL = Older Adults with Hearing Loss. Normal Hearing = Normal
Hearing/Hearing Aid condition; Hearing Loss = Simulated Hearing Loss/No Hearing Aid

condition.
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CHAPTER 6

DISCUSSION

We investigated the contribution of auditory input to reactive balance control by
simulating hearing loss in healthy young and older adults with normal hearing, and testing older
adults with hearing loss with and without their hearing aids. The subjects completed single- and
dual- tasks consisting of repeating back sentences from the standardized audiology test Bamford-
Kowal-Bench Speech-In-Noise (BKB-SIN) and maintaining standing balance in response to

surface translation perturbations. These experiments were innovative in several ways.

A. Innovation

1. Defining the Relationship between Auditory Inputs and Balance Control

In order to maintain balance, the brain must effectively integrate inputs from visual,
vestibular, proprioceptive, and auditory systems. Of these, the contribution of auditory inputs to
balance has received the least attention (Manchester, Woollacott, Zederbauer-Hylton, & Marin,
1989). Hearing loss, prevalent in older population, deprives the system of relevant acoustic
information (Kanegaonkar, Amin, & Clarke, 2012). When auditory inputs are reduced or
conflicting, the cognitive resources allocated to effortful listening may be increased or the
interpretation of movement in the environment may be inaccurate leading to maladaptive
balance responses (Bruce et al., 2017).

Most of the findings linking hearing loss and falls came from epidemiological analyses,
formalized self-assessment inventories, or correlational analyses comparing different baseline

measures of hearing and balance (Lopez et al., 2011; Sihvonen, Era, & Helenius, 2004; Wojszel
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& Bien, 2004). While these approaches are certainly informative, they do not provide a clear
understanding of cause-and-effect relationship or an explanation for how and why this
relationship exists.

This research was innovative, in our opinion, because it mechanistically studied the link
between hearing loss and reactive balance deficits using a hypothesis-driven approach to
determine if a cognitive mechanism partially or fully explains the link between hearing loss and
balance deficits. It also investigated if hearing aids were an appropriate intervention to improve

reactive balance for older adults with hearing loss.

2. Ecological valid testing protocols integrating standardized audiology and balance tests in

realistic real-life virtual environments (VE).

One of the barriers to understanding the impact of hearing loss on balance has
been the disconnect between findings obtained in artificial, yet highly-controlled laboratory
settings (e.g. hearing tests performed sitting in soundproof booths with little requirement for
balance control), and the impact of these results in the real world. While auditory laboratory
hearing tests focus on things such as sound localization, audibility and speech intelligibility,
perhaps real-world outcome measures such as balance and walking while conducting a
conversation are even more meaningful (Wilson, McArdle, & Smith, 2007). This research was
innovative because we used measures of balance to assess the impact of hearing loss, and the
effect of hearing aids on outcomes that go beyond speech intelligibility in noise. We used a V-
gait CAREN system (Computer Assisted Rehabilitation Environment Network). The CAREN
software integrates real-time data streams from motion analysis and combines it with virtual

reality in a way that the subject is completely immersed in the VE and controls it. We have
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integrated standardized audiology tests in the VE and systematically manipulated
characteristics of the auditory stimuli, as well as the physical and cognitive challenges and
measured the effects on balance. Specifically, we measured the noise level in the laboratory and
calibrated the sound level in wave files delivering the standardized sentences in the BKB-SIN,
a standardized auditory test. This innovative research study now provides a new avenue for
healthcare professionals to test hearing loss outside of a sound booth in safe, life-like
environments, and to utilize this new testing environment to drive hearing aid development.
Furthermore, our research is innovative because it is the first of its kind to simulate hearing
moderate hearing loss according to levels documented in the literature (Cruickshanks, Wiley, et
al., 1998). Although other studies have attempted to simulate hearing loss, these studies have
been performed by audiologist to understand how hearing loss affects individuals and to improve
the quality of hearing aids (Adams & Moore, 2009; Hornsby, Johnson, & Picou, 2011,
McPherson, McMahon, Wilson, & Copland, 2012). Our research study is the first of its kind to
determine the effect of simulated hearing loss on balance control, as well as observe the effects
of audiological testing while the individual is standing and performing tasks outside of a

soundproof booth.

3. Validation of the COP-COM outcome measure for compensatory stepping reactions

Our research also validated a novel balance control outcome measure, Center of Pressure
— Center of Mass (COP-COM). Most of the traditional biomechanical research assesses COP and
COM individually (Winter, 1995; Winter, Prince, Frank, Powell, & Zabjek, 1996). Although
assessing COP and COM individually provides valuable insight into an individual’s ability to

control their balance, studying the relationship of COP and COM together provides a more
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accurate clinical picture of an individual’s ability to control his or her balance (Jancova, 2008;
Lafond, Duarte, & Prince, 2004). Maximum COP-COM distance during static balance and
voluntary step initiation have been previously reported (Corriveau, Hébert, Prince, & Raiche,
2001; Papa, Foreman, & Dibble, 2015). Our current studies have provided a methodology
platform for measuring and analyzing the maximum COP-COM distance during the first
compensatory stepping reaction in response to balance perturbations. This is not a trivial task
given that the surface translation movement producing the perturbation displaces both COP and
COM variables. Determining baseline values, thresholds, and windows of data analysis for COP-
COM has advanced our knowledge regarding reactive balance and opened the door for
researchers and clinicians to better understand, assess, and provide interventions for reactive

balance.

B. Results
Overall results of these studies advance our knowledge in several domains.

1. Acute sudden simulated hearing loss did not change reactive balance in young healthy adults.

The young adults performed worse on the BKB-SIN test under the simulated hearing loss
condition compared to the normal hearing condition, confirming that hearing loss was
successfully simulated. However, the hypothesis that simulated hearing loss will negatively
affect balance control in healthy young adults was not confirmed. Young adults responded as
expected to the loss of balance induced by increasing levels of perturbations, decreasing their
reaction time (initiating stepping response quicker) and increasing the maximum COP-COM
distance (allowing larger separation of COP and COM predictive of larger step). These results

suggest that healthy, young adults with normal hearing have the cognitive and physical capacity
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to overcome potential balance difficulty under all conditions, including performing dual tasks

with acute, simulated hearing loss.

2. Simulated hearing loss did not change the execution of compensatory step but decreased

ability to modulate initiation of compensatory steps as a function of challenge difficulty in

older adults.

The hypothesis that simulated hearing loss will negatively affect reactive balance in older
adults with normal hearing was only partially confirmed. Young adults and older adults with
normal hearing had no significant group differences in BKB-SIN scores, maximum COP-COM
distance, and reaction time. However, the ability to shorten reaction time (initiate stepping
response faster) as the balance challenge increased was not as robust in older adults compared to
young adults. This may explain the increased number of steps taken by older adults to regain

balance.

3. Older adults with hearing loss have poorer reactive balance compared to older adults with

normal hearing, and require a greater number of steps to regain balance.

When number of steps was assessed between all 3 groups, number of steps was a
significant indicator of worse balance in older adults with hearing loss taking the greatest number
of steps, followed by older adults with normal hearing, and then by young adults with normal
hearing. These results suggest number of steps during a loss of balance may be an appropriate
clinical outcome measure to assess balance ability for older adults hearing loss.

Upon further analysis using a three-way ANOVA, some differences in balance outcome

measures between older adults with normal hearing and older adults with hearing loss were
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identified. There was a significant main effect of perturbation level on maximum COP-COM
distance (p<0.001). It should be noted that although auditory conditions did not reach
significance, the shortest COP-COM distances were recorded in older adults with hearing loss
(Figure 1). A shorter the COP-COM distance leads to a smaller the compensatory step, which
may lead to a greater potential for requiring additional steps to regain balance. For reaction time,
there were significant main effects of group (p<0.001) and perturbation level (p<0.001), as well
as a significant interaction between auditory condition and group (p=0.0183) (Figure 2). These
results suggest that compared to older adults with normal hearing, older adults with hearing loss
have worse reactive balance (longer reaction times in initiating a stepping response) both in

single task and under dual-task condition when not wearing their hearing aids.

4. Hearing aids did not improve reactive balance in older adults with hearing loss.

Although the simulation of hearing loss was achieved using published values for
moderate hearing loss, comparing the results of BKB-SIN across all three groups of participants
shows that older adults with diagnosed hearing loss have significantly poorer ability to recognize
speech in noise even when wearing their hearing aids (Cruickshanks, Klein, et al., 1998)
(Chapter 5, Figure 2). This may explain in part why no significant changes in balance responses
were noted between conditions of hearing aid and no hearing aid.

Unfortunately, when the balance responses of older adults with hearing loss are analyzed
with and without their hearing aid in absence of comparison to other groups; the significance of
auditory condition on balance scores disappears, suggesting that hearing aids may not improve
reactive balance for older adults with hearing loss (p>0.05). It should be noted the average age of

the older adults with hearing loss was 5 years older compared to older adults with normal hearing
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(68.7 £ 4.3 vs. 73.2 £ 9.1), but we do not expect these significant differences in balance to be due
to age because age-related declines in balance are typically documented every 10 years versus

every 5 years (Steffen, Hacker, & Mollinger, 2002).

C. Limitations

Several limitations existed during this research study. One limitation was the inability to
control for cognitive changes associated with age-related hearing loss in the young and older
adults with sudden, acute simulated hearing loss. Older adults with hearing loss have been seen
to have non-global brain changes and possible re-mapping in the brain regions associated with
hearing loss, executive function, and memory (Jayakody, Friedland, Eielboom, Martins, &
Sohrabi, 2017; Mudar & Husain, 2016). Furthermore, our study only provided audio for older
adults with hearing loss to rely on, compared to audiovisual. Older adults with hearing loss
appear to rely more heavily on the visual centers of the brain for providing sensory inputs to
control balance, particularly when they have experienced hearing loss for an extended period of
time (Puschmann & Thiel, 2017). Providing audiovisual for individuals with hearing loss in a
dual-task condition may change the results for older adults with hearing loss in the future,
particularly those who rely on lip-reading.

Another limitation of our study is recruiting hearing aid users in the community, versus
an audiology clinic. The exclusion criteria for hearing loss subjects regarding hearing abilities
and hearing aid use could only be done through self-report; therefore, we cannot determine the
true extent of hearing aid use or whether these adults had recently had their hearing aids refitted

within the past 12 months.
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Variability in performance on the BKB-SIN test was another limitation of the study.
Variability of BKB-SIN results may be due to each participant’s working memory ability
(Rudner, Lunner, Behrens, Thorén, & Ronnberg, 2012). Although all participants included in
Visit 2 were determined to have appropriate working memory abilities and clinical analysis
showed no within-group differences existed, the ability to use working memory and divide
attention during a dual-task situation was not assessed prior to dual-task auditory and balance
testing. Individuals with higher working memory abilities have been shown to perform better at
listening tasks compared to individuals with lower working memory abilities (Ng, Rudner,
Lunner, Pedersen, & Ronnberg, 2013). Therefore, increased variability due to differing working
memory abilities during listening tasks may have created some non-significant results that
inadvertently conceal the true impact of listening tasks with both sudden, acute simulated hearing

loss and sensorineural hearing loss.

D. Emerging New Evidence and Future Directions

New literature is emerging in the biomechanical field regarding the relationship between
auditory input and postural control since this research protocol and proposal was initially
approved. The majority of research regarding hearing loss and balance control has been
performed on static standing balance tasks (Rumalla, Karim, & Hullar, 2015). Although research
observing standing balance is useful for a greater understanding of how hearing loss may impact
control of balance, limited research has been performed to observe reactive balance. One study
observing older adults with age-related hearing loss performed a dual-task that included a loss of

balance requiring hip or ankle strategy and a listening cognitive task; the results of the study
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suggest older adults with age-related hearing loss prioritize the loss of balance task over the
listening task (Bruce et al., 2017).

Although our laboratory and other laboratories have performed research observing loss of
balance during static standing, minimal research has been performed on how older adults with
hearing loss maintain balance during dynamic balance tasks, such as walking, and whether
hearing aids improve balance control (Bruce et al., 2017). The results of these studies have used
varying outcome measures, such as head pitch trunk rotation, gait speed, or gait variability;
regardless, the results suggest hearing loss may negatively impact walking ability, and hearing
aids may improve walking ability (Kamil et al., 2016; Lau, Pichora-Fuller, Li, Singh, & Campos,
2016; Wollesen et al., 2018). While these studies are useful, no studies to our knowledge have
observed reactive balance of older adults with hearing loss during walking (ie. slips or trips) in
combination with cognitive tasks and/or background noise, or whether hearing aids improve
balance recovery during a loss of balance requiring compensatory steps during walking. Future
research observing how older adults with hearing loss regain balance, particularly while
simultaneously performing cognitive or listening tasks in noise, may shed light in how older
adults with hearing loss lose their balance and whether hearing aids improve balance in a ‘real-
world’ setting.

Recent literature regarding hearing loss and balance control has also focused less on
determining a mechanistic cause, but rather on the notion of sensory reweighting. Typically,
when the visual, vestibular, or somatosensory system encounter inaccurate or unexpected inputs
(ie. uneven surface, dim room, spinning ride), the entire sensory system reweights the sensory
inputs to neglect the inaccurate input in order to maintain control of balance (Allison, Kiemel, &

Jeka, 2006). The effect of auditory input has recently been assessed through sensory reweighting
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clinical outcome measures observing COP sway (Viljanen et al., 2009; Vitkovic, Le, Lee, &
Clark, 2016). Young or middle-aged adults with normal hearing have been found to have
increased COP sway while performing the modified Clinical Test of Sensory Integration and
Balance (mCTSIB) while wearing ear protectors to deafen sound or while standing in a sound-
proof room (Kanegaonkar et al., 2012; Maheu, Sharp, Landry, & Champoux, 2017), which
suggests some form of sensory reweighting may be occurring for individuals with normal
hearing; however, hearing does not have as great of an impact as vision or somatosensory
(Vitkovic et al., 2016). The evidence of sensory reweighting for individuals with hearing loss
suggests older adults with hearing loss cannot utilize auditory cues the way individuals with
normal hearing can, as shown by COP sway that does not change based on the hearing condition;
but the evidence is mixed whether hearing aids improve overall COP sway by providing auditory
cues in noisy environments (Negahban & Nassadj, 2017; Vitkovic et al., 2016).

Further supporting the notion of sensory reweighting is functional Magnetic Resonance
Imaging (fMRI) evidence of an increased baseline and task-dependent cross-talk between the
auditory center of the brain and the visual center of the brain. These results suggest the brain may
perform remapping to accommodate for gradual loss of auditory signal with sensorineual hearing
loss (Puschmann & Thiel, 2017). Additional changes found in brain imaging studies, not
associated with sensory reweighting, suggests decreased activation of brain regions associated
with memory, learning, and executive function (Jayakody et al., 2017; Mudar & Husain, 2016).
Therefore, the brain may remap away from cognitive regions of the brain and toward additional
sensory areas of the brain to compensate for the loss of auditory signaling.

Currently, the evidence is unclear as to how individuals with hearing loss use auditory

cues and how much audiovisual perception occurs during balance tasks, particularly during loss
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of balance (Kanegaonkar et al., 2012; Puschmann & Thiel, 2017). Further research should be
performed determining the effect of sensory input on sensory reweighting on individuals with
hearing loss.

Recent evidence has also arisen on potential holistic treatment interventions for
individuals with hearing loss and potential cognitive and/or balance deficits. Individuals with
hearing loss could experience a patient-centered auditory rehabilitation program, which would
likely include: 1) Amplification (ie. hearing aids); 2) Auditory training (ie. improving hearing
speech-in-noise), 3) Cognitive training (ie. various working memory tests), and 4) Social
engagement (ie. socializing while using hearing aid) (Mudar & Husain, 2016). A randomized
control trail is currently underway to determine the effects of exercise in combination with
auditory rehabilitation; however, the results have not been published yet to our knowledge
(Lambert et al., 2017). These interventions may not only improve quality of life, but may reduce
cognitive and functional decline associated with age-related hearing loss.

Although treatment interventions are being created to address older adults with hearing
loss and cognitive or balance deficits, minimal research with varying outcome measures is being
performed to our knowledge to determine appropriate assessment strategies for older adults with
hearing loss and balance deficits (Agmon, Lavie, & Doumas, 2017). The majority of studies
assessing static balance in older adults with hearing loss have used assessments, such as the
mCTSIB or the Romberg (Negahban & Nassadj, 2017; Rumalla et al., 2015). The majority of the
studies utilizing dynamic balance in older adults with hearing loss have using varying walking
parameters, such as gait speed or the Dynamic Gait Index (DGI) (Bruce et al., 2017; Kamil et al.,
2016; Lau et al., 2016; Li, Simonsick, Ferrucci, & Lin, 2013; Weaver, Shayman, & Hullar,

2017). It should be noted, however, no clinical assessment tool has yielded consistent, significant
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results to our knowledge that could be used as a ‘Gold Standard’ to identify older adults with
hearing loss who have balance deficits, or to identify if a hearing aid improves balance deficits.
Further research should be performed to determine whether an outcome measure can be used or
created as a ‘Gold Standard’ that will consistently identify older adults with hearing loss and

balance deficits.

E. Conclusion

We investigated how auditory input affects balance control by testing twenty healthy
young adults with normal hearing, twenty older adults with normal hearing, and twenty older
adults with hearing loss and hearing aids. The normal hearing subjects performed testing under
randomized normal hearing and simulated hearing loss conditions, while older adults with
hearing loss performed testing under hearing aid and no hearing aid conditions. The subjects
completed single- and dual- tasks consisting of a standardized audiology test from a standardized
audiological test, the Bamford-Kowal-Bench Speech-In-Noise (BKB-SIN) and maintaining
standing balance in response to surface translation perturbations. Participants performed an
auditory task of repeating back sentences from the BKB-SIN either played through wireless
noise-cancelling headphones for the normal hearing subjects or played through the surround-
sound speakers for the hearing loss subjects. Simulated hearing loss was achieved using Adobe
Audition software and a FFT logarithmic curve in which sound volume and frequencies of
standardized sentences were manipulated according to age-related moderate hearing loss
documented in literature (Cruickshanks, Wiley, et al., 1998). Backward surface translation
perturbations inducing a forward loss of balance were synchronized with the auditory task and

presented randomly at three surface translation perturbation levels: Level 0 = 0m/s?, Level 1 =
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2m/s?, and Level 2 = 5 m/s®. Primary outcome measures included: maximum Center of Pressure
— Center of Mass (COP-COM) distance in response to perturbation during the first compensatory
step, reaction time for initiating the first compensatory step, number of steps after loss of
balance, and performance on the BKB-SIN. Repeated measures ANOVA, three-way ANOVA,
or an ANCOVA were conducted for each dependent variable with respect to perturbation level
and auditory condition. Results show reaction time decreases, maximum COP-COM distance
increases, and number of steps increases as perturbation level increases across all groups. BKB-
SIN scores and reaction time were significantly worse under the simulated hearing loss
condition, but no significant differences existed between the normal hearing groups. Older adults
with hearing loss had significantly worse BKB-SIN scores, significantly worse reaction time, and
significantly greater average number of steps. Hearing aids significantly improved BKB-SIN
scores, but not balance scores. Hearing loss negatively affects reactive balance, particularly
while simultaneously performing auditory tasks. Hearing aids may or may not improve balance
control during loss of balance. Older adults with hearing loss have an increased risk of falling
compared to individuals with normal hearing due to non- age-related cognitive and
neurodegenerative decline associated with hearing loss (Mudar & Husain, 2016). Further
research needs to be performed to determine how any why older adults with hearing loss are at a
higher fall risk, whether dual-task scenarios increase fall risk for an older adult with hearing loss,

and whether hearing aids improve balance control.
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Figure 1. Group averages + stdv of Maximum COP-COM difference (cm) during the first
compensatory step in response to surface translations at Level 1 = 2m/s* (left bars) and at Level 2
= 5m/s? (right bars), under the no repeat back condition (black/large hashed bars), normal
hearing condition or hearing aid condition (dark grey/medium hashed bars) and simulated
hearing loss condition or no hearing aid condition (light grey/small dotted bars). No RB = No
Repeat Back/Audio condition, NH = Normal Hearing condition, SHL = Simulated Hearing Loss
condition, HA = Hearing Aid condition, NHA = No Hearing Aid condition, OANH = Older

Adult Normal Hearing, OAHL = Older Adult Hearing Loss.
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Figure 2. Group averages + stdv of Reaction Time (ms) during the first compensatory step in
response to all surface translations, under the no repeat back condition (black/large hashed bars),
hearing loss condition either simulated or no hearing aid condition (dark grey and small hashed
bars), and normal hearing condition or hearing aid condition (light grey and small dotted bars).
No RB = No Repeat Back/Audio condition, NH = Normal Hearing condition, SHL = Simulated
Hearing Loss condition, HA = Hearing Aid condition, NHA = No Hearing Aid condition, OA =

Older Adult Normal Hearing, OAHL = Older Adult Hearing Loss.
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