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Zusammenfassung

EinfUhrung
Eine Beeintrachtigung unseres Innenohrsystems kann zu eingeschrankter Lebensquali-

tat fGhren. Neben dem vestibularen, propriozeptiven und visuellen System konnte der
auditive Input die posturale Stabilitat beeinflussen. Das Ziel dieser Studie ist es, den au-
ditiven Einfluss auf das Gleichgewicht unter klar definierten akustischen Bedingungen fur
Bewegungen im Alltag bei jungen und gesunden Menschen zu untersuchen.

Methoden

Die Studienteilnehmer fuhrten Steh- und Gehibungen in einem halligen und in einem
reflexionsarmen Raum (nur Stehibungen) durch. Zu den akustischen Konditionen gehor-
ten Ruhe (als Referenzkondition), kontinuierliches/unterbrochenes Rauschen, das von
einem Lautsprecher von vorne dargeboten wurde und das Tragen von Gehdrschutz (nur
Stehubungen). Voruntersuchungen zeigten bei keinem der dreil3ig Teilnehmer eine
Gleichgewichts- oder Horstorung. Die Winkelgeschwindigkeit des Korpers wurde mit dem
VertiGuard® System gemessen, einem Gerat, das nahe am Korperschwerpunkt getragen
wurde.

Ergebnisse

Bei 10 von 60 Konditionen der Stehtibungen und 3 von 16 Konditionen der Gehubungen
veranderte sich die posturale Kontrolle signifikant durch Veranderung der akustischen
Kondition. Die Kérperschwankungsgeschwindigkeit nahm beim Tragen des Gehdrschut-
zes in beiden Raumen zu. Unterbrochenes Rauschen verringerte die Schwankungsge-
schwindigkeit, wahrend kontinuierliches Rauschen die Schwankungsgeschwindigkeit
beim Stehen im halligen Raum erhohte. Die posturale Stabilitat anderte sich nicht bei
Darbietung des Rauschens im reflexionsarmen Raum. Beim Gehen beeinflusste das
Rauschen unabhangig vom Rauschstimulus die posturale Kontrolle positiv. Es gab keine
Verbesserung der posturalen Stabilitat bei der schwierigsten Steh- und Gehubung (Tan-
dem Romberg Test und Gehen mit gleichzeitigem Drehen des Kopfes).

Schlussfolgerungen

Die Ergebnisse zeigen einen Einfluss der Raumakustik auf die Kérperhaltung. Hierbei ist
die Einflussnahme abhangig von der Art des akustischen Stimulus und ggf. der kognitiven
Anforderung (Komplexitat der Aufgabe). Eine wichtige Rolle spielt dabei vermutlich die
Lokalisationsfahigkeit und die akustische Raumwahrnehmung. In der klinischen Praxis

sollten Gleichgewichtsmessungen in einem normalen Untersuchungsraum durchgefuhrt
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und die akustischen Bedingungen wahrend der gesamten Untersuchung konstant gehal-
ten werden. Der Einfluss der akustischen Wahrnehmung auf die Kérperhaltung scheint,
im Vergleich zu anderen Systemen, die die Korperhaltung beeinflussen, beim gesunden
Menschen nur gering zu sein. Im Gegensatz dazu konnten Patienten mit Hor- und Gleich-
gewichtsstorungen mehr von auditiven Informationen profitieren. Zuklnftige Studien soll-
ten sich auf diese Patientengruppen konzentrieren, um neue Behandlungsmethoden zur

Verbesserung der Lebensqualitat zu entwickeln.
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Abstract

Introduction

An impairment of our inner ear system can lead to reduced life quality. Besides the ves-
tibular, proprioceptive and visual system, the auditory input might affect postural stability.
This study aimed to investigate the auditory impact on balance in clearly defined acoustic
conditions for everyday movements in young and healthy participants.

Methods

Participants performed stance and gait tasks in a reverberant and anechoic room (stance
tasks only). Acoustic conditions included quiet (as reference condition), continuous/inter-
rupted noise presented from a speaker from the front and wearing ear protectors (stance
tasks only). Preliminary examinations showed no vestibular or hearing disorders in any
of the thirty participants. Angular velocity of the body was measured with the VertiGuard®
system, a device worn close to the body’s center of gravity.

Results

In 10 out of 60 standing conditions and 3 out of 16 walking conditions postural control
changed significantly by changing the acoustic condition. Body sway velocity increased
when participants wore ear protectors in both rooms. Interrupted noise decreased sway
velocity, whereas continuous noise increased sway velocity during standing in the rever-
berant room. Postural stability did not change in noise conditions in the anechoic room.
During walking, noise positively influenced postural control, independent of the noise
stimulus. There was no improvement in postural stability for the most difficult stance and
gait task (Tandem Romberg test and walking with turning the head).

Conclusion

Results show an influence of the room acoustic on posture. Here, the influence depends
on the kind of stimulus signal and potentially the cognitive demand (complexity of the
task). An important role seems to play the localization ability and the acoustic spatial
perception. In clinical practice, balance recordings should be performed in a normal ex-
amination room and the acoustic conditions should be kept constant during the whole
testing. The influence of the acoustic perception on posture seems to be only little com-
pared to other postural influencing systems in healthy humans. In contrast, hearing and
vestibular impaired patients might benefit more from auditory information. Future studies
should focus on these patient groups to develop new treatment methods to improve qual-

ity of life.
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1. Introduction

Our hearing and vestibular system is indispensable for a good quality of life. Impairments
of such a sensorineural system can already lead to severe limitations in daily life. This
includes health, psychological and social problems, such as stress, tiredness, headaches,
high blood pressure, sleep disorder, depression, injuries from falls, lack of concentration,
anxiety, uncertainty, lower resilience, communication deficits, vertigo, nausea and there-
fore, social isolation, difficulties in relationships within family and among friends, under-
employment or unemployment (Bronstein et al., 2010; Dawes et al., 2015; Mendel et al.,
1999; Monzani et al., 2001; Neuhauser et al., 2008; Olusanya et al., 2019; Tinetti and
Williams, 1997). Treatment of hearing loss and vertigo is therefore crucial to retrieve partly

or completely the quality of life.

The World Health Organization estimates the number of people requiring treatment for
their hearing impairment at over 5 %. Vestibular vertigo shows a yearly prevalence of at
least 4.9 % (Neuhauser et al., 2008). While hearing loss can often be successfully treated
with hearing aids or implants, vestibular vertigo is often treated with medication, vestibular
rehabilitation exercises or other specific disorder treatments (Swartz and Longwell, 2005).
Modern diagnostic methods such as video head impulse test or vestibular evoked myo-
genic potentials allows a more precise diagnosis and therefore a more specific treatment
(Walther, 2017).

1.1 Relationship between the auditory and vestibular system

Hearing impairment and vestibular vertigo often go hand in hand (Newman-Toker et al.,
2016). Disorders or injuries of the inner ear, vestibulocochlear nerve or central nervous
system can affect the hearing or vestibular system or both. Viral or bacterial infections
might result in vertigo and hearing loss (e. g. mumps, cytomegalovirus infection, human
immunodeficiency virus infection, meningitis, middle ear infections) (Bertholon and Kar-
kas, 2016; Cohen et al., 2014; El-Badry et al., 2015; Saha, 2021; van der Westhuizen et
al., 2013). These infections can cause labyrinthitis, vestibular neuritis or inflammations of
other inner ear structures (e. g. cochlea, spiral ganglion cells). Audio-vestibular impair-
ments can also be caused by circulatory disturbances, e. g. due to stroke, transient is-
chemic attack or cardiovascular disorders (Belmont et al., 2011; Esparza et al., 2007;
Saha, 2021). Other candidates of the comorbidities, vertigo and hearing loss, are changes
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in pressure and of composition of the lymphatic fluid in the inner ear. For example, Mé-
niere’s disease or so called idiopathic endolymphatic hydrops causes higher amount of
lymphatic fluid in the inner ear that leads to overpressure. This results in a simultaneous
overload of vestibulocochlear pressure sensors (hair cells). Further damage to the inner
ear structures could be caused by biochemical changes in the lymphatic fluid that result
in changes of the endocochlear potential. Certain drugs (like antibiotics) are known to
trigger ototoxic processes (Altissimi et al., 2020). Inner and outer ear structures, the cen-
tral nervous system and its connections can be injured by head trauma, whiplash and
tumors that induce temporary or permanent audio-vestibular impairments (e. g. acoustic
neuroma) (Fitzgerald, 1996; Saha, 2021). Surgeries on or close to the inner ear can ac-
cidentally cause injuries on delicate inner ear structures. For example, a cochlear implant
surgery can also lead to temporary or permanent postoperative vertigo (Hansel et al.,
2018). Sensitive labyrinthine structures, such as sacculus and horizontal semicircular ca-
nal, could be injured by a traumatic surgery (e. g. direct trauma by electrode insertion,
high pressure in the membranous labyrinth during electrode insertion, vibratory trauma
by drilling) (Basta et al., 2008; Enticott et al., 2006; Klenzner et al., 2004; Krause et al.,
2010; Todt et al., 2008). Postoperative benign positional vertigo, vertigo caused by endo-
lymphatic hydrops or electrical co-stimulation of the vestibular receptors by the cochlear
implant have also been described in the literature (Coordes et al., 2012; Kubo et al., 2001;
Limb et al., 2005).

Impairments of both, hearing and vestibular system, as comorbidities of the described
disorders or injuries can also be due to anatomical and neurophysiological connections
between the hearing and vestibular system. The inner ear is of ectodermal origin and
consists of the hearing and vestibular organ. All sensory cells of the inner ear bathe in the
same lymphatic fluid (Deviterne et al., 2005). The membranous labyrinth of the inner ear
is shown schematically in figure 1. Studies investigated neurophysiological connections
between both systems (Barker et al., 2012; Bukowska, 2002; Burian and Gstoettner,
1988). First or second order vestibular nerve fibers have been found routed to the dorsal
cochlear nucleus in guinea pigs or rabbits by Burian and Gstoettner (1988) and Bukowska
(2002). Barker et al. (2012) observed a connection between the lateral vestibular nucleus
and the dorsal cochlear nucleus through changes in the expression of certain vesicular
glutamate transporters after sound exposure. For the lateral vestibular nucleus input

nerve fibers converge mainly from the cerebellum, whereas nerve fibers from the lateral
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vestibular nucleus descend as lateral vestibulospinal tract to the spinal cord. A stimulation
of the motor neurons in the spinal cord can lead to an increased postural stability. More-
over, a connection between the cerebellum and the auditory system is also demonstrated
(Baumann and Mattingley, 2010; Grasby et al., 1993; Huang et al., 1982; Petacchi et al.,
2005; Snider and Stowell, 1944; Wang et al., 1991; Wolfe, 1972).

Superior canal

Posterior canal

Endolymphatic

Horizontal
canal

Cochlea MAYO

) ©2008

Figure 1: Membranous labyrinth of the inner ear. Magnified cross-section of the cochlea (A),
magnified exposed view of the crista ampullaris of the superior semicircular duct (B) and of the
utricular macula (C). SV = scala vestibuli, SM = scala media, ST = scala tympani (adapted from
fig. 1, Lane et al., 2008)

Another possible explanation for poor balance in hearing impaired patients might be the
impaired localization/orientation ability due to reduced access to spatial cues. This could
possibly be improved by the use of hearing aid devices (or hearing implants). Hearing
impaired patients also have to focus more attention on hearing/listening which costs cog-
nitive resources in the sense of hearing effort (Krtiger et al., 2017; Pichora-Fuller et al.,
2016). This could lead to reduced attention on their balance which might be needed to

maintain balance.
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1.2 Effects of auditory input on posture

Positive effects of auditory input on postural control could already be shown in previous
studies (Easton et al., 1998; Gandemer et al., 2014; Kanegaonkar et al., 2012; Karim et
al., 2018; Munnings et al., 2015; Ross et al., 2016; Seiwerth et al., 2018; Shayman et al.,
2017; Stevens et al., 2016; Vitkovic et al., 2016; Zhong and Yost, 2013). Participants
improved their postural stability when sound was presented compared to silence during
static tasks (Easton et al., 1998; Gandemer et al., 2014; Ross et al., 2016; Stevens et al.,
2016; Vitkovic et al., 2016; Zhong and Yost, 2013) and dynamic tasks, such as the Fu-
kuda stepping test (Karim et al., 2018; Munnings et al., 2015; Seiwerth et al., 2018; Zhong
and Yost, 2013). Static and dynamic tasks are relevant for everyday movement, but dy-
namic tasks reflect more the postural response of everyday movement challenges com-
pared to static tasks and have a higher impact on e. g. falls. Furthermore, balance might
be more influenced by the auditory system in more complex tasks. Few studies observed
a better postural control in hearing impaired patients with their hearing devices turned on
versus off for stance and gait tasks (Ibrahim et al., 2019; Negahban et al., 2017; Rumalla
et al., 2015; Shayman et al., 2017; Vitkovic et al., 2016; Weaver et al., 2017). This benefit
was individual across patients. A similarly positive auditory influence could be seen in
vestibular impaired patients (Maheu et al., 2019; Stevens et al., 2016; Vitkovic et al.,
2016). Some of these patients were additionally hearing-impaired. The auditory system
could possibly have a larger impact on postural stability if one or more of the primary

influencing sensory-neural systems is impaired or blocked.

In all these studies the conditions of the participant groups (e. g. normal versus hearing
impaired, healthy versus balance impaired, young versus elder, sighted versus blind), the
measurement method of body sway (e. g. force platform, video system, inertial or pres-
sure sensors) and the acoustical conditions (e. g. fixed versus moving sound, head-
phones versus loudspeaker(s), speech signal versus noise) varied widely. However,
across all studies, there is only little information about important measurement conditions
(e. g. room properties, such as reverberation time and background noise), given. These
spatial cues, the acoustic input and the direction(s) the sound is coming from have an
impact on the localization ability (Giguére and Abel, 1993; Ihlefeld and Shinn-Cunning-
ham, 2011; Rakerd and Hartmann, 2010; Ribeiro et al., 2010). Postural stability might be
positively influenced by a good ability to localize sound (Karim et al., 2018; Seiwerth et
al., 2018; Zhong and Yost, 2013).



Introduction 8

1.3 Objectives

To characterize the auditory influence on posture in more detail, posture influencing fac-
tors were precisely controlled and kept as constant as possible in this study. The partici-
pant group underwent comprehensively preliminary investigation that included the inves-
tigation of the vision, hearing and balance ability. Furthermore, room acoustic properties
such as reverberation time and background noise, and the presented stimulus were pre-
cisely determined. A sound level and video recording system was used for subsequent
control and analysis. Additionally, the lighting conditions in the rooms were kept constant

in all testing.

The present dissertation aimed to precisely characterize the interaction between auditory
input and postural stability during everyday movements. This included the investigation
of different acoustic conditions during a battery of stance and gait tasks in a homogenous

group of young, healthy and normal hearing participants.
The objectives of this dissertation were:

1. To determine the impact of different auditory inputs and room properties on postural

stability in stance tasks.

2. To determine the impact of different auditory information on postural control in gait

tasks.

The results could help to clarify which auditory cues influence the postural control in daily
life to what extent and how could this knowledge contribute to an increased postural sta-
bility.
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2. Methodology

2.1 Participants

Thirty young and healthy participants with normal hearing and normal vestibular function
participated (18 females and 12 males, mean age = 25 years, range = 16-38 years). The
hearing status was tested with pure tone audiometry at 0.25, 0.5, 1, 2, 4, 6 and 8 kHz
(ISO 7029:2000, 0.1 percentile). All participants showed normal or corrected visual acuity
of at least 0.7 logMAR (decimal, tested with Landolt rings). Sacculus and utriculus func-
tion were investigated by cervical vestibular evoked myogenic potentials with an
ECLIPSE measurement system (Interacoustics, Denmark) and by subjective haptic ver-
tical testing performed with a screening tablet (Zeisberg GmbH, Reutlingen, Germany).
The normal function of all semicircular canals was confirmed by the video head impulse
test system Eyeseecam® (Otometrics, Denmark). Participants performed the Standard
Balance Deficit Test with the VertiGuard® system (Zeisberg GmbH, Reutlingen, Ger-
many) to determine postural stability. Only participants with a normal age-related postural
stability (composite score below 50) were included. Subjective vertigo could be excluded
by a Dizziness Handicap Inventory summation score below 10. In addition, none of the
participants had a history of vertigo or balance problems (anamnesis). Participants with
acute or chronic diseases (e. g. respiratory/digestive system/cardiovascular disorders),
neurological diseases (e. g. depressions, anxiety, addiction), any neuro-orthopedic dis-
eases (e. g. arthroses of the hip/knee) and any medication intake that profoundly affects
the balance system were excluded (e. g. psychotropic drugs). All participants had the
same instruction to the tasks to avoid postural variability due to different attentional foci
(Bonnet, 2016).

2.2 Room properties

Postural stability was determined in a hallway with a long reverberation time (T30 (125—-
8000 Hz) = 2.46-1.05 s) (room LR) and in an anechoic room with a short reverberation
time (T30 (125-8000 Hz) = 0.32-0.16 s) (room SR). The reverberation time was similar
at several spatial positions. In both rooms, only artificial light was used in order to ensure
similar lighting conditions for all participants. A calibrated sound level recording system
(measurement microphone Behringer ECM8000, sound calibrator Bruel & Kjaer Typ 4230
94 dB 1000 Hz, laptop with preamplifier, recording software audacity version 2.1 and
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Spaichinger Schallpegelmesser version 3.1) monitored the ambient noise level
(< 40 dB SPL) during the task performances in both rooms. This system was also used

to calibrate the stimulus level.

2.3 Procedure and setup

All participants performed five standing and four walking tasks. The test battery included:
e standing with eyes open/closed,
¢ standing on a foam support with eyes open/closed,
e Tandem Romberg test with eyes closed (heel-to-toe position and arms crossed
above shoulders),
e walking with eyes open,
e walking with eyes open and turning head to the right and to the left in rhythm,
e tandem steps with eyes open

e and walking with eyes open over barriers (1 m distance between barriers).

In order to avoid the influence of personal shoes and noise produced by individual clothes
of the participants, all participants wore during the task performances similar disposable
socks and similar soft pants. The momentary angular velocity w [°/s] was measured with
the VertiGuard system. This device consisted of two gyrometers placed perpendicular to
each other to record the momentary angular velocity in two directions, anterior-posterior
and medial-lateral (sampling frequency = 80 Hz). The VertiGuard device was placed with
a belt on the hip, close to the body’s center of gravity. A lower body sway velocity means
a more stable posture. All standing tasks were performed in both rooms and walking tasks

only in the hallway. Postural stability was determined:

e in quiet as reference condition (R),

e with a loudspeaker presenting continuous white noise (cN)

e or interrupted white noise from the front (iN)

e and participants wore earplugs (Howard Leight Max) and additionally circumaural

ear protectors (Moldex M1) (EP) (only standing tasks).

The loudspeaker (JBL Control One, frequency range 50-20000 Hz + 3 dB) stood 1 m
(room SR) or 2 m (room LR) in front of the participant at a fixed position for the standing

tasks. For the walking tasks the loudspeaker was placed 2 m in front of the participant’s
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end position. Both stimuli, continuous and interrupted noise, consisted of white broad-
band noise. For the stimulus with interrupted noise, noise and silence alternated every
0.5 s. Noise level was 60 dB SPL at participant’s position for standing task performances
or at the participant’s end position of the walking distance.

The recording time for the standing tasks was 20 s whereby the first and the last second
were not analyzed in order to avoid possible artifacts of body sway velocity caused by
switching the acoustic stimulus on and off. A total of 18 s were evaluated. Participants
walked 12 m (or 6 m for tandem steps) for each walking task. The walking distance in-
cluded two sections (3 m or 1.5 m for tandem steps) for analyzing the body sway velocity
and one section (4 m or 1.5 m for tandem steps) in between to change the acoustic con-
dition. The first and the last two steps were not analyzed as starting and stopping could
cause artifacts. In the first analyzed section, no sound was played (reference condition)
and in the second analyzed section continuous or interrupted noise was presented. Par-
ticipants walked in their everyday life walking speed. If the recorded time of both analyzed
sections differed more than 10 %, participants were asked to repeat the task. All meas-
urements were recorded with a sound and video system in order to match the measured
angular velocity values with the real-time movements and to control that all tasks were

performed correctly and that there was no unwanted background noise.

2.4 Statistical analysis

For the data analyses MATLAB R2014b and IBM SPSS version 23 were used. Significant
differences between the reference condition R and condition cN, iN or EP were deter-
mined for each standing and walking task by applying a t-test for dependent samples or
Wilcoxon test (depending on the data distribution, tested with Kolmogorov-Smirnov test).
A t-test for independent samples or Mann-Whitney test was performed to determine gen-
der-related differences. All statistical tests were analyzed with a significance level of
p < 0.05. The reference condition was compared more than once for the standing tasks.

Therefore, the p value was corrected using the Bonferroni method.
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3. Results

The measured angular velocities w in °/s are very small numbers. For a better under-
standing of the results, the significant deviations of the angular velocity from a sound
condition compared to the reference condition are additionally given in percentage (con-
dition R = 100 %).

3.1 Gender-specific analysis

All results were gender-specific analyzed. A significant difference between females and
males was observed for condition EP compared to the reference condition in medial-
lateral direction for standing with eyes open in room LR (p = 0.012) (figure 1A). Female
participants showed a higher body sway velocity compared to the reference (difference
on average +0.05 °/s), whereas male participants showed a slightly lower body sway ve-
locity (difference on average -0.02 °/s). Only for the female participants differed the body
sway velocity significantly between condition R and EP (16.2 %, p = 0.011). Another sig-
nificant gender-specific difference could be observed for walking over barriers in medial-
lateral direction for condition iN (p = 0.004) (figure 1B). Male participants showed a sig-
nificant lower body sway velocity compared to the recorded reference values (difference
on average -1.12 °/s, -13.3 %, p = 0.001), whereas body sway velocity decreased statis-
tically not significant for female participants compared to the reference condition (differ-
ence on average -0.04 °/s).
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Figure 2: Gender-specific changes of angular velocities. Significant changes of angular velocity
compared to the reference condition (R) for standing with opened eyes with ear protectors (EP)
(A) and for walking over barriers in the interrupted noise (iN) condition (B) in medial-lateral direc-
tion («) for female and male participants in the room with a long reverberation time (LR). Standard
deviation is shown by the vertical lines. Circles indicate individual values. Minus/plus means
lower/higher angular velocities in the acoustic condition (EP or iN) than in the reference condition.
Significance level: * (p < 0.05) or ** (0.001 < p < 0.01) (own figure)

3.2 Stance tasks

Significant changes of body sway velocity could be observed for all sound conditions in
room LR and only for condition EP in room SR. The results of all measured conditions
are shown in table 1 (room LR) and 2 (room SR).

In room LR, significantly increased sway velocity could be determined for continuously
presented noise and when participants wore ear protectors compared to the reference
condition. Standing on a firm ground with eyes open in anterior-posterior and medial-
lateral direction (24.2 %, p = 0.001 or 26.8 %, p = 0.009, respectively) and standing on a
firm ground with eyes closed in medial-lateral direction (19.7 %, p = 0.004) resulted in an
increased body sway velocity when continuous noise was presented compared to condi-

tion R. An increased sway velocity could also be seen for standing on a firm ground with
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eyes closed in medial-lateral direction (13.8 %, p = 0.009) and standing on a foam support
with eyes open in anterior-posterior direction (9.2 %, p = 0.015) for condition EP. Body
sway velocity decreased only for presented interrupted noise when participants stood on
a foam support with eyes closed in medial-lateral direction (-10.5 %, p = 0.007).

Table 1: Angular velocities of all stance tasks in the reverberant room. “Mean absolute angular
velocities [°/s] and the standard deviations (italic) of all participants are shown for the tasks in the
room with a long reverberation time. Arrows indicate medial-lateral (<) and anterior-posterior ()
direction. The reference condition (R) was compared with presented continuous (cN) or inter-
rupted (iN) noise and wearing ear protectors (EP). A t-test for dependent samples or Wilcoxon
test was applied. [Significant results are highlighted in blue.] The symbol Q indicates significance

only for female participants.” (adapted and modified from Anton et al., 2019)

Standing on two legs Standing on two legs Standing on two legs on Standing on two legs on Tandem Romberg test
with eyes open with eyes closed a foam support a foam support with eyes closed
with eyes open with eyes closed
< ¢ © ¢ < ¢ < ¢ < 7
R-cN** R-cN** R-cN** R-cN R-cN R-cN R-cN R-cN R-cN R-cN

032 040 024 030 033 039 0.28 0.29 041 044 029 029 057 057 044 042 075 0.74 051 0.54
0.10 017 0.08 0.10 0.12 0.11 0.10 0.09 0.10 0.13 0.07 0.07 0.17 015 010 0.09 026 025 0.18 0.14

R-iN R-iN R -iN R -iN R-iN R-iN R —iN** R-iN R-iN R -iN
032 033 025 027 033 033 0.27 028 040 043 030 032 057 051 043 045 0.72 0.72 048 0.50
0.10 0.12 0.08 0.09 0.12 0.11 0.09 0.08 0.10 0.16 0.07 0.11 0.17 013 008 010 0.23 0.24 0.10 0.11

R - EP** R -EP R-EP** R-EP R-EP R - EP* R -EP R - EP R -EP R - EP

032 035 024 026 029 033 027 029 041 044 030 032 057 057 044 045 0.5 0.71 050 0.51
0.09 0.13 0.08 0.10 0.08 0.10 0.09 0.09 0.10 0.13 0.07 010 017 0.15 0.10 011 025 0.22 0.12 0.14

Significant level: * (» <0.05), ** (p<0.01) or *** (p <0.001). P value was corrected by the Bonferroni method.

When participants were equipped with ear protectors in the room SR, body sway velocity
increased significantly compared to condition R for standing on a firm ground with eyes
closed (9.2 %, p = 0.013) in anterior-posterior direction and standing on a foam support

with eyes open (15.2 %, p = 0.01) and closed (8.9 %, p = 0.008) in medial-lateral direction.

No significant changes in body sway velocity could be observed when participants per-
formed the Tandem Romberg test in different acoustic conditions in both rooms.

Table 2: Angular velocities of all stance tasks in the anechoic room. “Mean absolute angular
velocities [°/s] and the standard deviations (italic) of all participants are shown for the tasks in the
room with a short reverberation time. Arrows indicate medial-lateral (<) and anterior-posterior ()
direction. The reference condition (R) was compared with presented continuous (cN) or inter-
rupted (iN) noise and wearing ear protectors (EP). A t-test for dependent samples or Wilcoxon
test was applied. [Significant results are highlighted in blue.]” (adapted and modified from Anton
et al., 2019)
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Standing on two legs Standing on two legs Standing on two legs on Standing on two legs on Tandem Romberg test
with eyes open with eyes closed a foam support a foam support with eyes closed
with eyes open with eyes closed
i ¥ hid ¢ © ¢ i J i ¥
R-cN R-cN R-cN R-cN R-cN R-cN R-cN R-cN R-cN R-cN

0.34 0.32 025 024 033 034 028 0.26 037 041 028 029 052 055 043 042 0.79 0.83 0.52 053
0.13 0.10 0.09 0.08 0.10 0.10 0.09 0.07 0.12 0.15 0.09 008 0.16 0.16 0.09 0.10 029 037 0.14 0.16

R-iN R-iN R-iN R-iN R-iN R-iN R-iN R-iN R -iN R -iN

0.34 033 025 025 0.35 035 028 028 0.37 039 027 029 051 051 043 042 0.76 0.86 0.52 0.58
0.13 0.09 0.09 008 0.14 0.2 0.09 009 0.12 0.13 0.08 008 0.15 0.15 0.09 010 025 045 0.14 027

R -EP R-EP R-EP R-EP* R -EP* R -EP R-EP** R-EP R-EP R-EP

0.33 033 025 028 0.33 033 027 030 036 042 028 029 050 054 042 044 0.76 0.70 0.54 0.56
0.12 0.12 0.09 0.11 010 0.11 0.08 009 0.12 013 009 0.08 014 014 0.09 0.11 025 021 016 0.19

Significant level: *(p <0.05), **(p<0.01) or **(p<0.001). P value was corrected by the Bonferroni method.

3.3 Gait tasks

All results of the walking tasks are presented in table 3. In two comparisons participants
swayed significantly slower when noise was continuously presented compared to the ref-
erence. This was true for walking with eyes open in medial-lateral direction (-7.8 %,
p = 0.036) and tandem steps in anterior-posterior direction (-8.8 %, p = 0.029). There
were no significant changes for walking with turning the head in rhythm, though the results

showed a trend that angular velocity increased with presented noise.

Table 3: Angular velocities of all gait tasks. “Mean absolute angular velocity values [°/s] and the
standard deviations (italic) of all participants are shown for all tasks. Arrows indicate medial-lateral
(<) and anterior-posterior (J) direction. The reference condition (R) was compared with presented
continuous (cN) or interrupted (iN) noise. A t-test for dependent samples or Wilcoxon test was
applied. [Significant results are highlighted in blue. The symbol & indicates significance only for

male participants.]” (adapted and modified from Anton et al., 2021)

walking with eyes open walking with turning head tandem steps walking over barriers
< ¢ < ¢ < ¢ < ¢
R - cN* R-cN R-cN R-cN R-cN R - cN* R-cN R-cN
792 730 544 5.59 8.11 8.5 532" 561 480 465 375 342 886 876 795 1791
233 223 198 2.10 248 285 2:17 1.96 124 131 133 101 254 251 216 230
R-iN R-iN R-iN R-iN R-iN R-iN R - iN*** R-iN
819 782 539 4.97 8.16 7.99 528 536 445 443 368 351 828 7.86 850 8.09
286 259 148 1.26 311 2.8 1.78 1.82 140 132 092 099 167 177 228 2.00

Significant differences are highlighted with * (p <0.05), ** (p<0.01) or *** (p <0.001).
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4. Discussion

Overall, auditory input such as white broadband noise has an impact on postural stability
in stance and gait movement in healthy and normal hearing humans. Room acoustic, the
presented sound and cognitive processes seem to play an important role to what extent
auditory input influences postural stability. The gender hardly effects changes in postural
control by changing the auditory input.

4.1 Gender-specific changes in posture

A gender-specific impact on postural control by changing the acoustic input could be seen
in one out of 60 stance conditions and in one out of 16 gait conditions only. Female par-
ticipants swayed faster with ear protectors versus the reference condition in the reverber-
ant room during standing with opened eyes than male participants. One presumption
could be that the male participants used spatial cues such as reflections for challenging
standing exercises only, whereas female participants were already using them for simple
exercises to maintain postural stability. A small gender-specific effect of sound on static
balance tasks could be observed by Polechonski and Blaszczyk (2006). Females seemed
to be slightly more sensitive to sound than men. Another explanation could be the different
body height of females and males. Male participants were on average taller, wherefore
the center of gravity was higher. This could lead to higher body sway and thus more
sensorineural feedback from the vestibular system. A higher body sway of males com-
pared to females in medial-lateral direction for standing with opened eyes was observed
by Basta et al. (2013). Male participants aged between 20 and 39 years showed on av-
erage an angular velocity of 0.43 °/s, whereas the angular velocity of female participants
was on average 0.36 °/s. In absence of spatial cues this could have helped males to
maintain balance, whereas females received less sensorineural feedback from the ves-
tibular system. An influence of body height or body center of mass on postural stability
was observed in previous studies (Farenc et al., 2003; Hegeman et al., 2007; Rosker et
al., 2011). In the gait condition, male participants improved balance in the interrupted
noise condition in medial-lateral direction when walking over barriers, but females showed
no improvement in this condition. Walking over barriers was potentially more difficult for

female participants than for men because they were, on average, smaller. Thus, female
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participants could not improve their postural stability with presented interrupted noise,

whereas men could improve their balance.

4.2 Impact of different auditory input and room properties on postural stability in
stance tasks

In previous studies, force platforms or balance boards were mainly applied to determine
ground reaction force, center of pressure of the feet and body sway velocity for standing
tasks (Easton et al., 1998; Gandemer et al., 2014; Kanegaonkar et al., 2012; Ross et al.,
2016; Seiwerth et al., 2020; Stevens et al., 2016; Vitkovic et al., 2016). In addition, re-
cording time varied between 20-70 s in these studies. Carpenter and Campos (2020)
recommend a recording time of at least 60 s for center of pressure/mass measurements
to capture the low frequencies of sway behavior. However, in the present study we meas-
ured angular velocity in °/s, wherefore a recording time of 20 s is sufficient to captured
changes in sway behavior by changing the auditory input. It was not investigated if the
results of the measurement systems used in previous studies (e. g. force platform, video
system, inertial or pressure sensors) correlate with the measured angular velocities by
the VertiGuard system used in this study. The advantages of the VertiGuard system are
the body sway velocity recording close to the body’s center of gravity and the device worn
on the body, so that the recordings are independent of the examination room. Further-
more, sway velocities of static and dynamic tasks can be recorded. Although, it is difficult
to compare our results with other studies due to the different recording method, there are

some similar findings.

Postural stability increased significantly in stance tasks when interrupted noise was pre-
sented in one out of 30 conditions in the room with a long reverberation time for a more
difficult task (closed eyes, foam support). Though, postural stability decreased when con-
tinuous noise was presented or participants wore earplugs. In the room with a very short
reverberation time, no benefit from presented sound could be observed, but postural sta-
bility decreased for tasks with reduced visual or proprioceptive input (closed eyes, foam
support) when participants wore ear protectors. Participants in Kanegaonkar's et al.
(2012) study showed higher body sway in a normal clinic room and in a soundproofed
room with ear protectors versus without for standing tasks. In the study of Easton et al.
(1998), no differences in postural stability were measured when participants performed

the Tandem Romberg stance and sound was played from one loudspeaker from the front
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compared to silence in an ambient room with sound reflecting surfaces. No auditory in-
fluence on balance was observed during the Tandem Romberg test in this study. Though,
participants swayed less in Easton et al. (1998) when noise was played from two loud-
speakers placed closely in front of each ear compared to silence. Small changes in the
distance between the loudspeaker and the ear can result in volume differences between
both ears. This could have helped to improve balance. Gandemer et al. (2014) observed
no difference in postural stability between silence and stationary sound in a soundproofed
room. Though, a moving sound source improved balance. Seiwerth et al. (2020) also
found no auditory influence on postural stability for standing tasks when sound was
played from one speaker compared to wearing ear protectors in a hypoechoic, sound-
insulated booth. But they found an auditory impact on postural regulations by postural
subsystems such as the visual and vestibular system. Stevens et al. (2016), Vitkovic et
al. (2016) and Zhong and Yost (2013) showed an improvement in postural control in noise
condition versus silent. Though, room acoustic, position and number of loudspeaker(s),

the stimulus and recording method varied.

Participants in the present study had no benefit from sound in the anechoic room or when
wearing ear protector, but in the reverberating room interrupted sound improved balance,
whereas ear protector and continuous noise negatively influenced postural stability in
stance tasks. Given, that spatial reflections cannot be perceived when continuous noise
is presented (due to masking) or when participants wear ear protectors, spatial reflections
seem to have a positive influence on postural stability. In the interrupted noise condition,
the required spatial reflections could be perceived in the 0.5 s pauses in the reverberant
room, whereas reflections in the anechoic room were too short to perceive these in the
pauses.

It is already known that spatial cues such as reflections and reverberations, number and
position of speaker(s) and the presented stimulus, play an important role in localizing a
sound source (Giguére and Abel, 1993; Ihlefeld and Shinn-Cunningham, 2011; Rakerd
and Hartmann, 2010). A decisive factor for the localization ability is the first arriving sound,
called precedence effect (Litovsky et al., 1999). The first arriving sound determines the
direction the sound is coming from and therefore the localization of the sound source.
Reverberations likely impair the localization of the first arriving sound. The localization
ability might be therefore reduced in the reverberant room during the presentation of con-
tinuous noise as the first arriving sound could not be precisely localized, whereas the first
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arriving sound in the interrupted noise condition could be perceived more often due to the
breaks and thus improve the localization ability. In the anechoic room, no balance im-
provement in the continuous noise condition was observed, although the first arriving
sound was not overlaid by reverberations. The low background noise could already have
been sufficient in the reference condition to improve balance, wherefore no further im-

provement in the continuous or interrupted noise condition could be observed.

4.3 Impact of different auditory and spatial cues on postural stability in gait tasks

In a few walking conditions, participants improved their postural control when noise was
presented. This was true only for walking tasks with the head focused to the front/loud-
speaker. No significant changes in postural stability was observed for turning the head in
noise condition, but our data show a trend to a higher sway velocity when turning the
head with presented noise compared to silence. The fixed sound source at the end of the
walking distance and the fact that the participants walked towards the loudspeaker could
have helped to localize the sound, although the reverberations potentially masked the
first arriving sound. The closer the participants walked to the loudspeaker, the louder the
sound became. As observed with standing tasks, the localization ability could improve
postural stability also for walking tasks. Karim et al. (2018), Munnings et al. (2015), Sei-
werth et al. (2018) and Zhong and Yost (2013) found similar results. Their participants
performed the Fukuda stepping test (modified Unterberger test) (50 or 100 steps, eyes
closed/blindfolded and arms outstretched) in silence and in noise played from a single
loudspeaker placed in front. Participants in Karim et al. (2018) and Seiwerth et al. (2018)
also used ear plugs in the quiet condition. The measured angle of the feet before and
after the stepping test showed a significant smaller deviation when noise was presented
compared to silence. It is likely that the localization of the sound source improved postural
control. In Karim’s et al. (2018) study, participants also performed the stepping test when
noise was played through headphones. There were no significant changes in angular
deviations between silence and the noise via headphone condition. This supports the
assumption that spatial cues (reflections) or the localization ability are important to im-
prove balance. Note that visual cues were kept to a minimum in these four studies,
whereas participants in the presented study walked with opened eyes. The effect of lo-

calization in noise condition might have been greater in this study if participants had
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walked with their eyes closed. Though, participants would have had to overcome them-
selves walking the distance without seeing. It is likely that participants would have
changed their kind of walking with closed eyes (e. g. speed, step length). The localization
ability might be impaired when participants turned their head to the right and left during
walking (in relation to the loudspeaker). Therefore, no significant benefit could be seen

by providing sound in this task in the given condition.

Besides the localization ability, cognitive performances could also play a role in maintain-
ing postural stability. Bonnet (2016) described a positive or negative influence on postural
stability depending on attentional focus. For example, walking with moving the head de-
mands multiple tasks. This walking task is more difficult in motoric and cognitive terms
compared to the other walking tasks. The attention focus might be more on maintaining
balance or walking, but not on hearing. In stance conditions, a similar effect could be
observed for the Tandem Romberg test. Postural stability did not change in noise versus
no noise condition. This task was more difficult than the other standing tasks. Some stud-
ies described a correlation between the cognitive demand of the task and body sway
(Huxhold et al., 2006; Riley et al., 2003; Vuillerme and Nougier, 2004). In dual-task con-
dition (e. g. walking with turning the head and listen to sound), participants had to share
their cognitive resources as there is an additional competing need of attention. Postural
stability might be reduced in dual-task condition as the cognitive demand increases and
the remaining attention is insufficient to maintain balance (Li and Lindenberger, 2002;
Nieborowska et al., 2019). In our study, participants walked, turned their head and lis-
tened to sound. This could have been very challenging from a cognitive or attention point
of view. As a result, participants may not have been able to use the stationary sound

source to improve balance in such a difficult task.

4.4 Strengths and weaknesses of this study

Balance influencing factors were precisely determined and monitored in this dissertation.
All participants underwent several investigations to ensure that they meet the strict re-
quirements (e. g. normal hearing, normal or corrected vision, normal vestibular system
and balance). Pathological conditions that could affect the balance system were ex-
cluded. The room acoustic properties (e. g. reverberation time and background noise)
were determined by a professional and the acoustic environment was monitored during

all recordings. Angular velocities of the body during stance and gait tasks were recorded
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with a dynamic posturography system that provides a high measurement accuracy. Due
to the homogeneity of the participants, the monitoring of the acoustic conditions and ex-
ercise performances, the results can be assumed to be reliable. The results match the
existing literature and provide an important contribution, especially the findings of the gait

tasks.

Participants’ cognitive performance during the tasks was not assessed. This could have
led to a better understanding of the different observations for the cognitively more difficult
tasks compared to the easier tasks. Furthermore, the localization ability could have been

determined in both rooms to reinforce the explanation of the results.
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5. Conclusion and outlook

Although, balance in healthy humans seems to be not as much affected by the auditory
system as it is by the visual, proprioceptive and vestibular system, the room acoustic, the
stimulus signal and the cognitive performance play an important role. A clear standard for
the acoustic environment during balance recordings cannot be defined, but some general
useful recommendations can be made. In clinical routine, balance measurement should
be performed in a normal clinic room and not in a strong reverberant or anechoic room
as the long reverberations or the lack of reflections could influence the balance perfor-
mance. Static and dynamic balance measurements are usually recorded over several
seconds. During that time, the acoustic environment should be kept constant without any
external sound source (e. g. devices that generate noise). A sound source during balance
measurements could falsify the results (e. g. improves balance due to the localization of
the sound source or clearly audible noises could mask useful reflections in order to main-
tain balance). Such devices should be turned off or removed. Conversations or calls
should also be avoided. This could in addition distract the patient from the balancing task
that requires attention. Particularly in the case of measurements that are repeated and

compared, the acoustic environment should be constant in all sessions.

In future studies, the influence of auditory cues in hearing and vestibular impaired patients
should be investigated in more detail, especially the influence of hearing devices and their
noise reduction features. Furthermore, the etiology and the effected parts of the hearing
and vestibular systems should be precisely determined. On the one hand, a sound source
could improve postural stability and on the other hand, a noisy environment could mask
useful spatial cues. This raises the question of whether noise reduction features in hear-
ing devices could affect balance. Vestibular and hearing impairment often go hand in
hand (Newman-Toker et al., 2016). Furthermore, an increased postural imbalance and
risk of falling could already be associated with hearing impairment (Agmon et al., 2017;
Chen et al., 2015; Jiam et al., 2016; Viljanen et al., 2009). Patients with an impaired inner
ear might benefit more from auditory input than healthy people (Ernst et al., 2021; Maheu
etal., 2019). A positive impact on balance could already be observed for hearing impaired
patients with their hearing devices turned on versus off (Ibrahim et al., 2019; Negahban
et al., 2017; Rumalla et al., 2015; Shayman et al., 2017; Vitkovic et al., 2016; Weaver et

al., 2017). Similar could be observed for vestibular impaired patients in noise condition
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versus silence (Stevens et al., 2016; Vitkovic et al., 2016). Although, fitting of hearing
devices focuses on improvement of speech perception in different listening situations
(Ernst et al., 2019; Geildler et al., 2015; Popelka and Moore, 2016; Skinner, 2003), if,
however, a significant improvement in postural control in hearing-impaired patients (with
or without vestibular vertigo) is possible, e. g. by a specific hearing device fitting, this

should be considered for treatment in order to reduce the risk of falls.
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