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1. Einleitung

Fiir die Aufrechterhaltung der dynamischen Haltungsstabilitat wahrend des Gehens bedarf
es einer kontinuierlichen sensorischen Kontrolle durch die visuellen, vestibuldren und
somatosensorischen Sinnesorgane.

Bei Beeintrachtigung oder Verlust der sensorischen Riickkopplungskontrolle kommt es
wahrend des Gehens zu verstarkten Fluktuationen in den Bewegungsabldaufen verbunden
mit einer verringerten Gangstabilitdt und einer erhéhten Sturzgefahr (Gandevia, McCloskey

et al. 1992) (Nashner 1980).

Vorangegangene Studien haben gezeigt, dass durch eine unterschwellige stochastische
Stimulation sensorischer Systeme die Reizschwelle des Systems herabgesetzt und damit die
Informationsverarbeitung im System verbessert werden kann. Dieses Phdnomen wurde
bereits flir das visuelle, auditive, somatosensorische und vestibulare System nachgewiesen.
Der zugrundeliegende Mechanismus, der die Verstarkung schwacher Eingangssignale durch
die Interaktion mit einer unspezifischen stochastischen Rauschaktivitdt beschreibt, ist

bekannt als ,,stochastische Resonanz” (Moss, Ward et al. 2004).

Das Prinzip der stochastischen Resonanz wurde in vorangegangenen Studien bereits
erfolgreich therapeutisch genutzt. So konnte gezeigt werden, dass eine Verstarkung der
sensorischen Rickkopplung durch eine schwache somatosensorische (vibrierende
Schuhsohlen) oder vestibulare (rauschhafte galvanische vestibulare Stimulation) Reizung zu
einer effektiven Stabilisierung des Haltungsgleichgewichts von Patienten mit
somatosensorischen und vestibularen Defiziten flhrt (Priplata, Niemi et al. 2003) (lwasaki,

Yamamoto et al. 2014) (Mulavara, Fiedler et al. 2011).

Aufbauend auf den bisherigen Studien zum therapeutischen Nutzen stochastischer Resonanz
ist das Ziel der hier vorgestellten Arbeiten, den Einfluss einer unterschwelligen vestibuldaren
Rauschstimulation auf das subjektive Balanceempfinden und auf die objektive
Haltungsstabilitdt wahrend des Gehens bei gesunden Probanden und bei Patienten mit

einem beidseitigen Vestibularisausfall zu untersuchen.



2. Vestibuladre Haltungs- und Gangregulation

Das vestibuldre System vermittelt Informationen (iber Lage und Beschleunigung des Kopfes
im Raum. Der Aufbau in Sacculus und Utriculus (Otolithenorgane) sowie in die Ductus
semicirculares (Bogengidnge) ermoglicht es sowohl lineare Beschleunigungen als auch

Drehbeschleunigungen wahrzunehmen (Gray 1955).

Die in etwa im rechten Winkel zueinander positionierten Otolithenorgane enthalten die
Maculae, besetzt mit Sterozilien, welche in eine gallertartige Membran einstrahlen. Diese
Membran tragt an ihrer Oberflaiche einen dichten Besatz von Kalziumkarbonatkristallen
(Otolithen). Ein Reiz fiir die Sinneszellen entsteht dadurch, dass bei linearer Beschleunigung
die trdgen Otholithen durch die Fliehkraft zu einer scherkraftartigen Verschiebung der
Otholithenmembran fiihren. Die daraus resultierende Ablenkung der Sterozilien hat eine
Erregung der Sinneszellen zur Folge.

In den drei in etwa senkrecht zueinander orientierten Bogengingen kommt es ebenso zu
einer Erregung durch das Ablenken der Sterozilien. Diese ragen hier in die gallertartige
Cupula hinein, welche von Endolymphe umgeben ist. Die Endolymphe wird durch
Drehbewegungen beschleunigt und lenkt somit die Cupula aus.

Durch die Auslenkung der Stereozilien kommt es zu einem Einstrom des endolympahtischen
Kaliums, was eine Depolarisation der Zelle mit nachfolgendem Calciumeinstrom bewirkt. Der
Anstieg des intrazelluldren Calciums fiihrt zu einer vermehrten Transmitterfreisetzung in den
synaptischen Spalt mit anschlieBender Stimulation der afferenten Nervenfasern, der
sogenannten mechanoelektrischen Transduktion (Trepel 1999).

Die Informationen gelangen Uber den Gleichgewichtsnerven (N. vestibularis) zu den
Gleichgewichtskernen (Ncll. vestibulares) im Hirnstamm. Diese erhalten zusatzliche
Projektionen aus dem Rickenmark und dem Kleinhirn. Die wichtigsten Efferenzen der
Vestibulariskerne ziehen zum Thalamus, in das Kleinhirn, zu den Augenmuskelkernen und in
das Riickenmark (Horak, Shupert et al. 1994) (Trepel 1999).

Neben der Wahrnehmung von Position und Bewegung des Kopfes im Raum, vermitteln
vestibulare Afferenzen der Otolithenorgane und Bogengidnge zwei wesentliche
Reflexfunktionen fir die Stabilisierung des Blicks wahrend dynamischer Kopfbewegungen

(vestibulookuldrer Reflex) und die gleichzeitige Regulation des Haltungsgleichgewichts



(vestibulospinaler Reflex). Der vestibulookuldre Reflex zadhlt zu den Hirnstammreflexen. Er
ermoglicht eine dynamische Blickstabilisierung, wobei die bei Kopfbewegung resultierende
retinale Bildverschiebung durch entgegen gerichtete Augenbewegungen kompensiert wird.
Vestibulospinale Haltungsreflexe bringen den Korper, ausgeldst durch vestibuldre Reize (z.B.
Fallen, Wegrutschen eines Beins beim Nachgeben der Unterlage), durch Streckbewegungen
(Aktivierung von Strecker-Motoneuronen, Hemmung der Beuger-Motoneuronen) unbewusst

wieder ins Gleichgewicht (Trepel 1999).

3. Bilaterale Vestibulopathie

3.1. Atiologie, Symptomatik und Therapieansitze

Der beidseitige Ausfall der Gleichgewichtsfunktion, die bilaterale Vestibulopathie (BVP), ist
die haufigste Ursache eines bewegungsabhdngigen Schwankschwindels. In einer
spezialisierten Schwindelambulanz machte die bilaterale Vestibulopathie 7,3 % aller
vorstelligen Schwindelsyndrome aus (Brandt 2012). Die haufigsten Ursachen einer BVP sind:
Einnahme ototoxischer Antibiotika (13%), bilateraler Morbus Meniere, entziindliche
Erkrankungen (Meningitis, Enzephalitis, Zerebellitis), Autoimmunerkrankungen, zerebellare
Degenerationen und Tumore (z.B. beidseitiges Vestibularisschwannom  bei
Neurofibromatose Typ 2). Bei 50% der Patienten bleibt trotz umfangreicher
neurootologischer Testung die Atiologie unklar (idiopathische BVP) (Zingler, Weintz et al.
2008). Klinisch dulert sich die BVP in einem bewegungsabhadngigen Schwankschwindel mit
Gangunsicherheit, in einer Stérung der dynamischen Blickstabilisierung (Oszillopsien mit
Scheinbewegungen der Umwelt) sowie des Raumgedachtnisses und der Navigationsfunktion

(Brandt, Schautzer et al. 2005).

Obwohl die Uberwiegende Anzahl der Patienten mit BVP eine vestibuldare Restfunktion
behalt, ist die Langzeitprognose der Erkrankung schlecht. Etwa 80% der Patienten zeigten
keine wesentliche Verbesserung der Symptomatik in Follow-up-Untersuchungen. Die einzig
bislang etablierte Therapieoption fiir Patienten mit BVP besteht in einer physikalischen
Therapie mit Training der Gleichgewichts-, Gang- und Blickstabilisierungsfunktion. Studien
zum Einsatz einer physikalischen Therapie bei Patienten mit BVP konnten eine teilweise

Wiederherstellung der Gang- und Blickstabilisierungsfunktion nachweisen (Krebs, Gill-Body



et al. 1993) (Herdman, Hall et al. 2007). Jedoch stellt sich nur bei etwa der Halfte der
Patienten eine signifikante Funktionsbesserung in Folge der Therapie ein. Die
Behandlungseffekte eines physikalischen Trainings fallen meist moderat aus (Gillespie and
Minor 1999). Aus diesen Grinden wurde in den letzten Jahren als alternativer
Therapieansatz die Entwicklung einer Prothese fiir das Gleichgewichtsorgan vorangetrieben.
Ziel der Prothese ist es, durch eine gezielte Stimulation des Gleichgewichtsnerven die
natlirliche Gleichgewichtsfunktion nachzuahmen. Vielversprechende Ergebnisse zeigten sich
in ersten Anwendungen mit Prototypen der Prothese im Tiermodell und bei einzelnen
Patienten. Die mit der Implantation der Prothese verbundenen operativen Prozeduren sind

jedoch hoch invasiv und bergen ein nicht geringes Risiko die Horfunktion zu beschadigen.

3.2. Gangstorung

In Folge des beidseitigen Ausfalls der Gleichgewichtsfunktion kommt es bei Patienten mit
BVP zu einer sensorisch-ataktischen Gangstorung mit deutlich erhéhtem Risiko zu stiirzen.
Das Gangbild ist gekennzeichnet durch einen breitbasigen Gang mit reduzierter Schrittlange,
erhohter Rumpfabweichung, verlangerten Doppelstandphasen und insbesondere einer
erhohten spatiotemporalen Variabilitat der Schritt-zu-Schritt-Folge (Gangvariabilitat)
(Wuehr, Schniepp et al. 2014). Die Ganggeschwindigkeit bei Patienten mit BVP ist meist nur
moderat reduziert (Schniepp, Wuehr et al. 2012).

Die sensorisch-ataktische Gangstorung bei BVP ist typischerweise unterschiedlich ausgepragt
in Abhdngigkeit von der Ganggeschwindigkeit. So &duflert sich der sensorische
Funktionsverlust mit Ganginstabilitdit und erhdohter Gangvariabilitdat vornehmlich wahrend
des langsamen Gehens. Mit zunehmender Ganggeschwindigkeit normalisiert sich die
Symptomatik. Eine funktionierende vestibulare Riickkopplungskontrolle ist somit vor allem
wichtig flur die Haltungsregulation wahrend des langsamen Gehens, wohingegen schnellere
Gangmodi hauptsachlich durch automatisierte Netzwerke im Rickenmark kontrolliert
werden (Jahn, Strupp et al. 2000). Demensprechend konnten friihere Studien zeigen, dass
der tonisch destabilisierende Einfluss eines einseitigen Vestibularisausfalls oder einer
kiinstlichen vestibularen Reizung mit zunehmender Ganggeschwindigkeit abnimmt (Brandt,

Strupp et al. 1999) (Jahn, Strupp et al. 2000). Eine korrespondierende Deaktivierung



sensorischer Kortexareale zeigte sich in funktionellen Bildgebungsstudien (Jahn,

Deutschlander et al. 2004).

Der destabilisierende Einfluss des vestibularen Funktionsausfalls auf die Gangregulation
kann normalerweise gut kompensiert werden durch die noch funktionierenden visuellen und
somatosensorischen Sinnessysteme. Ein kompletter Verlust des Haltungsgleichgewichts
entsteht typischerweise bei Patienten mit BVP erst, wenn die visuellen und
somatosensorischen Rickmeldungen zusatzlich beeintrachtigt sind wie z. B. beim Gehen im

Dunkeln oder auf unebenem Grund (Horak, Shupert et al. 1994).

4. Stochastische Resonanz zur Verbesserung der vestibuldren

Informationsverarbeitung

Ublicherweise geht man davon aus, dass Rauschen die Weiterleitung von Informationen und
die Wahrnehmung von Signalen beeintrachtigt. Im Gegensatz dazu gibt es jedoch auch
Hinweise, dass unter bestimmten Umstanden das Vorhandensein eines schwachen
Rauschsignals die Informationsverarbeitung verbessern kann. Dieses Phanomen ist als
stochastische Resonanz bekannt. Die stochastische Resonanz tritt insbesondere in nicht-
linearen Informationsverarbeitungssystemen auf, in denen Signale erst oberhalb eines
bestimmten Schwellenpotentials weiterverarbeitet werden konnen. Demgemall kdénnen
schwache, unterschwellige Signale durch Interaktion mit einem zusatzlichen Rauschsignal so
verstarkt werden, dass sie das Schwellenpotential erreichen und somit die Information

weiterverarbeitet werden kann. (Moss, Ward et al. 2004).
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Abbildung 1: Prinzip der Stochastischen Resonanz: Ein unterschwelliger Reiz (1) wird durch
Interaktion mit einem schwachen Rauschsignal (2) Gber das Schwellenpotential verstarkt (3)

und kann somit weiterverarbeitet werden.

In vorangegangenen Studien konnte gezeigt werden, dass das Phdanomen der stochastischen
Resonanz in der auditiven, taktilen und visuellen Wahrnehmung eine Rolle spielt. So lasst
sich beispielsweise der menschliche Tastsinn durch Beigabe eines mechanischen oder
elektrischen Rauschreizes auf der Hautoberflache sensibilisieren. Des Weiteren fiihrt ein
schwaches Rauschsignal im Innenohr zu einer Herabsetzung der Wahrnehmungsschwelle fiir
eingehende Tonsignale. Beide Phanomene wurden in der Vergangenheit bereits erfolgreich
therapeutisch genutzt und finden Anwendung in neueren Generationen sensorischer

Prothesen.

Das Phdanomen der stochastischen Resonanz lasst sich auch in der vestibuldren
Informationsverarbeitung beobachten. Im Tierexperiment konnte gezeigt werden, dass sich
die mechanoelektrische Transduktion der Haarzellen im Innenohr durch Beigabe eines
schwachen mechanischen Rauschreizes optimieren lasst (Jaramillo and Wiesenfeld 1998).
Auch im menschlichen Gleichgewichtsorgan lasst sich die stochastische Resonanz mit Hilfe
einer schwachen, rauschhaften galvanischen vestibularen Reizung (GVS) ausldsen. GVS ist
eine einfache und sichere Methode, die es erlaubt die Aktivitat vestibuldarer Afferenzen Gber
eine von auBen angebrachte elektrische Reizung zu beeinflussen. Mit Hilfe der GVS konnte
gezeigt werden, dass sich die Wahrnehmungschwelle fiir vestibulare Bewegungsreize
kiinstlich herabsetzen lasst (Keywan, Wuehr et al. 2018). Unter einer vergleichbaren Reizung
zeigte sich zudem eine Verbesserung der vestibulospinalen (Wuehr, Boerner et al. 2018) und
vestibulookuldren Reflexfunktionen (Serrador, Deegan et al. 2018). Die vestibulidre

stochastische Resonanz wurde in einer vorangegangenen Studie bereits therapeutisch



genutzt, um das statische Haltungsgleichgewicht von Patienten mit BVP zu verbessern. Dabei
zeigte sich unter Behandlung mit einer rauschhaften GVS eine deutlich subjektive sowie
objektiv messbare Stabilisierung der Haltungskontrolle bei Patienten (lwasaki, Yamamoto et

al. 2014).

5. Kumulative Dissertation

Aufbauend auf den ersten vielversprechenden Studienergebnissen zur therapeutischen
Wirkung einer vestibularen Rauschstimulation wurde in den Studien dieses
Promotionsvorhabens der therapeutische Einfluss der Stimulation auf die Gangstabilitat bei

gesunden Probanden und bei Patienten mit BVP untersucht.

Folgende Forschungsfragen standen dabei im Fokus:

(1) Treten grundsatzlich wahrend des Gehens vestibuldre Eingangssignale auf, die
unterhalb der vestibularen Verarbeitungsschwelle liegen und somit durch die

zusatzliche Rauschreizung verstarkt werden kénnen?

(2) Kommt es durch die rauschbedingte Verstarkung vestibularer Eingangssignale zu
einer subjektiven und objektiv messbaren Stabilisierung der Gangkontrolle bei

gesunden Personen und Patienten mit bilateraler Vestibulopathie?

Zunachst wurde der Einfluss der vestibuldaren Rauschreizung auf das Gangverhalten von
gesunden Probanden in der unter dem Titel , Noise-enhanced vestibular input improves
dynamic walking stability in healthy subjects” veréffentlichten Studie untersucht. Hierflr
wurde das spatiotemporale Gangbild sowie das subjektive Balanceempfinden von 17
gesunden Probanden auf einem Laufband wahrend einer schwachen, nicht wahrnehmbaren
vestibuldaren Rauschstimulation (GVS) im Vergleich zu einer Scheinstimulation
(Placebokontrolle) gemessen. Um die Stabilitatskontrolle kinstlich zu erschweren, erfolgte

die Gangtestung mit geschlossenen Augen bei langsamer, mittlerer und schneller



Geschwindigkeit. Zugleich wurden die wahrend des Gehens auftretenden vestibuldren

Eingangssignale mit Hilfe eines am Kopf befestigten Beschleunigungssensors gemessen.

In einer Folgestudie, die unter dem Titel ,Noisy galvanic vestibular stimulation improves
dynamic walking stability in bilateral vestibulopathy” veroffentlicht wurde, wurde die
Wirkung der vestibuldren Rauschstimulation auf die subjektive und objektiv messbare
Stabilitatsregulation wahrend des Gehens bei 13 Patienten mit BVP untersucht. Die
Untersuchungsbedingungen entsprachen im Wesentlichen der initialen Studie mit gesunden
Probanden. Die Gangtestung der Patienten erfolgte jedoch auf Grund des erhohten

Sturzrisikos wahrend des Gehens mit offenen Augen.
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Introduction

ABSTRACT

Background: White noise galvanic vestibular stimulation (GVS) is thought to enhance the sensitivity of
vestibular organs.
Objective: To examine the effects of noise-enhanced vestibular input on the walking performance in healthy
subjects walking with eyes closed.
Methods: Walking performance of 17 healthy subjects (mean age 28.8 + 1.7 years) at slow, preferred, and
fast speeds was examined during three different conditions: (1) walking with eyes open (EO) as base-
line condition, (2) walking with eyes closed and sham noisy GVS (EC), and (3) walking with eyes closed
and non-zero amplitude noisy GVS set to 80% of the individual sensory threshold for GVS (EC-GVS). Ten
gait parameters were examined: stride time, stride length, base of support, swing time percentage, double
support time percentage as well as gait asymmetry, bilateral phase coordination and the coefficient of
variation (CV) of stride time, stride length and base of support.
Results: Noisy GVS improved stride time CV by 36% (p <0.034), stride length CV by 31% (p <0.037), base
of support CV by 14% (p <0.009), and bilateral phase coordination by 23% (p <0.034). The ameliorating
effects of noisy GVS on locomotion function were primarily observable during slow walking speeds.
Conclusion: Noise-enhanced vestibular input is effective in improving locomotion function and is ac-
companied by a subjectively felt improvement of walking balance. It predominantly targets the variability
and bilateral coordination characteristics of the walking pattern, which are critically linked to dynamic
walking stability. Noisy GVS might present an effective treatment option to improve walking perfor-
mance in patients with bilateral vestibular dysfunction.

© 2015 Elsevier Inc. All rights reserved.

is therefore a desirable treatment option for patients with sensory
deficits.

Maintaining dynamic stability during walking relies on accu-
rate sensory feedback from the visual, vestibular and somatosensory
systems. Sensory feedback control during walking is thought to be
important for adjusting stride-to-stride trajectories to maintain
balance and for smoothing unintended irregularities during motor
execution [1,2]. Consequently, an impairment or loss in either of the
sensory feedback modalities results in a decreased walking stabil-
ity accompanied by an increased risk to fall [3-5]. The ability to
restore sensory function required for a stable walking performance

* Corresponding author. Tel.: +49 89 7095 3671; fax: +49 89 7095 6671.
E-mail address: Max.Wuehr@med.uni-muenchen.de (M. Wuehr).
1 Authors contributed equally.

1935-861X/© 2015 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.brs.2015.08.017

Previous research has demonstrated that information process-
ing in a variety of sensory systems can be enhanced by adding an
imperceptible amount of noise to the sensory system [6]. The ratio-
nale behind this phenomenon is a mechanism known as stochastic
resonance wherein the response of a nonlinear system to input signals
can be optimized by the presence of a particular non-zero level of
noise [7]. By means of this mechanism, especially weak subthresh-
old sensory signals have been shown to be boosted above the detection
threshold by resonating with added white noise [6]. Stochastic res-
onance has further been used to improve sensory feedback involved
in postural control. Accordingly, it was shown that a subthreshold
noise input to the somatosensory as well as the vestibular system
is able to improve static postural equilibrium in healthy subjects stand-
ing with eyes closed as well as in patients with sensory deficits [8-10].

15
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The purpose of the present study was to evaluate whether noise-
enhanced input from the vestibular system is able to improve walking
stability in healthy subjects walking with eyes closed. A positive eval-
uation of this approach would offer a future treatment option for
restoring gait stability in patients with a bilateral vestibular dys-
function. To test this option, we used galvanic vestibular stimulation
(GVS), which is a known procedure to electrically stimulate ves-
tibular afferents [11]. GVS was applied as imperceptible amounts
of white noise into the vestibular system of healthy subjects when
walking with eyes closed. Head kinematics while walking were mea-
sured in order to estimate the magnitude of vestibular inputs during
the stimulation trials. The effects of noisy GVS on the walking per-
formance were tested at different walking speeds (i.e., slow, preferred
and fast) and it was hypothesized that noisy GVS would predomi-
nantly affect slow locomotion modes that are thought to critically
rely on sensory feedback control [3,5,12,13]. We further hypoth-
esized that noisy GVS would primarily influence the stride-to-
stride fluctuation and bilateral coordination characteristics of the
walking pattern, which have been shown to be most sensitive to
alterations in sensory feedback control [3-5] and which are closely
linked to dynamic gait stability [14,15].

Materials and methods
Subjects

Seventeen healthy subjects (seven females/ten males; mean age
28.8 + 1.7 years) participated in the study (Table 1). None of the par-
ticipants reported any auditory, vestibular, neurologic, cardio-vascular
or orthopedic disorders. All subjects had normal or corrected-to-
normal vision.

Galvanic vestibular stimulation

GVS was delivered by a battery-driven constant current stimu-
lator (neuroConn®, Ilmenau, Germany) through conductive-rubber
electrodes, placed in two saline-soaked sponges placed over left and
right mastoid process behind the ears. The electrical signal con-
sisted of zero-mean Gaussian white noise within a frequency range
of 0-30 Hz [9,16]. The GVS intensity (i.e., peak amplitude) was set
to 80% of cutaneous threshold, which has been previously shown
to be the optimal amplitude of noisy GVS in healthy subjects [9].
The sensory threshold was determined using stepwise method
[17,18]: Accordingly, starting from a current level of 20 yA, noisy
test stimuli were delivered for 10 s periods with stepwise in-
creases (20 pA) until participants perceived a mild tingling sensation
at the electrode sites. This procedure was then repeated to confirm
the sensory threshold. For the GVS sham condition the signal in-
tensity was set to 0 pA.

Table 1
Characteristics, stimulation amplitudes, and walking velocities of the study collec-
tive (mean + SEM).

Gender 7 females/10 males
Age 28.8+17

Height (cm) 175.8+2.3

Weight (kg) 71.8+3.7

Leg length (cm) 91.8+ 1.1
Threshold of sensation (uA) 405.3+35.6

GVS amplitude (nA) 324.2+28.5

Slow walking speed (m/s) 0.3+0.1
Preferred walking speed (m/s) 14+0.1

Fast walking speed (m/s) 1.7+0.1

GVS - galvanic vestibular stimulation.

Procedures

Initially, the preferred walking speed of each subject was de-
termined during normal over-ground locomotion on a 6.7 m long,
pressure-sensitive carpet system (GAITRite®, CIR System, Havertown,
USA) with a sampling rate of 120 Hz. Subsequently, steady-state lo-
comotion was measured on a 1.6 m long, pressure-sensitive treadmill
system (Zebris®, Isny, Germany; h/p/cosmos®, Nussdorf-Traunstein,
Germany) with a sampling rate of 100 Hz. To derive an estimate of
vestibular inputs during locomotion, head kinematics were mea-
sured via a three-dimensional inertial sensor (APDM, Inc., Portland,
OR) with a sampling rate of 128 Hz, strapped to the head in orien-
tation parallel to Reid’s base line.

Three different conditions were examined on the treadmill system.
First one baseline condition: (1) walking with eyes open (EO), subse-
quently two stimulation conditions: (2) walking with eyes closed and
zero-amplitude sham GVS (EC) and (3) walking with eyes closed and
non-zero-amplitude GVS (EC-GVS). The stimulation conditions were
tested in a randomized order and subjects were blinded to the stim-
ulation protocol. After completion of the three test conditions, subjects
were asked whether they felt any change in walking balance (no change,
improvement or deterioration) between the two stimulation condi-
tions. This procedure was repeated for three different walking speeds
in a randomized order: preferred walking speed (PWS), slow walking
speed (25% of PWS), and fast walking speed (125% of PWS) - result-
ing in a total of nine trials. The recording duration of each of the nine
trials was 2 minutes. Before each recording, participants were given
1 minute to adapt to the preset treadmill speed. Between trials, par-
ticipants were given at least 2 minutes to recover (Fig. 1).

Data analysis

Two different groups of gait parameters were analyzed. First, five
parameters characterizing the mean spatiotemporal gait pattern:
stride time, stride length, base of support, swing time percentage,
double support time percentage. Second, five parameters quanti-
fying the bilateral walking coordination and the gait variability: gait
asymmetry (GA)' [19] and bilateral phase synchronization by using
the phase coordination index (PCI)? [20] as well as the coefficient
of variation (CV) of stride time, stride length and base of support.
Head kinematics were analyzed by calculating the root mean square
(RMS) of head angular velocity in roll, yaw, and pitch plane.

Statistical analysis

Data are reported as mean + SEM. The effects of each dependent
variable were analyzed using a two-way repeated measurement anal-
ysis of variance (rmANOVA) and a Bonferroni post hoc analysis with
walking speed (slow, preferred, fast) and sensory condition (EO, EC,
EC-GVS) as factors. Significant interaction effects were further de-
composed into simple main effects. Results were considered
significant if p < 0.05. Statistical analysis was performed using SPSS
(Version 20.0; IBM Corp., Armonk, NY).

1 Gait asymmetry (GA) was
SSWT
LSWT
leg with the short and with the long mean swing time, respectively.

2 The phase coordination index (PCI) was quantified by first calculating the phase

quantified by the following formula:

GA=100x/|In

‘, where SSWT and LSWT denote the mean swing times for the

@ of the ith heel strike defined as: ¢; = 360°x 5l where ts and t,; stand for
L+ L
the times of the ith heel strike of the leg with the short and long mean swing times,

respectively and t., > ts > t;;. The PCl is then calculated by: PCI=100x 1(08/4‘(3)5" +Qcy

where @gs is given by: g, =|p; —180° and ¢ is the coefficient of variation of the
time series ¢;.
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Figure 1. (A) Experimental setup. Noisy galvanic vestibular stimulation was applied with electrodes on the left and right mastoid process behind the ears by a portable
stimulator. Subjects walked at three speeds (slow, preferred and fast) on a pressure-sensitive treadmill. Head motion was measured via a three-dimensional inertial sensor
strapped to the head in orientation parallel to Reid’s base line. (B) Stride time series of a representative individual while walking slowly with eyes closed and zero-
amplitude noisy GVS (EC; gray line) and while walking slowly with eyes closed and noisy GVS at an intensity of 300 uA (EC-GVS; black line).

Results

The rmANOVA results are presented in Table 2. The mean thresh-
old of sensation for GVS was 405.3 + 35.6 uA. Accordingly the mean
applied simulation amplitude of noisy GVS was 324.2 + 28.5 A (cor-
responding to 80% of the threshold). The mean walking speeds
examined were 0.3 + 0.1 m/s for slow walking, 1.4 + 0.1 m/s for pre-
ferred walking, and 1.7 £ 0.1 m/s for fast walking (Table 1).

Stimulation effects on mean spatiotemporal parameters

Compared to baseline condition (i.e., EO), walking with eyes closed
and zero-amplitude GVS (i.e., EC) resulted in significantly shorter
stride times for slow and preferred walking and in significantly

Table 2
Repeated measurement ANOVA results.

smaller stride lengths during all walking speeds (Fig. 2A,B). All other
mean spatiotemporal gait parameters did not show any signifi-
cant alterations for walking with EC compared to EO. None of the
mean spatiotemporal gait parameters did show any significant re-
sponse to noisy GVS (i.e., EC-GVS).

Stimulation effects on variability and bilateral coordination
parameters

Compared to baseline condition (i.e., EO), walking with eyes closed
and zero-amplitude GVS (i.e., EC) resulted in a significant increase
of stride time CV, stride length CV, and base of support CV at all
walking speeds and additionally a decrease in bilateral phase co-
ordination during slow walking (Fig. 2F-]). Turning on noisy GVS

Speed (SWS | PWS | FWS)

Condition (EO | EC | EC-GVS)

Speed x condition

Mean spatiotemporal gait parameters
Stride time

Stride length

Base of support

Swing phase

Double support phase

F232= 147.0, p < 0.001
F232=652.2, p < 0.001
F232=11.1,p=0.003

F2,32=680.4, p <0.001
F2,32=725.0, p < 0.001

Variability and bilateral coordination gait parameters

Stride time CV

Stride length CV

Base of support CV

Gait asymmetry

Phase coordination index
Head kinematics

Roll angular velocity RMS
Yaw angular velocity RMS
Pitch angular velocity RMS

F232=32.5,p<0.001
F232=38.3, p<0.001
F232=37.0, p < 0.001
F232=33.1,p<0.001
F2,32=62.0, p < 0.001

F232=15.9, p <0.001
F232=12.5, p < 0.001
F232=67.1, p<0.001

F232=45.8, p < 0.001
F232=60.7, p < 0.001
F2,32=10.0, p=0.003
F2v32 = 0.3, b= 0.758
F2,32 = 0.4, p= 0.668

F232=6.7, p=0.018
Fz,3z = 8.2, pP= 0.009
F232=15.3, p <0.001
F2'32 = ].5, p= 0.238
F232=8.9, p=0.007

F232=14.3, p=0.001
F232=2.5,p=0119
F232=9.3, p=0.002

Fa64=28.6, p <0.001
Fa64=9.7, p=0.045
F464=0.4,p=0.735
F4,64 = 0.2, p= 0.149
F4,64 = 2.7, p= 0.081

Fa64=5.1,p=0.037
Fa64=5.3,p=0.032
Fa64=5.8, p=0.001
F4,54 = 0.9, p= 0.416
Fa64=5.6, p=0.025

F464=0.6, p=0.595
F464=0.4,p=0.747
F464=2.1,p=0.115

Significant effects are marked in bold.

SWS - slow walking speed, PWS - preferred walking speed, FWS - fast walking speed, EO - walking with eyes open, EC - walking with eyes closed, EC-GVS - walking with

eyes closed and noisy galvanic stimulation.
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during walking with eyes closed (i.e., EC-GVS) caused significant im-
provements of all examined variability and bilateral coordination
parameters. This effect was only observable during walking with slow
speed. Stride time CV decreased by 35.6 + 7.6% (p <0.034), stride
length CV by 30.7 £ 8.1% (p <0.037), base of support CV by 13.7 + 7.1%
(p <0.009), and PCI by 23.2 + 8.9% (p <0.034) (Fig. 2F-]). The fact that
the ameliorating effect of noisy GVS on walking balance was pri-
marily observable during slow walking was also reflected in the
participants’ reports on subjective improvement during noisy GVS.
For slow walking, 65% of the participants reported a subjective im-
provement in walking balance due to noisy GVS compared to only
35% during preferred walking and 18% during fast walking.

Stimulation effects on head kinematics

Compared to baseline condition (i.e., EO), walking with eyes closed
and zero-amplitude GVS (i.e., EC) resulted in significantly de-
creased RMS for head roll and pitch angular velocity during all
walking velocities. RMS of head angular velocity in all axes of ro-
tation did not show any significant response to GVS (i.e., EC-GVS)
(Fig. 3A-C).

Discussion

The present study examined the effects of noise-enhanced ves-
tibular input on the walking performance of healthy subjects walking
with eyes closed. We observed that decreased dynamic stability
during walking with eyes closed could be significantly improved by
applying imperceptible levels of white noise GVS. This ameliorat-
ing effect of noise-enhanced vestibular input depended on the
walking speed and predominantly improved the stride-to-stride fluc-
tuation and bilateral coordination characteristics of the walking
pattern, which are closely linked to dynamic gait stability. The rel-
evance of these findings will be discussed in two parts: (1) Influence
of noise-enhanced vestibular input on dynamic walking stability and
(2) putative mechanism and clinical application of noise-enhanced
vestibular input.

Influence of noise-enhanced vestibular input on dynamic
gait stability

In conformance with previous studies, we observed that depri-
vation of visual feedback resulted in a decrease of dynamic walking
stability during slow walking indicated by increased fore-aft (i.e.,
stride time and stride length) and medio-lateral (i.e., base of support)
stride-to-stride fluctuations, a more variable bilateral phase coor-
dination and a less symmetric gait pattern [3]. It is commonly
believed that alterations in walking performance due to a loss of
vision cannot be fully compensated by somatosensory and vestibu-
lar information [21]. However, the present results demonstrate that
noise-enhanced input from the vestibular system is able to com-
pensate for visual deprivation caused gait alterations by up to ~35%.
Vestibular feedback in gait control is thought to be primarily re-
quired for stabilizing the head to ensure stable gaze control during
locomotion and for spatial orientation in navigational tasks [22-24].
More recently, vestibular information was also suggested to play a
critical role in maintaining dynamic walking stability by fine-
tuning the timing and magnitude of foot displacement in a phase-
dependent manner [25-27]. Correspondingly disturbed vestibular

4

feedback typically results in increased stride-to-stride variability,
i.e,, an impaired walking stability [4,28]. The observed effects of noisy
GVS on the walking performance support the latter aspect of ves-
tibular locomotion function, i.e., its contributions to stabilize the
walking pattern. Noise-enhanced vestibular input significantly de-
creased the fore-aft and medio-lateral stride-to-stride fluctuations
and improved the bilateral phase coordination and left-right sym-
metry of the walking pattern. Decreased gait fluctuations in the fore-
aft and medio-lateral walking plane, as well as enhanced bilateral
walking coordination, have been linked to an increased dynamic
walking stability and a lower risk to fall [14,15,29,30]. Noisy GVS
induced changes in walking performance were further associated
to a subjectively felt improvement of walking balance in partici-
pants. In contrast, noisy GVS had little to no effect on the mean
spatiotemporal walking pattern, supporting the view that it is the
stride-to-stride dynamics of walking that are primarily sensitive to
alterations in sensory feedback [5,31].

Moreover, we observed that noise-enhanced vestibular input in-
fluenced the walking performance in a speed-dependent manner.
Noisy GVS led to enhanced dynamic walking stability predomi-
nantly during slow walking but had hardly any effect on preferred
and fast walking modes. This observation corresponds to the growing
evidence of a speed-dependent role of sensory feedback in loco-
motion control. Accordingly, the impact of a vestibular, visual or
somatosensory loss or perturbation decreases with increasing
walking speed [3-5,12,24]. Functional imaging studies could further
confirm that sensory cortex activity is decreased at faster walking
modes [13,32]. Active sensory feedback control is therefore thought
to be primarily necessary for balance control during slow locomo-
tion, whereas internal feedforward commands from spinal central
pattern generators are likely to dominate balance control at fast lo-
comotion modes [33].

Putative mechanism and clinical application of noise-enhanced
vestibular input

The putative mechanism underlying noise-enhanced vestibu-
lar input is thought to be stochastic resonance, according to which
a system'’s ability to detect weak signals can be enhanced by addi-
tion of a random interference, i.e., white noise [6,7]. Accordingly an
appropriate level of noise, delivered via a white noise GVS, might
facilitate weak signal detection in the vestibular system via small
changes in receptor potentials that lower the detection threshold
of vestibular neurons [9,10]. Since the phenomenon of stochastic
resonance does only occur in nonlinear systems, it is important to
note that vestibular signal processing has been shown to be essen-
tially nonlinear [34,35].

Vestibular afferents exhibit detection thresholds for angular ve-
locities ranging from 4 deg/s for regular afferents to 8 deg/s for
irregular afferents [34]. GVS has been shown to predominantly ac-
tivate the irregular primary afferents of the vestibular system [11].
Previous studies examining the effect stochastic resonance for the
vestibular system have considered behavioral tasks, i.e. quiet stand-
ing, in which the baseline vestibular inputs were below vestibular
detection thresholds [9,10,16]. To test whether subthreshold ves-
tibular input is also present during locomotion at different velocities,
we measured and analyzed head kinematics for each walking trial.
Our results show that RMS of head angular velocity in all axes of
rotation is below or in the range of established vestibular detection

N

Figure 2. Gait changes in response to noisy GVS. Mean + SEM of the 10 examined gait parameters (A-E: mean spatiotemporal parameters; F-J: variability and bilateral
coordination parameters) during baseline condition, i.e., walking with eyes open (EO) and the two simulation conditions, i.e., walking with eyes closed with sham GVS (EC)
and walking with eyes closed with non-zero amplitude noisy GVS (EC-GVS). Noisy GVS particularly improves the variability and bilateral coordination characteristics of the
walking pattern and is predominantly effective during slow walking. *Significant change in gait parameter between conditions.
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thresholds for all examined walking speeds (Fig. 3A-C). Average dis-
tributions of head angular velocities recorded during the stimulation
trials further demonstrate that a considerable amount of vestibu-
lar inputs were subthreshold especially for slow velocities, where
in average 72% of head angular velocities were below 8 deg/s.
However, this amount decreases for faster walking modes to in
average 59% for preferred and 49% for fast walking speeds (Fig. 3D-F).
This might also provide an explanation for the primary effect of noisy
GVS during slow walking speeds. During walking with eyes closed
we found reduced head kinematics in conformance with previous
studies that observed decreased head peak angular velocities due
to deprivation of visual feedback [22,36]. Reduced head kinemat-
ics during walking with eyes closed have been interpreted to reflect
either a tighter vestibular and proprioceptive control of head motion
[22,36] or an enhanced locking of the head on the trunk, which
would reduce the degrees of freedom of the head-neck system [22].
In favor of the second hypothesis, we did not find any beneficial effect
on head stabilization in response to noise-enhanced vestibular input
when walking with eyes closed.

In the past, noise-enhanced vestibular input has been demon-
strated to improve static postural equilibrium in healthy subjects
as well as in patients with bilateral vestibular dysfunction possi-
bly via a facilitation of vestibulospinal reflexes [9,10]. There is also
first evidence for a positive impact of noisy GVS on ocular-motor
function, in particular improved ocular counter-roll reflexes in re-
sponse to whole-body tilt [37]. However, further studies are required
to test whether noisy GVS can also improve gaze stabilization during
locomotion. The results presented here complement these find-
ings by demonstrating that noise-enhanced input from the vestibular
system is capable of improving postural stability during dynamic
walking tasks. These beneficial effects of noise-enhanced vestibu-
lar input might also entail important clinical relevance. Decrements
in vestibular function due to aging or disease are accompanied by
postural disequilibrium during standing and walking and typical-
ly result in a higher risk to fall [38,39]. Currently, there is no effective
treatment option available for subjects with bilateral vestibular dys-
function except rehabilitation [40]. In this context, noisy GVS might
act as a sensory prosthesis, which increases the sensitivity of re-
sidual vestibular afferents in patients with an intact vestibular nerve
to improve their walking performance and reduce their risk to fall
[8,41]. Further studies are however required to examine the here
observed effects in patients with bilateral vestibular dysfunction.
Finally, there is also first evidence that noise-enhanced vestibular
input can improve motor function in patients with Parkinson’s
disease and other neurodegenerative diseases [16,42].
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Noisy vestibular stimulation improves

dynamic walking stability in bilateral
vestibulopathy

ABSTRACT

Objective: To examine the effects of imperceptible levels of white noise galvanic vestibular stim-
ulation (nGVS) on dynamic walking stability in patients with bilateral vestibulopathy (BVP).

Methods: Walking performance of 13 patients with confirmed BVP (mean age 50.1 + 5.5 years)
at slow, preferred, and fast speeds was examined during walking with zero-amplitude nGVS
(sham trial) and nonzero-amplitude NnGVS set to 80% of the individual cutaneous threshold for
GVS (nGVS trial). Eight standard gait measures were analyzed: stride time, stride length, base of
support, double support time percentage as well as the bilateral phase coordination index, and the
coefficient of variation (CV) of stride time, stride length, and base of support.

Results: Compared to the sham trial, nGVS improved stride time CV by 26.0% = 8.4% (p <
0.041), stride length CV by 26.0% = 7.7% (p < 0.029), base of support CV by 27.8% + 2.9%
(p < 0.037), and phase coordination index by 8.4% =+ 8.8% (p < 0.013). The nGVS effects on
walking performance were correlated with subjective ratings of walking balance (p = 0.79, p <
0.001). Effect of nGVS on walking stability was most pronounced during slow walking.

Conclusions: In patients with BVP, nGVS is effective in improving impaired gait performance, pre-
dominantly during slower walking speeds. It primarily targets the variability and bilateral coordi-
nation characteristics of the walking pattern, which are linked to dynamic walking stability. nGVS
might present an effective treatment option to immediately improve walking performance and
reduce the incidence of falls in patients with BVP.

Classification of evidence: This study provides Class IV evidence that in patients with BVP, an
imperceptible level of nGVS improves dynamic walking stability. Neurology® 2016;86:2196-2202

GLOSSARY

BVP = bilateral vestibulopathy; CV = coefficient of variation; cVEMP = cervical vestibular-evoked myogenic potential;
GVS = galvanic vestibular stimulation; nGVS = noisy galvanic vestibular stimulation; oVEMP = ocular vestibular-evoked
myogenic potential; PCI = phase coordination index; PWS = preferred walking speed.

The peripheral vestibular organs sense angular and linear motion of the head to ensure stable
gaze and postural balance during self-motion via vestibular-ocular and vestibulospinal reflexes.’
During locomotion, vestibular feedback essentially contributes to maintenance of dynamic
stability by fine-tuning the timing and magnitude of foot displacement.”* Consequently, the
gait disorder in patients with bilateral vestibulopathy (BVP) is characterized by increased gait
variability and a higher risk of falls.>® Until now, effective treatment options for BVP have been
limited to physical therapy.”®

Impaired vestibular information processing due to abnormally elevated vestibular signal
detection thresholds is a central consequence of BVP.”? In the past, signal processing in a variety
of sensory systems was shown to be enhanced by adding imperceptible amounts of noise to the
system.'® The rationale behind this phenomenon is a mechanism known as stochastic resonance,
where weak undetectable signals can be boosted above the detection threshold by resonating
with added white noise.'" Previous studies used this principle to enhance the sensitivity of
residual vestibular afferents in patients with BVP by using galvanic vestibular stimulation

From the German Center for Vertigo and Balance Disorders (M.W., ].D., S.K., A.S., T.B., K.J., R.S.), Department of Neurology (E.N., S.K., A.S.,
R.S.), and Institute for Clinical Neuroscience (T.B.), University of Munich; and Schoen Klinik Bad Aibling (K.J.), Germany.
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(GVS), a known procedure to electrically stim-
ulate vestibular afferents.'” Thereby, imper-
ceptible amounts of noisy GVS (nGVS) were
shown to improve postural performance in
patients with BVP."> More recently, it was
further demonstrated that nGVS improves
walking stability in healthy individuals while
walking under visual deprivation'* and during
support surface perturbations.'’

In the present study, we examined the ef-
fects of imperceptible levels of nGVS on walk-
ing performance in patients with BVP. We
demonstrate that nGVS effectively decreases
their walking imbalance and might therefore
provide a therapeutic tool to improve walking
stability and reduce the incidence of falls in
BVP.

METHODS Level of evidence. The aim of this Class [V evi-
dence study was to examine the effects of imperceptible amounts

of nGVS on the walking performance in patients with BVP.

Standard protocol approvals, registrations, and patient
consents. The study protocol was approved by the ethics com-
mittee of the University of Munich and was registered in DRKS

(DRKS00007875). All procedures were in accordance with the
Helsinki declaration and all patients gave their written informed

consent.

Patients. Thirteen patients with BVP (5 women/8 men; mean
age 50.1 * 5.5 years; mean height 1.72 * 0.03 m; mean weight
74.5 * 3.1 kg) participated in the study. All patients showed
a clinically proven deficit (bilateral pathologic head impulse test
and reduced or absent caloric responses, i.e., the sum of maxi-
mum slow phase eye velocities during warm and cold caloric
irrigation was below 10 deg/s). Cervical vestibular-evoked
myogenic potentials (c(VEMPs) and ocular VEMPs (0VEMPs)
were used as measures of otolith function, i.e., saccular and

utricular function, respectively'® (table 1).

Galvanic vestibular stimulation. GVS was delivered by a bat-
tery-driven constant current stimulator (neuroConn, Ilmenau,
Germany) via conductive-rubber electrodes, placed in 2 saline-
soaked sponges placed over the left and right mastoid process
behind the ears. The electrical signal consisted of zero-mean
gaussian white noise within a frequency range of 0 to 30 Hz."”
The intensity of GVS (i.e., peak amplitude) was set to 80% of
cutaneous threshold, which was found to be the optimal
amplitude for nGVS in patients with BVP."? The cutaneous
threshold was determined using a stepwise method as described
previously.'” For the nGVS sham condition, the intensity of the
nGVS signal was set to 0 pA.

Procedures. Initially, the preferred walking speed (PWS) of each
patient was determined during normal overground locomotion

on a 6.7-m-long, pressure-sensitive carpet system (GAITRite;

[ Table 1 Patient characteristics, stimulation amplitudes of nGVS, and effects of nGVS on dynamic walking stability ]

Caloric

response, Cervical Ocular

deg/s® VEMP, pVP VEMP, pV© Average improvement, %

nGVS

Patient Age, y/sex Etiology Right Left Right Left Right Left amplitude, pA SWS PWS FWS
1 24[F Autoimmune 3 3 27.6 225 6.9 5.8 360 53.4 23.9 -16.1
2 71/M Idiopathic 6 4 0.0 55.0 0.0 151 360 9.2 14.2 -14.2
3 41/M Autoimmune 1 1 0.0 0.0 0.0 0.0 380 16.7 231 -38
4 43/M Autoimmune 6 8 0.0 0.0 0.0 0.0 340 9.2 6.4 8.3
5 74/M Aminoglycoside 9 6 0.0 0.0 0.0 0.0 340 21.8 4.9 -7.4
6 63/M Idiopathic & 7 0.0 0.0 0.0 0.0 560 15.6 7.0 25.4
7 66/F Idiopathic 4 4 97.2 121.3 27.7 20.3 360 18.6 6.6 134
8 20/F Autoimmune 6 6 0.0 0.0 0.0 182 100 29.8 17.8 -88
9 24[F Autoimmune 2 4 86.0 88.3 14.8 81 280 -20.0 213 3.6
10 74[F Méniére disease 6 5 61.8 102.0 12.7 13.8 360 60.8 -29.6 -6.8
11 45/M Meéniére disease 4 5 524 62.2 9.9 7.6 320 31.0 0.8 11.7
12 35/M Autoimmune 1 4 7.4 11.0 0.0 0.0 640 10.8 8.0 -14.2
13 45/M Aminoglycoside 4 2 0.0 0.0 0.0 0.0 560 29.6 25.6 12.3
Mean 4.2 4.5 23.4 35.6 55 6.9 381.5 22.0 10.0 0.3
SE 0.6 0.5 10.2 12.4 24 21 383 5.2 37 34

Abbreviations: FWS = fast walking speed; nGVS = noisy galvanic vestibular stimulation; PWS = preferred walking speed; SWS = slow walking speed;
VEMP = vestibular-evoked myogenic potential.
Improvements are averaged over all gait measures that showed a response to nGVS, i.e., stride time coefficient of variation (CV), stride length CV, base of
support CV, and phase synchronization index.

2Sum of maximum slow phase eye velocities during warm and cold caloric irrigation.
b Peak-to-peak amplitude between the first positive and negative peaks (p13, n23) that occurred between 13 and 23 milliseconds after stimulus onset.
¢ Amplitude of the first negative peak (n10) that occurred 10 milliseconds after stimulus onset.
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CIR Systems, Havertown, PA) with a sampling rate of 120
Hz. Subsequently, steady-state locomotion was measured
on a 1.6-m-long, pressure-sensitive treadmill system (Zebris, Isny,
Germany; h/p/cosmos, Nussdorf-Traunstein, Germany) with
a sampling rate of 100 Hz.

Two different conditions were tested on the treadmill
system: (1) walking with zero-amplitude sham nGVS (sham
trial), and (2) walking with nonzero-amplitude nGVS (nGVS
trial). The 2 conditions were performed in a randomized order
and participants were blinded to the stimulation protocol. After
completion, participants were asked whether they experienced
any change in walking balance (categories: no change, improve-
ment, or deterioration) between the 2 conditions. This proce-
dure was repeated for 3 different walking speeds in a randomized
order: PWS, slow walking speed (25% of PWS), and fast walking
speed (125% of PWS)—resulting in a total of 6 trials. The
recording duration of each trial was 2 minutes. Before each
recording, patients were given 1 minute to adapt to the preset
treadmill speed. Between trials, they were given at least 3 minutes
to recover and to reduce the effect of nGVS, if any, in the pre-
ceding trial (figure 1).

Data analysis. Two different groups of standard gait measures
were analyzed. The first group included 4 measures characterizing
the mean spatiotemporal gait pattern: stride time, stride length,
base of support (i.e., the distance from the heel center of one foot
to the line of progression formed by 2 footprints of the opposite
foot), and double support time percentage (i.e., the percentage of
the total gait cycle duration with both feet being in contact with
the ground). The second group included 4 measures quantifying
variability of bilateral coordination of walking: the coefficient of

variation (CV) of stride time, stride length, and base of support,

as well as the bilateral phase synchronization by using the phase
coordination index (PCI)."® The PCI is quantified by first calcu-
lating the phase ¢, of the 7th heel strike defined as:

@, =360 X }L(’i‘;t_“" , where z5; and #;; stand for the time of

the ith heel strike of the leg with the short and long mean swing
times, respectively, and #;; + ;) > ts; > 7 The PCI is then

calculated by: PCI = 100 X 245+ ¢, where @455 is given by:

Qaps = |;—180°| and ¢y is the CV of the time series ¢;.

Statistical analysis. Data are reported as mean * SE. The
effects of each dependent variable were analyzed using a 2-way
repeated-measures analysis of variance and a Bonferroni post
hoc analysis with walking speed (slow, preferred, fast) and
stimulation condition (sham, nGVS) as factors. Significant
interaction effects were further decomposed into simple main
effects. The relationship of nGVS effects on walking
performance to vestibular function of patients (i.c., caloric
response, cVEMP, and oVEMP) as well as their subjective
rating of walking balance were analyzed by a Spearman rank
correlation. Results were considered significant if p < 0.05.
Statistical analysis was performed using SPSS (version 20.0;
IBM Corp., Armonk, NY).

RESULTS Walking speeds and nGVS amplitudes. The
mean walking speeds examined were 0.2 £ 0.1 m/s
for slow walking (range: 0.1-0.4 m/s), 0.8 = 0.1 m/s
for preferred walking (range: 0.3-1.2 m/s), and 1.1 *
0.1 m/s for fast walking (range: 0.4-1.9 m/s). The
mean threshold of sensation for GVS was 475.8 *+
48.2 pA. Accordingly, the mean applied simulation
amplitude of nGVS was 381.5 * 383 pA

[ Figure 1 Experimental setup
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(A) Experimental setup: nGVS was delivered by a portable stimulator via electrodes placed on the left and right mastoid pro-
cess behind the ears. nGVS effects on walking performance of patients with bilateral vestibulopathy were examined on
a pressure-sensitive treadmill at 3 speeds (slow, preferred, and fast). (B) Stride length and base of support series of a rep-
resentative individual while walking slowly during zero-amplitude nGVS (sham trial) and nGVS at an intensity of 560 pA
(nGVS trial). During stimulation, CV of stride length improved by 33% and CV of base of support by 43% compared to the
sham trial. CV = coefficient of variation; nGVS = noisy galvanic vestibular stimulation.
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(corresponding to 80% of the individual cutaneous
threshold). None of the patients reported pain or
any unpleasant symptoms during or after the nGVS

trials (table 1).

nGVS effects on mean spatiotemporal gait measures.
None of the examined mean spatiotemporal gait
measures such as stride time, stride length, base of
support, and double support phase showed any
response to nGVS (table 2; figure 2, A-D).

nGVS effects on variability and bilateral coordination
gait measures. Compared to the sham trial, walking
with nGVS resulted in improvements of all analyzed
variability and bilateral coordination gait measures
(table 2; figure 2, E-H). Stride time CV decreased by
26.0% * 8.4% (p < 0.041), stride length CV by
26.0% = 7.7% (p < 0.029), base of support CV by
27.8% £ 2.9% (p < 0.037), and PCI by 8.4% =
8.8% (p < 0.013). These ameliorating effects of nGVS
were predominantly found during slow walking. How-
ever, stride length and base of support CV also showed
improvements during preferred and fast walking
speeds. No correlation was found between the vestib-
ular function of patients (i.e., caloric response, cVEMP,
and oVEMP) and nGVS-induced improvements in
their walking performance.

nGYVS effects on subjective rating of walking balance. The
speed-dependent effect of nGVS on objective walking
performance was mirrored in the patients’ subjective
rating of walking balance during the stimulation
trials: during slow walking, an improvement in
walking balance attributed to nGVS was reported by
6 patients (6: no change; 1: deterioration), for preferred
walking by 4 patients (8: no change; 1: deterioration),
and for fast walking by only one patient (11:
no change; 1: deterioration). A positive correlation

between subjective ratings of walking balance and
objective improvements in walking performance
(averaged over all gait measures that showed
a response to nGVS) was found for slow walking
0.79, p < 0.001) but not for
preferred and fast walking.

(Spearman p =

DISCUSSION We applied imperceptible amounts of
nGVS to patents with BVP while walking and
provide evidence that nGVS can be effective in
improving impaired gait stability of these patients
predominantly during slow walking modes. We
observed that the ameliorating impact of nGVS is
dependent on the walking speed and particularly im-
proves the variability and bilateral coordination char-
acteristics of the walking pattern that are closely
linked to dynamic gait stability. The relevance of
these results will be discussed regarding (1) the influ-
ence of nGVS on the walking performance of patients
with BVP, and (2) the presumed mechanism and
clinical relevance of nGVS.

We observed that nGVS primarily influenced the
spatiotemporal gait variability and bilateral walking
coordination in patients with BVP, in agreement with
nGVS effects on walking performance in healthy in-
dividuals.'* Accordingly, nGVS led to decreased
stride-to-stride fluctuations in the fore-aft (i.e., stride
time and stride length) and mediolateral (i.e., base of
support) walking plane as well as a more consistent
phase relationship during walking. These gait altera-
tions strongly indicate an enhanced dynamic walking
stability.'”** Moreover, elevated levels of fore-aft gait
variability have been previously shown to be indica-
tive of an increased risk of falls in central and periph-
eral neurologic gait disorders.”*** The observed
nGVS-induced improvements of gait variability

[ Table 2 Repeated-measures analysis of variance results ]

Speed (SWS|PWS|FWS)

Mean spatiotemporal
gait measures
Stride time Fo24 = 11.4, p < 0.001%
Stride length Fs24 = 929, p < 0.0017
Base of support F>24 = 9.0, p = 0.008°
Double support phase F>24 = 150.8, p < 0.001°

Variability and bilateral
coordination gait measures
Stride time CV F>24 = 50.0, p < 0.001%
Stride length CV Fo24 = 43.4, p < 0.001°
Base of support CV Fo24 = 28.0, p < 0.001%

Phase coordination index F>24 = 50.1, p < 0.001%

Condition (sham|nGVS) Speed x condition

F1'12 = 11, P = 0.352 F2,24 = 2.7, P = 0.087

Fi12 = 1.0,p = 0.346 Foz4 = 5.4,p < 00132
Fi12 = 1.8 p = 0.204 Foz4 = 2.8, p = 0.087

Fi12 = 3.8,p = 0.105 Fo04 = 1.8, p = 0.200

Fi10 =81, p=0.015° Fs24 = 5.2, p = 0.0417

Fi12 = 7.6,p = 0.017° Foz4 = 6.1, p = 0.029°
Fi12 = 231, p < 0.001° Fo04 = 5.8, p = 0.037°

F1'12 = 7.1, P = 0.021° F2,24 =57, p= 0.013%

Abbreviations: CV = coefficient of variation; FWS = fast walking speed; nGVS = noisy galvanic vestibular stimulation;

PWS = preferred walking speed; SWS = slow walking speed.
2 Significant effect.
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[ Figure 2 nGVS effects on walking performance
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Mean = SE of the 8 examined gait measures (A-D: mean spatiotemporal measures; E-H: variability and bilateral coordina-
tion measures) during walking with zero-amplitude nGVS (sham trial) and with nonzero-amplitude nGVS (nGVS trial). nGVS
especially improved the variability and bilateral coordination characteristics of the walking pattern and was most effective
during slower walking speeds. *Significant change in gait measure between conditions. CV = coefficient of variation;

nGVS = noisy galvanic vestibular stimulation.

might therefore also lead to a reduced fall risk in
patients with BVP. nGVS-induced improvements in
walking performance were further associated with
a subjective improvement in walking balance. These
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observations support the view that vestibular feedback
during locomotion is not only required for gaze sta-
bilization and spatial orientation, %’ but also essen-
tially contributes to maintenance of dynamic stability
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while walking. Accordingly, it has been shown that
vestibular feedback influences the walking pattern in
a phase-dependent manner by adjusting and smooth-
ing the stride-to-stride walking trajectories in order to
compensate for unintended irregularities during
motor execution.”™ In line with this, we found that
noise-enhanced vestibular feedback attributable to
nGVS had little to no effect on the mean spatiotem-
poral gait pattern.

Moreover, we observed that the influence of
nGVS on walking performance depended on the
walking speed. nGVS improved gait performance pri-
marily during slow walking. This finding is consistent
with the growing evidence for a speed-dependent role
of sensory feedback in locomotion control. Corre-
spondingly, the impact of a vestibular, visual, or
somatosensory loss or perturbation declines with
increasing locomotion speed.>***”-** Thus, active
sensory feedback control is thought to be predomi-
nantly required for balance control during slow loco-
motion, whereas internal feedforward commands
from central pattern generators in the spinal cord pre-
sumably govern balance control at fast locomotion
modes.?® Balance control in the mediolateral walking
plane forms an exception of this general picture, since
it critically relies on active sensory feedback control
independent of locomotion speed.?***3! In line with
this, we found that nGVS significantly improved me-
diolateral gait variability during all examined walking
speeds. Although the effects of nGVS on walking
performance were primarily observed at speeds below
the preferred paces, patients with BVP might espe-
cially benefit during phases of slow walking in uncer-
tain or unfamiliar environments (e.g., uneven or
slippery grounds, low lighting conditions, navigation
in unknown surroundings).

The presumed mechanism underlying the observed
effects of nGVS on walking performance in patients
with BVP is supposed to be stochastic resonance.
According to this mechanism, the ability of a nonlin-
ear system to detect weak signals can be enhanced by
addition of a random inference, i.e., white noise.'®"
By applying this principle to different sensory sys-
tems, previous studies could show that the addition
of appropriate levels of noise can enhance detection
of weak visual, auditory, and tactile stimuli.>*>* In
line with these observations, stochastic resonance is
thought to also apply to the vestibular system, since
vestibular signal processing is essentially nonlinear.”
Vestibular information processing in patients with
BVP is markedly impaired due to abnormally ele-
vated vestibular signal detection thresholds.” More-
over, a considerable amount of vestibular signals
during walking from slow to high velocities is even
below normal vestibular detection thresholds.'* In
this context, nGVS might be beneficial for patients

with BVP who have an intact vestibular nerve contact
by enhancing the sensitivity of residual vestibular affer-
ents to facilitate the function of vestibulospinal reflexes
required for gait stabilization. These observed effects of
nGVS on walking performance in patients with BVP
support this assumption. In addition, the observed
enhancement of gait performance in patients with
BVP might also arise from reduced oscillopsia during
walking due to nGVS-induced improvements in
vestibulo-ocular reflex gain. Oscillopsia severely im-
pairs visual feedback control during walking with the
consequence of increased gait instability.?”*® In favor
of this assumption, there is first evidence for a positive
impact of nGVS on ocular-motor function, in partic-
ular improved ocular counter-roll reflexes in response to
whole-body tilt.”” However, further studies are required
to examine whether nGVS might also improve gaze
stabilization during locomotion.

Patients with BVP have oscillopsia and a persistent
imbalance during standing and walking that is linked
to a higher risk of falls.® Impaired walking stability in
BVP is further accompanied by an elevated fear of
falling with a significant impact on patients’ daily
mobility and life.® The prognosis of BVP is poor in
that more than 80% of patients do not show any
significant improvements in their condition.*® More-
over, postural imbalance due to decrements of vestib-
ular function is not limited to disease but also occurs
as a cause of aging.” Currently, the therapeutic reg-
imen in individuals with bilateral vestibular dysfunc-
tion is limited to physical therapy.”® However,
approximately half of these individuals do not benefit
from this kind of therapeutic approach.’ The present
findings taken together with previous reports on
nGVS-induced improvements in static postural bal-
ance as well as ocular-motor function in patients with
BVP promote nGVS as an alternative therapeutic
option for reducing the postural imbalance and inci-
dence of falls in this population.'** However, until
now the effects of nGVS in BVP have only been
studied during short-term application in a laboratory
setting. Future long-term application studies in off-
laboratory settings are therefore required to examine
the effects of nGVS on daily mobility, incidence of
falls, and quality of life in patients with BVP.
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8. Zusammenfassung

Patienten mit einer bilateralen Vestibulopathie (BVP) leiden aufgrund fehlender
vestibulookuldrer und  vestibulospinaler  Reflexfunktionen  unter Stand- und
Gangunsicherheit, bewegungsabhadngigem Schwindel, Oszillopsien mit unscharfem Sehen bei
Kopfbewegungen und unter rdumlichen Orientierungsstérungen (Zingler, Weintz et al.
2009). Die Patienten sind in lhrem Alltag stark eingeschriankt und haben ein deutlich
erhohtes Sturzrisiko (Schlick, Schniepp et al. 2016). Die Standardbehandlung ist ein
physiotherapeutisches Gleichgewichtstraining. Auf diese Behandlung spricht nur etwa die

Halfte der Patienten an mit meist nur moderatem Therapieeffekt (Gillespie and Minor 1999).

Fiir die vorliegende Dissertation wurde ein alternativer Therapieansatz fir Patienten mit BVP
untersucht. Der Behandlungsansatz basiert auf dem Phdnomen der stochastischen
Resonanz, demzufolge sich die Signalverarbeitung von sensorischen Systemen durch die
Beigabe eines schwachen Rauschsignals verbessern lasst. In einer vorangegangen Studie
konnte bereits gezeigt werden, dass sich mit Hilfe einer nicht wahrnehmbaren galvanischen
vestibuldren Rauschstimulation die statische Haltungsstabilitdt bei Patienten mit BVP
verbessern ldsst (Iwasaki, Yamamoto et al. 2014). Darauf aufbauend wurde nun der Einfluss
der vestibuldaren Rauschstimulation auf die dynamische Gangstabilisierung bei gesunden
Probanden sowie bei Patienten mit BVP untersucht. Es zeigte sich, dass die vestibulare
Rauschstimulation bei Gesunden und insbesondere bei Patienten zu einer effektiven,
objektiv messbaren sowie subjektiv empfundenen Stabilisierung des Gangverhaltens fihrt.
Die Stimulation verringerte die spatiotemporale Gangvariabilitdt, die bei Patienten ein
Indikator fiir ein erhdhtes Risiko zu sturzen darstellt. Zudem war der Einfluss der Stimulation
vornehmlich wahrend des langsamen Gehens zu beobachten, das bei Patienten am starksten

durch den vestibuldren Funktionsausfall beeintrachtigt ist.

Eine schwache Rauschreizung des vestibuldren Systems flihrt also bei Patienten mit BVP zu
einer effektiven Stabilisierung des statischen und dynamischen Gleichgewichts. Damit stellt
diese Stimulation einen nicht invasiven vielversprechenden Therapieansatz fir Patienten mit

BVP dar.
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9. Summary

Impaired vestibulo-ocular and vestibulo-spinal reflex functions in patients with bilateral
vestibulopathy (BVP) result in standing and walking insecurity as well as disturbed gaze
stabilization during head movements and compromised spatial orientation (Zingler, Weintz
et al. 2009). These disabilities not only impact patients’ daily activities and quality of life but
are also linked to an increased risk of falling (Schlick, Schniepp et al. 2016). The standard
therapeutic approach for BVP is a physical balance training. However, only about half of the
patients respond to the treatment with mostly only a moderate therapeutic effect (Gillespie

and Minor 1999).

The aim of the present thesis was to pursue an alternative therapeutic approach for patients
with BVP. This treatment approach is based on the phenomenon of stochastic resonance, by
which signal processing in sensory systems can be improved in the presence of a
concomitant weak sensory noise stimulation. In a previous study it was already shown that
an imperceptible noisy galvanic vestibular stimulation can effectively improve static stability

of posture in patients with BVP (Iwasaki, Yamamoto et al. 2014).

Based on this finding, we have investigated the influence of an imperceptible noisy
vestibular stimulation on dynamic gait stabilization in healthy subjects and in patients with
BVP. We found that vestibular noise stimulation leads to an effective, objectively
measurable and subjectively perceived stabilization of the gait behavior in healthy subjects
and especially in patients. Improvements in gait performance were in particular linked to a
reduced amount of spatio-temporal gait variability, which is an indicator of an increased risk
of falling in patients with BVP. In addition, the influence of the imperceptible noise
stimulation was observed mainly during slow walking, i.e. the walking mode which is mostly

affected by vestibular dysfunction in patients.

The findings of this thesis demonstrate that a weak noisy stimulation of the vestibular
system in patients with BVP leads to an effective stabilization of their static and dynamic
balance capabilities. Thus, this new stimulation technique represents a promising non-

invasive treatment approach for patients with BVP.
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