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Abstract
Background Patients with bilateral vestibulopathy (BVP) suffer from impaired vestibular motion perception that is linked 
to deficits in spatial memory and navigation.
Objective To examine the potential therapeutic effect of imperceptible noisy galvanic vestibular stimulation (nGVS) on 
impaired vestibular perceptual performance in BVP.
Methods In 11 patients with BVP (mean age: 54.0 ± 8.3 years, 7 females), we initially determined the nGVS intensity that 
optimally stabilizes balance during a static posturographic assessment. Subsequently, effects of optimal nGVS vs. sham 
stimulation on vestibular motion perception were examined in randomized order. Vestibular perceptual performance was 
determined as direction recognition thresholds for head-centered roll tilt motion on a 6DOF motion platform in the absence 
of any visual or auditory motion cues.
Results For each patient, an nGVS intensity that optimally stabilized static balance compared to sham stimulation could 
be identified (mean 0.36 ± 0.16 mA). nGVS at optimal intensity resulted in lowered vestibular perceptual thresholds 
(0.94 ± 0.30 deg/s) compared to sham stimulation (1.67 ± 1.11 deg/s; p = 0.040). nGVS-induced improvements in vestibular 
perception were observed in 8 of 11 patients (73%) and were greater in patients with poorer perceptual performance during 
sham stimulation (R = − 0.791; p = 0.007).
Conclusions nGVS is effective in improving impaired vestibular motion perception in patients with BVP, in particular in 
those patients with poor baseline perceptual performance. Imperceptible vestibular noise stimulation might thus offer a non-
invasive approach to target BVP-related impairments in spatial memory, orientation, and navigation.

Keywords Bilateral vestibulopathy · Galvanic vestibular stimulation · Stochastic resonance · Vestibular perception · 
Balance

Introduction

Bilateral vestibulopathy (BVP) is characterized by a chronic 
reduced or absent bilateral vestibular function [1]. Patients 
primarily suffer from postural imbalance during standing 
and walking that worsens in darkness or on uneven ground 
and blurred vision induced by head movements (i.e., oscil-
lopsia) [2–4]. Beyond, their impaired perceptual registration 
of head orientation and motion in space has been linked to 

deficits in spatial memory and navigation [5–7]. BVP-related 
symptoms considerably impact patients' daily activities and 
mobility [8], are associated to reduced quality of life [9] 
and an increased risk of recurrent falling [8, 10]. The gen-
eral long-term prognosis of BVP is poor [11], and available 
treatment options are currently limited to physical therapy 
that can yield, if any, only partial compensation for lost ves-
tibular function [12].

A majority of patients with BVP typically retain residual 
vestibular excitability and function [13, 14]. Within recent 
years, attempts have been made to augment and boost resid-
ual vestibular excitability in BVP by means of an imper-
ceptible vestibular noise stimulation using non-invasive 
noisy galvanic vestibular stimulation (nGVS) [15, 16]. 
The rationale behind these attempts is stochastic resonance 
(SR)—a phenomenon according to which (pathologically 
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increased) thresholds for sensory information processing 
can be lowered by application of an appropriate amount 
of low-intensity sensory noise [17, 18]. Previous studies 
could demonstrate that treatment with nGVS effectively 
improves vestibulospinal function [19, 20] and as a result 
stabilizes impaired balance [21, 22] and gait performance 
[23, 24] of patients with BVP. While nGVS-related treatment 
attempts in BVP so far focused on impaired postural regu-
lation, recent evidence from healthy individuals indicates 
that nGVS might also directly affect vestibular perceptual 
performance [25–28] and could thus be effective to treat 
BVP-related deficits in spatial cognition.

In the current study, we examined the effects of imper-
ceptible nGVS vs. sham stimulation on vestibular percep-
tual performance in patients with BVP. We demonstrate that 
nGVS effectively improves vestibular motion perception in 
particular in those patients with poor baseline perceptual 
performance. nGVS might thus provide a non-invasive 
and well-tolerated treatment option to target a wide range 
of BVP-related symptoms including non-motor deficits in 
spatial memory and navigation.

Methods and materials

Standard protocol approvals, registrations, 
and patient consents

The study protocol was approved by the ethics committee 
of the University of Munich (study ID: 20-1137) and regis-
tered at DRKS (DRKS00024660). Each patient gave written 
informed consent prior to participation.

Participants

Eleven patients with BVP (mean age: 54.0 ± 8.3 years, 7 
females) participated in the study. All patients showed a 
clinically proven deficit, i.e., a bilateral pathological video 
head impulse test (vHIT, horizontal gain < 0.6) and/or bilat-
eral reduced or absent caloric responses (sum of maximal 
peak velocities of the slow-phase nystagmus with cold and 
warm water < 6 deg/s) [1]. Detailed clinical characteristics 
of patients are presented in Table 1.

Galvanic vestibular stimulation

Vestibular noise stimulation (i.e., nGVS) was applied via a 
pair of 4.0 cm × 6.0 cm Ag–AgCl electrodes attached bilat-
erally over the left and right mastoid process. Zero-mean 
Gaussian white noise stimulation with a frequency range 
of 0–30 Hz and varying peak amplitudes of 0–0.7 mA was 
delivered by a mobile constant current stimulator (neuro-
Conn®, Illmenau, Germany).

Experimental procedures

The experimental procedures consisted of two parts: Ini-
tially, for each patient the nGVS intensity that optimally 
stabilized body balance as assessed by static posturography 
was individually identified. In the main part, the effect of 
nGVS at this optimal intensity on vestibular motion percep-
tion was assessed in comparison with sham stimulation (i.e., 
nGVS at 0 mA).

The initial identification of optimal nGVS intensity was 
performed in analogy to previous procedures [22, 28]: Body 

Table 1  Clinical characteristics, 
stimulation characteristics and 
effects

vHIT video head impulse test, nGVS noisy galvanic vestibular stimulation
a Sum of maximal slow phase eye velocity during warm and cold caloric irrigation

Patient Sex Age Etiology Caloric 
response, deg/
sa

vHIT gain nGVS, mA Perceptual 
threshold, deg/s

Left Right Left Right Sham nGVS

P1 m 46 Genetic 4.1 5.2 0.04 0.12 0.2 0.71 1.05
P2 f 57 Idiopathic 2.6 2.4 0.74 0.67 0.7 4.34 1.31
P3 f 52 Idiopathic 4.4 2.6 0.18 0.16 0.6 1.89 0.81
P4 m 54 Idiopathic 2.7 0.7 0.32 0.22 0.2 1.25 1.35
P5 m 54 Idiopathic 3.0 4.9 0.18 0.02 0.2 0.73 0.71
P6 f 55 Genetic 5.7 2.5 0.22 0.15 0.4 2.72 1.15
P7 f 63 Idiopathic 2.5 4.4 0.11 0.03 0.4 1.62 1.20
P8 f 60 Ototoxic 13.8 7.4 0.31 0.32 0.3 2.08 0.69
P9 f 65 Idiopathic 3.3 2.6 0.66 0.34 0.4 0.39 0.56
P10 m 37 Idiopathic 7.5 12.0 0.53 0.15 0.2 1.11 1.03
P11 f 45 Ototoxic 3.5 3.3 0.30 0.26 0.3 1.49 0.52
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sway was recorded for 30 s on a posturographic force plate 
(Kistler, 9261A, Kistler Group, Winterthur, Switzerland) at 
40 Hz while patients were standing with their eyes closed. 
This procedure was repeated eight times, while patients 
were stimulated with a different amplitude of nGVS (rang-
ing from 0–0.7 mA, in a pseudo-randomized order) in each 
trial. Patients were blinded to the stimulation order and were 
given short breaks between trials to recover. Body sway dur-
ing each trial was characterized by three different body sway 
measures: the mean velocity of the center of pressure (CoP) 
motion, the root mean square of CoP movement, and the 
envelopment area traced by the CoP [22]. The optimal nGVS 
intensity was determined as the one that yielded greatest 
reduction in all three body sway measures compared to sham 
stimulation (i.e., nGVS at 0 mA).

In the main part, effects of nGVS at optimal intensity on 
vestibular perceptual thresholds were examined. Vestibular 
perceptual thresholds were determined as direction recog-
nition thresholds (DRT) for head-centered roll tilt motion 
in analogy to previous procedures [25–28]. Perception of 
this motion requires the integration of cues from the semi-
circular canals and the otoliths of the peripheral vestibular 
endorgans [29]. Patients were secured in a chair mounted on 
6DOF motion platform (Moog 6DOF2000E, East Aurora, 
New York) by a five-point harness and an adjustable head 
restraint. The experiment was performed in total darkness 
and patients wore noise-cancelling headphones to mini-
mize the presence of non-vestibular sensory cues [30]. The 

complete procedure comprised 150 trials. Each trial con-
sisted of a head-centered roll tilt motion made of a single 
half-cycle acceleration that followed a raised-cosine velocity 
profile (Fig. 1A) at 1 Hz to either the left or right (in rand-
omized order), and patients had to indicate the direction of 
perceived motion by button press. The peak motion velocity 
of each trial was varied following an adaptive 3-down 1-up 
staircase procedure. Subsequently, a cumulative Gaussian 
psychometric curve was fitted to the response data of all tri-
als and the resultant DRT was determined as the magnitude 
of roll tilt velocity, which could be distinguished at a rate 
of 79.4% [31]. DRTs were determined in two sessions, once 
during nGVS delivered at optimal intensity and once during 
sham stimulation (i.e., nGVS at 0 mA) in a pseudo-rand-
omized order. Patients were blinded to the stimulation order 
and were given an extended break to recover in-between 
sessions.

Data and statistical analysis

Data are reported as mean ± SD. Effects of nGVS on vestibu-
lar perceptual thresholds were examined using a one-way 
repeated measures analysis of variance (ANOVA) with the 
factor stimulation (nGVS vs. sham). Pearson's correlations 
were performed to test for any association between clinical 
test outcomes (caloric response, vHIT gain), baseline thresh-
olds, and nGVS-induced changes in thresholds. Results were 
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Fig. 1  Effects of nGVS on vestibular perceptual thresholds for 
head-centered roll tilt motion. (A) Left panel: Vestibular percep-
tual thresholds were determined on a 6DOF motion platform with 
patients secured in a platform-mounted chair. Arrow indicates the 
rotational axis alongside the typical displacement and velocity profile 
of motion stimuli applied during psychophysical testing. Right panel: 
Exemplary psychometric curves of perceptual performance and cor-

responding thresholds during sham (i.e., nGVS at 0  mA) and opti-
mal nGVS (patient P11). (B) Group effects of nGVS on perceptual 
thresholds revealed an improved perceptual performance compared to 
sham stimulation (p = 0.04; black crosses represent the group average 
for each condition). (C) Higher baseline perceptual thresholds during 
sham stimulation were associated to greater nGVS-induced improve-
ments in perceptual performance (R = − 0.791; p = 0.007)
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considered significant at p < 0.05. Statistical analysis was 
performed using SPSS (Version 26.0, IBM Corp., USA).

Data availability

Data reported in the article will be shared by any 
appropriately qualified investigator on request after 
pseudonymization.

Results

Administration of nGVS at intensities ranging from 
0–0.7 mA was well tolerated and did not cause disequilib-
rium in any of the examined patients. For each patient, we 
identified an optimal nGVS intensity at which static balance 
was effectively stabilized (optimal nGVS intensity mean 
0.36 ± 0.16 mA, range 0.2–0.7, Table 1). Compared to sham 
stimulation, stimulation at optimal nGVS reduced body sway 
velocity by 25 ± 14%, the root mean square of body sway by 
22 ± 18%, and body sway area by 32 ± 26%. Stimulation at 
optimal nGVS intensity was not perceived by any patient.

Psychophysical assessment of baseline perceptual thresh-
olds for head-centered roll tilt motion during sham stimula-
tion (i.e., nGVS at 0 mA) yielded an average threshold level 
of 1.67 ± 1.11 deg/s, which closely corresponds to the range 
of previously reported thresholds in patients with BVP [32]. 
Baseline perceptual thresholds of patients were not associ-
ated to any of the clinical outcomes from vestibular function 
tests (i.e., caloric response or vHIT gain).

Application of nGVS at optimal intensity resulted in low-
ered perceptual thresholds (F1,10 = 5.58; p = 0.040; effect 
size: η2

p = 0.36) in 8 of 11 patients (73%, Fig. 1B). Vestibu-
lar thresholds during nGVS were found at 0.94 ± 0.30 deg/s 
corresponding to an average improvement of 23 ± 44%. 
Treatment effects of nGVS were not associated to the degree 
of vestibular hypofunction as assessed by clinical vestibu-
lar function tests. However, the degree of nGVS-induced 
threshold reductions was correlated with higher baseline 
perceptual thresholds determined during sham stimulation 
(R = − 0.791; p = 0.007; Fig. 1C).

Discussion

In this study, we examined the potential therapeutic effects 
of imperceptible, low-intensity vestibular noise stimulation 
(i.e., nGVS) on impaired vestibular perceptual capacity in 
patients with BVP. Vestibular perceptual performance was 
assessed by means of an established psychophysical two-
alternative forced choice paradigm that has been shown 
excellent test-to-retest reliability [31, 33]. In more than 
two-third of patients, we observed that application of nGVS 

effectively lowered vestibular thresholds for the perception 
of head-centered roll tilt stimuli. In particular those patients 
with poor vestibular perceptual performance at baseline 
(i.e., during sham stimulation) notably benefited from nGVS 
treatment.

The presumed mechanism underlying the observed thera-
peutic effect is SR [20, 25]. According to this phenomenon, 
addition of an appropriate amount of noise to a sensory 
system can effectively lower the system's threshold for sig-
nal processing whereas to low or high noise will either not 
affect or disturb signal transfer [17, 18]. By applying a wide 
range of nGVS amplitudes (0–0.7 mA) in young healthy 
individuals, Galvan-Garza and colleagues could previously 
demonstrate SR-like modulations of vestibular perception 
with optimal enhancements at intermediate nGVS intensi-
ties (0.3–0.5 mA) in 78% of the examined individuals [25]. 
The present observations in patients with BVP closely cor-
respond to this previous report, both in terms of the rate 
of responders (73% vs. 78%) and the overall magnitude 
of response (23% vs. 25% improvement). Such SR-like 
enhancements of perceptual capacity are not limited to the 
vestibular system, but have been previously analogously 
demonstrated for human visual [34], auditory [35], and tac-
tile perception [36].

BVP has been consistently associated with pathologically 
increased vestibular perceptual thresholds for the registration 
of translational and rotational motion stimuli [32, 37–39]. 
Compared to previously reported perceptual thresholds for 
roll tilt motion in healthy individuals in their sixth decade 
of life (mean: 1.19 deg/s; 95% CI 1.00–1.42 deg/s [40]), 
baseline perceptual thresholds in our cohort of patients 
(mean: 1.67 deg/s; 95% CI 0.92–2.42 deg/s) were in aver-
age increased by 40%. Impaired vestibular perceptual per-
formance has been suggested to contribute to a variety of 
motor and non-motor symptoms associated with BVP [41]. 
Accordingly, vestibular contributions to balance control 
are not confined to vestibulospinal reflex control of upright 
posture but also involve perceptual registration of head and 
body orientation in space [42, 43]. In the elderly, increased 
roll tilt perceptual thresholds have been associated to defi-
cits of balance control while standing with eyes closed on 
compliant support surface [40, 44]—a condition that specifi-
cally challenges vestibular balance regulation. The present 
and previous research in patients with BVP suggests that 
treatment with nGVS simultaneously targets the vestibu-
lar perceptual and the vestibulospinal reflex level [19] and 
both effects presumably contribute to the reported stabiliz-
ing effect of nGVS on static and dynamic balance in BVP 
[21–24].

Beyond imbalance, there is a range of non-motor symp-
toms associated with BVP that might specifically benefit 
from nGVS-induced improvements of vestibular percep-
tual capacity. The impaired monitoring of head-in-space 
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orientation and motion in BVP is typically accompanied 
by specific impairments of navigation, spatial learning 
and memory as examined in virtual [5, 45] and real space 
[7] navigation tests. These deficits extend to limitations in 
patient’s activities of daily living in terms of frequent experi-
ences of spatial disorientation, misjudgments of distances, 
and an increased spatial anxiety [6, 45]. It is conceivable that 
a sensitization of vestibular perception by nGVS might spe-
cifically ameliorate deficits of spatial memory, orientation, 
and navigation in BVP. In line with this assumption, a previ-
ous study could demonstrate nGVS-induced enhancements 
of spatial memory during a virtual navigation task in young 
healthy adults [46]. Further studies using virtual and/or real 
space test paradigms of navigation are, however, required to 
explore to potential impact of nGVS treatment on deficits of 
spatial memory and navigation in patients with BVP.

Certain limitations of this study have to be considered. 
Due to the lengthy procedure of the psychophysical exami-
nation and in accordance to previous studies [26–28], we 
did not examine stimulation effects on vestibular perceptual 
performance across a range of varying nGVS levels but only 
tested one nGVS intensity that was individually determined 
beforehand using a posturographic task. It is conceivable 
that nGVS intensities that optimally stabilize static posture 
may more or less differ from those that have the greatest ben-
efit on vestibular motion perception [28]. Hence, an evalu-
ation of different nGVS levels on perceptual performance 
may have resulted in an even higher rate of responders and 
magnitude of response as currently observed. Secondly, we 
only evaluated stimulation effects on one axis of motion, 
i.e., head-centered rotation in the roll plane. In accordance 
to previous studies, we specifically focused on perceptual 
performance along this axis since it involves the integration 
of sensory cues from both vestibular endorgan structures 
(semicircular canals and otoliths) [29] and is closely linked 
to balance performance [40, 44]. Due to the non-specific 
nature of the nGVS stimulus, we would expect analogous 
benefits of nGVS on perceptual performance along other 
axis of motion. However, future studies in patients with 
BVP are required to verify this assumption—in particular 
for perceptual performance in the horizontal plane that is 
essential for spatial orientation and navigation [47]. Finally, 
while our psychophysical paradigm focused on the percep-
tion of vertical canal and otolith cues, clinical evaluation of 
vestibular hypofunction was primarily based on horizontal 
canal function. This discrepancy might hence explain the 
lack of observed association of nGVS treatment effects on 
roll tilt perceptual thresholds and clinical measures of ves-
tibular hypofunction.

In conclusion, we provide evidence that non-invasive 
and imperceptible vestibular noise stimulation is effective 
in improving impaired vestibular perceptual performance in 
patients with BVP, in particular in those patients with poor 

baseline perceptual performance. Future studies are required 
to explore further behavioral consequences of this therapeu-
tic effect, in particular with respect to BVP-related deficits 
of spatial memory and navigation.

Acknowledgements The study was supported by the German Federal 
Ministry for Education and Science (BMBF, IFB 01EO1401).

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Declarations 

Conflicts of interest The authors declare that they have no conflict of 
interest.

Ethical standards The ethics committee of the medical faculty of the 
University of Munich approved the study protocol, which was con-
ducted in conformity with the Declaration of Helsinki.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Strupp M, Kim JS, Murofushi T, Straumann D, Jen JC, Rosengren 
SM, Della Santina CC, Kingma H (2017) Bilateral vestibulopathy: 
diagnostic criteria consensus document of the classification com-
mittee of the Barany society. J Vestib Res 27:177–189

 2. Guinand N, Pijnenburg M, Janssen M, Kingma H (2012) Visual 
acuity while walking and oscillopsia severity in healthy subjects 
and patients with unilateral and bilateral vestibular function loss. 
Arch Otolaryngol Head Neck Surg 138:301–306

 3. Schniepp R, Mohwald K, Wuehr M (2017) Gait ataxia in humans: 
vestibular and cerebellar control of dynamic stability. J Neurol 
264:87–92

 4. Sprenger A, Wojak JF, Jandl NM, Helmchen C (2017) Postural 
control in bilateral vestibular failure: its relation to visual, pro-
prioceptive, vestibular, and cognitive input. Front Neurol 8:444

 5. Brandt T, Schautzer F, Hamilton DA, Bruning R, Markowitsch 
HJ, Kalla R, Darlington C, Smith P, Strupp M (2005) Vestibular 
loss causes hippocampal atrophy and impaired spatial memory in 
humans. Brain 128:2732–2741

 6. Lucieer FMP, Van Hecke R, van Stiphout L, Duijn S, Perez-Fornos 
A, Guinand N, Van Rompaey V, Kingma H, Joore M, van de Berg 
R (2020) Bilateral vestibulopathy: beyond imbalance and oscil-
lopsia. J Neurol 267:241–255

 7. Schoberl F, Pradhan C, Grosch M, Brendel M, Jostes F, Obermaier 
K, Sowa C, Jahn K, Bartenstein P, Brandt T, Dieterich M, Zwer-
gal A (2021) Bilateral vestibulopathy causes selective deficits in 
recombining novel routes in real space. Sci Rep 11:2695

http://creativecommons.org/licenses/by/4.0/


943Journal of Neurology (2023) 270:938–943 

1 3

 8. Wuehr M, Decker J, Schenkel F, Jahn K, Schniepp R (2022) 
Impact on daily mobility and risk of falling in bilateral vestibu-
lopathy. J Neurol 2:2

 9. Guinand N, Boselie F, Guyot JP, Kingma H (2012) Quality of life 
of patients with bilateral vestibulopathy. Ann Otol Rhinol Laryn-
gol 121:471–477

 10. Schniepp R, Schlick C, Schenkel F, Pradhan C, Jahn K, Brandt 
T, Wuehr M (2017) Clinical and neurophysiological risk fac-
tors for falls in patients with bilateral vestibulopathy. J Neurol 
264:277–283

 11. Zingler VC, Weintz E, Jahn K, Mike A, Huppert D, Rettinger 
N, Brandt T, Strupp M (2008) Follow-up of vestibular func-
tion in bilateral vestibulopathy. J Neurol Neurosurg Psychiatry 
79:284–288

 12. Sulway S, Whitney SL (2019) Advances in vestibular rehabilita-
tion. Adv Otorhinolaryngol 82:164–169

 13. van Stiphout L, Pleshkov M, Lucieer F, Dobbels B, Mavrodiev 
V, Guinand N, Pérez Fornos A, Widdershoven J, Strupp M, Van 
Rompaey V, van de Berg R (2022) Patterns of vestibular impair-
ment in bilateral vestibulopathy and its relation to etiology. Front 
Neurol 13:2

 14. Zingler VC, Weintz E, Jahn K, Huppert D, Cnyrim C, Brandt T, 
Strupp M (2009) Causative factors, epidemiology, and follow-up 
of bilateral vestibulopathy. Ann N Y Acad Sci 1164:505–508

 15. Lajoie K, Marigold DS, Valdes BA, Menon C (2021) The potential 
of noisy galvanic vestibular stimulation for optimizing and assist-
ing human performance. Neuropsychologia 152:107751

 16. Wuehr M, Decker J, Schniepp R (2017) Noisy galvanic vestibular 
stimulation: an emerging treatment option for bilateral vestibu-
lopathy. J Neurol 264:81–86

 17. Collins J, Chow CC, Imhoff TT (1995) Stochastic resonance with-
out tuning. Nature 376:236–238

 18. McDonnell MD, Ward LM (2011) The benefits of noise in neu-
ral systems: bridging theory and experiment. Nat Rev Neurosci 
12:415–426

 19. Schniepp R, Boerner JC, Decker J, Jahn K, Brandt T, Wuehr 
M (2018) Noisy vestibular stimulation improves vestibulospi-
nal function in patients with bilateral vestibulopathy. J Neurol 
265:57–62

 20. Wuehr M, Boerner JC, Pradhan C, Decker J, Jahn K, Brandt T, 
Schniepp R (2018) Stochastic resonance in the human vestibular 
system—noise-induced facilitation of vestibulospinal reflexes. 
Brain Stimul 11:261–263

 21. Fujimoto C, Egami N, Kawahara T, Uemura Y, Yamamoto Y, 
Yamasoba T, Iwasaki S (2018) Noisy galvanic vestibular stimula-
tion sustainably improves posture in bilateral vestibulopathy. Front 
Neurol 9:900

 22. Iwasaki S, Yamamoto Y, Togo F, Kinoshita M, Yoshifuji Y, 
Fujimoto C, Yamasoba T (2014) Noisy vestibular stimulation 
improves body balance in bilateral vestibulopathy. Neurology 
82:969–975

 23. Iwasaki S, Fujimoto C, Egami N, Kinoshita M, Togo F, Yamamoto 
Y, Yamasoba T (2018) Noisy vestibular stimulation increases gait 
speed in normals and in bilateral vestibulopathy. Brain Stimul 
11:709–715

 24. Wuehr M, Nusser E, Decker J, Krafczyk S, Straube A, Brandt T, 
Jahn K, Schniepp R (2016) Noisy vestibular stimulation improves 
dynamic walking stability in bilateral vestibulopathy. Neurology 
86:2196–2202

 25. Galvan-Garza RC, Clark TK, Mulavara AP, Oman CM (2018) 
Exhibition of stochastic resonance in vestibular tilt motion percep-
tion. Brain Stimul 11:716–722

 26. Keywan A, Badarna H, Jahn K, Wuehr M (2020) No evidence for 
after-effects of noisy galvanic vestibular stimulation on motion 
perception. Sci Rep 10:2545

 27. Keywan A, Jahn K, Wuehr M (2019) Noisy galvanic vestibular 
stimulation primarily affects otolith-mediated motion perception. 
Neuroscience 399:161–166

 28. Keywan A, Wuehr M, Pradhan C, Jahn K (2018) Noisy galvanic 
stimulation improves roll-tilt vestibular perception in healthy sub-
jects. Front Neurol 9:2

 29. Lim K, Karmali F, Nicoucar K, Merfeld DM (2017) Perceptual 
precision of passive body tilt is consistent with statistically opti-
mal cue integration. J Neurophysiol 117:2037–2052

 30. Chaudhuri SE, Karmali F, Merfeld DM (2013) Whole body 
motion-detection tasks can yield much lower thresholds than 
direction-recognition tasks: implications for the role of vibration. 
J Neurophysiol 110:2764–2772

 31. Merfeld DM (2011) Signal detection theory and vestibular thresh-
olds: I. Basic theory and practical considerations. Exp Brain Res 
210:389–405

 32. Valko Y, Lewis RF, Priesol AJ, Merfeld DM (2012) Vestibular 
labyrinth contributions to human whole-body motion discrimina-
tion. J Neurosci 32:13537–13542

 33. Lee TL, Shayman CS, Oh Y, Peterka RJ, Hullar TE (2020) Reli-
ability of vestibular perceptual threshold testing about the yaw 
axis. Ear Hear 41:1772–1774

 34. Simonotto E, Riani M, Seife C, Roberts M, Twitty J, Moss F 
(1997) Visual perception of stochastic resonance. Phys Rev Lett 
78:1186

 35. Zeng FG, Fu QJ, Morse R (2000) Human hearing enhanced by 
noise. Brain Res 869:251–255

 36. Collins JJ, Imhoff TT, Grigg P (1996) Noise-enhanced tactile sen-
sation. Nature 383:770–770

 37. Nijhoff P, Roggeveen LJ (1956) The normal and pathological thresh-
old of the perception of angular accelerations for the optogyral illusion 
and the turning sensation. Acta Otolaryngol 46:533–541

 38. van Stiphout L, Lucieer F, Pleshkov M, Van Rompaey V, Widder-
shoven J, Guinand N, Perez Fornos A, Kingma H, van de Berg R 
(2021) Bilateral vestibulopathy decreases self-motion perception. J 
Neurol 269:5216–5228

 39. Walsh EG (1961) Role of the vestibular apparatus in the perception of 
motion on a parallel swing. J Physiol 155:506–513

 40. Bermúdez Rey MC, Clark TK, Wang W, Leeder T, Bian Y, Merfeld 
DM (2016) Vestibular perceptual thresholds increase above the age 
of 40. Front Neurol 7:162–162

 41. Kobel MJ, Wagner AR, Merfeld DM, Mattingly JK (2021) Vestibular 
thresholds: a review of advances and challenges in clinical applica-
tions. Front Neurol 12:643634

 42. Bacsi AM, Colebatch JG (2005) Evidence for reflex and perceptual 
vestibular contributions to postural control. Exp Brain Res 160:22–28

 43. Karmali F, Goodworth AD, Valko Y, Leeder T, Peterka RJ, Merfeld 
DM (2021) The role of vestibular cues in postural sway. J Neuro-
physiol 125:672–686

 44. Karmali F, Bermudez Rey MC, Clark TK, Wang W, Merfeld DM 
(2017) Multivariate analyses of balance test performance, vestibular 
thresholds, and age. Front Neurol 8:578

 45. Kremmyda O, Hüfner K, Flanagin VL, Hamilton DA, Linn J, Strupp 
M, Jahn K, Brandt T (2016) Beyond dizziness: virtual navigation, 
spatial anxiety and hippocampal volume in bilateral vestibulopathy. 
Front Hum Neurosci 10:139–139

 46. Hilliard D, Passow S, Thurm F, Schuck NW, Garthe A, Kempermann 
G, Li S-C (2019) Noisy galvanic vestibular stimulation modulates 
spatial memory in young healthy adults. Sci Rep 9:9310

 47. MacNeilage PR, Banks MS, DeAngelis GC, Angelaki DE (2010) 
Vestibular heading discrimination and sensitivity to linear accel-
eration in head and world coordinates. J Neurosci 30:9084–9094


	Noisy galvanic vestibular stimulation improves vestibular perception in bilateral vestibulopathy
	Abstract
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods and materials
	Standard protocol approvals, registrations, and patient consents
	Participants
	Galvanic vestibular stimulation
	Experimental procedures
	Data and statistical analysis
	Data availability

	Results
	Discussion
	Acknowledgements 
	References




