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Herssens N, McCrum C. Stimulating balance: recent advances in
vestibular stimulation for balance and gait. J Neurophysiol 122:
447– 450, 2019. First published March 13, 2019; doi:10.1152/
jn.00851.2018.—Noisy galvanic vestibular stimulation (nGVS) can
boost vestibular sensory thresholds via stochastic resonance and
research on nGVS as an intervention for vestibulopathy has accelerated recently. Recent research has investigated the effects and associated mechanisms of nGVS on balance and gait. nGVS has potential
as an intervention for balance and gait-related deficits in vestibulopathy, but further research into the mechanisms underlying these effects
and consensus on stimulation protocols are required.
galvanic vestibular stimulation; locomotion; stochastic resonance;
vestibular system; vestibulopathy

INTRODUCTION

The vestibular system senses angular and linear accelerations of the head in space and thereby provides the central
nervous system with information about self-motion, head position, and spatial orientation in relation to gravity. Although
the function of the vestibular system remains mostly undetected during normal circumstances, it plays a key role in
maintaining body balance and gaze stabilization through the
vestibulospinal and vestibulo-ocular reflexes, respectively
(Purves et al. 2012). Bilateral vestibulopathy (BVP) is a severe
bilateral reduction or loss of vestibular function and was
recently defined by the Bárány Society (Strupp et al. 2017).
The bilateral reduction in peripheral vestibular function leads
to debilitating effects that negatively affect vestibulo-ocular
and vestibulospinal reflexes, which in turn affect quality of life,
including severe balance deficits and an increased risk of falls
(Strupp et al. 2017). Critically, most patients with BVP do not
experience any improvement in their symptoms over time
(Zingler et al. 2009). One potential intervention on which
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research has recently accelerated is noisy galvanic vestibular
stimulation (nGVS).
With nGVS, an attempt to enhance the residual vestibular
function is made by delivering an imperceptible electrical
current to the vestibular end organs (i.e., semicircular canals,
otolith organs) through electrodes placed over the mastoid
processes. Thereby, the activity of the primary afferents and
vestibular hair cells is modulated (Wuehr et al. 2017). The
hypothesized benefit is that due to applying an appropriate
amount of noise to the system, the processing of weak, subthreshold signals is facilitated (i.e., stochastic resonance), and,
as a result, the vestibular detection thresholds are lowered (Fig.
1; also see Wuehr et al. 2017).
In this Neuro Forum, we discuss six recent articles (Inukai et
al. 2018a, 2018b; Iwasaki et al. 2018; Keywan et al. 2018;
Temple et al. 2018; Wuehr et al. 2018) that have explored the
effects of nGVS on balance and gait in humans. Second, we
discuss the potential mechanisms of the observed effects and,
based on the current state of the art, give recommendations and
directions for future research on nGVS for the purpose of
improving balance and gait.
FUNCTIONAL EFFECTS OF NGVS ON BALANCE

Two recent studies have explored the effects of nGVS on
standing balance control using center of pressure (COP) measures. The COP represents the weighted average of all the
pressures under the surface of the foot in contact with the
ground; an increase in common COP measures (amplitude,
path length, sway area, and velocity) implies a reduced stability
[see Winter (1995) for review]. Inukai et al. (2018b) investigated the effects of different stimulation protocols on the COP
behavior during quiet standing and Inukai et al. (2018a) conducted a randomized controlled trial (RCT) investigating the
effects of nGVS on COP characteristics during standing in
community-dwelling older adults. Inukai et al. (2018b) conducted three experiments within their study, the first of which
examined the effects of three different stimulation conditions
(sham, low intensity, and high intensity) on COP behavior
during 30-s quiet standing. The second experiment compared
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ally, it is unclear from these studies the extent to which
frequency band or stimulation intensity could play a role in the
effectiveness of nGVS on balance control, as both studies
applied the same frequency band, and no differences were
found by Inukai et al. (2018b) between low and high intensities. It is reassuring that consistent results in these studies are
found, but alone they do not provide clear insight into the
potential mechanisms and how those mechanisms can be most
optimally targeted. Finally, as these studies only analyzed
eyes-open quiet standing, it is unclear whether and how the
observed benefit of nGVS transfers to other tasks with different
sensorimotor demands and restrictions. With changes in sensorimotor task requirements, the optimum stimulation frequency and intensity may vary.
FUNCTIONAL EFFECTS OF NGVS ON GAIT

Fig. 1. When noisy galvanic vestibular stimulation (nGVS) is applied to the
vestibular system, the processing of subthreshold signals is facilitated through
stochastic resonance.

low-intensity stimulation for 5-s duration at the beginning of
the 30-s standing measurement, with low-intensity and highintensity stimulation for 30 s. The third experiment repeated
the second experiment, but with the electrodes placed on top of
the head and not on the mastoid processes. With these experiments, Inukai et al. (2018b) could confirm that nGVS reduces
COP sway path length and anteroposterior mean COP velocity
during eyes-open stance in healthy young adults and that in less
stable participants the effects are more pronounced, with the
addition of reducing mediolateral mean COP velocity. Reduction in COP sway path length was also observed after only 5 s
of stimulation. The third experiment, by performing an identical protocol but with the electrodes placed so that the vestibular apparatus was not stimulated, excluded the possibility that
the effects seen with nGVS were due to motor learning,
arousal, attention, or physical tension due to stimulation, as no
change in COP sway path length was seen in this condition. In
their RCT, Inukai et al. (2018a) found results in agreement
with Inukai et al. (2018b), as the older adults randomized to the
low-intensity condition demonstrated significantly reduced
COP path length, as well as anteroposterior and mediolateral
mean COP velocities, whereas the sham stimulation group
showed no changes.
A common result from these studies was that participants
with initially poorer balance control tended to demonstrate
improvements of greater magnitude with nGVS than those with
better initial balance performance. These results imply that the
reason for these participants’ less stable stance was in part due
to processes that can be affected by the nGVS. However, there
are several mechanisms that could be responsible for such
effects, related not only to stimulation of the vestibular apparatus, but also activation of cortical regions (e.g., vestibular
nucleus, brainstem, vestibular thalamus, multisensory input
areas 2, 3a/b, 7, parieto-insular vestibular cortex). Addition-

Two recent studies have analyzed the effects of nGVS on
gait (Iwasaki et al. 2018; Temple et al. 2018). Iwasaki et al.
(2018) investigated the effects of nGVS on walking speed in
healthy people and people with BVP. Using an accelerometer
placed on the trunk, Iwasaki et al. (2018) observed significant
increases in gait velocity and stride length and decreases in
stride time at the optimal nGVS in both healthy participants
and patients with BVP. However, variability of stride time and
vertical and lateral movement were not affected in either group
(Iwasaki et al. 2018). As the walking trials comprised of 15-m
walking with the middle 10 m taken for analysis, it is likely
that the number of strides taken was not sufficient to reliably
evaluate gait variability. This is worth highlighting, as it could
be argued that increased gait variability (indicating potentially
increased fall risk) is of greater clinical relevance than mean
stride length and time in patients with BVP. It is also unclear
how the optimal stimulation intensity found for walking speed
is related to other gait and balance tasks or parameters and
indeed whether determining the optimal stimulation intensity
based on single 10-m walking trials is reliable.
Temple et al. (2018) examined the effect of nGVS in healthy
participants completing a functional mobility test conducted on
10-cm-thick foam, which included a course with multiple
obstacles requiring different negotiating movements. The first
three trials established a baseline, and these were followed by
nine more trials while wearing vision-distorting goggles (prism
vertically flipping the visual field). Participants were randomized to either a stimulation group or a control group. nGVS led
to significantly faster rates of adaptive improvement in the time
to complete the test at group level; however, further analysis
revealed that only 7 of the 12 participants to receive nGVS
“responded” in this manner. Similar to the study of Iwasaki et
al. (2018), it is unclear whether the outcome measure (adaptation rate of time to complete the test) is reliable or sensitive to
detect the specific effects of nGVS. Taken together, these two
studies looking into gait and mobility while applying nGVS do
not give clear experimental support for specific mechanisms of
the responses (and variation in responses) observed, although
they certainly give indications that such an intervention could
positively influence gait and mobility in BVP. The nGVS
protocols also differ substantially, both from each other and
from the previously described studies on standing balance.
This results in difficulties drawing general conclusions from
the literature, without considering potential mechanisms for
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improvements in gait and balance seen with nGVS more
specifically.
POTENTIAL MECHANISMS OF BALANCE AND GAIT
IMPROVEMENTS IN NGVS

The most frequently hypothesized working mechanism to
explain the ameliorating effects of nGVS has been linked to
stochastic resonance (Fig. 1; see also Wuehr et al. 2017).
During application of nGVS, the neuronal activity of the
primary vestibular afferents (semicircular canals and otolith
organs) and vestibular hair cells is thought to be altered
through stochastic resonance, i.e., noise (Gensberger et al.
2016). The presence of noise is believed to lower the vestibulospinal detection threshold, which enables the ability of the
subject to detect and process the otherwise undetectable, subthreshold, vestibular signals (Fig. 1; Wuehr et al. 2018). Keywan et al. (2018) examined whether effects of nGVS on
vestibulospinal function during quiet standing, assessed by
COP measures, are accompanied by changes in vestibuloperceptual function, assessed by roll-tilt motion perception. However, they did not find any correlations between the nGVSinduced improvements in the COP measures and the improved
roll-tilt motion perception. These results might indicate a
frequency dependency of nGVS on vestibular motion perception. Nevertheless, these improvements indicate that the same
nGVS mode might be able to induce improvements of both
reflexive and perceptual functions, which are both vital in
controlling upright balance.
Furthermore, the afferent vestibular signals that are induced
through nGVS are believed to pass through the vestibular
nucleus of the brainstem and the vestibular thalamus and to
activate brain areas that are associated with multisensory input
(area 2, area 3a/b, area 7, and the parieto-insular vestibular
cortex) (Inukai et al. 2018a, 2018b). The activation of these
cortical areas associated with multisensory input may also
affect postural sway during stimulation (Inukai et al. 2018b).
Additionally, it has been hypothesized that nGVS might alter
the cerebellar activity, which might, in turn, induce changes to
the locomotor pattern (Iwasaki et al. 2018).
Moreover, post-nGVS-stimulation improvements of postural
stability of up to four hours in BVP and healthy elderly might
be induced by neuroplasticity in the central vestibular system
(Fujimoto et al. 2016; Iwasaki et al. 2018). This mechanism of
neuroplasticity in the vestibular system involves both the
cerebellar circuits and the vestibular nuclei. Long-term depression at the parallel fiber to the Purkinje cell synapses in the
cerebellum underlies the early stages of vestibular learning.
The vestibular nuclei, providing excitatory input to the ipsilateral extensor motor neurons and inhibitory input to the reciprocal flexor motor neurons of the legs through the lateral
vestibulospinal tract, show long-term potentiation and depression, respectively, induced through the high-frequency vestibular nerve stimulation. These neuroplastic changes are thought
to underlie the storage of consolidated memories of the vestibular system. Therefore, the improvements of postural stability associated with nGVS might be attributed to the induction
of neuroplasticity in the vestibular nucleus and/or cerebellum
(Fujimoto et al. 2016).
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FUTURE DIRECTIONS FOR VESTIBULAR STIMULATION

In general, nGVS can be beneficial for balance performance,
but it remains unclear which mechanisms are involved.
Whether these ameliorating effects are only related to the
improvement of vestibular information processing through the
activation of the primary vestibular afferents due to stochastic
resonance or also induce the activation of cortical regions
related to multisensory integration and/or the cerebellum is still
uncertain for the moment. Some hypotheses even attribute
these effects to the neuroplasticity of the central vestibular
system. Moreover, while there is early evidence that nGVS can
modulate the vestibular hair cell activity, it could be possible
that only specific hair cells with frequency bands corresponding to the stimulation frequency will profit from nGVS. Similarly, it may be important to adjust the stimulation frequency
to the frequency of head movement experienced during specific
tasks. Additionally, responsiveness to nGVS in BVP may also
depend on the presence and extent of residual vestibular
function. Furthermore, people with BVP who are more visually
dependent could be differentially affected by nGVS; the improved vestibular input could either be added to the existing
visual reliance, or the residual vestibular information could be
down-weighted to the extent that the improved vestibular
function is not integrated. Whether only one of the hypothesized mechanisms is responsible for the effects that are demonstrated or whether a combination of mechanisms induce
these changes remains a question for future research.
In addition to the uncertainty in working mechanisms of
nGVS, a wide variety of stimulation procedures have been
applied. Therefore, it is difficult to define the “optimal” way
to use nGVS in healthy controls or in people with BVP.
Answers should be sought with regards to which frequencies
are most suited, whether different balance tasks demand
different frequency bands, or whether different types and
responses of hair cells to specific frequencies are activated
or not. Furthermore, methods to determine the optimal
stimulation intensity vary widely, from predetermined, fixed
stimulation intensities (Inukai et al. 2018a, 2018b), to assessment of the perceptual cutaneous threshold (Temple et
al. 2018; Wuehr et al. 2018) or based on the performance of
a postural task (Iwasaki et al. 2018; Keywan et al. 2018).
Therefore, future studies should more thoroughly examine
whether susceptibility to nGVS depends on certain individual traits (e.g., full or partial vestibular function loss in BVP
or sensory weighting) or anatomical or physiological characteristics (e.g., frequency dependency of vestibular hair
cells or activation of cortical regions).
In conclusion, recent work on nGVS for improving balance
and gait shows promise and has the potential to be a beneficial
intervention for people with vestibulopathy in the future. However, to reach this goal, further research into the mechanistic
underpinnings of the effects of nGVS and consensus on stimulation protocols are needed.
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