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Noisy galvanic vestibular
stimulation induces a sustained
improvement in body balance in
S elderly adults
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Vestibular dysfunction causes postural instability, which is prevalent in the elderly. We previously
showed that an imperceptible level of noisy galvanic vestibular stimulation (nGVS) can improve postural
stability in patients with bilateral vestibulopathy during the stimulus, presumably by enhancing
vestibular information processing. In this study, we investigated the after-effects of an imperceptible
long-duration nGVS on body balance in elderly adults. Thirty elderly participants underwent two nGVS
sessions in a randomised order. In Session 1, participants received nGVS for 30 min twice with a 4-h
interval. In Session 2, participants received nGVS for 3 h. Two-legged stance tasks were performed with
eyes closed while participants stood on a foam rubber surface, with and without nGVS, and parameters
related to postural stability were measured using posturography. In both sessions, the postural stability
was markedly improved for more than 2 h after the cessation of the stimulus and tended to decrease
thereafter. The second stimulation in Session 1 caused a moderate additional improvement in body

. balance and promoted the sustainability of the improvement. These results suggest that nGVS can lead

: to a postural stability improvement in elderly adults that lasts for several hours after the cessation of

. the stimulus, probably via vestibular neuroplasticity.

The vestibular system, which is involved in the detection of linear and angular movements of the head, pro-
vides peripheral sensory input in the postural control system and contributes to stabilisation of body balance’.
Vestibular dysfunction results in dizziness and decreased postural stability, which is prevalent in the elderly>

Galvanic vestibular stimulation (GVS) transcutaneously delivers electrical current to vestibular hair cells and
their afferents through electrodes placed over the mastoids**. It has been used to evaluate vestibular function by
examining the influence of the electrically stimulated vestibular nerve on postural control®. An imperceptible
level of GVS delivered as zero-mean current noise (noisy GVS, nGVS) has also been shown to improve baro-
reflex function in healthy individuals and autonomic and motor functions in patients with neurodegenerative
diseases®”’. Recently, our group showed that a 30-s application of nGVS can improve postural stability in healthy
individuals and in patients with untreatable persistent unsteadiness caused by bilateral vestibulopathy (BV)S.
This kind of vestibular stimulation also improves dynamic stability during walking in healthy subjects and BV
patients® 1. The rationale behind these ameliorating effects is stochastic resonance, in which an optimal amount
of noise added to nonlinear systems can enhance information processing within the system!2.

The vestibular system exhibits strong neuroplasticity'>!*. After acute unilateral vestibular dysfunction, ves-
tibular symptoms, such as vertigo and unsteadiness, and abnormal neurological findings, such as spontaneous
nystagmus and postural instability, disappear over time, despite incomplete recovery of the damaged vestibular

- function. This process, known as vestibular compensation, has been attributed to the neuroplasticity of the central
- vestibular pathways!*>-17. Behavioural studies have shown that the vestibulo-ocular reflex, which elicits compen-
. satory eye movements to keep the retinal image stable during head motion, exhibits powerful motor learning in
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Figure 1. Experimental setup. (a) Noisy galvanic vestibular stimulation (nGVS) was applied with electrodes
on the right and left mastoids by a portable stimulator. Two-legged stance tasks were performed with eyes closed
while participants stood on foam rubber with and without nGVS. (b) Waveforms of nGVS are shown. (¢) A
frequency spectrum of nGVS is shown.

response to both visual and vestibular stimulation in primates'®. Physiological experiments have shown that stim-
ulation of the vestibular nerve can induce both long-term potentiation (LTP) and long-term depression (LTD) of
the field potentials in the vestibular nuclei in rodents!?.

Given the strong neuroplasticity of the vestibular system, we hypothesised that nGVS would induce a sus-
tained improvement in postural stability, even after the cessation of the stimulus. The purpose of this study was to
determine whether nGVS has a post-stimulation effect on the improvement in body balance in elderly adults. We
also examined the cumulative effect of nGVS on the improvement in postural stability using repeated application
of nGVS. We revealed that nGVS has both post-stimulation and cumulative effects on improving postural stability
in elderly adults that last for several hours. These participants obtained postural stabilisation without stimulation
due to persistence of the post-stimulation effect.

Results

Determination of the optimal intensity of nGVS for postural stability. To examine the post-stim-
ulation effect and the cumulative effect of nGVS, which was applied with electrodes on the right and left mastoids
(Fig. la—c), on postural stability, we performed two experimental sessions (Fig. 2a,b). In Session 1, participants
received nGVS for 30 min twice with a 4-h interval (Fig. 2b). In Session 2, participants received nGVS for 3h.
Postural stability was measured using posturography for 4 h after each stimulation (Figs 1a and 2b; see Methods).
We measured the following three parameters: the mean velocity (velocity), the envelopment area (area), and the
root mean square (RMS) of the centre of pressure (COP) movement in the XY plane. We determined the optimal
intensity of nGVS, which improved all of these parameters simultaneously during the stimulus compared with
baseline, before each experimental session®.

Thirty elderly healthy participants were randomly assigned to first undergo Session 1 and then Session 2
(Group A) or to first undergo Session 2 and then Session 1 (Group B) (Fig. 2a). Two participants were excluded
because of mechanical trouble during the examination of the optimal intensity. Overall, in 84% of the sessions
(49 of 58 sessions), participants had the optimal intensity of nGVS. The mean intensity of the optimal stim-
ulus was 178.8 (£9.1) pA. No participant experienced an adverse event or felt any sensations in response to
these stimuli. Of the 28 participants who completed the examination of the optimal intensity before the two
experimental sessions, 20 participants who had the optimal intensity before both sessions (71%; 12 men and 8
women; age range 64-70 years, mean age 66.7 = 0.4 years) were ultimately included in the analysis (Fig. 2a; see
Supplementary Table S1 for baseline characteristics of each session). The optimal intensity of nGVS was used for
the subsequent experimental session.

Post-stimulation effect of nGVS on the improvement in postural stability. We defined the nor-
malised ratio (NR) as the ratio of the value of each parameter at the measurement time point to that at baseline.
A representative participant who received nGVS at its optimal intensity for 30 min showed improvements in the
NRs of all three parameters of COP just after the cessation of the stimulus (Fig. 3). The improvement reached a
peak at a post-stimulation period (PST) of 3h and continued for more than 4 h.

Overall, in Session 1, the NRs of the velocity, area, and RMS were significantly smaller at the immediate PST
(0h) than at baseline (P < 0.01; Fig. 4a). This ameliorating effect continued after the cessation of the stimulus; the
NRs of the three parameters at PST 2h were maintained at almost the same levels as those at PST 0h. This effect
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Figure 2. Consolidated Standards of Reporting Trials diagram for the flow of participants through the
study and protocols. (a) We recruited 30 healthy elderly participants. Among them, 20 participants who had
the optimal stimulus before both sessions were finally included in the analyses. (b) Two experimental sessions
were performed in a randomised order. Arrowheads indicate the measurement time point of posturography.
ST = stimulation period, PST = post-stimulation period.
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Figure 3. Statokinesigrams and changes in the normalised ratios (NRs) of the velocity, area, and RMS for
a representative 67-year-old male participant in the first nGVS session (Session 1). (a) Statokinesigrams
are shown. (b) nGVS for 30 min improved the NRs of all three parameters in the PST. Dashed line indicates
NR=1.0.
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Figure 4. Mean NRs at the measurement time points in Session 1 and Session 2. (a) Mean NRs of the
velocity, area, and RMS in Session 1 are shown. (b) Mean NRs of the velocity, area, and RMS in Session 2 are
shown. Dashed line indicates NR = 1.0. NR = normalised ratio, RMS = root mean square, ST = stimulation
period, PST = post-stimulation period. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001, *****P < 0.00001.

of nGVS began to decrease thereafter, but the NRs of all three parameters were still significantly smaller at PST
3 h than at baseline (P < 0.05).

In Session 2, the effect of nGVS on postural stability during the 3-h stimulation was moderate, but the
post-stimulation effect of nGVS on the improvement in postural stability was also observed in this session
(Fig. 4b). The NRs of the velocity and RMS were significantly smaller at PST 0h than at baseline (P < 0.05). The
post-stimulation effect of nGVS increased until PST 2 h. The NRs of the velocity, area, and RMS were significantly
smaller at PST 2h than at baseline (P < 0.0001). This effect began to decrease thereafter, but at PST 4 h, the NRs of
all three parameters were still significantly smaller than those at baseline (P < 0.01). At PST 4h, no significant dif-
ferences were observed in any of the NRs between Sessions 1 and 2 (P > 0.05), but the longitudinal change in the
NR of the velocity was significantly smaller in Session 2 than in Session 1 (P < 0.001; see Supplementary Table S2
and Supplementary Table S3).

Cumulative effect of nGVS on the improvement in body balance. The second 30-min nGVS in
Session 1 improved postural stability relative to that just before the stimulus (Fig. 4a). This ameliorating effect of
the second single stimulus on the NRs of the area and RMS decreased at PST 30 min, but increased and continued
after PST 1 h. The NRs of all three parameters at PST 4h in the second stimulus were significantly smaller than
those at baseline (P < 0.01; Fig. 4a). The longitudinal changes in the NRs of the area and RMS were significantly
smaller in the second PST than in the first PST (P < 0.05) (see Supplementary Table S4). These analyses revealed
that the second stimulation caused a moderate additional improvement in postural stability and promoted the
sustainability of the improvement.
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Discussion

In the present study, we show that nGVS has a significant post-stimulation effect on the postural stability improve-
ment that lasts for several hours in healthy elderly adults. The repetitive application of nGVS for 30 min conferred
a moderate additional improvement in postural stability and promoted the sustainability of the improvement.

We have previously shown that nGVS can improve postural stability during the stimulation in healthy volun-
teers as well as in patients with BV®. The mechanism hypothesised to underlie this ameliorating effect is stochas-
tic resonance, in which an optimal amount of noise added to a nonlinear system can enhance the information
processing within this system, whereas a further increase in noise intensity degrades information transfer®2-22,
An appropriate intensity of noise has been shown to intensify the detection of subthreshold signals in various
sensory functions such as auditory perception, visual perception, and tactile sensations?*-%*. In the present study,
we found an optimal intensity of nGVS in more than 80% of the participants, which simultaneously improved
the three COP parameters during the stimulation in most of the sessions, confirming our previous observations®.

Here we showed that nGVS has strong post-stimulation effects for improving postural stability. This effect is a
novel phenomenon and the mechanism underlying this phenomenon might be vestibular neuroplasticity because
the vestibular system shows extensive neuroplasticity'®. Behavioural analyses have shown that powerful forms
of motor learning occur in the vestibulo-ocular reflex, resulting in adaptive changes in the strength and timing
of eye movements’8. It has been shown that this vestibular neuroplasticity resides in synaptic plasticity in the
vestibular nuclei as well as in the cerebellar circuit. Experimental studies indicated that learning in the vestibular
system initially depends on the activity of Purkinje cells in the cerebellar flocculus, whereas consolidated memo-
ries appear to be stored in the vestibular nucleus'®. High-frequency stimulation of the vestibular nerve can induce
LTP and LTD of the field potentials in vestibular nuclei in rodents'. The vestibular nuclei receive input from the
vestibular end-organs and produce excitation of the ipsilateral extensor motor neurons of the limb and inhibition
of reciprocal flexor motor neurons via the lateral vestibulospinal tract?. The gain and spatiotemporal properties
of the vestibulospinal reflexes are controlled by the activity of the cerebellum?’. In the present study, white noise
GVS might induce synaptic plasticity in the vestibular nucleus, the cerebellum, resulting in the post-stimulation
effects of improved postural stability.

The post-stimulation effect of 3-h nGVS was significantly greater than that of 30 min nGVS in terms of the
longitudinal change in the velocity, but the difference was relatively small, suggesting that nGVS for 30 min is suf-
ficient to induce a long-term post-stimulation change in postural stability. The strength of neuroplastic changes
in the vestibular nuclei is altered dramatically by various factors, such as age and the modalities of the stimulation
and visual and vestibular experience'®>**?. Further investigation is needed to clarify the factors determining the
appropriate duration of the stimulus to induce long-term post-stimulation effects of nGVS on postural stability.

On the other hand, nGVS for 3 h had little effect on improving postural stability during the stimulation. This
might be due to an adaptation of neural systems via rebalancing of the modulation of ion channel conductance
after the initial increase in excitability®. The effects of nGVS are probably based on increased activation of the
voltage-gated ion channels in the vestibular systems. Constant activation by a voltage change causes some ion
channels to undergo a progressive decrease in activation. This inactivation of voltage-dependent ion channels
may play a key role in determining whether there is a progressive decrease in postural stability in response to
sustained exposure to longer stimulation.

Moderate cumulative effects of the 30-min nGVS in Session 1were observed. A previous study of the effects
of transcranial direct current stimulation (tDCS), in which low-intensity direct electrical currents are applied to
the skull for several minutes, on human motor cortical excitability revealed that repeated cathodal tDCS during
the post-stimulation effects of the first stimulus prolonged the duration of the post-stimulation effects, whereas
repeated tDCS after the disappearance of the post-stimulation effects of the first stimulus did not have such
effects®’. The study indicated that the regulation of plasticity depends on the timing of stimulation in the motor
cortex. The optimisation of the interval between the first and the second nGVS sessions might increase the cumu-
lative effect of nGVS.

BV is a rare disorder that accounts for approximately 4% of vestibular disorders, with an increased frequency
in the elderly®. The most common causes of BV are ototoxic aminoglycosides, Meniere’s disease, and meningitis.
However, the cause of BV is unclear in about half of patients®?, and it may include inherited, autoimmune, and
metabolic causes®®. Patients with BV have severe clinical symptoms such as persistent unsteadiness, particularly
in darkness or on uneven ground, and oscillopsia during head movements and locomotion®?, but there are no
effective treatments for the disease. Vestibular implantation, which directly stimulates the peripheral vestibular
nerve through electrical pulses, has been proposed as a therapy for BV**-%¢, but the surgery carries potential risks,
such as facial nerve palsy and hearing loss. On the other hand, nGVS is safe, minimally invasive, and without any
adverse events. In our previous study, nGVS had ameliorating effects on postural stability in healthy volunteers
as well as in patients with BV during short-term stimulation, and the proportion of participants who had the
optimal intensity was higher for patients with vestibulopathy than for healthy volunteers®. The long-term effects
of nGVS, shown in this study, are advantageous for increasing its applicability for improving postural stability in
daily life. nGVS could be a promising treatment option for BV if it also has a long-term post-stimulation effect in
patients with BV.

This study has several limitations. First, the study was not placebo-controlled. It is possible that habituation
of the participants due to the repeated posturography measurements affected the results of the post-stimulation
effect of nGVS on postural stability. However, the improvement in the NRs of each parameter decreased after PST
2h in both the 30-min and 3-h nGVS sessions. These results cannot be explained by the habituation effect and
suggest the existence of the post-stimulation effect of nGVS and its attenuation. The second limitation is that we
did not continue measuring the postural stability until the post-stimulation effect had completely disappeared.
We showed that the NRs of all three parameters were improved for at least 3 h after 30-min nGVS and for at least
for 2 h after 3-h nGVS, but the post-stimulation effects of nGVS might continue for more than 4 h.
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In conclusion, we revealed that nGVS can induce a long-term improvement in postural stability after the ces-
sation of the stimulus due to a strong post-stimulation effect and that repetition of the stimulus can induce further
improvement. These newly discovered effects could contribute to an increased applicability of nGVS for postural
stabilisation in elderly adults.

Methods

Standard protocol approvals, registrations, and participant consents. All procedures were con-
ducted in accordance with the Helsinki Declaration and were approved by the Institutional Review Board of the
University of Tokyo Hospital (P2114052-11Y). This trial was registered with the University Hospital Medical
Information Network (UMIN) Clinical Trials Registry (UMIN-CTR: UMIN000016054; date of registration:
December 25, 2014). The date defining the periods of recruitment and follow-up was December 24, 2014. All
participants gave written informed consent.

Participants. Thirty healthy participants (17 men and 13 women; age range 64-70 years, mean age 67.0 [+0.3]
years) were recruited from a human resource centre (Fig. 2a,b). Exclusion criteria included episodes of vertigo/
dizziness, hearing loss except presbycusis, ear diseases, orthopaedic diseases, cardiovascular diseases, malignant
tumour, psychiatric diseases, use of tranquillisers or antidepressants, consumption of alcohol after 10pm on the
evening before testing, presence of metal objects in the body, and inability to walk without assistance.

Procedures. To examine the post-stimulation and cumulative effects of nGVS on postural stability, we per-
formed two experimental sessions, separated by an interval of 7 days, after determining the optimal intensity
of nGVS (Fig. 2b). In Session 1, participants received nGVS at its optimal intensity for 30 min twice with a 4-h
interval; postural stability was measured for 4 h after each nGVS. In Session 2, participants received nGVS at its
optimal intensity for 3h and were monitored without stimuli for 4 h; postural stability was measured during and
after the nGVS. During and after the stimulation, participants had no restrictions in their activities and were
allowed to act freely in the hospital. The order of the sessions was randomly determined (Fig. 2a). The participants
were randomly assigned through the use of a computer-generated permuted-block design with block size 2, in a
1:1 ratio, to first undergo Session 1 and then Session 2 (Group A) or to first undergo Session 2 and then Session 1
(Group B). The Clinical Research Support Center at the University of Tokyo Hospital generated the random allo-
cation sequence, and an independent academic biostatistician performed all analyses for this article. Enrolment
was performed by the investigators.

Posturography. Instantaneous fluctuations in the position of the COP were determined by using a
Gravicorder GP-5000 (Anima Co. Ltd., Tokyo, Japan; sampling frequency, 20 Hz) with a foam rubber surface
containing vertical force transducers. The data were plotted in a statokinesigram (i.e., the sway path of the COP).
The foam material consisted of natural rubber (tensile strength, 2.1kgf/cm?; stretch percentage, 110%; thickness,
3.5cm). Two-legged stance tasks were performed by healthy participants with eyes closed while participants
stood on the foam rubber surface, with and without nGVS (Fig. 1a). Three parameters were measured in the XY
plane: the mean velocity of the movement of the COP (velocity), the envelopment area traced by the movement
of the COP (area), and the RMS of the COP distance®.

nGVS. nGVS was applied with electrodes on the right and left mastoids by a portable stimulator (112 x 67 x 28
mm; 200 g including dry cells) (Fig. 1a)”8. GVS waveforms were stored digitally and converted from digital to
analogue at 20 Hz. We used white noise GVS, which ranged from 0.02 to 10 Hz (Fig. 1b,c).

We determined the optimal intensity of nGVS for each participant before initiating each experimental session
investigating the long-term effects. First, the value of each COP parameter with no stimulation (0mA) for 30s
was measured and defined as the baseline value. Then, nGVS was applied for 30s with peak amplitudes set at 50,
100, 200, 300, and 500 pA. The optimal intensity was defined as the one at which the value measured during the
stimulation was simultaneously smaller than that at baseline in all of the three COP parameters®.

Outcome measures. In Session 1, posturographic data were analysed at 0, 0.5, 1, 2, 3, and 4h during the
PST (Fig. 2b). In Session 2, posturographic data were analysed at 1 and 2h during the stimulation period (ST) and
at 0, 0.5, 1, 2, 3, and 4 h during the PST (Fig. 2b).

We defined the normalised ratio (NR) as the ratio of the value of each parameter at the measurement time
point to that at baseline. The primary endpoint was defined as the NRs of the velocity, area, and RMS at PST 4h in
the first part of Session 1 and Session 2. Secondary endpoints were defined as follows: (1) the NRs of the velocity,
area, and RMS at PST Oh in the first part of Session 1 and Session 2; (2) amount of change from baseline in the
NRs of the velocity, area, and RMS in the first part of Session 1 and Session 2; (3) longitudinal change in the NRs
of the velocity, area, and RMS in the first PST of Session 1 and the PST of Session 2; and (4) longitudinal change
in the NRs of the velocity, area, and RMS in the first and second PST in Session 1.

Data analysis. Data are expressed as mean = standard error. Statistical analysis was performed using SAS
software version 9.4 (SAS Inc., Cary, NC, USA). A paired t-test was performed for the comparison of the NRs of
the velocity, area, and RMS at a certain measurement time point during the PST between the first part of Session 1
and Session 2 and between the first and second parts of Session 1. Generalised linear mixed models were adopted
for the comparison of longitudinal changes in the NRs of the velocity, area, and RMS between the first PST of
Session 1 and the PST of Session 2. Generalised linear mixed models were also used for the comparison of the
longitudinal change in the NRs of the velocity, area, and RMS between the first PST and second PST in Session 1.
A one-sample t-test was performed to assess the change in the NRs of the velocity, area, and RMS from baseline.
P < 0.05 was considered statistically significant.

SCIENTIFICREPORTS | 6:37575 | DOI: 10.1038/srep37575 6



www.nature.com/scientificreports/

References

1.
2.

3.

10.
11.
12.
13.
14.

15.
16.

17.

18.
19.

20.
21.
22.
23.
24.

25.
. Markham, C. H. Vestibular control of muscular tone and posture. The Canadian journal of neurological sciences. Le journal

27.

28.

29.

30.
. Monte-Silva, K., Kuo, M. F, Liebetanz, D., Paulus, W. & Nitsche, M. A. Shaping the optimal repetition interval for cathodal

32.
. Baloh, R. W,, Jacobson, K. & Honrubia, V. Idiopathic bilateral vestibulopathy. Neurology 39, 272-275 (1989).
34,
35.

36.

Rossignol, S., Dubuc, R. & Gossard, J. P. Dynamic sensorimotor interactions in locomotion. Physiol Rev 86, 89-154, doi: 10.1152/
physrev.00028.2005 (2006).

Iwasaki, S. & Yamasoba, T. Dizziness and Imbalance in the Elderly: Age-related Decline in the Vestibular System. Aging and disease
6, 38-47, doi: 10.14336/AD.2014.0128 (2015).

Aw, S. T, Todd, M. J., Aw, G. E., Weber, K. P. & Halmagyi, G. M. Gentamicin vestibulotoxicity impairs human electrically evoked
vestibulo-ocular reflex. Neurology 71, 1776-1782, doi: 10.1212/01.wnl.0000335971.43443.d9 (2008).

. Fitzpatrick, R. C. & Day, B. L. Probing the human vestibular system with galvanic stimulation. ] Appl Physiol (1985) 96, 2301-2316,

doi: 10.1152/japplphysiol.00008.2004 (2004).

. Pan, W,, Soma, R., Kwak, S. & Yamamoto, Y. Improvement of motor functions by noisy vestibular stimulation in central

neurodegenerative disorders. ] Neurol 255, 1657-1661, doi: 10.1007/s00415-008-0950-3 (2008).

. Soma, R., Nozaki, D., Kwak, S. & Yamamoto, Y. 1/f noise outperforms white noise in sensitizing baroreflex function in the human

brain. Phys Rev Lett 91, 078101 (2003).

. Yamamoto, Y., Struzik, Z. R., Soma, R., Ohashi, K. & Kwak, S. Noisy vestibular stimulation improves autonomic and motor

responsiveness in central neurodegenerative disorders. Ann Neurol 58, 175-181, doi: 10.1002/ana.20574 (2005).

. Iwasaki, S. et al. Noisy vestibular stimulation improves body balance in bilateral vestibulopathy. Neurology 82, 969-975, doi:

10.1212/WNL.0000000000000215 (2014).

. Mulavara, A. P. et al. Using low levels of stochastic vestibular stimulation to improve locomotor stability. Frontiers in systems

neuroscience 9, 117, doi: 10.3389/fnsys.2015.00117 (2015).

Wuehr, M. et al. Noisy vestibular stimulation improves dynamic walking stability in bilateral vestibulopathy. Neurology 86,
2196-2202, doi: 10.1212/WNL.0000000000002748 (2016).

Wuehr, M. et al. Noise-Enhanced Vestibular Input Improves Dynamic Walking Stability in Healthy Subjects. Brain stimulation 9,
109-116, doi: 10.1016/j.brs.2015.08.017 (2016).

McDonnell, M. D. & Ward, L. M. The benefits of noise in neural systems: bridging theory and experiment. Nat Rev Neurosci 12,
415-426, doi: 10.1038/nrn3061 (2011).

Gittis, A. H. & du Lac, S. Intrinsic and synaptic plasticity in the vestibular system. Curr Opin Neurobiol 16, 385-390, doi: 10.1016/j.
conb.2006.06.012 (2006).

Straka, H., Vibert, N., Vidal, P. P, Moore, L. E. & Dutia, M. B. Intrinsic membrane properties of vertebrate vestibular neurons:
function, development and plasticity. Prog Neurobiol 76, 349-392, doi: 10.1016/j.pneurobio.2005.10.002 (2005).

Curthoys, L. S. Vestibular compensation and substitution. Curr Opin Neurol 13, 27-30 (2000).

Smith, P. E. & Curthoys, I. S. Mechanisms of recovery following unilateral labyrinthectomy: a review. Brain Res Brain Res Rev 14,
155-180 (1989).

Vidal, P. P,, de Waele, C., Vibert, N. & Muhlethaler, M. Vestibular compensation revisited. Otolaryngol Head Neck Surg 119, 34-42
(1998).

Johns, G. M. In Disorders of the vestibular system (eds R. W. Baloh & G. M. Halmagyi) Ch. 7, 85-92 (Oxford University Press, 1996).
Grassi, S. & Pettorossi, V. E. Synaptic plasticity in the medial vestibular nuclei: role of glutamate receptors and retrograde messengers
in rat brainstem slices. Prog Neurobiol 64, 527-553 (2001).

Kim, D.J. et al. Noisy galvanic vestibular stimulation modulates the amplitude of EEG synchrony patterns. PLoS One 8, €69055, doi:
10.1371/journal.pone.0069055 (2013).

Martin, P. & Hudspeth, A. J. Compressive nonlinearity in the hair bundle’s active response to mechanical stimulation. Proc Natl Acad
Sci USA 98, 14386-14391, doi: 10.1073/pnas.251530498 (2001).

Minor, L. B., Lasker, D. M., Backous, D. D. & Hullar, T. E. Horizontal vestibuloocular reflex evoked by high-acceleration rotations in
the squirrel monkey. I. Normal responses. ] Neurophysiol 82, 1254-1270 (1999).

Richardson, K. A., Imhoff, T. T., Grigg, P. & Collins, . J. Using electrical noise to enhance the ability of humans to detect subthreshold
mechanical cutaneous stimuli. Chaos 8, 599-603, doi: 10.1063/1.166341 (1998).

Sasaki, H. et al. Suprathreshold stochastic resonance in visual signal detection. Behav Brain Res 193, 152-155, doi: 10.1016/j.
bbr.2008.05.003 (2008).

Zeng, F. G., Fu, Q. ]. & Morse, R. Human hearing enhanced by noise. Brain Res 869, 251-255 (2000).

canadien des sciences neurologiques 14, 493-496 (1987).

Manzoni, D., Andre, P. & Pompeiano, O. Changes in gain and spatiotemporal properties of the vestibulospinal reflex after injection
of a GABA-A agonist in the cerebellar anterior vermis. Journal of vestibular research: equilibrium & orientation 7, 7-20 (1997).
Grassi, S., Dieni, C., Frondaroli, A. & Pettorossi, V. E. Influence of visual experience on developmental shift from long-term
depression to long-term potentiation in the rat medial vestibular nuclei. The Journal of physiology 560, 767-777, doi: 10.1113/
jphysiol.2004.069658 (2004).

Puyal, J. et al. Developmental shift from long-term depression to long-term potentiation in the rat medial vestibular nuclei: role of
group I metabotropic glutamate receptors. The Journal of physiology 553, 427-443, doi: 10.1113/jphysiol.2003.051995 (2003).

Hille, B. Ion Channels of Excitable Membranes (ed. Hille, B.) (Sinauer Associates, Inc, 2001).

transcranial direct current stimulation (tDCS). ] Neurophysiol 103, 1735-1740, doi: 10.1152/jn.00924.2009 (2010).
Zingler, V. C. et al. Causative factors and epidemiology of bilateral vestibulopathy in 255 patients. Ann Neurol 61, 524-532 (2007).

Guinand, N., Guyot, J. P, Kingma, H., Kos, I. & Pelizzone, M. Vestibular implants: the first steps in humans. Conf Proc IEEE Eng Med
Biol Soc 2011, 2262-2264, doi: 10.1109/IEMBS.2011.6090569 (2011).

Guyot, J. P, Gay, A., Kos, M. I. & Pelizzone, M. Ethical, anatomical and physiological issues in developing vestibular implants for
human use. Journal of vestibular research: equilibrium & orientation 22, 3-9, doi: 10.3233/VES-2012-0446 (2012).

Merfeld, D. M. & Lewis, R. F. Replacing semicircular canal function with a vestibular implant. Curr Opin Otolaryngol Head Neck
Surg 20, 386-392, doi: 10.1097/MOO.0b013e328357630f (2012).

Acknowledgements

We thank Masato Koizumi (Department of Otolaryngology, Faculty of Medicine, The University of Tokyo)
and the members of the Clinical Research Support Center, The University of Tokyo Hospital, for experimental
support. We also thank all of the members of Department of Otolaryngology, Faculty of Medicine, The University
of Tokyo, for helpful discussions. This work was funded by the Ministry of Education, Culture, Sports, Science and
Technology (25293347, 15H05940), the Ministry of Health, Labour and Welfare (H26-Kankakuki-Ippan-003) of
Japan, and the Japan Agency for Medical Research and Development (AMED).

SCIENTIFICREPORTS | 6:37575 | DOI: 10.1038/srep37575 7



www.nature.com/scientificreports/

Author Contributions

C.E conceived the study, conducted the experiments, interpreted the data, wrote the manuscript, and edited the
manuscript for content. Y.Y. conceived the study, supervised data interpretation, and edited the manuscript for
content. T.K. conducted the experiments and edited the manuscript for content. M.K. conducted the experiments
and edited the manuscript for content. N.E. conducted the experiments and edited the manuscript for content.
Y.U. provided statistical advice, performed statistical analysis, and edited the manuscript for content. ET.
conceived the study, supervised data interpretation, and edited the manuscript for content. T.Y. conceived the
study, supervised data interpretation, and edited the manuscript for content. S.I. conceived the study, conducted
the experiments, interpreted the data, wrote the manuscript, and edited the manuscript for content.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Fujimoto, C. et al. Noisy galvanic vestibular stimulation induces a sustained
improvement in body balance in elderly adults. Sci. Rep. 6, 37575; doi: 10.1038/srep37575 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:37575 | DOI: 10.1038/srep37575 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Noisy galvanic vestibular stimulation induces a sustained improvement in body balance in elderly adults

	Results

	Determination of the optimal intensity of nGVS for postural stability. 
	Post-stimulation effect of nGVS on the improvement in postural stability. 
	Cumulative effect of nGVS on the improvement in body balance. 

	Discussion

	Methods

	Standard protocol approvals, registrations, and participant consents. 
	Participants. 
	Procedures. 
	Posturography. 
	nGVS. 
	Outcome measures. 
	Data analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Experimental setup.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Consolidated Standards of Reporting Trials diagram for the flow of participants through the study and protocols.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Statokinesigrams and changes in the normalised ratios (NRs) of the velocity, area, and RMS for a representative 67-year-old male participant in the first nGVS session (Session 1).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Mean NRs at the measurement time points in Session 1 and Session 2.



 
    
       
          application/pdf
          
             
                Noisy galvanic vestibular stimulation induces a sustained improvement in body balance in elderly adults
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37575
            
         
          
             
                Chisato Fujimoto
                Yoshiharu Yamamoto
                Teru Kamogashira
                Makoto Kinoshita
                Naoya Egami
                Yukari Uemura
                Fumiharu Togo
                Tatsuya Yamasoba
                Shinichi Iwasaki
            
         
          doi:10.1038/srep37575
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep37575
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep37575
            
         
      
       
          
          
          
             
                doi:10.1038/srep37575
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37575
            
         
          
          
      
       
       
          True
      
   




