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I. COMPARISON OF GVS WITH OTHER NIBS TECHNIQUES

In 1985, Barker et al. [1] demonstrated that a brief and strong magnetic field applied to the human

motor cortex can induce motor-evoked potential (MEP) in electromyography (EMG). This single-pulse

approach was later developed into a new, flexible, and effective stimulation method called repetitive

transcranial magnetic stimulation (rTMS) in the late 1990s, which has shown behaviour effects in

several domains including sensory, motor, and memory and remains the dominant paradigms to date

[2].

Transcranial electrical stimulation (tES) has been developed to induce behavioural effects in a safe

and effective manner. It has advantages over TMS for its low cost, portability, and more flexible

choices available to design stimulus and stimulation configuration, and has gained much attention

since early 2000 [3]. Similar to tES, galvanic vestibular stimulation (GVS) applies a weak current

to alter the firing rates of the vestibular afferents. Both tES and GVS have demonstrated beneficial

effects in perception, cognition, and action depending on various simulation settings [3], [4]. More

recently, low-intensity transcranial focused ultrasound (tFUS) has emerged in the NIBS field, which

has the advantage of being able to deliver highly focal and precisely targeted stimulus (typically

several millimeters for applications through the skull) that can penetrate to deeper brain areas like

the hippocampus [5] compared to the other NIBS techniques.

Broadly speaking, electrical stimulation has the advantage of being able to deliver various kinds of
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complex waveforms as stimuli compared to other NIBS techniques such as TMS or tFUS. For instance,

a cross-frequency theta-gamma tACS protocol introduced in [6] uses short bursts of 80 Hz gamma

tACS coupled to the 5 Hz theta tACS cycle or the 80 Hz gamma tACS that was continuously modulated

along the 5 Hz theta cycle. In GVS studies [7], [8], multisine signals composed of multiple sinusoids at

different frequencies of interest were introduced to increase stimulation effects and improve subjects’

comforts. Additionally, it is feasible to develop a portable battery-operated GVS stimulator for daily

experiment settings with a simple and convenient bilateral electrode configuration. In contrast to non-

electrical NIBS techniques, a key advantage of GVS is that sophisticated signal processing can be

used to create customized waveforms to increase stimulation efficacy.

The stimulation design and analysis methods of GVS and those of tES have a lot in common.

However, as GVS bypasses the vestibular end organ and acts directly at the spike trigger zone of the

afferent nerve, it is known to directly modulate the afferent vestibular nerves [9], [10]. Compared

to tES where the actual cortical location of the stimuli is often imprecise with extensive modelling,

in GVS, downstream cortical and subcortical effects are at least known to be the direct result of

vestibular stimulation when vertiginous feelings are felt and/or eye movements are detected. Several

possible peripheral sites of action of GVS may be involved, which is an area of ongoing investigation

[11], [12]. The downstream effects are also still being explored. In contrast, it is difficult to accurately

localize brain areas affected by externally applied electrical current via tES as shunting can occur

within the cerebrospinal fluid, causing the current to spread outside of the target area. Verification

of the stimulating site is therefore indirect. Although high definition tES typically used with a 4× 1

configuration can provide a more focalized stimulation than the conventional tES, the current is still

applied over a relatively large brain area that the distance between the center to surrounding electrodes

is typically a few cm apart [13]. Also, the electrodes of GVS are mostly placed at the mastoid process

behind ears while the precise location of tES electrodes is generally difficult, given great anatomical

variability across individuals [14].

II. BASIC MECHANISMS OF ACTION OF STOCHASTIC GVS

The mechanisms underlying stochastic GVS effects are largely unknown, but stochastic resonance

is considered as one potential mechanism. Stochastic resonance (or “stochastic facilitation” in some

fields) describes the contribution of added noise to a nonlinear dynamic system, and according to this

view, the injection of an appropriate level of random noise can paradoxically enhance the response

of a nonlinear system (e.g., nervous system) to a weak signal depending on the intensity of the noise

and state of the system [15]. For example, it was demonstrated that the ability to detect subthreshold

tactile stimulus in healthy subjects was enhanced when receiving the subthreshold stimulus with a

particular level of noise as compared to receiving the stimulus alone [16]. As for stochastic GVS,
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this framework views the weak-current applied via stimulation as the introduced noise and activations

of a network of neurons responsible for executing a specific process or function as the state of the

signal, and their interaction may in part explain several cases of facilitatory or inhibitory effects of

stimulation.

III. APPLICATIONS OF GVS IN NEUROREHABILITATION

In this section, we introduce the GVS effects reported for motor, perception function and neurologi-

cal disorders to assist neurorehabilitation, and provide a comprehensive summary of GVS applications.

A. Balance and postural control

GVS has proven to be an effective technique to study the role of the vestibular system in balance

control during quiet stance, postural perturbation, and gait [17], [18], [19]. The effects of GVS on

balance are dependent upon various stimulation parameters. For example, in [18], head displacement

and centre of pressure (COP) on a standing platform in response to sinusoidal GVS were examined,

and it was demonstrated that the magnitude of lateral sway decreased as the stimulation frequency

(0.1, 0.25, 0.45, and 1.1 Hz) increased.

GVS has been shown to enhance balance control and posture in both healthy young and elderly

adults. In an experiment that investigated postural responses in young adults [20], the subjects

demonstrated substantially reduced body sway amplitude and response latency in the task that perturbs

standing balance when GVS pulses were applied. Subthreshold stochastic GVS (0.02–10 Hz) has also

been shown to improve postural balance performance of elderly subjects in a two-legged stance task

with eyes closed – an effect that lasted more than 2 hrs after the cessation of the stimulation when the

subjects received two sessions of 30-min GVS with a 4-hr interval or a continuous 3-hr GVS [21].

In more recent studies [19], [22], it was reported that a shorter duration (30 s) of stochastic GVS

(0.1–640 Hz) also induced improvement of postural balance in young participants as measured during

and 10 minutes after the stimulation ceased. The study of after-effects of GVS on balance control

has been relatively sparse and there are still debates on it [23]. However, these results warrant future

investigation to shed light on the relationship of the stimulation after-effects with the stimulation

parameters and characteristics of subjects. Note that in other types of NIBS that are not portable

(e.g. TMS), after-effects are necessary to induce a long-term therapeutic effect as people would need

to travel to a specific centre for intermittent administration of NIBS. However, GVS is potentially

portable, allowing for continuous stimulation.

B. Perception

As the vestibular system is used by the brain to create body-centered representations, it is perhaps

unsurprising that GVS may influence perception. GVS has been reported to affect perceptual capability
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in a psychophysical direction-recognition task [24]. Stochastic GVS (0–2.0 Hz) applied at intensity

optimized to each individual (0.05–0.3 mA) was found to improve the stance performance of the

subjects in a static posturography paradigm as well as motion perception during roll rotations.

Another interesting line of GVS effects was reported in [25] where sinusoidal GVS stimulus was

applied at low frequencies (0.08, 0.13, and 0.18 Hz) to modulate muscle sympathetic nerve activity

(MSNA) and cross-correlation analysis was adopted to evaluate the modulation effects. The vestibular

system is involved in cardiovascular control to detect and regulate blood pressure changes induced

by changes in posture, and the MSNA was recorded to monitor these vestibulosympathetic reflexes

induced by GVS. The results showed that the low-frequency sinusoidal GVS led to the MSNA

being partially entrained to the sinusoidal stimulation, reflecting tight coupling between the vestibular

input and the sympathetic output. This indicates a potential role of GVS in the control of postural

hypotension, which can be a problem with some neurodegenerative disorders. GVS’s ability to blunt

sensitivity to high rewards in a reward processing task also suggests a potential role for GVS in

treating people with addiction disorders or manic disorders [26].

C. Neurological Disorders

GVS has been investigated as a therapeutic intervention to alleviate symptoms of various neuro-

logical disorders such as Parkinson’s disease (PD). Several studies have reported that GVS improves

postural stability [27], anterior bending posture [28], balance [29], and motor functions [30] in PD,

suggesting that it may be beneficial to balance and postural control in PD. GVS has also shown

beneficial effects on motor symptoms in PD. In the pioneer study investigating GVS effects in PD,

Yamamoto and colleagues [31] demonstrated that GVS ameliorated autonomic and motoric distur-

bances and decreased reaction time in Go/NoGo tasks without affecting omission and commission

errors. Several other works reported that GVS can improve performance in manual tracking task

[4], finger tapping task, and instrumented Timed Up and Go test [32]. Although neuroimaging

studies to investigate GVS effects in PD are sparse, the results from EEG [7] and fMRI [33]

studies indicate that GVS can normalize functional connectivity in the widespread cortical areas

and pedunculopontine nucleus (PPN) in the brainstem of PD patients in resting state. These results

warrant further investigation of GVS. Particularly, future task-based neuroimaging study sheds more

light on the neural mechanisms underlying the behaviour improvements.

There is increasing evidence that GVS can modulate a range of cognitive impairments in neuro-

logical patients. It is reported that GVS improved visuo-constructive deficits in a right-hemisphere

lesioned patient [34], tactile discrimination performance of patients with chronic tactile extinction

[35], and visual and tactile vertical judgment in stroke patients [36], which appears to be mainly

based on modulatory effects of GVS on the vestibular cortex [35].
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With concurrent GVS-neuroimaging data, GVS effects on bilateral vestibulopathy (BV) were

examined by analyzing stimulation-induced changes on regional activity, functional connectivity, and

other metrics [37], [38]. The results suggested that GVS is of potential to restore the disturbed visual-

vestibular interaction, and therefore beneficial to BV [39]. In [39], DC-GVS showed its capability

for pain relief, shedding light on its potential clinical application for neuropathic pain therapy. The

summary of GVS applications is provided in Table S1.

TABLE S1: Applications of GVS

Study Subjects Stimulus type Findings

Application: postural control and gait

[40] 9 HC RN Coherent stochastic postural sway in mediolateral but not

anteroposterior direction

[41] 9 HC DC Increase of deviation of walking trajectory towards the

anode with stimulation intensity

[20] 9 HC DC Improved postural responses to support-surface transla-

tions

[18] 10 HC AC (0.1, 0.25,

0.45, 1.1 Hz)

Nonlinear postural sway responses with increasing stim-

ulus frequency and amplitude due to saturation

[21] 30 HC RN Improved postural stability for more than 2h after the

cessation of the stimulus and tended to decrease thereafter

[19] 26 HC RN Decreased sway path length, mediolateral mean velocity,

and anteroposterior mean velocity during and 10-min after

stimulation

Application: perception

[42] 12 HC DC Enhanced sensitivity to mild shocks on hand

[24] 15 HC RN Increased direction-recognition sensitivity in roll rotation

(0.5 and 1.0 Hz) tests

[26] 30 HC DC Modulation of subjective visual vertical, decreased sensi-

tivity to rewards

Application: vasomotor activity

[25] 12 HC AC (0.08, 0.13,

0.18 Hz)

Frequency-dependent modulation of muscle sympathetic

nerve activity (highest at 0.08 Hz and lowest at 0.18 Hz)

Application: neurological disorder

Continued on next page
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TABLE S1 – continued from previous page

Study Subjects Stimulus type Findings

[31] 6 PD, 8 MSA RN Improved autonomic system regulation, decreased reac-

tion time to visual cue

[30] 3 PD, 8 MSA,

2 CCA

RN Increased switching between higher and lower levels of

wrist activity, quicker rest-to-active transition of wrist

activity

[29] 10 PD RN Improved balance correction after a backward perturba-

tion with shortened postural response time

[4] 12 PD RN Reduced overshooting and noisy movements in a visuo-

motor tracking task

[28] 7 PD DC Improved anterior bending posture

[33] 23 PD, 12 HC AC (1 Hz), RN Increased overall connectivity of PPN with brain regions

of interest

[7] 16 PD, 18 HC AC (4–8, 50–100,

100–150 Hz)

Normalization of cortical connectivity measured as phase

locking value

[43] 11 BV, 21 HC RN Improved postural stability in both BV patients and HC

[44] 13 BV RN Improved gait measures (stride time, stride length, base

of support, and bilateral phase coordination index)

[37] 26 BV, 27 HC DC, RN Group differences (BV and HC) in brain activation in

early visual, middle frontal, and temporal cortex areas

during GVS

[38] 26 BV, 26 HC AC (1 Hz) Increased resting-state brain activity in rolandic opercu-

lum and superior temporal gyrus in BV patients

[39] 16 HC DC Reduced pain ratings and pain-related brain potential

Abbreviations: BG = basal ganglia; BV = bilateral vestibulopathy; CCA = cortical cerebellar

atrophy; HC = health control; MSA = multi system atrophy; MSNA = muscle sympathetic nerve

activity; PD = Parkinson’s Disease; PPN = pedunculopontine nucleus.

IV. BRAIN CONNECTIVITY ESTIMATION USING FMRI

The most widely used method for brain connectivity is based on correlation analysis to estimate how

strongly two voxels or two regions of interest (ROIs) interact with each other by calculating pairwise

correlation coefficients. In seed-based correlation analysis, a seed voxel/ROI is first selected based on

the study hypothesis, and the correlation between all other voxels/ROIs with the seed region is then
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obtained, resulting in a functional connectivity map. Computing the connections between all possible

ROI pairs to build a pairwise connectivity map is often used to assess whole-brain connectivity

networks, with proper subsequently interpretation methods such as graph theoretical measures. For

instance, local and global connectivity features, including seed-based functional connectivity and

degree centrality have been used to evaluate GVS effects [38]. Other popular bivariate analyses include

mutual information for frequency domain measures and Granger causality for effective connectivity

estimation [45].

Different from the pairwise analysis between two variables, multivariate models such as BSS

and JBSS methods have also been employed in fMRI to assess which voxels tend to covary. As

data-driven approaches, they are suitable in the cases when the models of brain activity are not

available. Additionally, most such methods are capable to detect spatially overlapping connectivity

networks. For instance, tensor ICA has been applied to GVS-fMRI data to examine GVS-induced

connectivity networks and their temporal variability [46]. In another study, PLS was used to find the

individually-specific weighting of voxels in a brainstem region involved in gait disturbance in PD,

and normalizing effects of GVS on the connectivity of the brainstem region with several cortical

areas were demonstrated [33].

Similar to decomposition methods, clustering techniques are data-driven multivariate approaches

for exploring the associations between voxels/ROIs based on assumption that the related areas would

exhibit similar temporal variations [47]. They are usually implemented with fast and heuristic algo-

rithms that are suitable for large-scale problems. Regression-based models such as structural equation

models, dynamic causal models, and Bayesian network models are also multivariate models that are

usually considered statistically rigorous, capable of incorporating prior knowledge, and supported by

many well-developed algorithms. However, the computational cost restricts their use to confirmatory

studies examining a few ROIs [45].

It is worth noting that fMRI has relatively few time points and the number of ROIs/voxels may

be large. Modeling brain connectivity using fMRI signals is a difficult statistical inference problem.

The prior information such as sparsity of connectivity may favor the computational efficiency and

biological interpretation [45].

V. STIMULATION VARIABILITY

Although GVS and other NIBS techniques have encouraging effects in broad applications, substan-

tial intra- and inter-subject variability is observed in behavioral, physiological and therapeutic effects

[48], [49]. As to tDCS, only half of participants are considered as positive responders [50] and a

similar percentage of responsiveness has been reported in a large multicenter TMS cohort [51]. This

makes it difficult to give broad statements on the efficacy of specific stimulus waveforms and limits



7

their clinical usage.

Several factors have been suggested to account for the stimulation variability. Physiological con-

founds such as age, gender, genetics, hormones, and attentional involvement may all influence stimu-

lation effects which not only lead to great inter-subject variations, but also result in low reproducibility

of individual responses trial-by-trial. For instance, female sex-hormones have been suggested to

modulate TMS effects on motor cortex [52]. Similar to functional mapping of individualized brain, the

highly sampled concurrent neuroimaging data with repeated sessions is beneficial to measure reliable

individualized response [53]. In the future, a comprehensive investigation of different physiological

factors on both intra- and inter-subject variability may ultimately be necessary so that they can be

adequately controlled for. Additionally, as anatomical and functional organizations of the brain vary

across individuals, it is important to carefully account for the variability in behaviour in response to

the same brain modulation (even when standardized experiment procedures and rigorous protocols

are employed [54], [24]) utilizing concurrent neuroimaging analysis.

Stimulation settings including stimulus types, electrode sizes, and stimulation timing and duration

may also contribute to the variations in GVS responses. For instance, the frequency, intensity, and

polarity of GVS have been reported to induce variations in stimulation effects [20], [54], [24], [42],

[26]. To reduce the variability, it may be possible to optimize the parameters on an individual basis.

For instance, a pre-specified set of GVS stimuli can be first applied, and then, for each individual,

the stimulus with the greatest behavioural response can be selected for subsequent widespread testing

[24]. Identifying suitable features and measurements from neuroimaging data provide better guidance

on optimizing stimulation parameters for controlling the variability, which has been demonstrated in

[55], [56] where closed-loop stimulation based on monitoring EEG oscillations was able to enhance

the stimulation efficacy.

Multimodal NIBS techniques or application of multiple NIBS types in a single session may

also improve stimulation efficacy and reliability [48]. Two or more NIBS techniques are applied

simultaneously to boost the stimulation effects such as coupling TMS and tDCS in stimulation [57].

However, such paradigms are still under investigation, and their benefits on variability control have

not been fully examined. Additionally, addressing the neural substrates of variability may provide

added benefits to shed light on the mechanisms underpinning NIBS and expand clinical usage of

GVS for neurorehabilitation. This line of research is able to advance the development of suitable

methodologies, promote the design of rigorous stimulation protocols, and deepen our knowledge on

brain functions.
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Fig. S1. Closed-loop stimulation design. Combined with neuroimaging, close-loop stimulation includes monitoring of

ongoing brain activity, properly preprocessing of concurrent data, measuring accessible features and iteratively updating

stimulation parameters depending on brain states.

VI. CLOSED-LOOP STIMULATION

Closed-loop stimulation is an active area of both invasive and non-invasive brain stimulation

research. It depends on a control algorithm along with advanced signal processing techniques to learn

and optimize the stimulation parameters and timing in parallel with extracting relevant information

from the continuous influx of complex and nonlinear brain signals that are often corrupted by unwanted

noise (e.g., facial activity and stimulation artifacts). Combined with neuroimaging techniques, the

general design of closed-loop stimulation includes monitoring of ongoing brain activity, properly

preprocessing of concurrent data, measuring accessible features, and iteratively updating stimulation

parameters depending on brain states as shown in Fig. S1 [55].
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[49] V. López-Alonso, B. Cheeran, D. Rı́o-Rodrı́guez, and M. Fernández-del Olmo, “Inter-individual variability in response

to non-invasive brain stimulation paradigms,” Brain stimulation, vol. 7, no. 3, pp. 372–380, 2014.

[50] S. Wiethoff, M. Hamada, and J. C. Rothwell, “Variability in response to transcranial direct current stimulation of the

motor cortex,” Brain Stimulation, vol. 7, no. 3, pp. 468–475, 2014.
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