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ABSTRACT 43 

Galvanic vestibular stimulation (GVS) plays an important role in the quest to understand 44 

sensory signal processing in the vestibular system under normal and pathological conditions. It 45 

has become a highly relevant tool to probe neuronal computations and to assist in the 46 

differentiation and treatment of vestibular syndromes. Following its accidental discovery, GVS 47 

became a diagnostic tool that generates eye movements in the absence of head/body motion. 48 

With the possibility to record extra- and intracellular spikes, GVS became an indispensible 49 

method to activate or block the discharge in vestibular nerve fibers by cathodal and anodal 50 

currents, respectively. Bernie Cohen in his attempt to decipher vestibular signal processing has 51 

used this method in a number of hallmark studies that have added to our present knowledge, such 52 

as the link between selective electrical stimulation of semicircular canal nerves and the 53 

generation of directionally corresponding eye movements. His achievements paved the way for 54 

other major milestones including the differential recruitment order of vestibular fibers for 55 

cathodal and anodal currents, pronounced discharge adaptation of irregularly firing afferents, 56 

potential activation of hair cells, and fiber type-specific activation of central circuits. Previous 57 

disputes about the structural substrate for GVS are resolved by integrating knowledge on ion 58 

channel-related response dynamics of afferents, fiber type-specific innervation patterns and 59 

central convergence and integration of semicircular canal and otolith signals. Based on the solid 60 

knowledge of the methodology, specific waveforms of GVS are currently used in clinical 61 

diagnosis and patient treatment, such as vestibular implants and noisy galvanic stimulation. 62 

 63 

INTRODUCTION 64 

 At the time when Alessandro Volta first described galvanically induced vertigo (Volta 65 
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1800), it was unimaginable that galvanic stimulation of the vestibular nerve would one day form 66 

the basis for the development of vestibular implants that restore patients’ balance function 67 

(Guyot and Perez Fornos 2019). The seminal work by Bernie Cohen and Jun-Ichi Suzuki in the 68 

1960s on the electrical excitability of individual vestibular nerve branches and the resulting, 69 

directionally specific eye, head and body movements was a paramount milestone in the 70 

development of this “electrifying” field (Cohen and Suzuki 1963; Cohen et al. 1964; Suzuki and 71 

Cohen 1964, 1966). 72 

Moreover, Bernie Cohen in his quest for understanding the physiology and 73 

pathophysiology of the vestibular network over several decades has added a considerable amount 74 

of novel aspects that advanced our understanding of basic vestibular signal processing. Such 75 

aspects include the role of the velocity storage integrator (Raphan et al. 1979; Yakushin et al. 76 

2017) and, more recently, the connection between identified cell populations within the 77 

vestibular nuclei and the autonomic nervous system (e.g. Cohen et al. 2011, 2017). The results of 78 

these latter studies depended to a considerable extent on the employment of galvanic stimulation 79 

that allowed an activation of the respective neuronal pathways. Based on a solid experimental 80 

approach, Cohen and collaborators deciphered the link between the signal processing in a 81 

particular vestibular subgroup of neurons and the homeostatic regulation of basic parameters 82 

such as blood pressure or heart pulse rate (Cohen et al. 2017). These vestibulo-sympathetic 83 

reflexes are particularly important given the necessity to constantly adjust blood circulatory 84 

parameters during vertical alterations of body position. These latter studies represent an excellent 85 

example for the use of GVS in basic science, which constitutes a highly relevant experimental 86 

tool to obtain an important set of data given the possibility for motion-free activation of 87 

vestibular endorgans in the inner ear. 88 
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Based on the technical improvements in stimulation electrodes and stimulus dynamics over 89 

the past years, GVS has assisted in accumulating a considerable amount of knowledge on the 90 

basic wiring of vestibular circuits and has developed into a promising therapeutic application for 91 

patients with bilateral vestibular hypofunction. In this review we describe the current state of 92 

knowledge with respect to the mechanistic basis and the susceptibility of particular inner ear 93 

cellular and structural substrates for GVS, along with the employment of this technique in 94 

clinical practice. Furthermore, by incorporating novel experimental data we attempt to reconcile 95 

the different views on what GVS actually activates (e.g. Cohen et al. 2012a,b; Curthoys and 96 

MacDougall 2012; Reynolds and Osler 2012). 97 

 98 

HISTORY OF GVS 99 

Ever since Luigi Galvani (1791) successfully used natural sources of electrical current to 100 

evoke contractions of frog muscles in order to decipher ‘animal electricity’, electrical stimulation 101 

became a method of choice in neuroscience to activate excitable cellular elements (Thompson et 102 

al. 2014). After its discovery, ‘galvanism’ was immediately recognized as a very useful tool in 103 

early scientific studies on the role of electrical phenomena in animals. In his attempt to 104 

understand the mechanistic basis of this newly discovered technique, Alexander von Humboldt, 105 

at various times assisted by Johann Wolfgang von Goethe, conducted a number of experiments 106 

on animals as well as on himself where he used galvanic current to demonstrate the functionality 107 

of nerves and muscles (von Humboldt 1797). Moreover, beyond its successful employment in 108 

neuroscience, galvanic electricity also received noticeable attention outside the early scientific 109 

community and found entry into science fiction literature, where Dr. Frankenstein used 110 

‘galvanism’ to instill life into the creature that he assembled from body parts of corpses (Shelley 111 
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1818). 112 

In the quest to reveal the secrets of ‘animal electricity’, scientists very early on passed 113 

currents through various body parts and discovered that current stimulation of the eye evoked 114 

visual sensations (LeRoy 1755). The induction of balance problems and equilibrium disturbances 115 

when passing current through the human head observed by Johann Purkinje (1820) was finally 116 

attributed to galvanic effects on the vestibular system by Josef Breuer who elicited distinct head 117 

movements following galvanic stimulation of individual semicircular canals in birds (Breuer 118 

1874). With the support of Johann Wolfgang von Goethe and Alexander von Humboldt, Johann 119 

Purkinje (or Jan Purkynĕ, as he spelled his name after 1851) finally obtained his first position as 120 

a professor of physiology and pathology in Breslau in 1823 where he continued his 121 

neuroscientific studies with the help of electrical stimulation (Judas and Sedmak 2011). 122 

Following further technical improvements by more localized current application methods to both 123 

ears (Hitzig 1871), GVS is nowadays used in clinical research as a motion-free stimulus allowing 124 

specific vestibular stimulation with minimal interference with other sensory systems (e.g. vision, 125 

somatosensation) (Day 1999). 126 

The employment of this method in different experimental approaches contributed 127 

considerably to our current knowledge of the role of vestibular signals in gaze, posture, and 128 

locomotor control, as well as in motion and spatial perception in human subjects under 129 

physiological and pathophysiological conditions, which will be covered in detail in the section 130 

“Clinical applications” below. Whereas many aspects of GVS have previously been summarized 131 

in excellent reviews that explained basic aspects of this technique as well as major application 132 

possibilities (e.g. Fitzpatrick and Day 2004; Curthoys 2010; St George and Fitzpatrick 2011), the 133 

current review includes new basic findings as well as novel clinical applications. 134 
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ORIGIN OF GVS-INDUCED RESPONSES 135 

Cellular substrate 136 

Since the hallmark studies by Goldberg et al. (1982, 1984), the relatively unchallenged 137 

assumption was that GVS directly activates vestibular nerve afferent fibers at the spike trigger 138 

zone, bypassing hair cell synapses (see Fitzpatrick and Day 2004). Evidence for this notion 139 

largely derived from evoked spike discharge modulation of regular and irregular vestibular 140 

afferents in squirrel monkeys and the construction of hypothetical current flows following 141 

galvanic current step stimulation (Goldberg et al. 1984). Based on axon diameter-related 142 

differences in impedance magnitudes, cathodal and anodal galvanic currents predominantly 143 

recruit and silence thick, irregularly firing afferent fibers, respectively, with only limited 144 

influence on thinner, regularly firing afferents at higher stimulus intensities (Goldberg et al. 145 

1984). This correlation between GVS intensity and activated fiber type was confirmed and 146 

extended by a number of subsequent studies using different animal models and current 147 

application methods (Ezure et al. 1983; Kim and Curthoys 2004; Kim et al. 2011; Shanidze et al. 148 

2012; Gensberger et al. 2016). While the preferential activation of thick, irregular vestibular 149 

afferents was consistently verified and explained by respective electrical cable models, the 150 

assumed cellular/subcellular substrate, i.e. the spike trigger zone of these afferents, continued to 151 

be only inferred from theoretical considerations (Goldberg et al. 1984). The general acceptance 152 

of this assumption remained unchallenged even though an electrophysiological study on isolated 153 

frog posterior semicircular canal (SCC) preparations was able to show that GVS directly 154 

modulates transmitter release by hair cells and thereby only indirectly affects afferent activity 155 

(Norris et al. 1998). 156 
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Another indication that GVS might in fact recruit hair cells in the intact organism in vivo, 157 

at least in addition to vestibular afferents, came from studies in patients and animal models using 158 

gentamicin-induced vestibulo-toxicity. Intra-tympanic application of gentamicin in guinea pigs 159 

(Cheng et al. 2010), or in patients with otherwise intractable Menière’s disease (de Waele et al. 160 

2002), results in a loss of galvanically induced vestibular evoked myogenic potentials (gVEMPs; 161 

for methodological details see “Clinical applications / gVEMPs” below). Furthermore, the 162 

galvanically evoked vestibulo-ocular reflex (VOR) is impaired in patients suffering from a 163 

systemic gentamicin vestibulo-toxicity (Aw et al. 2008). Although these results imply that GVS 164 

might directly influence the membrane potential of vestibular hair cells, this has to be viewed 165 

with caution, because gentamicin not only affects vestibular hair cells, but also neuronal 166 

structures of the labyrinth, either directly or indirectly following hair cell loss. Type I vestibular 167 

hair cells are in fact particularly sensitive to gentamicin (Lyford-Pike et al. 2007). After entering 168 

the cell via mechano-electrical transducer channels or endocytosis, gentamicin causes disarray of 169 

stereocilia and disruption of mitochondria. The latter process induces reactive oxygen species 170 

(ROS), triggers stress-activated protein kinases and activates caspase-related pathways, all of 171 

which finally result in hair cell apoptosis (reviewed by Huth et al. 2011). In addition to hair cell 172 

loss, retraction / vacuolization of calyx afferents (Hirvonen et al. 2005; Lue et al. 2009; Cheng et 173 

al. 2010; Sultemeier and Hoffman 2017) and degeneration of vestibular ganglion cells (Harada et 174 

al. 1991) have been observed. At least part of this neuronal afferent degeneration appears to 175 

occur independently from hair cell death, as morphological changes in calyx afferents are more 176 

widespread in the affected labyrinth than vestibular hair cell damage / loss (Hirvonen et al. 2005; 177 

Sultemeier and Hoffman 2017). 178 

Definitive proof that GVS activates vestibular hair cells eventually derived from a 179 
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pharmacological study on Xenopus laevis tadpoles (Gensberger et al. 2016) in compliance with 180 

an earlier study using GVS on an isolated posterior SCC (Norris et al. 1998). Isolated head 181 

preparations of this species (Straka and Simmers 2012) allow concurrent application of natural 182 

motion and external galvanic stimulation of sensory epithelia within the intact otic capsule, 183 

single-unit recordings of vestibular nerve afferents and bath-application of glutamatergic 184 

antagonists for a controlled block of the synaptic transmission between hair cells and afferent 185 

fibers (Fig. 1A,B). In such preparations, sinusoidal horizontal rotation as well as GVS of the 186 

horizontal semicircular canal crista (magenta and green traces, respectively in Fig. 1C) cause a 187 

phase-timed modulated discharge in all recorded vestibular afferents. In the presence of 188 

glutamatergic AMPA and NMDA receptor antagonists (Fig. 1B), the motion-induced discharge 189 

modulation ceases completely due to the blocked hair cell synaptic transmission (magenta in Fig. 190 

1D). In contrast, the GVS-induced discharge modulation persists in the presence of the drugs, 191 

however, at considerably reduced magnitudes (green in Fig. 1D; Fig. 1E). This indicates that 192 

GVS recruits both, vestibular nerve afferents as well as hair cells, given the reduced impact of 193 

GVS when blocking hair cell transmission (Fig. 1E,F; Gensberger et al. 2016). Particularly 194 

interesting however is the fact that the lowest current intensities appear to exclusively recruit hair 195 

cells, while larger currents (> 100 µA under these experimental conditions) become more 196 

effective in directly modulating the afferent spike activity (Fig. 1F). Whether the recruitment of 197 

vestibular hair cells by GVS also applies to other species and/or GVS methods, such as trans-198 

mastoid stimulation in humans, remains to be seen.  199 

Structural substrate 200 

A long and major topic in the debate on what GVS actually activates is the question of the 201 

recruited structural substrate, i.e. otolith and/or SCC organs / afferent fibers (see Wardman and 202 
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Fitzpatrick 2002; Fitzpatrick and Day 2004; Cohen et al. 2012a,b; Curthoys and MacDougall 203 

2012; Reynolds and Osler 2012). Based on c-Fos expression studies (e.g. Kaufman and Perachio 204 

1994; Abe et al. 2009; Holstein et al. 2012), Cohen et al. (2012a,b) concluded that trans-mastoid 205 

GVS predominantly activates the otolith system. This assumption was largely based on the fact 206 

that c-Fos protein accumulation in the vestibular nuclei of rats following sinusoidal GVS 207 

exposure matched (although not completely) the regional distribution of primarily otolith-driven 208 

vestibular neurons, while c-Fos protein was not expressed in vestibulo-ocular and vestibulo-209 

spinal relay centers receiving mainly SCC input (Holstein et al. 2012). However, this 210 

interpretation must be viewed with caution given the complex relationship between neuronal 211 

activation and c-fos mRNA / c-Fos protein expression. While up-regulation of c-Fos is generally 212 

viewed as a marker for neuronal activity, the lack of c-Fos protein accumulation does not 213 

necessarily imply that a neuron is inactive (Labiner et al. 1993; Figueiredo et al. 2003; Kovacs 214 

2008): thus, absence of evidence (for c-Fos expression) is not evidence of absence (of neuronal 215 

activation). Moreover, a recent study by Chapman et al. (2019) showed that targeted application 216 

of galvanic pulses to the posterior SCC nerve in rats causes c-Fos protein accumulation in the 217 

contralateral medial vestibular nucleus, which – together with results from Holstein et al. (2012) 218 

– implies that both otolith- and SCC-driven afferent signals contribute to the activation of central 219 

vestibular pathways following GVS.  220 

These novel findings somewhat reconcile the interpretation of GVS as a primarily otolithic 221 

stimulus (Cohen et al. 2012a,b) with the view of Curthoys and MacDougall (2012) who argued 222 

that based on the recordings of vestibular afferents (e.g. Kim and Curthoys 2004) both SCC and 223 

otolith afferents become recruited by GVS (Wardman and Fitzpatrick 2002). In fact, GVS-224 

evoked behavioral responses (oculomotor, postural, perceptual) are eventually the resultant 225 
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product of central SCC-otolith signal convergence and integration (Merfeld et al. 1999; Dickman 226 

and Angelaki 2002; Straka et al. 2002). Signals from the two types of endorgans converge to a 227 

large degree in central vestibular neurons in a spatially specific manner (Dickman and Angelaki 228 

2002; Straka et al. 2002). While this convergence at single cell level resolves motion ambiguities 229 

between tilt and translation based on internal models (Merfeld et al. 1999; Angelaki et al. 2001; 230 

Shaikh et al. 2005), the integration of SCC and spatially corresponding otolith signals renders 231 

any attempt to link a respective behavioral output with the underlying activation by e.g. GVS of 232 

a particular peripheral endorgan at best rather difficult. Thus, central fusion of SCC and otolith 233 

signals along with a subsequent neuronal integration that considerably alters the time course and 234 

dynamics of the motor output (eye movements or posture control) relative to the sensory input 235 

might explain a large part of the diversity of behavioral observations and perception in human 236 

studies under different stimulus conditions (see “Clinical applications” below).  237 

Apart from central SCC-otolith signal interaction, another in its importance so far 238 

underestimated aspect, has to be considered in this context. Following application of cathodal 239 

(depolarizing) current steps, the discharge of vestibular afferents has been shown to adapt or 240 

habituate over time, particularly in units that are sensitive to rotation, i.e. SCC units (Lowenstein 241 

1955; Courjon et al. 1987; Cohen et al. 2012a). However, the firing rate adaptation has likely 242 

nothing to do with general differences between SCC and otolith units, but is rather related to the 243 

physiological type of recorded afferent fiber, i.e. regularly or irregularly firing afferent. In fact, 244 

axons and cell bodies of irregular afferents are endowed with a voltage-dependent potassium 245 

conductance that causes the irregular firing rate of these neurons, the rapid adaptation and 246 

prevention of any sustained spiking (Eatock et al. 2008; Eatock and Songer 2011). This 247 

pronounced discharge adaptation (Fig. 2A) during a current step is independent of the hair cell 248 
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synapse type since it occurs in irregular afferents of amniote as well as anamniote species (note 249 

that anamniotes have only type II hair cells) as indicated by the firing rate of respective afferent 250 

fibers in tadpoles of the amphibian Xenopus laevis (Gensberger et al. 2017). The highly dynamic 251 

discharge pattern of irregular fibers in the latter animals can be abolished by very low 252 

concentrations of 4-aminopyridin, indicative of the presence of highly effective voltage-253 

dependent Kv1.1 potassium channels (Gensberger et al. 2017). In contrast, regular afferents in 254 

Xenopus tadpoles exhibit a considerably smaller firing rate adaptation, if at all, and are able to 255 

maintain an elevated discharge upon application of a constant current step (Fig. 2B). Thus, 256 

irregular in contrast to regular afferents are incapable of expressing a tonic firing upon GVS with 257 

constant currents. 258 

The different sensitivity of regular and irregular afferent fibers for GVS-induced responses 259 

along with their different capacity to sustain a current-induced discharge contains potential 260 

clinical relevance. Small-amplitude, highly dynamic current waveforms that match the adaptive 261 

capacity will predominantly recruit thicker, irregularly firing afferent fibers, while regularly 262 

firing afferents remain largely unaffected. This allows testing the integrity of those circuits that 263 

process highly transient aspects of head motion, given the organization of vestibulo-motor 264 

circuits as frequency-tuned pathways (Straka et al. 2009; Eatock and Songer 2011). The 265 

necessity for larger currents to activate thinner, regular afferents makes a selective stimulation 266 

without recruiting irregular afferents impossible. However, the higher sensitivity of the latter 267 

fibers also for anodal currents that block spike discharge (Goldberg et al. 1984; Minor and 268 

Goldberg, 1991; Straka and Dieringer 2000) offers a possibility to circumnavigate the problem. 269 

Accordingly, application of long-lasting anodal currents will predominantly silence irregular 270 

afferents (Straka and Dieringer 2000), thus allowing superimposed large cathodal current steps to 271 
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preferentially activate regular afferent fibers. Using appropriate combinations of anodal and 272 

cathodal current amplitudes therefore offers the possibility to selectively recruit regular afferent 273 

fibers and corresponding central pathways. The employment of longer cathodal steps will further 274 

limit any residual activation of irregular afferents given the pronounced adaptation of GVS-275 

induced spike discharge. How an additional direct GVS-induced modulation of hair cell 276 

transmitter release interferes with this principle is so far unknown and requires evaluation in an 277 

adequate experimental model such as isolated amphibian preparations (Gensberger et al. 2016). 278 

While differential anodal/cathodal current sensitivity (Angelaki and Perachio 1993; Straka and 279 

Dieringer 2000) and dynamic response capacity of the two fiber types have already been 280 

exploited to reveal the basic organization of vestibular circuits (see “Waveforms of GVS” and 281 

“GVS for deciphering vestibulo-motor circuits” below), it would also allow constructing 282 

respective GVS paradigms as diagnostic tool to separately test regular and irregular vestibular 283 

afferent-dependent pathways.  284 

Finally, the different properties of irregular and regular vestibular afferent fibers might also 285 

influence c-Fos expression in central vestibular neurons. Most of the otolith epithelium, except 286 

for the striolar region, is innervated predominantly by regular afferents (Eatock and Songer 287 

2011), based on the proportion of the two afferent fiber types in the VIIIth nerve (Goldberg et al. 288 

1990) and the relative abundance of dynamically different types of hair cells with respect to 289 

shape and length of the kinocilium (Lewis and Li 1975; Baird and Lewis 1986; Fernández et al. 290 

1990). Given that regular fibers encode maintained changes in vertical head position, current step 291 

GVS will tonically activate a large number of fibers and lead to corresponding c-Fos activation 292 

in the vestibular nuclei. SCC afferents, even though not exclusively, are rather irregularly firing 293 

fibers that would rapidly adapt their firing rate during constant galvanic current stimulation and 294 
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thus cause the impression that step GVS is not activating SCC afferents (see Straka and 295 

Dieringer 2004). This explanation would reconcile at least part of the discrepant views on the 296 

structural substrate of GVS (Cohen et al. 2012a,b; Curthoys and MacDougall 2012): longer GVS 297 

steps predominantly cause a persistent firing of regular otolith afferents, while the large 298 

proportion of irregular SCC afferents will adapt quickly after current step onset. Although this 299 

aspect should be considered, its relevance for the expression of neuronal activity markers 300 

remains to be determined since novel data, employing the same method, revealed c-Fos activity 301 

also after GVS of the posterior SCC nerve (Chapman et al. 2019) in addition to the previously 302 

reported predominance of c-Fos expression in otolith related central vestibular neuron groups 303 

(Holstein et al. 2012; Cohen et al. 2012a,b). 304 

 305 

WAVEFORMS OF GVS 306 

Electrical currents for GVS are generally applied as steps (e.g. Kim and Curthoys 2004; 307 

Hsu et al. 2012; Shanidze et al. 2012), sinusoids (e.g. Ezure et al. 1983; Kim et al. 2011; 308 

Gensberger et al. 2016), trains of short pulses (e.g. Dai et al. 2011; Mitchell et al. 2013; Phillips 309 

et al. 2015) or as band-limited noise (e.g. Iwasaki et al. 2014; Moore et al. 2015; Wuehr et al. 310 

2018) (Fig. 3). Most studies on animals and human subjects used current steps or sinusoids 311 

through bilateral electrodes placed caudal to the ear on the mastoid (see Fitzpatrick and Day 312 

2004; Curthoys 2010), within the tensor tympani muscle (Kim and Curthoys 2004; Kim 313 

2013a,b), on the promontory (Park et al. 2015), outside the intact otic capsule (Gensberger et al. 314 

2016), or close to a semicircular canal ampulla (Ezure et al. 1983; Mitchell et al. 2013). 315 

Depending on the distance and type of tissue between the electrode and the excitable inner ear 316 

elements, the employed current intensities vary enormously. Table 1 summarizes typical current 317 
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amplitudes for GVS depending on electrode location, indicating that the currents required for 318 

intra-labyrinthine electrodes are 10- to 100-fold lower compared to surface electrodes on the 319 

mastoid.  320 

Current steps. Depending on the intensity, current steps cause an immediate, transient 321 

increase in discharge followed by a sustained and variably elevated firing rate that depends on 322 

the afferent fiber type (Fig. 2; Fig. 3A). Since thick-diameter axons are more sensitive to electric 323 

current stimulation than thin axons (Blair and Erlanger 1933), irregularly firing vestibular 324 

afferents are recruited at lower current amplitudes than regularly firing fibers (Ezure et al. 1983; 325 

Goldberg et al. 1984). This predominance for irregular afferent activation constitutes an 326 

important aspect in any functional interpretation of GVS-induced neuronal and behavioral 327 

consequences. In addition, the general notion is that current steps simulate constant head motion 328 

signals in the direction of the cathode and thus provoke compensatory oculomotor and postural 329 

responses in the direction of the anode (e.g. Schneider et al. 2002; Fitzpatrick and Day 2004; see 330 

“Clinical applications” below). 331 

In contrast to cathodal current steps, used to trigger action potentials in afferent fibers, 332 

anodal currents silence vestibular afferents or prevent activation during concurrent motion 333 

stimulation (Goldberg et al. 1984; Angelaki and Perachio 1993; Straka and Dieringer 2000). 334 

Comparable to the recruitment order during application of cathodal pulses with increasing 335 

amplitude (Fig. 4B), anodal current steps at low intensity predominantly silence irregularly firing 336 

afferents and, with increasing current amplitude, block more and more regularly firing afferent 337 

fibers. However, anodal polarization outsizes the effect of cathodal pulses of the same magnitude 338 

but opposite polarity, such that already very small anodal (hyperpolarizing) currents completely 339 

silence spontaneously active vestibular afferents or prevent the activation of spikes by concurrent 340 
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cathodal pulses (Fig. 4C; Straka and Dieringer 2000). Combining anodal polarization and 341 

cathodal current pulses has been used to determine the convergence pattern of irregular and 342 

regular afferents in central vestibular neurons, the differential activation of local vestibular 343 

inhibitory and excitatory circuits (Chen-Huang et al. 1997; Straka and Dieringer 2000; see also 344 

Fig. 4D and paragraph on “GVS for deciphering vestibulo-motor circuits” below) and the 345 

contribution of irregularly firing afferents to the VOR (Minor and Goldberg 1991; Angelaki and 346 

Perachio 1993). 347 

Sinusoidal currents. Sinusoidally modulated currents are usually applied in the attempt to 348 

mimic the typically employed sinusoidal head rotations and to represent the obtained discharge 349 

and eye motion patterns during head rotation (Fig. 3B; Wilson et al. 1979; Peterson et al. 1980; 350 

Goldberg et al. 1982; Ezure et al. 1983; Schneider et al. 2000; Kim et al. 2011; Gensberger et al. 351 

2016) as Bode plots from which phase and gain relationships were obtained. The timing of the 352 

responses suggest that sinusoidal GVS corresponds more closely to the velocity than the position 353 

component of head movements with similar phase relations between GVS- and motion-evoked 354 

responses in VOR neuronal elements over most of the tested frequency range (Gensberger et al. 355 

2016). A further advantage of sinusoids is the transient character that represents a more dynamic 356 

stimulus condition compared to current steps, and as such, sinusoids are more suitable to 357 

simulate a natural head motion. Recordings of vestibular nerve afferents in squirrel monkey 358 

(Goldberg et al. 1982, 1984), cat (Ezure et al. 1983), chinchilla (Kim et al. 2011) and larval 359 

Xenopus (Gensberger et al. 2016) revealed a rather variable but generally increasing phase lead 360 

of the GVS-evoked spike discharge for frequencies above 1 Hz. The more phase-advanced GVS- 361 

as compared to motion-induced response above this frequency is likely due to the direct 362 

activation of vestibular afferents, which bypasses canal fluid dynamics, cilial bundle deflection 363 
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and synaptic transmission between hair cells and afferent fibers as seen in frog (Gensberger et 364 

al., 2016), cat (Ezure et al. 1983) and chinchilla (Kim et al. 2011). The gain of such GVS-365 

induced responses is also rather variable between different units and likely dependent on the 366 

recorded afferent fiber type, i.e. regularly versus irregularly firing fibers (Ezure et al. 1983; 367 

Goldberg et al. 1982, 1984; Kim et al. 2011). Most critical for the estimation of the response gain 368 

during GVS, however, is the use of mean firing rates, in particular at higher stimulus frequencies 369 

when the peak discharge often consists of phase-locked, synchronized single or doublets of 370 

spikes. Such a firing mode is typical for irregular vestibular afferents due to the voltage slope 371 

threshold for spike firing generated by voltage-dependent potassium conductances (Beraneck et 372 

al. 2007; Eatock and Songer 2011). In addition, specific differences in reported phase and gain 373 

values of vestibular afferent firing rates between individual studies might in addition depend on 374 

methodological variations such as type of stimulus electrodes and placement, vertebrate species 375 

and/or bias in recorded neuronal subtypes. 376 

The increasing phase lead of GVS-induced responses of afferents at higher stimulus 377 

frequencies is only partially reflected by the discharge of central vestibular neurons (Wilson et 378 

al. 1979; Peterson et al. 1980; Ezure et al. 1983). In fact, the spike firing of vestibulo- and 379 

reticulo-spinal neurons exhibits either a phase lead or phase lag with increasing or decreasing 380 

response gains depending on the recorded neuron and specific experimental condition. The phase 381 

lag and reduced response gain of neurons along the sensory-motor pathway is maximal at the 382 

motor output such as neck muscles (Wilson et al. 1979; Peterson et al. 1980) or extraocular 383 

motoneurons (Gensberger et al. 2016). In fact, sinusoidal GVS-evoked extraocular motor 384 

responses in Xenopus tadpoles exhibit a small phase lead at low frequencies and become 385 

considerably phase lagged at frequencies above 4 Hz, along with a marked reduction of the 386 
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amplitude at higher frequencies (Gensberger et al. 2016). The phase lag and the concurrently 387 

reduced amplitude of the GVS-evoked extraocular motor discharge might be related to neuronal 388 

integration processes along the VOR pathway. In addition, it is likely that the capacitive 389 

resistance of the tissue between stimulation site and receptive neuronal structures (i.e. hair cells 390 

and afferents within the sensory epithelium) impairs the capability of these cellular elements to 391 

linearly follow the oscillatory polarization with increasing frequency, which might also be the 392 

cause for decreasing perceptual sensitivity to increasing GVS frequencies (> 0.1 Hz) in humans 393 

(Peters et al. 2015). The extent of this effect is however unknown so far (Gensberger et al. 2016). 394 

Nonetheless, sinusoidal GVS is an excellent method to imitate head oscillations and in fact can 395 

be used to isolate otolith responses when concurrently applied with sinusoidal roll motion 396 

(Schneider et al. 2009).  397 

Despite the many advantages, a particular caveat is the use of low-frequency galvanic 398 

sinusoids, which likely cause a similar spike discharge adaptation as current steps in irregularly 399 

firing afferents. Depending on the relative magnitudes of the time constants, thresholds and 400 

strengths of voltage-dependent hyperpolarizing potassium and depolarizing sodium channels, the 401 

net effect on the evoked spike discharge pattern may vary between different afferent units. 402 

Noise currents. A relatively novel waveform of galvanic vestibular stimulation is used 403 

increasingly more often in studies on human subjects and consists of a sub-threshold band-404 

limited noisy current that adds stochastic resonance to the peripheral vestibular system (Fig. 3C). 405 

Subthreshold noisy galvanic vestibular stimulation (nGVS) has been used to improve the 406 

postural stability in patients that suffer from a vestibulopathy (see “Clinical applications / Noisy 407 

galvanic vestibular stimulation”). The underlying principle of stochastic resonance depends on a 408 

response enhancement of non-linear systems to inputs by adding a particular non-zero level of 409 
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noise (Moss et al. 2004). While several studies have regularly added stochastic resonance as 410 

galvanic noise to the peripheral vestibular system of healthy and vestibularly impaired subjects 411 

(see below), only little is known how such a current waveform modifies the neuronal activity of 412 

vestibular hair cells and/or afferent fibers. So far, application of mechanical stochastic noise to 413 

frog hair cell cilial movements (Indresano et al. 2003) or to the posterior semicircular canal of 414 

chicken embryos and hatchlings (Flores et al. 2016) revealed a resonance of hair cell and afferent 415 

responses, respectively. This suggests that vestibular peripheral neuronal elements are sensitive 416 

to frequency-dependent stochastic noise that potentially allows amplifying the response. 417 

Application of band-limited noisy currents to the anterior portion of the otic capsule in 418 

Xenopus tadpoles stochastically increases the resting activity of horizontal semicircular canal 419 

afferents (Gensberger et al. 2017; Fig. 3C). Irregular afferents are particularly sensitive to this 420 

stimulus, which augments their discharge at very low current intensities (~5 µA; Gensberger and 421 

Straka, unpublished data), compatible with the high sensitivity of this fiber type for electrical 422 

activation (Goldberg et al. 1984). The facilitated susceptibility of these afferent neurons to such 423 

noisy currents likely derives from the presence of voltage-dependent potassium conductances 424 

(Eatock and Songer 2011), which are activated by small cathodal currents and shunt further 425 

depolarization of the membrane potential. Rapid changes of bipolar noisy currents cause random 426 

fluctuations of the membrane potential of hair cells/irregular afferent fibers that consequently 427 

increase the resting discharge in a stochastic manner. This stimulus waveform therefore is able to 428 

increase the spontaneous activity of irregular afferents, but avoids firing rate adaptation that 429 

normally occurs in these neurons with longer-lasting galvanic steps (Fig. 2A). Accordingly, 430 

noisy currents at any intensity cause or augment a spontaneous firing in these afferents, while 431 

nGVS at an optimal level creates a stochastic resonance, which increases the sensitivity for 432 
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motion encoding and therefore improves any residual function of the peripheral vestibular 433 

system (see ”Clinical applications / Noisy galvanic vestibular stimulation”). In contrast to sub-434 

threshold galvanic stimuli, supra-threshold galvanic noise (stochastic vestibular stimulation, 435 

SVS) with different frequency bands up to 75 Hz has been applied to decipher the frequency 436 

dependency of vestibulo-motor responses in different muscle groups (Forbes et al. 2015; for 437 

details see “Clinical Applications / Noisy galvanic vestibular stimulation”). 438 

Current pulses. Early electrophysiological probing of the nervous system used short 439 

single cathodal current pulses to activate excitable cellular elements (Thompson et al. 2014). 440 

Application of such brief pulses to the vestibular sensory epithelium or the VIIIth nerve was 441 

shown to activate single spikes in afferent fibers (Fig. 3D; Pfanzelt et al. 2008). Based on the size 442 

principle for electrical recruitment of axons (Blair and Erlanger 1933), small amplitude current 443 

pulses activate spikes in irregular fibers while increasing amplitudes gradually recruit more and 444 

more regularly firing afferents (e.g. Goldberg et al. 1984; Straka and Dieringer 2000; see 445 

Goldberg 2000). The precision of the stimulus-timed afferent spike was used to evaluate axonal 446 

conduction velocity, synaptic connectivity and convergence of signals from multiple vestibular 447 

endorgans as well as the channeling of regular and irregular afferent activity into particular 448 

vestibular pathways of various vertebrate species (e.g. Goldberg et al. 1987; Highstein et al. 449 

1987; Chen-Huang et al. 1997; Straka et al. 1997, 2002). In humans, trains of monophasic 450 

current pulses have been applied to study galvanically induced oculomotor responses (Aw et al. 451 

2006, 2008, 2013a,b) and to evoke gVEMPs (e.g. Rosengren et al. 2009, see “Clinical 452 

applications”).  453 

The precise and robust phase coupling between individual pulses and evoked single 454 

action potentials at stimulus magnitudes above spike threshold (Fig. 3D) was used to create pulse 455 
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trains with specific temporal parameters (e.g. Pfanzelt et al. 2008). These sequences of current 456 

pulses were either modulated sinusoidally (Fig. 3D; Pfanzelt et al. 2008: cathodal pulses) or 457 

applied as constant frequency trains to the VIIIth nerve (e.g. Mitchell et al. 2016, 2017: biphasic 458 

pulses). Independent of specific stimulus parameters, such pulse trains allow generating defined 459 

afferent discharge patterns, required for a controlled activation of central vestibular circuits. The 460 

1:1 relationship between pulses and spikes is therefore ideally suited for a controlled activation 461 

of particular semicircular canal nerves as required for the function of vestibular implants that 462 

employ charge-balanced cathode-first biphasic current pulses for chronic stimulation of 463 

vestibular nerve afferents. Particularly important for chronic placements of stimulation 464 

electrodes is the use of biphasic pulses which prevent polarization of the electrode tips and 465 

charge accumulation in the tissue with resultant neuronal damage (van de Berg et al., 2011). 466 

 467 

GVS FOR DECIPHERING VESTIBULO-MOTOR CIRCUITS 468 

The use of GVS in experiments on animals and humans over the past decades has 469 

extensively contributed to our knowledge of basic principles in vestibular signal processing. A 470 

particular advancement of the knowledge derived from the employment of different galvanic 471 

waveforms and the combinatorial use of prolonged anodal polarization of the sensory periphery, 472 

and simultaneous application of cathodal pulses or natural motion (Minor and Goldberg 1991; 473 

Angelaki and Perachio 1993; Straka and Dieringer 2000). The general principle of this 474 

interaction depends on the differential sensitivity of thick, fast conducting irregularly firing and 475 

thin, slower conducting regularly firing vestibular afferents for both cathodal and anodal 476 

galvanic stimulation (Goldberg 2000). This allowed deciphering the respective contributions of 477 

these fiber types to the central signal processing in vestibulo-motor circuitries (Goldberg 2000, 478 
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Straka and Dieringer, 2004). These studies indicated that irregularly firing afferent fibers are 479 

preferentially connected with vestibulo-spinal neurons, whereas VOR neurons receive 480 

predominantly inputs from regularly firing afferents in mammalian (Goldberg et al. 1987; 481 

Highstein et al. 1987) as well as non-mammalian vertebrates (Straka et al. 2004). This 482 

separation, however, turned out to be more apparent than real, since synaptic inputs from 483 

irregular vestibular afferents in VOR neurons can be shunted by local inhibitory side-loops as 484 

postulated from the interpretation of behavioral data (Minor and Goldberg 1991; Angelaki and 485 

Perachio 1993).  486 

The predicted inhibitory feed-forward side-loop has been demonstrated on a cellular 487 

level in the amphibian vestibular system by a combinatorial employment of anodal polarization 488 

and cathodal pulses applied to the labyrinthine sensory periphery (Straka and Dieringer 2000). 489 

Stimulation of individual semicircular canal nerves with increasingly higher magnitudes of 490 

cathodal current pulses in an isolated frog brain (Fig. 4A) causes a concurrent increase of 491 

monosynaptic EPSPs in second-order vestibular neurons, without altering the onset latency 492 

(arrow in Fig. 4B). This is compatible with the recruitment of the fast, thick, irregularly firing 493 

afferents already at low current intensities that determine the temporal onset of the EPSPs. With 494 

increasing current strength, additionally recruited slower conducting regular afferents cause an 495 

increase in amplitude, but leave the onset latency unchanged. In contrast, application of a strong 496 

cathodal current pulse (red vertical bar in Fig. 4C) in the presence of gradually increasing long-497 

lasting anodal current steps (blue traces in Fig. 4C) causes the EPSPs to continuously decrease in 498 

amplitude with stronger anodal (hyperpolarizing) currents and to concurrently increase in onset 499 

latency (arrows in Fig. 4C). This effect is compatible with the higher sensitivity of fast, 500 

irregularly firing afferents also for anodal currents. Increasing anodal current amplitudes 501 
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predominantly prevent fast-conducting fibers from being activated by the cathodal pulse, thereby 502 

prolonging the onset latency of the EPSPs, mediated by slower regularly firing afferent fibers 503 

(Straka and Dieringer 2000). Based on this differential blocking/activation sensitivity of the 504 

vestibular afferent fiber spectrum for galvanic stimuli, a local GABAergic and glycinergic 505 

inhibitory vestibular circuitry was revealed (Fig. 4D). This latter local network is activated by 506 

thick, irregular afferents (Straka and Dieringer 2000) and dynamically controls the spike 507 

discharge pattern of second-order vestibular neurons (Biesdorf et al. 2008). In fact, experimental 508 

application of GABA causes a complete truncation of sinusoidal GVS-induced response 509 

modulation (Direnberger et al. 2015). In a complementary fashion, thin, regularly firing afferents 510 

recruit a local excitatory circuit that boosts the monosynaptic inputs by a supplemental di- and 511 

polysynaptic excitation (Fig. 4D), thereby amplifying afferent inputs from the sensory periphery 512 

(Straka and Dieringer 2000). The differential sensitivity of afferent fibers for current stimulation 513 

and the limited capacity of irregular afferents to continuously fire action potentials, along with 514 

the differential functional impact of the synaptic connectivity of regular and irregular afferents 515 

are crucial for the interpretation of behavioral consequences following GVS. 516 

 517 

CLINICAL APPLICATIONS 518 

GVS-evoked behavioral responses such as eye movements were used very early (Buys 519 

1909; Bos and Jongkees 1963) to characterize potential pathologies in peripheral and central 520 

vestibular signal transmission. Even though the neuronal pathways to extraocular and spinal 521 

motor targets activated by GVS have been well delineated, the generated behavioral responses 522 

are rather variable between individuals and critically depend on specific aspects of both the 523 

stimulation and recording condition. Employment of GVS in clinical practice thus requires a 524 
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solid knowledge of the applicability of this method for particular vestibular impairments and the 525 

interpretation of potential pathological alterations. The following section focuses on GVS-526 

induced behavioral responses (i.e. eye movements, postural sway, perception of motion), the 527 

diagnostic value of gVEMPs, and the therapeutic potential of noisy galvanic vestibular 528 

stimulation and vestibular implants for patients with bilateral vestibulopathy. 529 

General aspects 530 

  (1) Safety first! For application of GVS in the clinic, electrical safety is highly important 531 

and one of the constraints of this method. The most common side effects - depending on stimulus 532 

amplitude - are tingling, itching and pain underneath and around the stimulus electrodes (Utz et 533 

al. 2011), and a recruitment of facial nerve fibers (Rosengren et al. 2009). The use of large 534 

surface electrodes (~1,000 mm²) on the mastoid and generously covered with electrode gel helps 535 

to minimize the risk of skin irritations, burns and patient discomfort (MacDougall et al. 2002). 536 

Further reduction of skin discomfort and thus somatosensory cues, which potentially could bias 537 

the results, is achieved by application of local anesthetics on the skin of the mastoids before the 538 

experiment (Peters et al. 2015). In addition, galvanic vestibular stimulation should not be applied 539 

in patients with cochlear implants (and similar devices), as electric currents applied to the head 540 

may cause implant failure via electromagnetic interference (Behan et al. 2017).  541 

(2) Electrode montage: For studying the effect of GVS in healthy individuals, usually 542 

bilateral bipolar stimulation is applied with the anode placed on one mastoid and the cathode on 543 

the other side (MacDougall et al. 2002; Aw et al. 2006; see table 1 for stimulation parameters). 544 

For diagnostic purposes, however, a unilateral montage is often employed, i.e. cathode or anode 545 

on the mastoid and the electrode of opposite polarity on C7 (Rosengren et al. 2009; Park et al. 546 

2015), the forehead (Murofushi et al. 2003) or the vertex (Watson and Colebatch 1998b) in order 547 
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to compare the responses following separate stimulation of the two sides and to determine the 548 

side of the impairment. In healthy subjects, right and left unilateral galvanic responses are 549 

usually symmetric and add up to the bilateral response (MacDougall et al. 2003; Rosengren et al. 550 

2009). Current spread between the two sides is possible and has to be taken into account when 551 

interpreting the results of unilateral GVS in patients with asymmetric vestibular function (Aw et 552 

al. 2013b). 553 

 (3) Auditory perception: Reports about the presence or absence of auditory sensations 554 

during GVS are surprisingly rare, given the close proximity of the cochlear and the vestibular 555 

nerve and the possibility to restore hearing function by electrical stimulation of the cochlear 556 

nerve with a cochlear implant in deaf patients (Thompson et al. 2014). In general, auditory co-557 

stimulation has neither been reported for maintained DC current steps (Zink et al. 1997; Bense et 558 

al. 2001; Ian Curthoys, personal communication) nor during activation of gVEMPs (Jonas Park, 559 

personal communication). In contrast, auditory sensations are frequently reported during the 560 

activation of vestibular implants (Guinand et al. 2015; see below). This discrepancy might be 561 

related to the different stimulus paradigms. While the stimulus frequency of maintained DC 562 

currents and gVEMPs (5 Hz; Park et al. 2015) lies below the lower border frequency for human 563 

hearing (~20 Hz), vestibular implants use biphasic current pulses with a baseline frequency of 564 

~200 Hz, which is well within the human range of hearing and the baseline stimulation rate of 565 

cochlear implants (e.g. Zhou et al. 2019). While low-frequency currents do not seem to induce an 566 

auditory percept per se, a recent study showed a possible impact on central auditory processing. 567 

A trans-mastoid AC electrical stimulus (4 Hz, 2-3 mA) modulated the perceived amplitude of an 568 

externally presented pure tone and of externally evoked auditory illusion phenomena (Bounce 569 

tinnitus and Zwicker tone) in healthy subjects without provoking an auditory sensation in silence. 570 
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These effects were attributed to a modulatory role of the electrical stimulus in the ascending 571 

auditory pathway, probably at the level of the dorsal cochlear nucleus (Ueberfuhr et al. 2017). 572 

 (4) Interpretation of behavioral responses: According to the vector summation model by 573 

Fitzpatrick and Day (2004), bilateral bipolar GVS is interpreted by the brain predominantly as a 574 

rotation towards the side of the cathode around an axis in the mid-sagittal plane directed 575 

backwards and ~18° upwards above Reid’s line (connection between the inferior orbital margin 576 

and the external auditory meatus). This is consistent with an equivalent activation (on the 577 

cathodal side) and inhibition (on the anodal side) of the afferents of all six semicircular canals 578 

(Fitzpatrick and Day 2004). The resulting virtual motion with a large component in the roll plane 579 

and a small component in the yaw plane evokes respective oculomotor and postural responses 580 

directed towards the anode, which will be covered in detail below. While theoretical 581 

considerations for the vector model of the six SCCs have been confirmed in a number of 582 

psychophysical experiments, the contribution of otolith afferents to galvanically induced virtual 583 

motion is less clear (reviewed by Reynolds and Osler 2012). Based on the spatial alignment of 584 

vestibular hair cells in the utricular macula, Fitzpatrick and Day (2004) originally hypothesized 585 

that utricular afferents will signal a small acceleration component towards the cathode along the 586 

interaural axis during bilateral bipolar GVS, while the signals from saccular afferents would be 587 

cancelled. This model was however revised later, considering the more complex spatial 588 

relationship of utricular and saccular hair cells (Mian et al. 2010). For both models, 589 

psychophysical experiments indicated that otolith contributions to GVS-induced postural 590 

responses would be small (Cathers et al. 2005) to negligible (Mian et al. 2010) as compared to 591 

the canal input (for details see “Postural reactions” below). 592 

Regarding the interpretation of the complex behavioral responses, it has to be considered 593 
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that they are usually not “hard-wired”, but highly context-dependent (Fitzpatrick and Day 2004). 594 

Thus, exact knowledge of stimulus configuration and measurement condition is crucial for the 595 

interpretation of GVS-induced behavioral responses (oculomotor, posture, perception). For 596 

instance, responses to pulsed vestibular stimuli (stimulus duration: 100 ms; frequency: 1 Hz; Aw 597 

et al. 2006, 2008, 2013a,b) show different characteristics as compared to maintained DC stimuli 598 

up to 5 min duration (MacDougall et al. 2002, 2003, 2005). In addition, illumination of the 599 

surrounding changes the evoked oculomotor response profoundly, as shown by MacDougall et 600 

al. (2002). In this latter study, a galvanically induced horizontal-torsional nystagmus appeared 601 

only in complete darkness and was almost completely suppressed in light (Fig. 5). Thus, any 602 

meaningful comparison between results of different studies requires knowledge under which 603 

light conditions GVS-induced responses were evoked.  604 

Given the known effects of visual fixation on suppressing vestibular-evoked eye 605 

movements, it is thus not surprising that visual and other sensory inputs should be considered 606 

when interpreting GVS responses (Curthoys and MacDougall 2012; see above). Therefore, the 607 

behavioral response observed during GVS is the complex product of the galvanic stimulus that 608 

activates the peripheral vestibular system followed by central processing/weighting of different 609 

afferent signals (i.e. otolith and semicircular canal organs) and integration with other sensory 610 

inputs (e.g. light and somatosensory cues), which will be discussed for the different behavioral 611 

responses in detail below. 612 

Finally, the age of test subjects has to be considered in the interpretation of GVS-induced 613 

behavioral responses. GVS sensitivity generally increases with age, which has been shown for 614 

oculomotor responses (Jahn et al. 2003), postural sway (Dalton et al. 2014) and perception of 615 

virtual rotation (Peters et al. 2016). These effects are explained by a central gain enhancement 616 
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compensating the reduced peripheral vestibular input due to age-related degeneration of 617 

vestibular hair cells and afferents. 618 

Oculomotor responses 619 

Characteristics: The most obvious oculomotor reaction in response to GVS applied to the 620 

mastoid in humans is a conjugate ocular torsion (upper pole of both eyes rotating towards the 621 

side of the anode), which has been consistently described using different stimulation protocols 622 

(Fig. 5; Watson et al. 1998a; Zink et al. 1997, 1998; MacDougall et al. 2002, 2003; Aw et al. 623 

2006). While ocular torsion has been attributed to galvanic stimulation of utricular afferents in 624 

early studies (e.g. Zink et al. 1998), there is now increasing evidence that the torsional 625 

component of GVS-induced eye movements can solely be explained by SCC activation 626 

(Schneider et al. 2002; Fitzpatrick and Day 2004). In addition to ocular torsion, a slight skew 627 

deviation (eye next to cathode: hypertropia; eye next to anode: hypotropia) and a small conjugate 628 

horizontal eye movement towards the anode have been reported in some studies (e.g. Aw et al. 629 

2006), compatible with ocular motor responses following selective electrical stimulation of the 630 

utricular nerve in cats (Suzuki et al. 1969). In summary, there are synergistic effects with regard 631 

to ocular torsion (ipsilateral anterior SCC, posterior SCC and utricle) and horizontal eye 632 

movements (ipsilateral horizontal SCC and utricle), while vertical eye movements evoked by 633 

activation of the ipsilateral anterior SCC (tonic upward movement) and posterior SCC (tonic 634 

downward movement) cancel each other (Cohen and Suzuki 1964). This might explain the 635 

prominent tonic ocular torsion compared to the relatively small vertical eye movements during 636 

GVS (Aw et al. 2006). Furthermore, the synergistic effects of SCC and utricular afferent 637 

activation on GVS-induced oculomotor responses are in line with a central integration of canal 638 

and otolith signals (Merfeld et al. 1999; see “Structural substrate” above). 639 
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In addition to slow eye movements, GVS to different degrees induces a horizontal-640 

torsional nystagmus (slow phase towards the anode) compatible with an activation of afferent 641 

fibers from all three SCCs on one side (Cohen and Suzuki 1964; Zink et al. 1998). This however 642 

depends on the specific stimulation and recording condition, as described above (e.g. Zink et al. 643 

1998; MacDougall et al. 2002). The horizontal nystagmus is mainly observed at the on- and 644 

offset of the current step, while ocular torsion prevails for the entire duration of the stimulus up 645 

to several minutes (Fig. 5; MacDougall et al. 2002). The dynamics of the nystagmus is 646 

compatible with a pronounced galvanic activation of thick irregularly firing SCC afferents at the 647 

on- and offset of the galvanic stimulus and a subsequent quick adaptation of these fibers, while 648 

the non-adapting ocular torsion is consistent with an activation of regular SCC fibers (see 649 

”Structural substrate” above). 650 

Diagnostic capacity: Based on the long-standing assumption that GVS directly activates 651 

vestibular afferents and bypasses hair cells, it has been applied in combination with other 652 

vestibular tests to discriminate between hair cell versus neural damage (e.g. Skurczynski and 653 

Ernst 1989; Dieterich et al. 1999). However, reduced oculomotor responsiveness to GVS in 654 

patients with gentamicin-related vestibulo-toxicity indicated that at least part of the galvanically 655 

induced oculomotor response is likely generated by an activation of vestibular hair cells (de 656 

Waele et al. 2002; Aw et al. 2008). Such a direct recruitment of hair cells by GVS has been 657 

confirmed by a pharmaco-physiological study in Xenopus tadpoles (Gensberger et al. 2016; see 658 

above) implying that GVS might not be the most optimally suited tool to discriminate between 659 

hair cell and neural damage. It is however still a strong predictor for the presence of a functional 660 

vestibular nerve (Curthoys 2010). In patients with bilateral vestibular loss due to a vestibular 661 

nerve section (Aw et al. 2013b) or other pathological conditions of both vestibular nerves 662 
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(Dieterich et al. 1999), GVS-induced oculomotor responses are definitely absent. Thus, the 663 

presence of GVS-evoked oculomotor responses in patients with vestibular hypofunction and 664 

pathological vestibular test results (e.g. absent caloric responses) might be used as an indicator 665 

for electrical excitability of the vestibular nerve (Dieterich et al. 1999; Curthoys 2010), which is 666 

the prerequisite for a successful rehabilitation with a vestibular implant (see section “Vestibular 667 

Implants” below).  668 

At present, GVS-evoked behavioral responses are not routinely used for diagnostic 669 

purposes in clinical practice. Beside safety, technical issues and the large inter-individual 670 

variability that largely depends on the stimulation/recording conditions (Zink et al. 1998; 671 

MacDougall et al. 2002; Aw et al. 2006), possible current spread to the contralateral side in 672 

unilateral application settings (Aw et al. 2013b) is an issue. A further drawback of GVS is the 673 

fact that it is a very “broad” vestibular stimulus that more or less activates afferents of all five 674 

vestibular receptor organs simultaneously (Kim and Curthoys 2004). Although attempts have 675 

been made to correlate certain patterns of GVS-induced oculomotor responses with hypofunction 676 

of distinct vestibular endorgans (MacDougall et al. 2005), a clear interpretation of the results 677 

remains difficult, mostly due to the inter-individual variations of the responses. In contrast to the 678 

broad vestibular stimulation with GVS, receptor-specific vestibular tests have become available 679 

in the clinic in recent years: cervical and ocular VEMPs probing saccular and utricular function, 680 

respectively (Dlugaiczyk 2017; Curthoys et al. 2018) and the video head impulse test (vHIT) 681 

probing the three semicircular canals (Halmagyi et al. 2017). These tests of vestibular function 682 

constitute much more comfortable (for both the patient and the examiner) and timesaving 683 

differential diagnostic tools in everyday clinical practice as compared to GVS. 684 

Postural reactions 685 
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Characteristics: Bilateral, bipolar trans-mastoid GVS in human subjects causes a whole-686 

body sway directed towards the ear with the anode irrespective of the orientation of the head in 687 

the yaw plane (Lund and Broberg 1983; Fitzpatrick and Day 2004). As described for oculomotor 688 

responses above, the amount of GVS-induced sway is highly context-dependent. Loss of sensory 689 

inputs from other modalities, such as vision or somatosensation, causes larger sway magnitudes, 690 

which is in line with the increased importance of vestibular input for maintaining balance under 691 

these conditions (Fitzpatrick and Day 2004). Besides sway, context-dependent EMG responses 692 

can be recorded from limb and trunk muscles during GVS (Fitzpatrick and Day 2004). In 693 

general, activation/inhibition is restricted to those arm and leg muscles that are involved in 694 

maintaining balance under the specific experimental conditions. Moreover, the strength and 695 

dynamics of the evoked EMG responses depend on the presence/absence of other sensory stimuli 696 

(Britton et al. 1993; Fitzpatrick et al. 1994; Day et al. 1997). 697 

In upright position, it is difficult to determine whether the GVS-induced postural sway is 698 

due to a virtual tilt induced by otolith activation or to a rotation in the roll plane induced by 699 

vertical SCCs (see Cohen et al. 2012a,b; Reynolds and Osler 2012). In contrast to the static 700 

GVS-induced tilt towards the anode in healthy subjects, a continuous tilting was observed in a 701 

patient with large-fiber sensory neuropathy (i.e. no somatosensory input below the neck), which 702 

implies that the postural sway in GVS is caused by SCC- rather than otolith-driven signals. 703 

While continuous tilting in normal subjects is prematurely terminated by the conflicting 704 

somatosensory input, it is unmasked in subjects with somatosensory deafferentiation (Day and 705 

Cole 2002). Furthermore, Cathers et al. (2005) showed in an elegant experimental approach that 706 

postural sway and leg EMG responses in bilateral bipolar GVS depend on head pitch in a 707 

standing subject, advocating a major contribution of the SCCs to the virtual motion in the 708 
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induction of the postural response. While Cathers et al. (2005) attributed the short-latency EMG 709 

leg response to otolith activation and the medium-latency response to SCC activation, Mian et al. 710 

(2010) inferred from their results that the contribution of otolithic input to GVS-driven postural 711 

responses is negligible.  712 

Diagnostic capacity: With regard to clinical relevance, the magnitude and asymmetry of 713 

body sway induced by monaural GVS of either labyrinth allows quantifying and lateralizing the 714 

impact of peripheral vestibular deficits on descending vestibulo-spinal pathways, as 715 

demonstrated for patients with a unilateral vestibular schwannoma or a bilateral vestibulopathy 716 

(Welgampola et al. 2013; Tax et al. 2013).  717 

Perception 718 

Characteristics: GVS evokes subjective sensations of roll, tilt or rotation, which are 719 

compatible with the vector summation model (Fitzpatrick and Day 2004). Even more tellingly, 720 

the virtual GVS-induced rotatory sensation adds up to or cancels the perception of rotation 721 

evoked by simultaneous real rotation (Fitzpatrick et al. 2002; Day and Fitzpatrick 2005). Size 722 

and direction of the perceived virtual rotation during GVS stimulation vary with head position in 723 

the pitch plane and stimulus polarity as predicted by the underlying net summation vector model 724 

(Day and Fitzpatrick 2005; Peters et al. 2015). 725 

No matter whether the illusion of motion during GVS is caused by SCCs and/or otolith 726 

signals, the latter study clearly illustrates that GVS-induced perception of motion is as context-727 

dependent as oculomotor and postural responses (see above). This has to be taken into account 728 

when comparing results from different studies. In line with the effects of GVS on balance 729 

perception and oculomotor responses, functional magnetic resonance imaging (fMRI) during 730 

GVS reveals activation of brain areas involved in vestibular and oculomotor functions (Bucher et 731 
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al. 1998; Lobel et al. 1998; Bense et al. 2001). 732 

Finally, maintained GVS influences the perception of verticality. The subjective visual 733 

vertical and even more the subjective haptic vertical are tilted towards the side of the anode 734 

during bipolar bilateral GVS and change their direction after offset of the electrical stimulus 735 

(Volkening et al. 2014). In contrast, the perception of body position in space (subjective postural 736 

vertical) remained unaffected during GVS in the latter study, potentially due to the fact that the 737 

brain relies on somatosensory rather than vestibular inputs to determine body verticality under 738 

this condition. Effects of GVS on higher cognitive functions, such as body and space perception 739 

have been summarized by Lopez (2016). 740 

Therapeutic capacity: Subliminal left cathodal bipolar bilateral trans-mastoid GVS (1 741 

mA) recalibrates the pathological leftward tilt of the subjective visual and haptic verticals in 742 

patients with right-hemispheric stroke and spatial neglect (Saj et al. 2006; Oppenländer et al. 743 

2015) and might thus constitute a useful tool for the rehabilitation of those patients in the future 744 

(Lopez et al. 2016). 745 

gVEMPs 746 

Characteristics: Besides air-conducted sound (ACS) and bone-conducted vibration 747 

(BCV), galvanic square wave pulses (3-5 mA, 1-2 ms, 5 pps, 50-200 repetitions) form an 748 

effective stimulus for ocular and cervical VEMPs (o- and cVEMPs), i.e. gVEMPs (Watson and 749 

Colebatch 1998b; Rosengren et al. 2009; Curthoys 2010; Sung et al. 2014). Usually, trans-750 

mastoid stimulation is applied (see “General aspects” above), alternatively a needle electrode 751 

serves as cathode and is trans-tympanically placed on the promontory in local anesthesia (Park et 752 

al. 2015; stimulus currents between 0.1 and 1 mA, see table 1). These settings provoke a 753 

characteristic p13-n23 galvanic cVEMP response of the sternocleidomastoid muscle ipsilateral to 754 
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the cathode, while galvanic oVEMPs are characterized by a typical n10-p15 response in the 755 

inferior oblique muscle contralateral to the cathode (Watson and Colebatch 1998b; Rosengren et 756 

al. 2009).  757 

Diagnostic capacity: Galvanic cVEMPs can differentiate between labyrinthine and retro-758 

labyrinthine lesions in patients with absent ipsilateral ACS-induced cVEMPs. While all patients 759 

with an endolymphatic hydrops (i.e. a primarily labyrinthine disorder) showed galvanic cVEMPs 760 

in the absence of ACS-induced cVEMPs, most patients with a cerebello-pontine angle tumor 761 

(retro-labyrinthine lesion) had decreased or absent ACS- and galvanically-induced cVEMPs 762 

(Murofushi et al. 2002). Accordingly, gVEMPs have been applied for the topodiagnosis of 763 

various vestibular disorders, e.g. vestibular neuritis (Murofushi et al. 2003), Ramsay-Hunt 764 

syndrome (Ozeki et al. 2006), bilateral vestibulopathy (Fujimoto et al. 2005) and for assessing 765 

the degree of retrograde vestibular nerve degeneration in Menière’s disease (Chang et al. 2017). 766 

However, the potential of galvanic current to directly stimulate vestibular hair cells has to be 767 

taken into account when interpreting gVEMPs (see above). In summary, the presence of 768 

gVEMPs is a strong indicator of functionally intact vestibular afferents (Rosengren et al. 2009; 769 

Curthoys 2010), even when labyrinthine hair cells are damaged. Thus, gVEMPs may serve as a 770 

very valuable diagnostic tool to prove the presence of electrically excitable vestibular nerve 771 

fibers, thereby identifying potential candidates for vestibular implants (Park et al. 2015; see 772 

below). 773 

Despite the diagnostic potential of this method, gVEMPs are only scarcely used in 774 

clinical practice (Papathanasiou et al. 2014). In addition to the general limiting factors for GVS 775 

(see above), adjustment of recording conditions and additional signal processing are required due 776 

to large electrical stimulus artifacts (Rosengren et al. 2009). Also, the interpretation of gVEMPs 777 
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is less clear than for ACS- and BCV-induced VEMPs: while 500 Hz ACS and BCV 778 

predominantly activate type I hair cells of otolith organs and the innervating irregular afferent 779 

fibers, GVS is a rather global stimulus, which activates primary vestibular afferents of otolith 780 

organs and all SCCs, although with a predominance of irregular afferents (Curthoys and Kim 781 

2004; Curthoys 2010). Taking into account that SCC afferents terminate on both vestibulo-ocular 782 

and vestibulo-spinal neurons (Uchino et al. 2005; Dlugaiczyk et al. 2019), part of the gVEMP 783 

response may correlate in fact with SCC function/dysfunction. 784 

Noisy galvanic vestibular stimulation 785 

(1) Sub-threshold galvanic noise: In recent years, noisy galvanic vestibular stimulation 786 

(nGVS) has been discovered as a tool to improve balance control in patients with bilateral 787 

vestibulopathy (BVP). Here, an imperceptible zero-mean Gaussian white galvanic noise (e.g. 788 

80% of the individual cutaneous threshold for GVS) approximating the natural frequency 789 

bandwidth of the vestibular system (e.g. 0-30 Hz) is applied to both mastoids with large surface 790 

electrodes. Application of such a stimulus waveform to healthy subjects increases the n10 791 

amplitude of oVEMPs (Iwasaki et al. 2017) and enhances the magnitude of oculomotor counter-792 

roll during passive roll tilts (Serrador et al. 2018). Importantly however, nGVS improves 793 

vestibular motion perception in healthy subjects (Keywan et al. 2018a,b) and lowers vestibulo-794 

spinal reflex thresholds in both healthy subjects (Wuehr et al. 2018) and patients with BVP, but 795 

only in those with residual peripheral vestibular function (i.e. some degree of caloric response 796 

and a vHIT gain > 0; Schniepp et al. 2018). Furthermore, nGVS reduces postural sway and 797 

improves dynamic gait stability in healthy subjects and BVP patients (Iwasaki et al. 2014; Wuehr 798 

et al. 2016a,b), making it a promising tool for vestibular rehabilitation in these patients (Wuehr et 799 

al. 2017). Since dynamic gait instability is a good predictor of falls, nGVS might particularly 800 
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help to reduce the fall risk in patients with vestibular disorders (Wuehr et al. 2016a). 801 

The effect of nGVS on balance control is generally explained by stochastic resonance 802 

that adds a certain level of noise to the non-linear sensory system, thereby facilitating the 803 

detection of sub-threshold stimuli, corroborated by experiments in Xenopus tadpoles (Gensberger 804 

et al. 2017; see above). The observation that only BVP patients with residual peripheral 805 

vestibular function profit from nGVS - in contrast to patients with complete bilateral vestibular 806 

loss (i.e. bilaterally absent caloric response and bilateral vHIT gain ~0) - complies with the 807 

notion that stochastic resonance requires at least some degree of intact signal transmission 808 

between vestibular hair cells and afferents (Schniepp et al. 2018). 809 

(2) Supra-threshold galvanic noise: Transmastoid supra-threshold nGVS (also termed 810 

“stochastic vestibular stimulation”, SVS) has been applied in humans to decipher the frequency 811 

dependency of vestibulo-motor responses in different axial and appendicular muscles (reviewed 812 

by Forbes et al. 2015). In summary, EMG responses of neck muscles contain a broader 813 

frequency spectrum (0 – 70 Hz) as compared to muscles in the legs (0 – 20 Hz) and the trunk (0 814 

– 15 Hz) (Dakin et al. 2007; Forbes et al. 2013). The frequency spectrum of the incoming 815 

vestibular stimuli might be adapted to the mechanical properties of the underlying motor effector 816 

system (up to 30 Hz for quick head movements versus up to 2 Hz for postural sway) in central 817 

vestibular pathways (Forbes et al. 2015). Unlike low-frequency responses in leg muscles, high-818 

frequency responses of neck muscles are task-independent, and thus occur independent of 819 

whether the muscle is involved in a balance task or not (Forbes et al. 2013). This implies that the 820 

vestibulo-collic reflex is also hard-wired and contributes to gaze stabilization in addition to the 821 

hard-wired vestibulo-ocular reflex (Forbes et al. 2015).  822 

 823 
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Vestibular implants 824 

 The seminal work by Bernie Cohen and Jun-Ichi Suzuki on the electrical excitability of 825 

individual vestibular nerve branches and the consequently evoked directionally specific 826 

compensatory eye movements (Cohen and Suzuki 1964; Suzuki et al., 1969) formed the 827 

neurophysiological basis for the development of vestibular implants. Up to now, this is the only 828 

possibility to restore vestibular function in an estimated 1.8 million patients suffering from 829 

profound to complete bilateral vestibular loss (BVL) worldwide (Ward et al. 2013). Following 830 

the first successful activation of an artificial VOR by vestibular implants in guinea pigs (Gong 831 

and Merfeld 2000, 2002), proof-of-concept studies have already been completed in animals 832 

(reviewed in Lewis 2015; Fridman and Della Santina 2012) and humans (reviewed in Guyot and 833 

Perez Fornos 2019), and trials with vestibular implants in selected human patients with BVL are 834 

conducted (Della Santina 2018; Guyot and Perez Fornos 2019). Currently, two technically 835 

different approaches for vestibular implants have been developed.  836 

 The first type of device is a combined cochleo-vestibular implant, modified from a 837 

classical cochlear implant, with 1-3 electrodes inserted into the ampulla of the SCCs (intra-838 

labyrinthine approach) or in close proximity to the ampullary nerve (extra-labyrinthine approach) 839 

(Guinand et al. 2015; Guyot and Perez Fornos 2019). The external motion sensor and processor 840 

transforms head motion signals into trains of biphasic, charge-balanced single rectangular 841 

electrical pulses (400 µs/pulse) that are transmitted wirelessly to the implant (Guinand et al. 842 

2015; Guyot and Perez Fornos 2019). In the absence of functional hair cells, such a pulse rate 843 

stimulus is more effective than modulated DC currents in activating ampullary nerve fibers, also 844 

given the particular physiological properties of vestibular afferents (see above; Eatock and 845 

Songer, 2011).  846 
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 The head motion-related pulse rate frequency is usually modulated above and below a 847 

baseline of ~200 pulses/sec to encode bidirectional movements (Guyot et al. 2016). The range of 848 

used current pulse amplitudes derives from the individual threshold for activating a nystagmus / 849 

vestibular sensation and the tolerable level of pain, discomfort or facial nerve stimulation and 850 

generally ranges between 100-500 µA (Guinand et al. 2015). Following adaptation of the evoked 851 

afferent discharge after activating the implant (~30 min; Guyot et al. 2016), motion-related 852 

modulation of the baseline discharge (Nguyen et al. 2016) at least partially restores the angular 853 

VOR in the plane of the stimulated SCCs (van de Berg et al. 2015; Guinand et al. 2015), even at 854 

higher head motion frequencies (Fig. 6; Guinand et al. 2017) and improves the dynamic visual 855 

acuity in BVL patients (Guinand et al. 2016).  856 

 The second type of vestibular prosthesis (MVPTM) is a standalone implant designed for 857 

intra-labyrinthine stimulation in patients with BVL, but without profound sensorineural hearing 858 

loss (Della Santina et al. 2010; Fridman and Della Santina 2012; Guyot and Perez Fornos 2019). 859 

This multichannel vestibular implant with independent control of each SCC is able to partially 860 

recover the angular VOR, to positively affect gait and posture and to ensure long-term hearing 861 

preservation (sufficient for unaided communication) in the implanted ear (Della Santina 2018; 862 

Schoo et al. 2018). However, so far, such implants only aimed at restoring the angular VOR, i.e. 863 

SCC function. As an extension of this approach, an electrode array to restore sensation of 864 

gravitoinertial acceleration has been developed that covers otolith epithelia and evokes ocular 865 

counter-rolling in chinchillas, consistent with an appropriate activation of the utricle (Hageman 866 

et al. 2018).  867 

 Despite the positive future perspective, major challenges for improvements are 868 

preservation of hearing, reduction of misalignment between stimulated SCCs and eye 869 
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movements, minimization of current spread to adjacent vestibular nerve branches and to other 870 

nerves, such as the cochlear and the facial nerve (Perez Fornos et al. 2017), and the extension of 871 

vestibular implant application to patients with other vestibular disorders, e.g. Menière’s disease 872 

(Philipps et al. 2015). 873 

 874 
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 1328 

FIGURE LEGENDS 1329 

Figure 1. Motion- and GVS-induced spike discharge in vestibular nerve afferent fibers in the 1330 

amphibian Xenopus laevis. A, Schematic of an isolated otic capsule depicting inner ear organs, 1331 

bipolar GVS electrodes with field lines (green), recording electrode (Rec; orange) and horizontal 1332 

turntable rotation (magenta). B, Bath-application of the glutamatergic antagonists 6-cyano-7-1333 

nitroquinoxaline-2,3-dione (CNQX) and 7-chloro-kynurenic acid (7-Cl-KYNA) to block the hair 1334 

cell neuro-transmission (red X). C,D, Horizontal semicircular canal (HC) afferent discharge 1335 

during rotation (magenta) and GVS (green) of the HC cupula before (C) and during (D) bath 1336 

application of CNQX and 7-Cl KYNA. E,F, Averaged afferent discharge rate over one cycle of 1337 

GVS (±SEM, shaded areas) at two stimulus intensities (±30 µA, ±150 µA; E) and dependency of 1338 
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GVS-induced peak afferent discharge rates on stimulus intensity (F) in controls and during a 1339 

block of the glutamatergic transmission; blue dashed line in F indicates the hair cell contribution 1340 

to GVS-induced afferent discharge. Calibration bar in C applies to all traces in C and D. 1341 

Abbreviations: AC, anterior canal; LA, lagena; PC, posterior canal; SA, saccule; UT, utricle. 1342 

Modified from Gensberger et al. (2016). 1343 

 1344 

Figure 2. Galvanic step-induced discharge of vestibular afferents. A,B, Spike discharge (middle) 1345 

and mean firing rate (top) of an irregularly (A; Coefficient of variation, cv = 0.9) and a regularly 1346 

firing (B; cv = 0.1) horizontal semicircular canal (HC) afferent fiber following application of a 1347 

cathodal current step (lower gray traces) to the respective sensory epithelium located within the 1348 

isolated otic capsule of a Xenopus tadpole; for technical details see Fig. 1A. 1349 

 1350 

Figure 3. Impact of different GVS waveforms on the discharge of vestibular afferents. A-C, 1351 

Spike discharge (middle) and mean firing rate (top) of three extracellularly recorded horizontal 1352 

semicircular canal (HC) afferents following application of a galvanic stimulus (lower gray traces 1353 

in A-C) with a current step (A), sinusoid (B) and stochastic noise waveform (C) to the anterior 1354 

portion of an isolated otic capsule of a Xenopus tadpole (unpublished data from Gensberger and 1355 

Straka). D, Spike discharge of an intracellularly recorded afferent fiber (black trace) following 1356 

application of a sinusoidally modulated train of short, single electrical pulses (gray trace) to the 1357 

peripheral portion of the HC nerve branch in an isolated whole brain of an adult ranid frog; the 1358 

traces on the right depict the spikes at an extended time scale; data in (D) were obtained from 1359 

Pfanzelt et al. (2008).  1360 
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 1361 

Figure 4. Differential contribution of vestibular afferent fiber types to signal processing in 1362 

central circuits. A, Schematic of an isolated frog hindbrain used for electrical stimulation of the 1363 

horizontal semicircular canal (HC) nerve branch and intracellular recordings of second-order 1364 

vestibular neurons. B,C, Monosynaptic EPSPs evoked by short cathodal pulses (red) of 1365 

increasing intensity (2.2-16.4 µA) applied to the ipsilateral HC nerve branch in the absence of 1366 

anodal polarization (B); monosynaptic EPSPs in the same cell, evoked by a cathodal pulse of 1367 

16.4 µA (red), but increasingly larger concurrent anodal polarization (0-1.4 µA; blue traces) of 1368 

the same nerve branch (C). Calibration bars in (B) apply also to the respective traces in (C). The 1369 

inset in B,C shows the onset of the EPSPs at an extended time scale; note the gradual 1370 

prolongation of EPSP latency with increasing anodal current intensities (blue arrows in C). D, 1371 

Schematic of the presumed central vestibular circuitry, depicting the activation of a local 1372 

inhibitory (-; red neuron) and excitatory (+; green neuron) feed-forward side-loop by thick fibers 1373 

and thin vestibular afferents, respectively. Data obtained from Straka and Dieringer (2000). 1374 

 1375 

Figure 5. Eye movements in n = 10 healthy human subjects (mean ±95% confidence intervals) 1376 

induced by trans-mastoidal GVS (cathode left, anode right). Horizontal bars in all panels indicate 1377 

the duration (5 min) and amplitude (5 mA) of the current stimulus. Vertical bars represent 30-s 1378 

time bins of special interest at 10 s (“onset”) and 250 s (“maintained”) after stimulus onset, and 1379 

10 s (“offset”) and 250 s (“final”) after stimulus offset, respectively. Left column: fixation light 1380 

off, right column: fixation light on. OTP: ocular torsion position; H, V, T SPV: slow phase 1381 

velocity for horizontal, vertical and torsional nystagmus; note the persistent ocular torsion in 1382 

both conditions throughout the stimulus; in contrast, the horizontal and torsional nystagmus 1383 
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occurs during “fixation off” and is suppressed during “fixation on”; also note the decay of H and 1384 

T SPV during maintained electrical stimulation and the absence of a vertical nystagmus (see 1385 

MacDougall et al. 2002 for details). Figure reproduced from MacDougall et al. (2002) with kind 1386 

permission from Springer. 1387 

 1388 

Figure 6. Restoration of the vestibulo-ocular reflex (VOR) in patients with bilateral vestibular 1389 

loss (BVL) equipped with a vestibular implant A, Whole-body rotations in the dark at 1 Hz 1390 

rotation frequency at an angular velocity of 30°/s; traces: angular velocity of the head (blue) and 1391 

eyes (red; mean ± SD for 21 cycles); note that an angular VOR is greatly reduced with the 1392 

implant turned off (“System off”) and almost completely restored with the “System on” resulting 1393 

in compensatory eye-movements in opposite direction to the whole-body rotation. B, Video head 1394 

impulse test (vHIT) for the right anterior SCC of a patient with BVL and active vestibular 1395 

implant causing restoration of the VOR for head velocities up to 200°/s; note that re-fixation 1396 

saccades, indicative of vestibular hypofunction, are largely absent; blue, head velocity; red, eye 1397 

velocity. Figure reproduced from Guyot and Perez Fornos (2019) with kind permission from 1398 

Wolters Kluwer Health, Inc. 1399 
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Galvanic vestibular stimulation: from basic research to clinical application 
 

Table 1. Current amplitudes of galvanic vestibular stimuli depending on electrode location 

Electrode location Species Current amplitude 
(approx.) 

References 

mastoid humans 1 - 10 mA Zink et al. 1997; 
MacDougall et al. 2002; Day 
and Fitzpatrick 2004; Aw et 
al. 2006 

mastoid guinea pig 0.6 – 5 mA Kim and Curthoys 2004; 
Cheng et al. 2011 

tensor tympani muscle guinea pigs 0.1 mA Kim and Curthoys 2004; 
Kim 2013a,b 

promontory humans 0.1 – 1 mA Park et al. 2015 

otic capsule Xenopus tadpoles 0.1 mA Gensberger et al. 2016 

ampullary nerves     
(vestibular implant) 

humans  0.1 – 0.5 mA Guinand et al. 2015 
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