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The human vestibular cortex has mostly been approached using functional
magnetic resonance imaging and positron emission tomography combined with
artificial stimulation of the vestibular receptors or nerve. Few studies have used
electroencephalography and benefited from its high temporal resolution to describe the
spatiotemporal dynamics of vestibular information processing from the first milliseconds
following vestibular stimulation. Evoked potentials (EPs) are largely used to describe
neural processing of other sensory signals, but they remain poorly developed and
standardized in vestibular neuroscience and neuro-otology. Yet, vestibular EPs of
brainstem, cerebellar, and cortical origin have been reported as early as the 1960s. This
review article summarizes and compares results from studies that have used a large
range of vestibular stimulation, including natural vestibular stimulation on rotating chairs
and motion platforms, as well as artificial vestibular stimulation (e.g., sounds, impulsive
acceleration stimulation, galvanic stimulation). These studies identified vestibular EPs
with short latency (<20 ms), middle latency (from 20 to 50 ms), and late latency (=50 ms).
Analysis of the generators (source analysis) of these responses offers new insights into
the neuroimaging of the vestibular system. Generators were consistently found in the
parieto-insular and temporo-parietal junction—the core of the vestibular cortex—as well
as in the prefrontal and frontal areas, superior parietal, and temporal areas. We discuss
the relevance of vestibular EPs for basic research and clinical neuroscience and highlight
their limitations.

Keywords: vestibular-evoked potentials, EEG, vestibular cortex, neuro-otology, vestibular system

INTRODUCTION

The vestibular system has long been associated with postural, oculomotor, and autonomic reflexes.
Recent studies from neuroscience and neurology have provided a large corpus of data showing
that vestibular functions reach far beyond oculomotor and postural reflex control (1, 2). For
example, vestibular signals have been involved in several aspects of spatial cognition and memory
(3, 4), affective processing (5), personality (6), awareness (7), body representations (8), and
self-consciousness (9).

The vestibular contributions to sensorimotor control, awareness, and cognition rely on
neural pathways from the inner ear to the vestibular nuclei, thalamus, and cerebral cortex
(10, 11), as well as on vestibular pathways to the cerebellum and basal ganglia (12). Functional
magnetic resonance imaging (fMRI) or positron emission tomography (PET) studies combined
with caloric and galvanic vestibular stimulation identified a large thalamo-cortical vestibular
network in the human brain (11, 13-16). The vestibular cortex encompasses the parieto-
insular and operculo-insular cortex, the MT/MST complex, inferior parietal lobe (angular
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and supramarginal gyri), somatosensory cortex, precuneus,
frontal cortex (premotor cortex and frontal eye fields), cingulate
gyrus, and the hippocampus. Although there seems to be no
primary vestibular cortex, functional and anatomical data suggest
that the parietal operculum (area OP2), the posterior insula,
and/or the retroinsular cortex are the core area underpinning
vestibular information processing (11, 15-18). The operculo-
insular and retroinsular cortex is considered the human
homologue of the parieto-insular vestibular cortex (PIVC)
described in several non-human primate species (19, 20).
Anatomical studies and direct electrophysiological recordings
in non-human primates corroborate results from fMRI and
PET studies regarding the localization of the vestibular cortex
[reviewed in (10)].

Understanding  vestibular projections to the central
nervous system is crucial to foster the diagnosis of central
vestibular disorders, which concern 25% of patients referred
to otoneurology units specialized in dizziness and vertigo (21).
We note that despite the progress made over the last 20 years
to localize the human vestibular cortex, the spatiotemporal
dynamics of vestibular information processing is still poorly
described when compared to the wealth of data accumulated
in non-human primates using single cell recordings [e.g.,
(22-24)]. This is mainly due to the limitations of the imaging
techniques that were mostly used to identify the vestibular cortex
(fMRI, PET). The long latency of hemodynamic response and
poor sampling frequency of fMRI and PET did not allow to
precisely describe the time course of vestibular responses in the
human brain. Another limitation of fMRI and PET studies is
that most of them did not use natural vestibular stimulation—
with physiologically relevant patterns of angular and linear
accelerations—as head movements are precluded in scanners
[for exceptions, see (25), and more recently (26, 27)]. Instead,
fMRI and PET studies have used artificial vestibular stimulation,
including caloric, galvanic, acoustic, and magnetic stimulation of
the vestibular receptors or nerve. Artificial vestibular stimulation
do not allow to explore brain responses to the range of head
translations and rotations involved in everyday activities (28),
which may hamper a full understanding of the vestibulo-
thalamo-cortical functions. Moreover, the use of artificial
vestibular stimulation [such as caloric vestibular stimulation]
in an MRI scanner may create conflict between vestibular
signals—indicating self-motion—and visual, somatosensory,
and interoceptive signals—indicating that the participant is
motionless in the scanner. Thus, some of the brain areas
shown to respond to vestibular stimulation in neuroimaging
studies, such as the temporo-parietal cortex (29), may also be
involved in monitoring, processing, or solving multisensory
conflicts (30).

In contrast with fMRI and PET, electroencephalography
(EEG) and evoked potentials (EPs) allow to study vestibular
information processing with a resolution below the millisecond
rather than seconds. Electroencephalography allows to detect,
quantify, and analyze brain electrical activity, including responses
to sensory stimuli (31). Importantly, EEG is compatible with
natural vestibular stimulation (i.e., whole-body rotations and
translations) that limits the induction of multisensory conflicts

inherent to artificial vestibular stimulation. Rotatory chairs and
whole-body motion platforms allow to explore a large range of
vestibular stimuli with highly precise and reproducible motion
parameters (32, 33). As EEG allows to measure brain responses
within the first milliseconds after a sensory stimulation is applied,
neurologists and neurophysiologists commonly use sensory EPs
to assess the integrity and functioning of sensory systems. Both
latency and source localization of somatosensory EPs (34), visual
EPs (35) and auditory EPs (36, 37) are well-described and EP
approaches are used worldwide in clinical routine. Regarding the
vestibular system, the EP approach is well-developed to assess
vestibulo-ocular and vestibulocollic reflex pathways (38) through
electromyographic recordings above the oculomotor and neck
muscles, respectively (Figure 1). Vestibular stimulation by air-
conducted sounds and bone-conducted vibrations (43) are now
commonly used to assess the latency and amplitude of cervical
vestibular-evoked myogenic potentials ((VEMPs, recorded above
neck muscles) and ocular vestibular-evoked myogenic potentials
(0VEMPs, recorded above oculomotor muscles). However, we
note that cerebral vestibular-EPs [referred to as Vestibular-
Evoked Potentials (VestEPs) in line with (44) and (33)] recorded
over the scalp using EEG or magnetoencephalography (MEG)
have been explored since decades but are not yet part of the
clinical vestibular assessment.

This article reviews findings from electrophysiological
investigations of VestEPs in humans. We outline the advantages
and limitations of different vestibular stimulation methods
for EPs approaches. We then describe the spatiotemporal
characteristics of VestEPs, distinguishing between those of
probable brainstem, cerebellar, and cortical origins. Finally, we
present potential applications of the VestEPs to otoneurology
and to cognitive neuroscience.

VESTIBULAR STIMULATION FOR
NEUROIMAGING STUDIES AND THEIR
APPLICATION TO VESTIBULAR-EVOKED
POTENTIALS

The scarcity in VestEPs studies is largely due to technical
challenges to stimulate the vestibular system in a well-controlled
and reproducible way. A variety of techniques has been used
to activate the vestibular receptors or vestibular nerve in
humans. These techniques fall into two main groups. One
group involves natural vestibular stimulation using whole-body
rotations or translations on motorized devices. These techniques
are compatible with EEG recordings and EPs approaches, but
they are to date not compatible with “online” fMRI and PET
recordings. The other group of techniques involves artificial
stimulation of the vestibular end organs in participants keeping
their head fixed in space. Cold and warm CVS with air or
water, binaural or monaural GVS and sound-induced vestibular
stimulation (SVS) are the most common techniques. These
stimulation techniques are fully compatible with neuroimaging
and electrophysiological recordings. However, although they
have been largely used in fMRI and PET studies, they have not
often been used in EEG studies. This section briefly presents the
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FIGURE 1 | Electrical potentials evoked by sound-induced vestibular stimulation can be recorded along the pathways from the otolithic receptors to the central
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nervous system and muscles. Vestibular-evoked myogenic potentials (VEMPs) are recorded over extraocular, neck, and postural muscles. Cervical VEMPs reflect an
inhibitory reflex and are recorded with electrodes over the sternocleidomastoid muscle ipsilateral to the stimulation. Ocular VEMPs reflect an excitatory reflex and are
recorded with electrodes placed over the inferior oblique muscle contralateral to the stimulation. Both traces are adapted from (39). Vestibular-evoked cerebral
potentials (VestEPs) are recorded from electrodes placed on the scalp or neck. Brainstem potentials are characterized by an n3 component observed under electrode
P3 [this example recorded in a healthy participant is adapted from (40)]. Cerebellar potentials: Grand mean evoked potentials showing probable cerebellar
components p10 and n15 observed under electrode P08 [illustration adapted from cf. Govender et al. (41) with permissions from Springer Nature]. Cortical potentials:
Grand mean evoked potentials showing components p10, n42 and p52 observed under electrode FCz [illustration adapted from (42)]. Brain illustration from Servier

Medical Art (smart.servier.com).

main techniques for vestibular stimulation [for detailed reviews
see (15, 45, 46)] with their advantages and limitations to measure
VestEPs using EEG.

Rotatory Chairs and Whole-Body Motion

Platforms
Passive whole-body motion has been used to investigate VestEPs,
mostly using rotatory chairs combined with EEG recordings

(44, 47-54). To our knowledge, the first study presenting results
from EEG recordings in participants sitting on a rotating chair
was conducted by Greiner et al. (47). Chairs rotating around
an earth-vertical axis stimulate the horizontal semicircular
canals in participants sitting upright, and stimulate the vertical
canals in participants lying supine or lying on their side (55).
Rotations can also be applied only to the head, for example
in lying participants with their head inserted and firmly held
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in a rotating drum (56). As summarized in a literature review
by Ertl and Boegle (46), “most studies used smooth motion
profiles like raised-cosine velocity profiles with peak velocities
above 100°/s” or “used transient stimuli with duration shorter
than 100 ms and peak accelerations up to 12,500°/s2” (32, 51,
57). Such controlled stimuli allow to study vestibular-evoked
responses time-locked to different motion parameters (i.e., onset,
offset, peak velocity). Voluntary, active head rotations with
accelerations up to 12,000°/s> have also been used (58, 59).

Linear motion platforms and tilting devices deliver natural
stimulation to the otolithic receptors (the utricule and the
saccule) (60). When compared to the processing of semicircular
canal signals, there is only scarce description of how the
vestibulo-thalamo-cortical system processes otolithic signals
(61). Devices allowing whole-body translations are less common
than rotating chairs in basic science laboratories and hospitals,
which may have hampered the description of otolithic responses.

New motion platforms with precise control of the amplitude,
acceleration, and velocity of passively applied movements
now allow to study responses to complex natural vestibular
stimulation. Six-degree-of-freedom motion platforms, such as
the Moog® 6DOF2000E (Figure 2A), provide comparisons with
studies in macaques that have used the same platform to record
single cell responses to whole-body rotations and translations
(24, 64).

Rotatory chairs and whole-body motion platforms are
incompatible with fMRI and PET, because head movements
are precluded in scanners. To circumvent this issue, passive
whole-body rotations and translations followed by offline PET
recordings have been used in a recent study (65). Although
this study is original in that it reports predominant bilateral
activation in the deep part of the Heschls gyrus, overlapping
with the posterior insula, in response to natural whole-body
motion, the response was recorded offline, and does not reflect
the spatiotemporal pattern of vestibular information processing.
Few studies have used blood-oxygen-level-dependent (BOLD)
recordings after voluntary active head rotations to investigate
vestibular responses (25-27). A main limitation of this approach
is that vestibular responses are reduced in the brainstem and
cerebellum during active compared to passive movements, as
shown in animal studies (66-68). In addition, intraparietal
neurons respond to different directions of movement depending
on whether the movement is active or passive (69, 70). These
differences in vestibular processing limit a direct comparison of
neuroimaging data using active head motion with studies using
passive body motion.

Application to VestEPs

Electroencephalography remains the best and most direct
method to analyze the spatiotemporal dynamics of brain
responses to natural vestibular stimuli, given its high temporal
resolution below the milliseconds and its compatibility with
recordings during natural, passive whole-body motion. One
must, however, consider that rotatory chairs and motion
platforms for body translations can induce mechanical and
electromagnetic artifacts in the EEG signal, besides artifacts
due to reflexive eye movements (i.e., vestibulo-ocular reflex)

and muscles contractions (i.e., vestibulocollic and vestibulospinal
reflexes). Rotatory chairs and motion platforms also generate
auditory noise that needs to be controlled for. Finally, it should
be noted that body rotations and translations activate the
somatosensory and interoceptive systems, respectively, due to the
pressure of the body against the chair or to the movement of
bodily fluids, which can hardly be diminished.

Caloric Vestibular Stimulation

Caloric vestibular stimulation (CVS) is the most common
technique to evaluate the semicircular canals functions (see
Figure 2B). It consists in applying warm (>44°C) or cold
(<30°C) water (or gas) in the auditory canal of participants lying
supine, with their head tilted 30° forward. The fluid creates a
temperature gradient in the semicircular canals, which induces
an endolymphatic flow activating the hair cells in the crista
ampullaris. The firing rate in the vestibular afferents increases or
decreases accordingly to the increase or decrease in temperature
in the inner ear. Caloric vestibular stimulation mostly activates
the horizontal semicircular canal, with a weaker contribution of
the anterior and posterior canals (71). This stimulation induces a
nystagmus toward the stimulated ear with hot water or gas and
induces a nystagmus toward the opposite ear with cold water or
gas. These oculomotor responses are accompanied by complex
sensations of rotation, floating, and tilting. These manifestations
occur only after several seconds of stimulation and a clear onset
is often difficult to determine. They can also last several minutes
after the end of the stimulation. Caloric vestibular stimulation is
fully compatible with fMRI, PET, EEG, and MEG and has been
used in the pioneer vestibular neuroimaging studies about 40
years ago (72, 73). Recent neuroimaging studies showed that CVS
activates several cortical areas, such as the inferior parietal lobule,
superior temporal gyrus, insula, frontal cortex, and frontal eye
fields as well as hippocampal, parahippocampal, and thalamic
regions [(74-80); for a detailed review see (15)].

Application to VestEPs

Caloric vestibular stimulation has been used in early studies of
VestEPs, especially in epileptic patients (81-85). These studies
showed that CVS modulates brain rhythms (e.g., alpha rhythm
desynchronization) and can trigger seizures in predisposed
patients. However, CVS does not seem appropriate for EPs
approaches for several reasons. First, the nystagmus evoked
by CVS can create important artifacts to the EEG recordings.
Second, as the exact onset of the effects of caloric stimulation
on vestibular receptors is difficult to determine, this precludes
EP approaches. Third, CVS cannot be repeated many times
in a short period of time, which is required to calculate EPs.
Finally, CVS activates the somatosensory, thermoceptive and
nociceptive sensory systems, leading to unspecific activations of
extravestibular pathways.

Galvanic Vestibular Stimulation

In contrast to CVS, galvanic vestibular stimulation (GVYS)
activates the vestibular end organs with a temporal precision
under the microsecond. Galvanic vestibular stimulation consists
in the application of a small transcutaneous electrical current (in
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A Whole-body motion
platforms

B Caloric vestibular
stimulation (CVS)

C Galvanic vestibular
stimulation (GVS)

Rotatory chairs and motion platforms
naturally activate the semi-circular canals
and otolithicreF(;eptors, respectively.

Six-degree-of-freedom motion platfoms,
such as Moog® 6DOF2000E (shown
here), now allow to combine rotations and
translations.

Injection of cold (0, 4, 10, 20°C) or warm
(44°C) water or gas into the external
auditory canal.

Warm water increases firing rate mainly in
the afferents of the horizontal semicircular
canals. A weaker contribution of vertical
canals and an interaction with the neural
processing of otolithic signals have been
demonstrated.

L

Application of a percutaneous current
through an anode and a cathode placed
on the mastoid processes.

Firing rate increases in the vestibular
afferents ipsilateral to the cathode and
decreasestothe side of the anode.

D Sound-induced
vestibular stimulation (SVS)

E Impulsive acceleration
stimulation (IAS)

F Magnetic vestibular
stimulation (MVS)

Presentation of 102 dB clicks (1 ms long,
at 1 Hz) or short tone bursts (10 ms long,
500 Hz, at 3 Hz) through headphones.

sounds
activate otolithic receptors. A weaker
contribution of semidrcular canals has
also beenproposed.

Air-conducted preferentially

Presentation of a 500 Hz vibration using a
minishaker placed over the mastoid or
forehead, perpendicular to the surface of
the skull. P

Impulsive acceleration mainly activates
the utricules and modulates afferents from
the superior portion of the vestibular
nerves.

Magnetic fields over 1 T activate the
horizontal and superior semicircular
canals.

The magnetic field interacts with ionic
currents in the endolymph, indudng
Lorentz forces pushing on the cupula.

FIGURE 2 | Vestibular stimulation techniques. (A) Rotating chairs stimulate the semicircular canals and linear motion platforms and tilting devices deliver natural
stimulation to the otolithic receptors (the utricule and the saccule). New motion platforms with precise control of the amplitude, acceleration, and velocity of passively
applied movements now allow to study responses to complex natural vestibular stimulation. lllustration adapted with permissions from (62). (B) Caloric vestibular
stimulation (CVS) consists of irrigating the external auditory canal with warm or cold water or airflow. Caloric vestibular stimulation evokes a nystagmus and self-motion
perception, often leading to vertigo and a sensation of dizziness. lllustration adapted from (15) with permissions from Elsevier. (C) Galvanic vestibular stimulation (GVS)

(Continued)
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FIGURE 2 | consists of applying a weak transcutaneous current through an anode and a cathode placed over the mastoid processes. The cathode increases the
firing rate in the ipsilateral vestibular afferents, while the anode decreases it. GVS stimulates simultaneously all otoliths and semicircular canals afferents. lllustration
adapted from (15) with permissions from Elsevier. (D) Auditory stimuli such as clicks and short-tone bursts can stimulate the otolithic receptors. lllustration adapted
from (15) with permissions from Elsevier. (E) 500 Hz vibrations applied on the mastoids or the forehead using a minishaker stimulate the otolithic receptors and induce
ocular and cervical VEMPs. lllustration adapted from (63). (F) Based on the analysis of the nystagmus it evokes, magnetic vestibular stimulation (MVS) is thought to
activate the horizontal and superior semicircular canals. It offers a way to produce long-duration vestibular stimulation, equivalent to a constant angular acceleration
on a motion platform. A, H, P, anterior, horizontal, and posterior semicircular canals; S, saccule; U, utricule; VN, vestibular nerve.

general up to 5mA) through a cathode and an anode placed on
the skin over the mastoid processes (see Figure 2C). Galvanic
vestibular stimulation can be applied monaurally (electrodes
are on the same ear) or binaurally (electrodes are placed
on the opposite ears), with continuous electrical stimulation,
single square-wave pulse, or trains of pulses. Galvanic vestibular
stimulation is thought to directly modulate the firing rate of
the vestibular afferents (86), although a GVS may also stimulate
the vestibular hair cells (87). The cathode increases the firing
rate in the vestibular afferents, while the anode decreases it
[reviewed in (88)]. Galvanic vestibular stimulation is an artificial
vestibular stimulation in that it bypasses the mechanoelectrical
transduction in the hair cells and activates afferent fibers
from receptors that would never be activated together during
naturalistic head movements. Continuous GVS induces, almost
instantaneously, complex sensations of combined translation and
rotation, which orientation and intensity can be modulated by
the direction and intensity of the applied current. As early as
the 1990s, neuroimaging studies have used GVS to localize the
vestibular cortex. They identified areas such as the supramarginal
gyrus, precuneus, posterior cingulum, superior and middle
temporal gyrus, insula, frontal areas and frontal eye fields,
inferior and superior occipital gyrus as well as hippocampal,
parahippocampal, and thalamic areas [(89-93); for a detailed
review see (15)].

Application to VestEPs

Trains of short electrical pulses, such as those used to evoke
cVEMPs [e.g., 2-ms pulses at 5 Hz; (94)], generally do not evoke
self-motion perception and are theoretically ideal to measure
VestEPs. However, GVS can evoke muscular responses such as
cVEMPs (94) also time-locked to the stimulation, which can
contaminate VestEPs recordings using EEG. Galvanic vestibular
stimulation is a transcutaneous stimulation that activates the
somatosensory—and sometimes the nociceptive—system. More
importantly, GVS generates electromagnetic artifacts that affect
EEG recordings and may not be suppressed, preventing the
observation of short latency VestEPs. One early study combined
continuous GVS with EEG to investigate long latency VestEPs
and described a series of positive and negative components with
an onset latency around 60-80 ms which could last up to 500 ms
after the stimulation (95). To our knowledge, only one EEG study
has recently identified VestEPs of middle and long latency evoked
by 3 ms square-wave pulses (96).

Sound-Induced Vestibular Stimulation
Sound-induced vestibular stimulation (SVS) offers the precise
timing of GVS without electromagnetic artifacts and seems

therefore particularly appropriate for event-related EEG studies
(see Figure 2D). Short sounds are highly reproducible and
repeatable stimuli whose onset and offset can be controlled with
a millisecond precision. Short high sound pressure clicks at
intensities around 100 dB-SPL and short tone-bursts at 500 Hz
pressurize and activate otolithic receptors (43, 97, 98). Sound-
induced vestibular stimulation is widely used in otoneurology
to compare the latency and amplitude of cVEMPs and oVEMPs
after stimulation of the right and left ear separately (38, 99,
100). Sound-induced vestibular stimulation does not seem to
induce any vestibular perception although this has never been
thoroughly investigated. Sound-induced vestibular stimulation
has been used in neuroimaging studies of the vestibular system
and revealed otolithic projections to frontal, parietal, and
cingulate regions, similar to areas revealed using semicircular
canal stimulation (101-103).

Application to VestEPs

Sound-induced vestibular stimulation allowed to identify
VestEPs and to describe components of short (40, 104-109),
middle (42, 108, 110, 111), and late latency (42, 110, 112).
As described below, short, middle, and late VestEPs evoked
by SVS have been associated to different generators along the
vestibulo-thalamo-cortical pathways, so that SVS likely allows to
study the spatiotemporal processing of vestibular information
from the periphery to the cortex.

Vestibular-evoked potentials and auditory EPs show similar
latencies and some responses to SVS appear to contain both
auditory and vestibular contributions. Different techniques can
then be used to disentangle them. As SVS de facto activates
the auditory system, studies have used control auditory stimuli,
modulating either the intensity or the frequency of sounds to
separate vestibular and auditory responses (108, 111, 113). Most
studies of VestEPs using SVS have used sounds below and above
the vestibular threshold, determined as the intensity above which
sounds evoke VEMPs for a given ear in a given individual (42,
107, 108, 110, 113-115). This allows to identify VestEPs, which
only appear for SVS above the vestibular threshold, from auditory
components appearing for SVS below and above the vestibular
threshold. The validity of this approach has been confirmed
in recent fMRI studies. An independent component analysis
revealed a specific increase in BOLD response for SVS above
the vestibular threshold in areas such as the insula, precuneus,
inferior parietal lobule, middle cingulate cortex, and cerebellar
uvula (116). Subsequent parametric analyses revealed vestibular-
auditory integration in the caudal part of the superior temporal
gyrus and posterior insula (117). However, some authors argued
that in EEG studies it might be difficult to disambiguate between
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auditory and vestibular components because the time course
of VestEPs during whole-body translation and the time course
of auditory EPs overlap (33). In conclusion, SVS seems to
be a useful and convenient technique to evoke VestEPs and
study their cerebral origin using source analysis, provided that
relevant controls and analyses are used to disentangle them from
auditory components.

Impulsive Acceleration Stimulation

Impulsive acceleration stimulation [IAS; (46)] also referred to
as “bone-conducted” stimulation (41), can be applied using a
minishaker placed over one of the mastoids or on the forehead,
at the hairline (Fz), perpendicular to the skull surface (see
Figure 2E). Five hundred Hz vibrations stimulate the otolithic
receptors and induce ocular and cervical VEMPs (43, 118, 119).
These can be used to investigate unilateral vestibular loss, for
example by comparing responses below both eyes (63).

Application to VestEPs

Impulsive acceleration stimulation has been used in a few studies
to evoke VestEPs, as it creates rapid and highly reproducible
translational accelerations up to 0.2g (108, 120). However, IAS
activates the somatosensory and auditory systems and can cause
small head movements creating artifacts in fMRI and EEG
studies. For these reasons, IAS remains rarely used for the study
of central vestibular projections.

Magnetic Vestibular Stimulation

Magnetic vestibular stimulation (MVS) recently emerged as a
new method to stimulate vestibular receptors (see Figure 2F).
Magnetic fields over 1T can induce a nystagmus in healthy
participants that is absent in patients with a bilateral vestibular
failure (121-123). Based on the analysis of the nystagmus it
evokes, MVS is thought to activate the horizontal and superior
semicircular canals (124). Magnetic vestibular stimulation
interacts with ionic currents in the endolymph, inducing Lorentz
forces pushing on the cupula. It offers a way to produce
long-duration vestibular stimulation, equivalent to a constant
angular acceleration on a rotatory chair. Accordingly, MVS
over 3T can induce sensations of rotation. Magnetic vestibular
stimulation has been shown to modulate the BOLD response
in vestibular and oculomotor areas, including the anterior
cingulum, cerebellar vermis, and calcarine sulcus (125). Magnetic
vestibular stimulation can be used as vestibular stimulation
in conjunction with resting-state fMRI or fMRI studies of
cognitive processes.

Application to VestEPs

Electrophysiological recordings can now be arranged in an MRI
bore and several studies showed that EEG, with event-related
potential approaches, can be recorded simultaneously as fMRI
(126-128). However, MVS has several major caveats for EP
approaches, which have been reviewed in Ertl and Boegle (46).
Mostly, MVS precludes the application of repeated stimuli with a
clear onset: as the magnetic field of the scanner is constant, MVS
does not allow to compare changes in brain activity due to MVS
with respect to a baseline (without MVS) with an event-related

potential approach. Magnetic vestibular stimulation also induces
a nystagmus, that needs to be controlled for or inhibited to avoid
muscular artifacts in the EEG signals. Of note, the magnetic
field interferes with electrophysiological recordings and careful
artifact removal is required [e.g., (129, 130)].

Intraoperative Vestibular Nerve Stimulation
Direct electrical stimulation of the vestibular nerve can
be combined with EEG recordings in patients undergoing
vestibulocochlear nerve surgery. This was performed in rare
studies during unilateral vestibular neurectomy for intractable
Meniére’s disease and during neuroma resection (131-133).

Application to VestEPs

Intraoperative vestibular nerve stimulation is close to early
electrophysiological investigations of the vestibular cortex in cats
and monkeys (134, 135) or to recent studies in rodents (136),
which applied electrical stimulation to the vestibular nerve. Early
human studies, using montages with only few electrodes, did
not provide information regarding the generators of the VestEPs
(131, 132). Electrical stimulation may spread to the facial nerve
or the acoustic nerve and general anesthesia may alter vestibular
information processing.

Conclusion

Major shortcomings have been emphasized for natural and
artificial vestibular stimulations when neuroimaging the
vestibular system is concerned (15, 46). To date, natural
vestibular stimulation is not compatible with neuroimaging
techniques with high spatial resolution such as fMRI. Most
neuroimaging studies so far have used artificial stimulation to
study the vestibular system with a high spatial resolution but a
poor temporal resolution. By contrast, EEG has a high temporal
resolution and is compatible with both natural and some artificial
vestibular stimulations. However, EEG is known for its relatively
low spatial resolution and the difficulty to accurately identify
subcortical generators of signals recorded on the scalp. In
addition to these issues of compatibility between stimulation and
recording techniques, most artificial vestibular stimulation (and
natural vestibular stimulation to a lesser extent) co-activate other
sensory receptors. This includes mostly activation of auditory,
somatosensory, interoceptive, as well as sometimes nociceptive
systems, which are difficult to control for in neuroimaging
studies. Moreover, artificial vestibular stimulation can induce
sensory conflicts between vestibular information and other
senses, contrary to natural vestibular stimulation.

With these limitations in mind, it seems feasible to investigate
the spatiotemporal dynamics of vestibular information
processing in the human central nervous system by carefully
adapting the vestibular stimulation to each recording technique
and using the necessary control conditions. The next section
focuses on how VestEPs help understand the spatiotemporal
dynamics of vestibular information processing.
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VESTIBULAR-EVOKED POTENTIALS

Pioneering work described VestEPs in humans as early as the
1960s (47, 137, 138). Interestingly, VestEPs were also described in
several animal species during the 1960s or the following decade
using similar approaches [see for example studies in guinea pigs:
(139); cats: (48, 140); non-human primates: (141)]. Early research
focused on the influence of rotatory vestibular stimulation on
EEG signals in epileptic patients. These studies showed that
vestibular stimulation could activate temporal epileptic foci and
sometimes trigger seizures (47, 85, 142-144). Another line of
studies compared scalp responses between healthy participants
and patients with a bilateral vestibulopathy or between the two
sides in patients with a unilateral vestibular loss. They confirmed
the existence of a vestibular response under scalp electrodes. The
most consistent finding was a suppression of alpha rhythm over
the temporo-parietal junction (47, 82, 143). Finally, early studies
using CVS reported similar effects on EEG signals, showing that
cerebral responses could also be evoked by artificial vestibular
stimulation (82-85).

On the grounds of these pioneering studies and after
improvement in recording techniques, VestEPs were described
more precisely. Supplementary Table 1 summarizes the studies
considered in this review, together with the latencies and scalp
location of the main VestEPs, as well as the electrode montages
used to record them. To facilitate the literature review, we have
classified VestEPs as short (<20 ms), middle (20-50 ms), and
late (> 50 ms) depending on their peak latencies and their most
probable generators, similarly to the classification of auditory EPs
(145). In the text and in the figures, we chose to homogenize the
report of the VestEPs components by indicating their positive (p)
or negative (n) polarity followed by their reported peak latency
(or average latency) expressed in ms post-stimulation onset. We
therefore avoid the use of general labels relative to the order of
appearance of the components, such as P1, N1, P2, and N2, which
refer to very different latencies in different studies using different
paradigms and stimulation parameters. The purpose of this is not
to redefine common component names but to help the reader
compare components latency and polarity in a simple way and
avoid confusion.

SHORT LATENCY VESTIBULAR-EVOKED
POTENTIALS

Vestibular-evoked potentials with a latency below 10 ms have
been related to signal conduction in the vestibular nerve and
vestibular information processing in the vestibular nuclei (40,
56, 57, 104-106, 109, 132, 133, 146, 147). Vestibular-evoked
potentials with a peak latency between 10 and 20 ms have been
attributed to myogenic, cerebellar or cortical sources (41, 42, 56,
57,107, 108, 110, 113-115, 120, 133, 148-150). In this section,
we describe the short latency components that emerge across the
studies and briefly discuss their origin.

Short Latency Responses Under 10 ms
Responses with the shortest latency have been observed during
perioperative stimulation of the vestibular nerve. An early

study using direct electrical vestibular nerve stimulation in
nine patients operated on for intractable Meniere’s disease
revealed a negative potential with a latency of 2ms and an
amplitude of 0.5 nV (132). This response was suppressed
after vestibular neurectomy, indicating its vestibular origin. In
a later study, a similar stimulation elicited VestEPs with an
onset of 3.5-5ms and peak latency of 9.5ms in 11 patients
with 30 electrodes on the scalp (133). These responses were
recorded bilaterally, but the larger responses were observed
under ipsilateral electrodes at the lower part of the temporal
scalp region.

A series of studies using rapid and passive head rotations
in the yaw plane, consisting of impulses at 10,000°/s>, report
similar responses. Some studies identified a forehead positive
peak at 3.5ms, a negative peak at 6ms, and a positive peak
at 8.4ms (56, 57). Another study recorded a response onset
around 2.2 ms, followed by a positive peak at 2.9 ms, and other
components with peak latencies at 5.1, 7.0, and 8.6 ms (147).
The responses amplitude ranged from 0.3 to 0.6 pV. Horizontal
lateral translations also triggered responses with 3 and 6ms
peak latencies (146). Impulsive acceleration stimulation also
evoked components with latencies of 1.9, 2.4, and 4.5ms (151).
Of note, skin surface recordings and intracranial recordings in
the cat vestibular nuclei with the same acceleration impulses
revealed that irregular neurons responded with a 3.5 ms latency
to the onset of the head acceleration (152, 153). The authors
proposed that the component with an onset around 2 ms reflects
vestibular nerve activity, whereas the following components are
of vestibular nuclei origin (152, 153).

More recent studies looking for vestibular components in the
brainstem auditory-evoked potentials (BAEPs) have confirmed
and extended such results. Brainstem auditory-evoked potentials
are a standard for the clinical evaluation of hearing and brainstem
auditory pathways (37). They consist of five to six vertex positive
waves and likely present vestibular components of saccular
origin. This was first suggested by studies in guinea pigs showing
preserved short latency far field components after cochlear hair
cells destruction (154, 155). In humans, a similar 3 ms latency
negative peak, referred to as the n3, was identified using a classical
BAEPs montage with loud clicks (40, 104, 109). Air-conducted
tones pips, which delay BAEPs, induced a response similar to the
n3, but with a 5 ms latency, referred to as the n5 (105, 106). The
n3 and n5 are likely of vestibular origin, as they are found in
deaf patients (104), but are absent in vestibular-defective patients,
even when they show preserved hearing and a residual caloric
nystagmus (109).

The n3 can be recorded at the vertex and the n5 is best
observed ipsilaterally to the acoustic stimulation, over parietal
areas. The short latency of the n3 and n5 components suggest
that they are far-field potentials originating from the vestibular
nuclei (104). Their absence in multiple sclerosis patients with
demyelination in the lower pons confirms this origin (40, 105). In
addition, an n6 component, also evoked by SVS but independent
of the n5, was maximally recorded over the parieto-occipital area
(106). Because it appears approximately 1 ms after the n5, this
component has been proposed to originate in the rostral pons or
the midbrain (106).
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Short Latency Responses Above 10 ms
Vestibular-evoked potentials between 10 and 20 ms are the most
investigated, and several components have been identified. These
components are often considered as part of a biphasic wave (such
as the pl0-n15 and n15-p21 waves) or have been described as
individual components with a given peak latency (such as the p10
and p21). We summarize below the main individual components
reported in the literature (Supplementary Table 1).

Component p10

Several studies have described a positive component with an
onset latency of 6-7ms and a peak latency around 10 ms after
whole-body rotations (56, 57), SVS (42, 107, 108, 110, 114,
115, 149), and direct electrical nerve stimulation (133). Several
VestEPs seem to appear at this latency because they are recorded
under different electrode locations. Using SVS, it was possible to
show that the p10 (as well as subsequent components: n15, n17,
and p21; see below) was of vestibular origin. The p10 (as well
as n15, n17, and p21) was present in a patient with hearing loss
and preserved vestibular function, but was abolished in a patient
with impaired vestibular function and preserved hearing (107).
In addition, it was absent for SVS below the vestibular threshold
(i.e., the intensity at which VEMPs appear) and was observed
above this threshold (42, 107, 108, 110).

Vestibular-evoked potentials with a latency near 10 ms were
first showed frontally (56, 57, 133) or maximal at central
electrode Cz with a small ipsilateral lateralization (107). De
Waele et al. (133) proposed that such VestEPs reflect activation
of several cortical areas. A dipole source analysis showed,
within 6 ms, parallel activation of the ipsilateral temporo-parietal
cortex, prefrontal, and/or frontal lobe, supplementary motor
area, and contralateral parietal cortex [(133); Figure 3A]. These
findings are in line with the observation that the posterior
part of the postcentral gyrus (area 2) is activated within 5-
6ms after electrical vestibular nerve stimulation in the rhesus
monkey (135).

A pl0 component, followed by an n17 component, has also
been observed at parietal electrode Pz [(108); Figure 3B] or at
the inion (115). Several generators have been proposed for the
pl0 and n17 components. As the p10/nl7 is concomitant to the
oVEMP biphasic wave n10/p17, a myogenic or cerebral generator
has been proposed (108, 113). Subsequent studies found that the
pl0 mirrors a frontal or infra-ocular nl0 response (110) and
supported the idea that they are two distinct responses (115).

A line of research suggests that the p10 may originate from
the cerebellum (108, 110, 115, 149). Sound-induced vestibular
stimulation evoked a p10/n17 response at occipital electrodes
(PO7 and POS8) contralateral to the stimulated ear and at the
inion (Iz), together with a n10/p17 complex under electrodes
placed over the splenius muscles to record cerebellar activity
(115). A source analysis found the contralateral cerebellum as
the most likely origin of these responses (115). The fact that, as
for the oVEMP n10/p17, the p10/n17 depends on gaze direction
(115) indicates either a myogenic origin or the recording of
cerebellar or cerebral mechanisms to regulate ocular responses to
vestibular stimulation. To further investigate the cerebellar origin
of these VestEPs, recent studies used extended EEG montages to
record the electrocerebellogram, with electrodes over, laterally to

and below the posterior fossa, thus over the inferior cerebellum
(41, 120, 150, 156). With such montages, IAS revealed a p12/n17
biphasic wave (41, 120, 150). A source analysis showed the
cerebellar origin of the p12/n17 (150). It was argued that the
response could not be myogenic because neck muscles were
relaxed during recordings, the response was lateralized, and the
waveforms differed from those of cVEMPs (41). Although these
recent results are very promising, one cannot exclude that neck
muscle relaxation does not fully abolish a potential muscular
contribution to the observed responses.

The above-mentioned results are not only encouraging for
the electrophysiological investigation of the spatiotemporal
dynamics of vestibular information processing, but also for the
non-invasive electrophysiological study of cerebellar functions
in general. The study of the cerebellum using EEG is indeed
controversial due to the structure of the cerebellum, traditionally
low EEG spatial sampling over the cerebellum, and non-realistic
spherical head models for source analyses [reviewed in (157)].
However, more and more evidence supports the feasibility of
EEG and MEG studies of cerebellar activity, provided that
improvements are made to the usual EEG and MEG techniques
(157). Todd and colleagues in their series of EEG studies have
taken a first step toward these improvements by placing EEG
electrodes more posteriorly in order to improve the chances to
record cerebellar activity. However, caution should still be taken
regarding the results of source localization, as improvements are
still needed to adapt the current models which consider the head
as a sphere and poorly integrate the cerebellum.

Component n15

Several SVS studies report a negative component with an onset
latency around 8 ms and a peak latency of 15ms. The nl5
was best recorded under frontal [(107, 113, 148), Figure 3B] or
prefrontal electrodes (42, 110). The vestibular origin of the n15
was confirmed by its presence in a patient with profound hearing
loss but preserved vestibular function, and its absence in a patient
with hypovestibular function but preserved hearing (107). The
nl5 amplitude increased in the case of superior canal dehiscence,
supporting its vestibular origin (148).

The nl15 was first thought of pure myogenic origin (107,
148, 158). Indeed, the nl5 recorded frontally was similar
in size and morphology to responses recorded around the
eyes, and it was modulated by changes in gaze direction. In
addition, a patient with superior canal dehiscence showed a
very large nl15 amplitude (up to 11.8 pV) for SVS at 42 dB
above vestibular threshold, which is unusual for neurogenic
potentials (107). However, left SVS seemed to induce a more
asymmetrical n15 with an earlier contralateral onset (107) or
larger responses for left compared to right SVS (114), which
suggests that there may be a central origin to this component.
By contrast, source localization suggested that the frontal
nl5 may have a cerebellar and cortical origin (108, 113). In
particular, a Brain Electrical Source Analysis (BESA) localized
the generators in the contralateral cerebellum or the precentral
sulcus (108). A Low Resolution Electromagnetic Tomography
Analysis (LORETA) localized the nl5 generators in the right
precuneus and cuneus (113). Altogether, these results indicate
that the nl5 may represent concomitant vestibular-induced

Frontiers in Neurology | www.frontiersin.org

September 2021 | Volume 12 | Article 674100


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Nakul et al.

Vestibular-Evoked Cerebral Potentials

0.15uV/step LTI TTTTTTENNN

FIGURE 3 | Short latency vestibular-evoked cerebral potentials (VestEPSs). (A) Source dipole analysis of grand average VestEPs with latencies under 10 ms. VestEPs
were triggered by electrical stimulation of the vestibular nerve during surgery. Five dipoles were identified and localized: dipole 1 (red) is at the limit of the ipsilateral
frontal and prefrontal lobes, dipole 2 (blue) is on the transverse frontopolar and/or frontomarginal gyrus of the prefrontal lobe, close to the midline, dipole 3 (pink) is on
the contralateral anterior portion of the supplementary motor area (around the supplementary eye fields); dipole 4 (green) is on the ipsilateral temporoparietal area;
dipole 5 (brown) is on the contralateral superior occipital gyrus, although close to the midline. Adapted from (133) with permissions from Springer Nature. (B) Voltage
maps of the p10 and n15 evoked by left sound-induced vestibular stimulation. Positive potentials are indicated in blue and negative in red and contours are spaced at

0.15 pV. Adapted from (108) with permissions from Elsevier.

extraocular, cerebellar, and cortical activations around 15 ms. The
cerebellar origin of a component better recorded at the frontal
level remains however to be confirmed with the development of
electrocerebellogram techniques.

Component p20

Components with a latency around 20 ms generally follow those
detected near 10 or 15ms with an inversed polarity under the
same or closely located electrodes. An n20 component follows
the p15 during whole-body rotations (56, 57, 147, 159) or SVS
(137, 138). Likewise, in more recent studies, a positive component
with a peak latency of 20-21 ms follows the nl15 after SVS (107,
108,113, 114). A p21 component has been reported under frontal
electrodes (107, 108) or under posterior occipital electrodes and
right temporal electrodes (113). Applying LORETA localized the
p21 generators in the right precentral gyrus, with contributions
of the right medial and superior temporal gyri (113).

Conclusion

Electroencephalography and averaging techniques have proven
to be effective to study and assess the spatiotemporal dynamics
of vestibular information processing within the first milliseconds
after stimulation onset. Short-latency responses with a peak
latency under 10 ms have been related to activity in the vestibular
nerve or vestibular nuclei. This is in accordance with results
from early studies in cats and monkeys where the vestibular

nerve was directly stimulated and responses recorded in the
animal brain (135, 160, 161). Potentials around 2 ms are likely to
reflect vestibular nerve response while components with onsets
near 2-3 ms and peak latencies observed within 10 ms after the
stimulation are attributed to vestibular nuclei activity. Far-field
components best recorded at the vertex, such as the n3 and n5, or
recorded over parieto-occipital areas, such as the n6, may reflect
vestibular information processing along the brainstem, from the
lower pons to the rostral pons or midbrain, respectively.

Responses with a peak latency of 10-20 ms may be myogenic,
but also reveal a rapid spreading of vestibular information to
the cerebellum and cerebral cortex. To our knowledge, only
one group documented cerebellar VestEPs in humans (41,
108, 110, 115, 120, 149, 150). Of note, short latency VestEPs
were evoked by SVS or IAS at the mastoids, both techniques
targeting the otolithic receptors, so that we lack information
about the potential cerebellar evoked responses to semicircular
canal stimulation. More systematic studies using stimulation
techniques such as rotations are needed to better identify the
origin of these responses in humans.

Several studies also suggest that vestibular information
reaches the cerebral cortex within 6 to 15ms after stimulation
(107, 108, 113, 133). de Waele et al. (133) argued for
simultaneous activation of several trisynaptic vestibulo-thalamo-
cortical pathways, indicating that vestibular information rapidly
spreads to different areas in the cortex. However, the hypothesis
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of a parallel processing in these areas is not consistent with
recent electrophysiological studies in monkeys. Parieto-insular
vestibular cortex responses to translations had shorter latency
compared to responses in the ventral intraparietal (VIP) area and
area MST, supporting the idea that the PIVC is “closer” to the
periphery (23).

MIDDLE LATENCY VESTIBULAR-EVOKED
POTENTIALS

Only few studies identified VestEPs with a latency between 20
and 50 ms. Here, we will focus on two biphasic VestEPs that seem
to consistently emerge from EEG studies: a first VestEP with
peak latencies around 20 and 30 ms and a second VestEP with
peak latencies around 42 and 52 ms. Some studies also described
individual peaks with similar latencies separately.

The “20-30 ms Complex”

A 20-30 ms complex was reported after SVS (111, 162), GVS (96),
and skull vibration at the nasion (112). Sound-induced vestibular
stimulation evoked a positive peak at 20 ms and a negative peak
at 30 ms under fronto-central and centroparietal electrodes of a
32-channel EEG [(111); Figure 4A]. This 20-30 complex was also
observed using a simplified Laplacian montage that could be used
for clinical purposes (111). Another SVS study reported the p23,
n24, and n32 components separately (108). Galvanic vestibular
stimulation elicited a counterpart of the 20-30 ms complex with
latencies of 25 and 35 ms (96). A BESA source analysis and results
from an epileptic patient implanted with deep brain electrodes
revealed that this complex originated from the bilateral anterior
insula and posterior operculum (111). However, the comparison
of source analyses revealed dipoles oriented differently in space
in these regions for same latencies after SVS and GVS (96).

Skull vibration induced biphasic n26-p30 or p26-n35
responses for positive and negative stimulation polarity,
respectively (112). Source localization revealed deep midline
sources plausibly representing activity from the cingulate
cortex, medial thalamus or basal ganglia, as well as bilateral
frontal sources (112). Similar independent components were
identified near 30 ms using whole-body rotations (147) and
translations (163).

The “42-52 ms Complex”

Several recent studies identified a frontocentral n42-p52 complex
using SVS (42, 108, 110) and IAS at the nasion (112). The
n42-p52 complex was also referred to as the N*/P* response
as it appears among auditory EPs. However, it was argued
that the n42-p52 (N*/P*) complex represents a more specific
vestibular response as its peak-to-peak slope increased linearly
for SVS above the vestibular threshold, and it was not observed
in a patient with an unilateral vestibular loss stimulated in
the damaged ear [(42); Figure 4B]. Brain Electrical Source
Analysis revealed that the n42/p52 was best explained by a
mid-cingulate source, together with bilateral sources in the
superior temporal cortex (42, 110). This is consistent with
fMRI studies showing activity in the cingulate cortex following
CVS (75, 164, 165) and GVS (89). Other studies reported

positive individual components around 40 ms following whole-
body rotations [(163); 38.9 ms] and translations [(33, 166, 167);
p38.2 ms under parietal electrodes]. More recently, IAS on the left
mastoid was also found to evoke n25, p40, and n53 components
under Bz, an electrode placed over the cerebellum, two rows
below Iz at the midline [(150); following a nomenclature
proposed by Heine et al. (168)].

Conclusion

Four peaks are most consistently reported as VestEPs of middle
latencies: they constitute the 20-30 complex and the 42-
52 complex. These components presented little variability in
their latencies and their amplitude increased with stimulation
intensity, leading the authors to propose them as reliable markers
of cortical vestibular information processing (112).

Studies of middle latency VestEPs localize generators in
the operculo-insular complex and cingulate cortex, two key
areas of the vestibular cortical network. The insular and
cingulate contributions to vestibular processing is well-supported
by anatomical evidence in non-human primates (20), meta-
analyses of neuroimaging data (15, 16), and intracranial electrical
stimulation in epileptic patients (169, 170).

LATE LATENCY VESTIBULAR-EVOKED
POTENTIALS

Responses with a latency above 50 ms were already identified in
VestEPs investigations from the 1960s (47, 49, 50, 95, 137, 138).
However, these early studies did not report the latency of all
observed components or mentioned series of components within
a time range. Studies using whole-body rotations identified
five to seven waves with latencies ranging from 70 to 850 ms
(44, 171-176). Responses with latencies up to 3,000 ms have
been reported (47). We summarize below some of the most
consistently reported responses with latencies above 50 ms (see
Supplementary Table 1).

Responses at 60-70 ms

Sound-induced vestibular stimulation has been shown to evoke
a positive component with a peak latency of 60ms under
temporal electrodes, followed by a frontal component with a
peak latency of 70ms (111). The authors hypothesized that
the 70 ms component may reflect crosstalk activity between
vestibular areas 2v, 3nv, and the frontal eye fields (111). Galvanic
vestibular stimulation also evoked responses at 50 and 80 ms
under the same electrodes (96). Source analysis as well as
data from an epileptic patient implanted with deep electrodes
showed that the anterior insula and posterior opercular cortex
responded to SVS [(111); Figure 5A]. Similar sources were
observed for the response to GVS [(96); Figure 5A]. Impulsive
acceleration stimulation evoked VestEPs with similar latencies
under electrode FCz (112). These VestEPs consisted in a negative
peak at 65 ms after positive polarity stimulation and a positive
peak at 60 ms followed by a negative peak at 78 ms after negative
polarity stimulation (112). Source analysis suggested a posterior
cingulate contribution.
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FIGURE 4 | Middle latency vestibular-evoked cerebral potentials (VestEPs). (A) The left part shows the 20-30 complex observed with a Laplacian montage (FC1 +
FC2 + 10) — (TP9 + TP10), after short latency responses appearing within 10 ms. The right part shows BESA regional source activity for the p20 and n30
components, showing the junction of the anterior insula with the inferior frontal gyrus in the right hemisphere (oright red), the posterior parietal operculum (oright blue),
a frontal source near areas 2v, 3aNV, and the frontal eye fields (dark red), the left inferior frontal gyrus (green), the left parietal operculum (brown). Adapted from (111)
with permissions from Elsevier. (B) Left panel: Grand means of evoked potentials showing the n42—p52 response under electrode FCz after right acoustic stimulation
in 10 healthy subjects (black curve) and a patient with a unilateral vestibular loss (gray curve). Right panel: Scalp voltage maps at 42 ms after acoustic stimulation (+18
dB above the vestibular threshold). Positive potentials are indicated in blue and negative in red and contours are spaced at 0.13 pV. Adapted from (42).

Responses at 80 ms Response at 110 ms

Whole-body translation evoked the n80, a negative component A positive component with a peak latency at 110 ms was reported
with a peak latency of 80 ms [(33, 166, 167); Figure 5B]. The  after both SVS and acoustic control stimulation (111), as well as
n80 was most prominent under frontal electrodes, but a weaker  after GVS (96). This suggests a vestibular contribution to the late
occipital positivity was also observed with the same latency.  auditory EPs, around 100 ms.

The n80 amplitude increased with linear acceleration intensity

(33, 166). This was explained by increased activity in the Responses at 200 ms

cingulate sulcus visual area, an area involved in self-motion ~ An early study used a vertex referred to mastoid montage and
processing (177). showed a positive potential with a peak latency of 220 ms after
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FIGURE 5 | Long latency vestibular-evoked cerebral potentials (VestEPs). (A) Sources of evoked potentials observed after SVS (left) and GVS (right). For SVS, BESA

regional source activity projected to a head showing the junction of the anterior insula with the inferior frontal gyrus in the right hemisphere (bright red), the posterior

parietal operculum (bright blue), a frontal source near areas 2v, 3aNV, and the frontal eye fields (dark red), the left inferior frontal gyrus (green), the left parietal
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FIGURE 5 | operculum (brown). For GVS: frontal source (dark red), right anterior insula (light red), left anterior insula (light green); posterior operculum (light blue), left
posterior operculum (brown). The yellow large dipoles marked with X represent the combined bilateral bipolar capacitive effects of the galvanic pulse removed with
principal component analysis. Adapted from (96, 111). (B) Upper panel: Grand average response to translation recorded under electrode Cz. Four late latency
VestEPs (n80, p199, n340, and p461, originally referred to as N1, P2, N2, and P3) appear after the middle latency component p38. Their characteristic topographies
can be distinguished (positive in red, negative in blue). The p38, N340, and p461 components are dominated by strong bilateral activity (red) over parietal regions. The
n80 component is best described by a negative potential (blue) detectable at frontal electrodes. The p199 component has a strong positive peak at electrode Cz.
Lower panel: The mean activity of all five components suggests that the cingulate sulcus visual area (CSv), the opercular-insular region, Brodmann area (BA) 6, the
inferior parietal lobule (PGa/PGp), and the human medial superior temporal area hMST are the main nodes in the processing of otolithic signals. Adapted from (33)

the sudden stop of a rotation (178). This VestEPs was present
in 30 healthy participants, but it was absent in two patients
after labyrinthectomy. A subsequent study compared the p220
in 159 patients with infarct on the middle cerebral artery to
those of 130 controls (179). Hundred and twelve patients showed
delayed, decreased, or no evoked response at all, suggesting that
vestibular evoked responses to rotations involved the temporo-
parietal cortex. Hofferberth [(179), p. 125] concluded that there
is a “primary pathway of vestibular evoked potentials |[...] from
the vestibular nuclei via the midbrain to the thalamus and from
the thalamus to the temporo-parietal cortex.” This is very close
to some descriptions of vestibular pathways, highlighting a main
contribution of the temporo-parietal cortex (65, 89, 180, 181).

More recent studies using body translations revealed a positive
component with a peak latency of 199 ms, best observed under
electrode Cz [(33, 166, 167); Figure 5B]. As for the n80, the p199
amplitude increased with body acceleration and this increase
was best explained by increased activity in the cingulate sulcus
visual area.

Finally, we note that other EEG investigations using whole-
body rotations have identified independent components with
peak latencies at 200 ms (50, 182), or biphasic waves with peak
latencies from 200 to 350 or 400 ms, maximally recorded at the
vertex (49, 52, 178, 179, 183, 184).

Responses at 300-500 ms
Various responses have been described within the 300-500 ms
time window after active (58, 59) and passive body rotations
(32, 44, 47-49, 51, 52, 171, 174, 176, 185), as well as after body
translation (33, 166, 167, 186). A seminal study compared human
responses to animal responses that were already accepted as
vestibular in origin (48). The authors used the sudden stop of
yaw rotations as a stimulus both in cats with implanted electrodes
and in humans who underwent scalp EEG recordings. They
observed late diffuse responses with peak latencies of 300-600 ms
in both species, which were prevalent in the preoccipital (area
19) and/or parastriate (area 18) regions in humans. Vestibular-
evoked potentials with such late latencies likely reflect the
processing of the acceleration profile, with peak amplitudes at
peak accelerations (186) or movement inversion (32, 47).
Although their exact latency differ between studies, VestEPs
around 300ms have consistently been reported after passive
whole-body rotations (32, 185) and translations (33). For
example, whole-body rotations in the yaw plane evoked a vertex
negative component with a peak latency near 300 ms (32, 185).

Similarly, whole-body translations evoked a negative
component at 340 ms under parietal electrodes, accompanied
by a weak negativity under electrode FCz, as well as a positive
component at 461 ms which was best observed in centroparietal
regions [(33); Figure 5B].

Conclusion

Late VestEPs are less well characterized than short and middle
latency responses and they appear during a large time window
after the stimulation onset. Based on two recent studies using
body translations, Ertl et al. (166) proposed that responses
with a latency under 220ms may reflect physical properties
of the stimulus, whereas later responses may reflect higher
level perceptual and cognitive processes. Such transition from a
sensory processing to a higher-level perceptual analysis has been
proposed for the auditory system (187).

CONCLUSIONS AND PERSPECTIVES

We have reviewed results from pioneering electrophysiological
studies and more recent studies using state-of-the-art EEG
indicating that VestEPs can now be considered meaningful
electrophysiological signatures of vestibular information
processing from the vestibular nerve to the cerebral cortex, owing
to the high temporal resolution of EEG. After summarizing the
main findings regarding VestEPs with components of short
(< 20ms), middle (20-50ms), and late (> 50ms) latency,
we discuss how VestEPs studies are informative regarding
the parallel vs. hierarchical processing of vestibular signals in
the cerebral cortex, and regarding hemispheric dominance of
vestibular information processing. While underlining issues
with replicability and variability of VestEPs across studies, we
discuss the main limitations of VestEPs studies and highlight
the difficulty to isolate components of vestibular origin while
controlling for extravestibular sensory contributions. Finally, we
open perspectives regarding the contributions of VestEPs studies
to the fields of neurology, otoneurology, cognitive neuroscience,
and systems neuroscience.

Main Findings and Their Link With
Vestibular Processing Along Ascending
Pathways

Vestibular-evoked potentials with short, middle and late latency
mark the different steps and the spatiotemporal organization of
vestibular information processing. Vestibular-evoked potentials
with a short latency under 20 ms are the most investigated, but
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independent potentials or biphasic waves also emerge from the
literature in the middle and late latency ranges.

Consistent with electrophysiological results from animal
studies (152, 153), the first potentials around 2 ms likely reflect
vestibular nerve activity, whereas following potentials around
3ms indicate information processing in the vestibular nuclei
(40, 56, 57, 104, 109, 132, 133, 146, 147). It has been proposed
that components found at 5 and 6 ms may reflect the transmission
of vestibular information along the brainstem (105, 106). Others
proposed that vestibular signals reach the cortex as early as 6 ms
after stimulation onset (133), that is with a latency equivalent
to that necessary to trigger vestibulo-ocular and vestibulocollic
reflexes. Reaching the cortex with such short latency may
involve vestibular information in an alarm or preattentional
system, in addition to top-down control of vestibulo-ocular and
vestibulocollic reflexes.

Several components with peak latencies between 10 and 20 ms
appear to reflect parallel spreading of vestibular information
to the cerebellum (41, 108, 110, 115, 120, 149) and to several
cortical regions, including the precentral sulcus, the precuneus,
and cuneus, as well as several frontal areas (108, 113, 133).
The exact origin and differentiation of these potentials remain
to be clarified, and their cerebellar and cortical generators
need to be disentangled from myogenic contributions (41, 108,
115). Alternatively, VestEPs with such latency could reflect the
descending control of vestibular oculomotor reflexes.

Middle latency VestEPs (20-50 ms) have been associated to
activity in the insular, posterior opercular and cingulate cortex
in a series of recent EEG studies using SVS and GVS (42, 96,
111). These areas form the core region of the cortical vestibular
network (11, 15, 16, 18, 188) and show strong functional
connectivity with other cortical vestibular areas (189).

Results concerning VestEPs with late latencies (>50ms)
are more disparate. The heterogeneity of results from early
studies may be due to differences in stimulation techniques,
stimulation parameters for the same techniques, different levels
of quality for control conditions and limitations of the recording
systems/montages (placement and number of electrodes). Recent
studies have identified more consistently several VestEPs
components with late latency, which are informative about
the later steps of vestibular information processing. A major
finding about VestEPs with late latency is that components
under 220 ms may reflect low-level sensory processing while
components above 200 ms may reflect higher level perceptual and
cognitive processes, and the conscious processing of vestibular
information (166).

Parallel vs. Sequential Vestibular
Information Processing in the Cerebral
Cortex

One important question in vestibular neuroscience was to
determine whether vestibular signals are transmitted to cortical
areas through several parallel pathways with similar latencies, or
whether vestibular signals reach a core vestibular area (activated
earlier) before being distributed to secondary areas (activated
later). The ability to answer this question depends on the
temporal and spatial resolution of the recording technique.

Results from VestEPs studies reported above indicate that
vestibular signals rapidly reach the cerebral cortex. The
observation that several cortical areas may receive vestibular
information in <10 ms after direct electrical stimulation of the
vestibular nerve has been used to support the idea that there is
no primary vestibular cortex, but rather parallel processing of
vestibular signals in at least five cortical areas (133). This seems
consistent with local field potentials recorded with overlapping
latencies in several brain areas after electrical stimulation of the
vestibular nerve in rats (136).

Our review of the literature shows that short, middle and late
VestEPs have been found to originate from various cortical areas
at similar or close latencies, such as both frontal and occipital
activations at 10 ms, or later at 80 ms, for example. The studies
available to date suggest that VestEPs with latencies between 10
and 20 ms may have a cerebellar origin (41, 108, 110, 115, 120,
149, 150), and/or a cerebral origin with several generators in the
precentral sulcus (108) or the precuneus and cuneus (113) for the
nl5. Vestibular-evoked potentials with latencies from 20 to 30 ms
have been associated to activity in the bilateral anterior insula and
posterior operculum (111) while components with latencies from
40 to 50 ms have been associated with a mid-cingulate source
with contributions of the bilateral superior temporal cortex
(42, 110). Vestibular-evoked potentials with late latencies have
been associated to various sources in all lobes. Altogether, these
studies indicate a rapid diffusion of vestibular information in
different areas of the cortex, distributed processing, and crosstalk
mechanisms with recurrent processing lasting several hundreds
of milliseconds after the stimulation.

The surface EEG and the event-related approach may lack
the resolution to fully describe the spatiotemporal pattern of
vestibular information processing as it reflect activity of too
large assemblies of neurons. Local field potentials and single
neurons recordings have a more appropriate spatiotemporal
resolution. To our knowledge, local field potentials from
intracranial electrodes were recorded in only one epileptic
patient during SVS, providing similar findings as recordings
from scalp electrodes in healthy participants (111). Interestingly,
single neuron recordings in non-human primates have been
compared in several cortical areas during natural whole-body
displacements. A notable study in macaque by Chen et al
(23) compared the spatiotemporal tuning of neurons from the
PIVC, area MSTd (dorsal part of area MST), and VIP during
animal translations. On the basis of the response latency of
the neurons, the authors propose that there is a “hierarchy in
cortical vestibular processing, with PIVC being most proximal
to the vestibular periphery and MSTd being most distal.”
Accordingly, vestibular signals would be first processed in the
PIVC before being transmitted to area VIP and MSTd. Although
this seems in contradiction with results from most VestEPs
studies summarized here, it may just reflect the inability of EEG
to grasp different patterns of responses of different cortical areas
to acceleration, velocity, and position of whole-body motion as
can do single neuron recordings (24).

Finally, we note it is difficult to compare the spatiotemporal
dynamics of vestibular information processing as revealed by
EEG analyses with data from fMRI and PET studies of the
vestibular cortex. Given the low temporal resolution of these
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neuroimaging techniques, they have not been able to precisely
describe the responses of vestibular cortical areas as a function
of time, and never with the time resolution of the VestEPs
summarized above. A study by Klingner et al. (190) analyzed
the temporal pattern of several cortical responses measured
with fMRI during 30s of CVS using independent component
analysis. The authors identified seven independent components
representing cortical responses with different temporal profiles.
Although the time course of these components differed
significantly, with a trend for more lasting response for the
component originating from the insula, retroinsular cortex, and
superior temporal gyrus, there was no difference in the latency
of the peak of the response for all components. Another study
combining repeated short pulses of CVS and fMRI showed
that during the 40s following CVS there was a longer and
stronger activation in the brainstem compared to activation in
the cerebellum, thalamus, and right insula (78). The latency of
the peak of the response and the response duration (>105s)
in these two studies can in no way be compared with the
electrophysiological findings reported in our review of the
literature. Altogether, this indicates the complementarity of EEG
and fMRI approaches to better characterize the time course and
location of vestibular information processing in the human brain.

Laterality of Vestibular Projections and
Hemispheric Dominance in the

Vestibulo-Thalamo-Cortical System

Another important question for vestibular neuroscience
concerns the laterality of vestibular projections from one
labyrinth to the cortex, and whether there is an overall
hemispheric dominance for vestibular information processing,
as shown by previous neuroimaging and anatomical studies
(77,102, 191).

Vestibular-evoked potentials with latencies under 10 ms can
be recorded bilaterally, but larger amplitudes have been observed
ipsilaterally to the perioperative stimulation of the vestibular
nerve (133). This is in line with the projection of primary
vestibular afferents to the ipsilateral vestibular nuclei, and
the inhibition of contralateral vestibular nuclei through rich
commissural pathways (192).

Studies of VestEPs with latencies between 10 and 20 ms have
reported contradictory results as to the lateralization of the
responses. Concerning the pl0 evoked by SVS, some studies
suggested larger ipsilateral responses with a right hemisphere
dominance (107), in line with previous neuroimaging findings
using the same type of SVS (102). Other studies found a
contralateral dominance of a deep source, potentially cerebellar,
for the same component (108, 110, 115). Using IAS, Todd et al.
(120) reported an ipsilateral p12/n17 and a contralateral p19/n23,
but only reported a contralateral p12/nl7 in a subsequent
study (150). They found that these EPs of potential cerebellar
origin were larger on the right side for bone conducted sounds
(108), an observation not confirmed with stronger vestibular
stimulation (41). Secondary vestibular fibers project bilaterally
to the cerebellum in both animals and humans (17, 192, 193).
However, unlike in humans, animal studies converge on larger
contralateral responses to vestibular stimulation in the vermis

and flocculus (194). Neuroimaging studies have also suggested a
contralateral activation of the cerebellum (78).

The few studies that have associated short latency VestEPs
with cerebral sources seem to corroborate neuroimaging findings
of bilateral responses, with larger responses in the ipsilateral
and in the non-dominant hemisphere (77, 102). de Waele
et al. (133) reported a larger pl0 under ipsilateral compared
to contralateral frontal electrodes. As expected, BESA revealed
bilateral sources, with ipsilateral sources in the superior frontal
gyrus and precentral gyrus, and contralateral sources in the
anterior supplementary motor area near the frontal eye fields and
in the superior occipital gyrus as well as a transverse prefrontal
source (133). The n15 and p20 evoked by right ear SVS were
found to originate from the right precuneus and cuneus and from
the right precentral gyrus, medial and superior temporal gyri,
respectively (113).

There are scarce data on the middle latency VestEPs.
Regarding the 20-30 complex, larger amplitudes were observed
in the anterior insula for left SVS compared to right SVS in right-
handed participants (111). However, such lateralization effects
were not reproduced with GVS (96) and IAS (112). Regarding
the n42/p52 VestEPs, a weak right ear advantage has been
reported for the peak-to-peak amplitude measured at electrode
FCz, whereas a contralateral left ear advantage has been found
for the n42 component when considered alone (110).

Recent studies on late VestEPs report no hemispheric
dominance or contradictory results. Contralateral SVS evoked
higher VestEPs amplitudes in the non-dominant hemisphere
(111) but these results were not reproduced using GVS (96).
Ertl et al. (166) found an effect of the direction of lateral
passive translation on two components, the n80 and a positive
component with a peak between 240 and 352 ms. Both VestEPs
showed larger amplitudes under C3 (left to Cz) or C4 (right to
Cz) depending on whether the participants were moved to the left
or to the right, respectively. The effects were discussed in terms
of lateralized somatosensory stimulation during body motion.

Altogether, results from the VestEPs studies indicate that
components with different latencies have bilateral brain sources,
thus information originating from one ear is processed in
both cerebral hemispheres. The analysis of VestEPs amplitudes
and their generators, however, is less conclusive regarding
the determinants of hemispheric dominance in the vestibulo-
thalamo-cortical system, when compared to the clear pattern
that arises from PET and fMRI studies: (1) bilateral but larger
activations in the hemisphere ipsilateral to the activated ear and
(2) larger response in the non-dominant hemisphere, that is in
the right cerebral hemisphere for the right-handed participants
(77, 195, 196). We agree with Kammermeier et al. (111) in that
this difference may in part be due to the “modalities of short-
termed electric activity [for EEG studies] vs. long-term vascular
or metabolic changes [for fMRI and PET studies].” More work is
needed to investigate how VestEPs are influenced by the side of
stimulation and the participants’ handedness.

Replicability and Variability of Findings in
VestEPs Studies

It may seem that a lack of replicability and large variability of
VestEPs emerges from the collection of studies on the topic so
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far. First, we note that there are few available studies on VestEPs
compared to the wealth of studies existing for well-defined visual,
somatosensory, and auditory EPs (31). Second, a major obstacle
to replicating results from one study to another is the enormous
variability in the stimulation and recording procedures. Among
the many sources of variability in the recorded vestibular
responses, two categories seem particularly important.

Method of Vestibular Stimulation

The method of vestibular stimulation (see Figure 1) provides
a major source of variation in the observed responses. As
noted earlier, artificial stimulation of the vestibular system
(GVS, CVS, SVS, IAS, MVS) differ from natural vestibular
stimulation (rotatory chair, motion platform) in many aspects,
including the type of vestibular receptor (otolithic, canalar)
stimulated, the physical nature of the stimulation leading
to activation of hair cells or the vestibular nerve, the co-
activation of other sensory systems (such as hearing for SVS
and interoception for body rotations), the duration of the
stimulation, etc. The most commonly used artificial vestibular
stimulation for VestEPs studies (SVS and IAS) are transient
stimuli lasting in general a couple of milliseconds, whereas
passive whole-body translations and rotations have a totally
different temporal pattern, lasting in general more than 1s
[e.g., (32, 60)]. It is therefore difficult to directly compare the
spatiotemporal dynamics of vestibular information processing
for transient artificial vestibular stimulation and natural body
motions (see below).

The Spatial Density of Recording Electrodes and the
Montage

Very diverse electrode montages have been used to record
VestEPs with a large variability in the spatial density of electrodes,
as shown in Supplementary Table 1. Early studies have used
montages close to those used for BAEP recordings, with a spatial
density of electrodes insufficient to describe the spatiotemporal
dynamics of vestibular information processing. As studies have
used different references for the analysis of VestEPs (ear lobes,
mastoid, average reference...), it is difficult to directly compare
the shape and polarity of VestEPs components across studies.
A consensus about standard electrode montage and reference
should therefore be established in order to increase replicability
of the results in future EEG studies of the vestibular system,
as done for cVEMPs and oVEMPs recordings (43, 100), or
for somatosensory (34), visual (35), and auditory (36, 37)
EPs recordings.

The largest variability in the VestEPs waveforms arises from
studies that investigated vestibular responses during natural
whole-body translations and rotations. For example, studies
of rotatory VestEPs identified only short or middle latency
components (56, 57, 147), while others only identified late
components (32,44, 171, 173, 174, 176). This is very likely related
to different stimulation parameters. In the case of short and
middle VestEPs, the rotations applied to the head only were
rapid horizontal (56, 57) or vertical (159) rotational acceleration
impulses up to 12,000°/s that could be applied at frequencies
from 0.5 to 2 Hz. In the case of late VestEPs, whole-body rotations

could consist in ramps with acceleration phases of 250 or 500 ms
to reach an angular velocity of 60°/s maintained for 400 ms
(171), step-wise accelerations of 53°/s* (173, 174) lasting 1, or
accelerations of 15°/s” lasting 1s (44) or 2s (176), or transient
“raised-cosine” rotations with a peak velocity of 110°/s for 1.3
(32). Shorter and more intense rotations would therefore make
it possible to observe short or middle latency VestEPs while
longer rotations would allow to record later responses, possibly
time-locked to changes in the acceleration profile.

More consistent results have been obtained with stimulation
methods that use standardized stimuli such as short high
sound pressure clicks at intensities around 100 dB-SPL. There
is indeed a consensus about the parameters of the sounds
(frequency, duration, intensity, number of stimulation) which are
optimal to activate the otolithic receptors, and are commonly
used for clinical investigations of cVEMPs and oVEMPs (38).
Vestibular-evoked potentials have been consistently identified
using very similar stimulation or recording techniques. For
example, the same group has repeatedly reproduced the p10,
nl5, p21 components as well as the n42/p52 complex using bone
conducted or air conducted tone bursts of 500 Hz lasting 6 ms
(107, 114) or tone pips of 500 Hz lasting 2ms (42, 108, 110).
Different results were obtained using different parameters of
SVS. They compared air-conducted and bone-conducted SVS,
showing that they allow to record reproducible components
such as the pl0 and nl5 while noting that bone conducted
stimulation induces larger responses (108). They also compared
left vs. right SVS (110), different references such as the linked
earlobes or common average reference (42), and different
inter-stimulus intervals (149). This shows how important the
stimulation techniques and their parameters are to better
characterize VestEPs.

Main Limits of VestEPs Studies

The study of the spatiotemporal dynamics of vestibular signal
processing in the brain is limited by the fact that the
vestibular system is multisensory in nature (197). Vestibular
afferents project to the vestibular nuclei and cerebellum, where
vestibular signals are processed and integrated with visual and
somatosensory information (198). Vestibular signals are also
integrated with visual and somatosensory signals in several
thalamic nuclei and in several cortical areas, including the PIVC
(199). This multisensory convergence can be evidenced by the
modulation of the p12/n17 biphasic wave by optic flow (120).

As vestibular signals are mixed with other sensory information
as early as the second synapse in the brainstem, most VestEPs
recorded to date likely represent a multisensory response owing
to the lack of specificity of the methods to stimulate the
vestibular receptors (Figure 2). Natural and artificial vestibular
stimulation often stimulates one or several extravestibular
sensory systems, such as the auditory (for SVS, CVS, IAS,
rotating chairs, and motion platforms), tactile (for GVS, CVS,
IAS, rotating chairs, and motion platforms), nociceptive (for GVS
and CVS), thermoceptive (for GVS and CVS), and interoceptive
systems (for body rotations and translations). Thus, vestibular
responses recorded over the scalp are mixed with time-locked
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responses from these sensory systems. During passive whole-
body translations and rotations, a major sensory influence on
VestEPs comes from the interoceptive system, as the body
fluids move in a time-locked manner with the rotatory chair
or motion platform. The interoceptive and vestibular systems
are largely interconnected at both anatomical and functional
levels. Interoceptive signals from visceral receptors can modulate
vestibular signals as early as in the vestibular nuclei (200).
Vestibular information is also integrated with interoceptive
signals in the insula (80). Although visual, auditory, tactile, and
nociceptive controls can be used, it is impossible to control
for the interoceptive contributions to VestEPs, which cannot
be switched off and are hardly manipulated. For example, late
VestEPs responses are certainly not purely vestibular as they can
also be observed in patients with a bilateral vestibular failure
(32, 182).

Potential Applications of VestEPs in

Neurology and Otoneurology

Despite these limitations, VestEPs represent a promising tool
for the clinical investigation of the vestibular system. First, there
seems to be little interindividual differences in VestEPs onset and
peak latencies for electrical stimulations of the vestibular nerve
(133) and for SVS (42, 110, 149). Second, VestEPs amplitude
increases with the intensity of the electrical current applied to
the vestibular nerve (131, 133), the intensity of SVS (42, 107),
the impulsive acceleration in IAS (112) or the acceleration of the
body rotation (44, 173, 184) or body translation (33, 60). The
consistency of these characteristics makes VestEPs measurement
appropriate for basic research and clinical investigations. Studies
in large populations should first be conducted to establish
normative values of latency and amplitude in healthy participants
as a function of age, as done for VEMPs [i.e., tests of the otolithic
function; (201, 202)] and for the video head impulse test [i.e., tests
of the semicircular canals; (203)].

Sound-induced vestibular stimulation appears a convenient
and reliable technique to standardize VestEPs as done for
cVEMPs and oVEMPs, for which SVS is already routinely used
in clinical testing. With many controlled repetitions possible in a
relatively short period of time, SVS evokes short, middle, and long
latency VestEPs which likely reflect the successive processing
of vestibular information along the vestibulo-thalamo-cortical
pathways (see Figure 1). Sound-induced vestibular stimulation
allows to test each ear separately. Simplified montages could
be used, such as Laplacian montages (111), or specific vertex-
mastoid or parieto-frontal derivations for example (106).
Interestingly, recordings with 32- and 64-channel EEG systems
allowed to observe a reduction of the n42/p54 response in few
patients with a bilateral (114) or unilateral (42) vestibular loss.
A first step toward clinical applications of VestEPs would be to
use SVS (and the appropriate auditory control conditions) to test
larger samples of patients with various vestibular disorders and
compare their responses to those from healthy participants.

Brainstem auditory evoked potentials have been proposed as
a complement to cVEMPs to evaluate vestibular schwannoma
(204), even though their cost-effectiveness may be lower than

that of MRI (205). Compared to cVEMPs, far-field vestibular
potentials have the advantage to be recorded even in patients
who cannot properly contract their neck muscles, a condition
for cVEMPs recording. It has been proposed that the n5 may
be suitable to assess vestibular projections in clinical practice.
First, the n3 component may only appear when BAEPs auditory
components are drastically reduced. Second, the n5 can be
observed with sounds of lower intensity, around 80 dB nHL, and
allows for shorter testing times compared to the n3, which is best
obtained using clicks over 100 dB nHL (105).

To record middle and late latency VestEPs in clinical practice,
Kammermeier et al. (111) have proposed a simplified EEG setup
with circular Laplacian montages around electrodes FC5/6 (over
right and left anterior insula) and CP5/6 (right and left posterior
opercula). They found reproducible n20, p30, and p60 responses,
indicating that VestEPs of short, middle, and late latency can be
recorded using simplified montages in clinical settings.

Vestibular-evoked potentials should be altered in patients with
lesions in vestibular areas, providing a faster, simpler and less
expensive equivalent to fMRI or PET for demonstrating reduced
or altered activity in vestibular areas (206, 207). Vestibular-
evoked potentials could help assess central vestibular processing
in patients who report vestibular sensations but show no
apparent vestibular end organs or nerve alterations and help
identify the underlying pathology. Vestibular-evoked potentials
could be an important diagnostic support in the investigation of
central vestibular syndromes (21). Among these, the incidence
of vestibular epilepsy is probably underestimated and pose
important differential diagnostic problems with vestibular
migraine and psychogenic forms of paroxysmal vertiginous
manifestations (208, 209). It is possible that, as in other epilepsies,
specific alterations of certain cerebral areas may be investigated
by VestEPs in the future and that these alterations will be different
in migraine and psychogenic disorders. One the one hand, there
is evidence that patients with vestibular migraine have a different
vestibular threshold and sensitivity to motion than healthy
controls (210, 211). On the other hand, there is evidence that
patients with persistent postural-perceptual dizziness (PPPD),
a functional vestibular disorder (212) showed altered activity
and connectivity in the vestibular cortical network, including
areas processing visuo-vestibular integration and emotions (213—
215). In an fMRI study, SVS evoked reduced activation and
connectivity of key vestibular areas such as the posterior and
anterior insula, hippocampus and anterior cingulate cortex in
chronic subjective dizziness compared to healthy controls (213).
We propose that VestEPs may provide more information on
the temporal characteristics of vestibular processing linked with
anxiety in this form of functional vestibular disorder.

Perspective of VestEPs for Cognitive and

Systems Neuroscience

We propose that VestEPs analysis is a method to investigate
the spatiotemporal characteristics of multisensory mechanisms
underlying various pre-reflexive and cognitive functions. To
meet such objectives, studies need to combine vestibular
stimulation with cognitive tasks, as it has already been
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successfully done. A self-motion oddball detection task
combined with VestEPs recording revealed a vestibular-evoked
P3 component, a marker of infrequent change detection
identified for other sensory modalities (216, 217). A perceptual
decision making study (166) showed a positive component
with latencies ranging from 240 to 352ms, that may reflect
expectation and decision-making processes involving self-
motion signals (166), as it was not observed in previous
recordings in participants not engaged in any task (33). Studies
of the modulation of known EPs during vestibular stimulation,
as well studies of the variations of VestEPs according to different
multisensory stimuli or cognitive tasks are therefore feasible and
could yield important insights into the vestibular contribution to
perception and cognition.

Vestibular-evoked potentials may also offer the possibility to
study more precisely the spatiotemporal dynamics of attentional
and cognitive effects reported using other neuroimaging
techniques. An fMRI study showed that attentional load in a
visual tracking task decreased activity in the PIVC (218), possibly
due to a downregulation of excitatory neurotransmitters and
maintenance of inhibitory transmitters to reduce PIVC responses
to thalamic inputs (219). Vestibular-evoked potentials may help
to refine the timing of such phenomena as well as to study them
in several areas simultaneously.

Although it is beyond the scope of the present review article to
describe event-related synchronizations and desynchronizations
during vestibular stimulation, response analysis in the time-
frequency domain could also serve the same objectives as
VestEPs analysis and provide additional information about the
spatiotemporal dynamics of vestibular information processing
in healthy participants and in patients. Indeed, EPs and
event-related  synchronizations/desynchronizations  reflect
different  electrophysiological ~events. Evoked potentials
are phase-locked events originating from post-synaptic
responses of cortical neurons (220). By contrast, event-related
synchronizations/desynchronizations are time-locked events,
but not phase-locked events, reflecting more neuronal and
synaptic characteristics, network connectivity, and modulation
on more or less extended neuronal assemblies (220). A few
studies investigated both VestEPs and responses in the time-
frequency domain (32, 111, 166, 167, 171). Rotations were
found to induce alpha rhythm desynchronization in central
and parietal scalp regions (32, 171). This desynchronization
was significantly reduced in patients with a bilateral vestibular
failure when compared to healthy participants, indicating it is in
part related to vestibular information processing (32). A more
recent study found that body translations induced a delta and

REFERENCES

1. Brandt T, Strupp M, Dieterich M. Towards a concept of disorders
of “higher vestibular function.” Front Integr Neurosci. (2014) 8:47.
doi: 10.3389/fnint.2014.00047

2. Lopez C. The vestibular system: balancing more than just the body. Curr
Opin Neurol. (2016) 29:74-83. doi: 10.1097/WCO.0000000000000286

3. Smith PF. Vestibular-hippocampal interactions. Hippocampus. (1997) 7:465—
71. doi: 10.1002/(SICI)1098-1063(1997)7:5<465::AID-HIPO3>3.0.CO;2-G

theta synchronization in the bilateral operculo-insular region,
mid-orbital gyrus, and medial frontal gyrus, with additional
contribution to the theta synchronization from cingulate sulcus
visual area and anterior cingulate gyrus (167). Body translations
and SVS were both associated with low beta synchronizations,
observed at Cz 67.5ms after maximum acceleration for
translations (33), and localized in the right anterior insula
and posterior operculum 20-80ms after SVS (111). Delta,
theta, mu, or gamma synchronizations and desynchronizations
were also reported following passive body rotations (32, 171),
translations (166, 167), and SVS (111). Here, again studies in
larger populations, using standardized stimulation and recording
techniques, or time-frequency or microstates (166) analyses
would be needed to complement VestEPs findings.

Finally, MEG could also be used to study VestEPs and
vestibular-related synchronizations and desynchronizations.
Magnetoencephalography offers better source localization than
EEG and would therefore be a good complement to the spatial
localization of vestibular information processing, especially for
investigations of deep sources such as the cerebellum (157).
However, EEG remains the only recording technique fully
compatible with more ecologically valid vestibular stimulation.

Conclusion

Vestibular-evoked potentials of short, middle, and late latency
reveal the spatiotemporal properties of vestibular processing
from the vestibular nerve to cortical areas. They represent
promising tools for the clinical and experimental investigation of
the vestibular system, its disorders and its relation to cognition.

AUTHOR CONTRIBUTIONS

EN and CL wrote the draft and revised the final manuscript. FB
revised the final manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by the ANR VESTISELF project,
grant ANR-19-CE37-0027 of the French Agence Nationale de la
Recherche to CL and FB.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.674100/full#supplementary-material

4. Brandt T, Schautzer F, Hamilton DA, Briining R, Markowitsch HJ, Kalla
R, et al. Vestibular loss causes hippocampal atrophy and impaired spatial
memory in humans. Brain ] Neurol. (2005) 128:2732-41. doi: 10.1093/brain/
awh617

5. Mast FW, Preuss N, Hartmann M, Grabherr L. Spatial cognition,
body representation and affective processes: the role of vestibular

information beyond ocular reflexes and control of posture.
Front  Integr  Neurosci. (2014) 8:44. doi: 10.3389/fnint.2014.
00044

Frontiers in Neurology | www.frontiersin.org

19

September 2021 | Volume 12 | Article 674100


https://www.frontiersin.org/articles/10.3389/fneur.2021.674100/full#supplementary-material
https://doi.org/10.3389/fnint.2014.00047
https://doi.org/10.1097/WCO.0000000000000286
https://doi.org/10.1002/(SICI)1098-1063(1997)7:5<465::AID-HIPO3>3.0.CO;2-G
https://doi.org/10.1093/brain/awh617
https://doi.org/10.3389/fnint.2014.00044
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Nakul et al.

Vestibular-Evoked Cerebral Potentials

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Smith P, Darlington C.

with
7:678.

Personality
vestibular  dysfunction. ~ Front ~ Hum
doi: 10.3389/fnhum.2013.00678

changes
Neurosci.

in patients
(2013)

. Vanzan S, Wilkinson D, Ferguson H, Pullicino P, Sakel M. Behavioural

improvement in a minimally conscious state after caloric vestibular
stimulation: evidence from two single case studies. Clin Rehabil. (2017)
31:500-7. doi: 10.1177/0269215516646167

. Lopez C, Schreyer H-M, Preuss N, Mast FW. Vestibular stimulation

modifies the body schema. Neuropsychologia. (2012) 50:1830-7.

doi: 10.1016/j.neuropsychologia.2012.04.008

. Blanke O. Multisensory brain mechanisms of bodily self-consciousness. Nat

Rev Neurosci. (2012) 13:556-71. doi: 10.1038/nrn3292
Lopez C, Blanke O. The
in animals and humans. Brain
doi: 10.1016/j.brainresrev.2010.12.002
Dieterich M, Brandt T. The bilateral central vestibular system: its
pathways, functions, and disorders. Ann N 'Y Acad Sci. (2015) 1343:10-26.
doi: 10.1111/nyas.12585

Stiles L, Smith PF. The vestibular-basal ganglia connection: balancing motor
control. Brain Res. (2015) 1597:180-8. doi: 10.1016/j.brainres.2014.11.063
Bottini G, Sterzi R, Paulesu E, Vallar G, Cappa SE Erminio E et al.
Identification of the central vestibular projections in man: a positron
emission tomography activation study. Exp Brain Res. (1994) 99:164-9.
Brandt T, Dieterich M. The vestibular cortex. Its locations,
functions, and disorders. Ann N Y Acad Sci. (1999) 871:293-312.
doi: 10.1111/j.1749-6632.1999.tb09193.x

Lopez C, Blanke O, Mast FW. The human vestibular cortex revealed
by coordinate-based activation likelihood estimation meta-analysis.
Neuroscience. (2012) 212:159-79. doi: 10.1016/j.neuroscience.2012.03.028
zu Eulenburg P, Caspers S, Roski C, Eickhoff SB. Meta-analytical definition
and functional connectivity of the human vestibular cortex. Neurolmage.
(2012) 60:162-9. doi: 10.1016/j.neuroimage.2011.12.032

Kirsch V, Keeser D, Hergenroeder T, Erat O, Ertl-Wagner B, Brandt T, et al.
Structural and functional connectivity mapping of the vestibular circuitry
from human brainstem to cortex. Brain Struct Funct. (2016) 221:1291-308.
doi: 10.1007/s00429-014-0971-x

Frank SM, Greenlee MW. The parieto-insular vestibular cortex in
humans: more than a single area? J. Neurophysiol. (2018) 120:1438-50.
doi: 10.1152/jn.00907.2017

Griisser OJ, Pause M, Schreiter U. Localization and responses of neurones in
the parieto-insular vestibular cortex of awake monkeys (Macaca fascicularis).
J Physiol. (1990) 430:537-57. doi: 10.1113/jphysiol.1990.sp018306

Guldin WO, Griisser O-J. Is there a vestibular cortex? Trends Neurosci.
(1998) 21:254-9. doi: 10.1016/S0166-2236(97)01211-3

Brandt T, Dieterich M. The dizzy patient: don’t forget disorders
of the central vestibular system. Nat Rev Neurol. (2017) 13:352-62.
doi: 10.1038/nrneurol.2017.58

Angelaki DE, Dickman JD. Spatiotemporal processing of linear acceleration:
primary afferent and central vestibular neuron responses. J Neurophysiol.
(2000) 84:2113-32. doi: 10.1152/jn.2000.84.4.2113

Chen A, Deangelis GC, Angelaki DE. A comparison of vestibular
spatiotemporal  tuning in macaque cortical areas PIVC, VIP
and MSTd. ] Neurosci Off J Soc Neurosci. (2011) 31:3082-94.
doi: 10.1523/JNEUROSCI.4476-10.2011

Laurens J, Liu S, Yu X-J, Chan R, Dickman D, DeAngelis GC,
et al. Transformation of spatiotemporal dynamics in the macaque
vestibular system from otolith afferents to cortex. Elife. (2017) 6:€20787.
doi: 10.7554/eLife.20787

Petit L, Beauchamp MS. Neural basis of visually guided head
movements studied with fMRI. ] Neurophysiol. (2003) 89:2516-27.
doi: 10.1152/jn.00988.2002

Schindler A, Bartels A. Human V6 integrates visual and extra-
retinal cues during head-induced gaze shifts. iScience. (2018) 7:191-7.
doi: 10.1016/j.is¢i.2018.09.004

Schindler A, Bartels A. Integration of visual and non-visual self-
motion cues during voluntary head movements in the human brain.
Neuroimage.  (2018)  172:597-607. doi:  10.1016/j.neuroimage.2018.
02.006

vestibular
(2011)

thalamocortical
Res  Rev.

system
67:119-46.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Carriot J, Jamali M, Cullen KE, Chacron M]J. Envelope statistics of self-
motion signals experienced by human subjects during everyday activities:
implications for vestibular processing. PLoS ONE. (2017) 12:e0178664.
doi: 10.1371/journal.pone.0178664

Papeo L, Longo MR, Feurra M, Haggard P. The role of the right
temporoparietal junction in intersensory conflict: detection or resolution?
Exp. Brain Res. (2010) 206:129-39. doi: 10.1007/s00221-010-2198-2

Nguyen NT, Takakura H, Nishijo H, Ueda N, Ito S, Fujisaka M, et al.
Cerebral hemodynamic responses to the sensory conflict between visual
and rotary vestibular stimuli: an analysis with a multichannel near-
infrared spectroscopy (NIRS) system. Front Hum Neurosci. (2020) 14:125.
doi: 10.3389/fnhum.2020.00125

Schomer DL, Lopes da Silva FH (eds). Niedermeyer’s Electroencephalography:
Basic Principles, Clinical Applications, and Related Fields. Oxford, NY: Oxford
University Press (2018).

Gale S, Prsa M, Schurger A, Gay A, Paillard A, Herbelin B, et al
Oscillatory neural responses evoked by natural vestibular stimuli in humans.
J Neurophysiol. (2015) 115:1228-42. doi: 10.1152/jn.00153.2015

Ertl M, Moser M, Boegle R, Conrad J, Zu Eulenburg P, Dieterich M.
The cortical spatiotemporal correlate of otolith stimulation: vestibular
evoked potentials by body translations. Neuroimage. (2017) 155:50-9.
doi: 10.1016/j.neuroimage.2017.02.044

Muzyka IM, Estephan B. Somatosensory evoked potentials. Handb Clin
Neurol. (2019) 160:523-40. doi: 10.1016/B978-0-444-64032-1.00035-7
Odom JV, Bach M, Barber C, Brigell M, Marmor ME, Tormene AP, et al.
Visual evoked potentials standard 2004. Doc Ophthalmol Adv Ophthalmol.
(2004) 108:115-23. doi: 10.1023/b:doop.0000036790.67234.22

Plourde G. Auditory evoked potentials. Best Pract Res Clin Anaesthesiol.
(2006) 20:129-39. doi: 10.1016/j.bpa.2005.07.012

Eggermont JJ. Auditory brainstem response. Handb Clin Neurol. (2019)
160:451-64. doi: 10.1016/B978-0-444-64032-1.00030-8

Welgampola MS, Colebatch JG. Characteristics and clinical applications
of vestibular-evoked myogenic potentials. Neurology. (2005) 64:1682-8.
doi: 10.1212/01.WNL.0000161876.20552.AA

Rosengren SM, Colebatch JG, Young AS, Govender S, Welgampola MS.
Vestibular evoked myogenic potentials in practice: methods, pitfalls
and clinical applications. Clin Neurophysiol Pract. (2019) 4:47-68.
doi: 10.1016/j.cnp.2019.01.005

Papathanasiou E, Zamba-Papanicolaou E, Pantziaris M, Kyriakides T,
Papacostas S, Myrianthopoulou P, et al. Click evoked neurogenic vestibular
potentials (NVESTEPs): a method of assessing the function of the vestibular
system. Electromyogr Clin Neurophysiol. (2003) 43:399-408.

Govender S, Todd NPM, Colebatch JG. Mapping the vestibular
cerebellar evoked potential (VSCEP) following air- and bone-
conducted vestibular stimulation. Exp Brain Res. (2020) 238:601-20.
doi: 10.1007/500221-020-05733-x

Todd NPM, Paillard AC, Kluk K, Whittle E, Colebatch JG. Vestibular
receptors contribute to cortical auditory evoked potentials. Hear Res. (2014)
309:63-74. doi: 10.1016/j.heares.2013.11.008

Curthoys IS. The new vestibular stimuli: sound and vibration—
anatomical, physiological and clinical evidence. Exp Brain Res. (2017)
1-16. doi: 10.1007/500221-017-4874-y

Schneider D, Kolchev C, Constantinescu L, Claussen C. Vestibular Evoked
Potentials (VestEP) and brain electrical activity mapping - a test of vestibular
function - a review (1990-1996). Int Tinnitus J. (1996) 2:27-43.

Palla A, Lenggenhager B. Ways to investigate vestibular contributions
to cognitive processes. Front Integr  Neurosci. (2014)  8:40.
doi: 10.3389/fnint.2014.00040

Ertl M, Boegle R. Investigating the vestibular system using modern imaging
techniques—A review on the available stimulation and imaging methods.
J Neurosci Methods. (2019) 326:108363. doi: 10.1016/j.jneumeth.2019.10
8363

Greiner GE Collard M, Conraux C, Picart P, Rohmer F. Research on
evoked potentials of vestibular origin in man. Acta Otolaryngol. (Stockh).
(1967). 63:320-9.

Spiegel EA, Szekely EG, Moffet R. Cortical responses to rotation. I Responses
recorded after cessation of rotation. Acta Otolaryngol (Stockh). (1968) 66:81-
8. doi: 10.3109/00016486809126275

Frontiers in Neurology | www.frontiersin.org

20

September 2021 | Volume 12 | Article 674100


https://doi.org/10.3389/fnhum.2013.00678
https://doi.org/10.1177/0269215516646167
https://doi.org/10.1016/j.neuropsychologia.2012.04.008
https://doi.org/10.1038/nrn3292
https://doi.org/10.1016/j.brainresrev.2010.12.002
https://doi.org/10.1111/nyas.12585
https://doi.org/10.1016/j.brainres.2014.11.063
https://doi.org/10.1111/j.1749-6632.1999.tb09193.x
https://doi.org/10.1016/j.neuroscience.2012.03.028
https://doi.org/10.1016/j.neuroimage.2011.12.032
https://doi.org/10.1007/s00429-014-0971-x
https://doi.org/10.1152/jn.00907.2017
https://doi.org/10.1113/jphysiol.1990.sp018306
https://doi.org/10.1016/S0166-2236(97)01211-3
https://doi.org/10.1038/nrneurol.2017.58
https://doi.org/10.1152/jn.2000.84.4.2113
https://doi.org/10.1523/JNEUROSCI.4476-10.2011
https://doi.org/10.7554/eLife.20787
https://doi.org/10.1152/jn.00988.2002
https://doi.org/10.1016/j.isci.2018.09.004
https://doi.org/10.1016/j.neuroimage.2018.02.006
https://doi.org/10.1371/journal.pone.0178664
https://doi.org/10.1007/s00221-010-2198-2
https://doi.org/10.3389/fnhum.2020.00125
https://doi.org/10.1152/jn.00153.2015
https://doi.org/10.1016/j.neuroimage.2017.02.044
https://doi.org/10.1016/B978-0-444-64032-1.00035-7
https://doi.org/10.1023/b:doop.0000036790.67234.22
https://doi.org/10.1016/j.bpa.2005.07.012
https://doi.org/10.1016/B978-0-444-64032-1.00030-8
https://doi.org/10.1212/01.WNL.0000161876.20552.AA
https://doi.org/10.1016/j.cnp.2019.01.005
https://doi.org/10.1007/s00221-020-05733-x
https://doi.org/10.1016/j.heares.2013.11.008
https://doi.org/10.1007/s00221-017-4874-y
https://doi.org/10.3389/fnint.2014.00040
https://doi.org/10.1016/j.jneumeth.2019.108363
https://doi.org/10.3109/00016486809126275
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Nakul et al.

Vestibular-Evoked Cerebral Potentials

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Salamy ], Potvin A, Jones K, Landreth J. Cortical evoked responses
to labyrinthine stimulation in man. Psychophysiology. (1975) 12:55-61.
doi: 10.1111/j.1469-8986.1975.tb03061.x

Gerull G, Giesen M, Keck W, Mrowinski D. Rotatory evoked cortical
potentials in man. Biomed Eng Biomed Tech. (1981) 26:262-6.
doi: 10.1515/bmte.1981.26.11.262

Hood JD. Vestibular and optokinetic evoked potentials. Acta Otolaryngol
(Stockh). (1983) 95:589-93. doi: 10.3109/00016488309139448

Hood JD, Kayan A. Observations upon the evoked responses to natural
vestibular stimulation. Electroencephalogr Clin Neurophysiol. (1985) 62:266—
76. doi: 10.1016/0168-5597(85)90004-8

Hamid MA, Hughes GB. Vestibular evoked potentials
an overview. Otolaryngol Head Neck Surg. — (1986)
doi: 10.1177/01945998860953P114

Probst T, Ayan T, Loose R, Skrandies W. Electrophysiological
evidence for direction-specific rotary evoked potentials in human
subjects-a topographical study. Lett. (1997) 239:97-100.
doi: 10.1016/s0304-3940(97)00899-9

Furman JM. Rotational testing. Handb Clin Neurol. (2016) 137:177-86.
doi: 10.1016/B978-0-444-63437-5.00012-1

Elidan J, Sela M, Liebner E, Sohmer H. Short latency vestibular evoked
response to angular acceleration impulse in human beings. Otolaryngol Head
Neck Surg. (1991) 105:353-9. doi: 10.1177/019459989110500302

Elidan J, Leibner E, Freeman S, Sela M, Nitzan M, Sohmer H. Short
and middle latency vestibular evoked responses to acceleration
in man. Electroencephalogr Clin Neurophysiol. (1991) 80:140-5.
doi: 10.1016/0168-5597(91)90151-m

Zangemeister WH, Phlebs U, Huefner G, Kunze K. Active head turning
and correlated cerebral potentials. Experimental and clinical aspects. Acta
Otolaryngol (Stockh). (1986) 101:403-15. doi: 10.3109/00016488609108625
Zangemeister ~WH, Hansen HC. Cerebral potentials evoked
by fast head accelerations. Neurol Res. (1990) 12:137-46.
doi: 10.1080/01616412.1990.11739933

Baudonniére PM, Belkhenchir S, Lepecq JC, Mertz S. Otolith-vestibular-
evoked potentials in humans. Intensity, direction of acceleration (Z+, Z-),
and BESA modeling of generators. Ann N Y Acad Sci. (1999) 871:384-6.
doi: 10.1111/j.1749-6632.1999.tb09200.x

Cohen B, Hess BJM. Otolith function in spatial orientation and movement.
Ann N Acad Sci. (1999) 871:xi-xiv, 1-464.

Lopez C, Falconer CJ, Mast FW. Being moved by the self and others:
influence of empathy on self-motion perception. PLoS ONE. (2013) 8:¢48293.
doi: 10.1371/journal.pone.0048293

Dumas G, Curthoys IS, Lion A, Perrin P, Schmerber S. The skull vibration-
induced nystagmus test of vestibular function-a review. Front Neurol. (2017)
8:41. doi: 10.3389/fneur.2017.00041

Chen A, DeAngelis GC, Angelaki DE. Macaque Parieto-insular vestibular
cortex: responses to self-motion and optic flow. ] Neurosci Off ] Soc Neurosci.
(2010) 30:3022-42. doi: 10.1523/JNEUROSCI.4029-09.2010

Devantier L, Hansen AK, Molby-Henriksen J-J, Christensen CB, Pedersen M,
Hansen KV, et al. Positron emission tomography visualized stimulation of
the vestibular organ is localized in Heschl’s gyrus. Hum Brain Mapp. (2020)
41:185-93. doi: 10.1002/hbm.24798

Roy JE, Cullen KE. Dissociating self-generated from passively applied head
motion: neural mechanisms in the vestibular nuclei. J Neurosci Off ] Soc
Neurosci. (2004) 24:2102-11. doi: 10.1523/J]NEUROSCI.3988-03.2004
Laurens ], Angelaki DE. A unified internal model theory to resolve the
paradox of active versus passive self-motion sensation. Elife. (2017) 6:e28074.
doi: 10.7554/eLife.28074

Cullen KE. Vestibular processing during natural self-motion: implications
for perception and action. Nat Rev Neurosci. (2019) 20:346-63.
doi: 10.1038/s41583-019-0153-1

Klam F, Graf W. Vestibular signals of posterior parietal cortex neurons
during active and passive head movements in macaque monkeys. Ann N Y
Acad Sci. (2003) 1004:271-82. doi: 10.1196/annals.1303.024

Klam F, Graf W. Discrimination between active and passive head movements
by macaque ventral and medial intraparietal cortex neurons. J Physiol. (2006)
574:367-86. doi: 10.1113/jphysiol.2005.103697

in man:
95:347-8.

Neurosci

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Aw ST, Haslwanter T, Fetter M, Dichgans J. Three-dimensional spatial
characteristics of caloric nystagmus. Exp Brain Res. (2000) 134:289-94.
doi: 10.1007/5002210000460

Tuohimaa P, Aantaa E, Toukoniitty K, Makela P. Studies of vestibular cortical
areas with short-living 1502 isotopes. ORL ] Otorhinolaryngol Relat Spec.
(1983) 45:315-21. doi: 10.1159/000275661

Friberg L, Olsen TS, Roland PE, Paulson OB, Lassen NA. Focal increase of
blood flow in the cerebral cortex of man during vestibular stimulation. Brain.
(1985) 108:609-23. doi: 10.1093/brain/108.3.609

Bottini G, Karnath HO, Vallar G, Sterzi R, Frith CD, Frackowiak RS,
et al. Cerebral representations for egocentric space: functional-anatomical
evidence from caloric vestibular stimulation and neck vibration. Brain ]
Neurol. (2001) 124:1182-96. doi: 10.1093/brain/124.6.1182

Suzuki M, Kitano H, Ito R, Kitanishi T, Yazawa Y, Ogawa T, et al. Cortical and
subcortical vestibular response to caloric stimulation detected by functional
magnetic resonance imaging. Brain Res Cogn Brain Res. (2001) 12:441-9.
doi: 10.1016/50926-6410(01)00080-5

Deutschldnder A, Bense S, Stephan T, Schwaiger M, Brandt T, Dieterich
M. Sensory system interactions during simultaneous vestibular and
visual stimulation in PET. Hum Brain Mapp. (2002) 16:92-103.
doi: 10.1002/hbm.10030

Dieterich M, Bense S, Lutz S, Drzezga A, Stephan T, Bartenstein P,
et al. Dominance for vestibular cortical function in the non-dominant
hemisphere. Cereb Cortex. (2003) 13:994-1007. doi: 10.1093/cercor/13.9.994
Marcelli V, Esposito F, Aragri A, Furia T, Riccardi P, Tosetti M, et al. Spatio-
temporal pattern of vestibular information processing after brief caloric
stimulation. Eur ] Radiol. (2009) 70:312-6. doi: 10.1016/j.ejrad.2008.01.042
Frank SM, Greenlee MW. An MRI-compatible caloric stimulation device
for the investigation of human vestibular cortex. ] Neurosci Methods. (2014)
235:208-18. doi: 10.1016/j.jneumeth.2014.07.008

zu Eulenburg P, Baumgirtner U, Treede RD, Dieterich M. Interoceptive
and multimodal functions of the operculo-insular cortex: tactile,
nociceptive and vestibular representations. NeuroImage. (2013) 83:75-86.
doi: 10.1016/j.neuroimage.2013.06.057

Molnar L, Kekesi F, Gosztonyi G. The effect of labyrinthine stimulation
on the normal and pathological electroencephalogram in man. Activation
of latent epilepsy by caloric labyrinthine stimulation. Arch Psychiatr
Nervenkrankh Ver Mit Z Gesamte Neurol Psychiatr. (1959) 199:152-71.
doi: 10.1007/BF00352993

Karbowski K, Moret PR, Martin F. Etude de quelques effets de la
stimulation labyrinthique sur la fonction cardio-pulmonaire et I'activité
électrique cérébrale. Stereotact Funct Neurosurg. (1963) 23:227-44.
doi: 10.1159/000104300

Karbowski K. Of the utility of caloric labyrinthine stimulation as
an activation method in electroencephalography. Confin Neurol. (1965)
25:210-4.

Karbowski K. On the latency time in EEG disorders provoked by labyrinthine
heat stimulation. Confin Neurol. (1966) 28:321-6.

Barac B. Vestibular influences upon the EEG of epileptics. Electroencephalogr
Clin Neurophysiol. (1967) 22:245-52. doi: 10.1016/0013-4694(67)90227-1
Goldberg JM, Smith CE, Fernandez C. Relation between discharge regularity
and responses to externally applied galvanic currents in vestibular nerve
afferents of the squirrel monkey. J Neurophysiol. (1984) 51:1236-56.
doi: 10.1152/jn.1984.51.6.1236

Gensberger KD, Kaufmann A-K, Dietrich H, Branoner F, Banchi R,
Chagnaud BP, et al. Galvanic vestibular stimulation: cellular substrates and
response patterns of neurons in the vestibulo-ocular network. J Neurosci Off
] Soc Neurosci. (2016) 36:9097-110. doi: 10.1523/J]NEUROSCI.4239-15.2016
Fitzpatrick RC, Day BL. Probing the human vestibular system with
galvanic stimulation. ] Appl Physiol Bethesda Md (1985). (2004) 96:2301-16.
doi: 10.1152/japplphysiol.00008.2004

Lobel E, Kleine JE, Bihan DL, Leroy-Willig A, Berthoz A. Functional
MRI of galvanic vestibular stimulation. ] Neurophysiol. (1998) 80:2699-709.
doi: 10.1152/jn.1998.80.5.2699

Bense S, Stephan T, Yousry TA, Brandt T, Dieterich M. Multisensory cortical
signal increases and decreases during vestibular galvanic stimulation (fMRI).
J Neurophysiol. (2001) 85:886-99. doi: 10.1152/jn.2001.85.2.886

Frontiers in Neurology | www.frontiersin.org

21

September 2021 | Volume 12 | Article 674100


https://doi.org/10.1111/j.1469-8986.1975.tb03061.x
https://doi.org/10.1515/bmte.1981.26.11.262
https://doi.org/10.3109/00016488309139448
https://doi.org/10.1016/0168-5597(85)90004-8
https://doi.org/10.1177/01945998860953P114
https://doi.org/10.1016/s0304-3940(97)00899-9
https://doi.org/10.1016/B978-0-444-63437-5.00012-1
https://doi.org/10.1177/019459989110500302
https://doi.org/10.1016/0168-5597(91)90151-m
https://doi.org/10.3109/00016488609108625
https://doi.org/10.1080/01616412.1990.11739933
https://doi.org/10.1111/j.1749-6632.1999.tb09200.x
https://doi.org/10.1371/journal.pone.0048293
https://doi.org/10.3389/fneur.2017.00041
https://doi.org/10.1523/JNEUROSCI.4029-09.2010
https://doi.org/10.1002/hbm.24798
https://doi.org/10.1523/JNEUROSCI.3988-03.2004
https://doi.org/10.7554/eLife.28074
https://doi.org/10.1038/s41583-019-0153-1
https://doi.org/10.1196/annals.1303.024
https://doi.org/10.1113/jphysiol.2005.103697
https://doi.org/10.1007/s002210000460
https://doi.org/10.1159/000275661
https://doi.org/10.1093/brain/108.3.609
https://doi.org/10.1093/brain/124.6.1182
https://doi.org/10.1016/s0926-6410(01)00080-5
https://doi.org/10.1002/hbm.10030
https://doi.org/10.1093/cercor/13.9.994
https://doi.org/10.1016/j.ejrad.2008.01.042
https://doi.org/10.1016/j.jneumeth.2014.07.008
https://doi.org/10.1016/j.neuroimage.2013.06.057
https://doi.org/10.1007/BF00352993
https://doi.org/10.1159/000104300
https://doi.org/10.1016/0013-4694(67)90227-1
https://doi.org/10.1152/jn.1984.51.6.1236
https://doi.org/10.1523/JNEUROSCI.4239-15.2016
https://doi.org/10.1152/japplphysiol.00008.2004
https://doi.org/10.1152/jn.1998.80.5.2699
https://doi.org/10.1152/jn.2001.85.2.886
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Nakul et al.

Vestibular-Evoked Cerebral Potentials

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Stephan T, Deutschlinder A, Nolte A, Schneider E, Wiesmann M,
Brandt T, et al. Functional MRI of galvanic vestibular stimulation with
alternating currents at different frequencies. Neuroimage. (2005) 26:721-32.
doi: 10.1016/j.neuroimage.2005.02.049

Eickhoff SB, Weiss PH, Amunts K, Fink GR, Zilles K. Identifying human
parieto-insular vestibular cortex using fMRI and cytoarchitectonic
mapping. Hum Brain Mapp. (2006) 27:611-21. doi: 10.1002/hbm.
20205

Eickhoff SB, Jbabdi S, Caspers S, Laird AR, Fox PT, Zilles K, et al
Anatomical and functional connectivity of cytoarchitectonic areas
within the human parietal operculum. J Neurosci. (2010) 30:6409-21.
doi: 10.1523/J]NEUROSCI.5664-09.2010

Watson SR, Colebatch JG. Vestibulocollic reflexes evoked by short-
duration galvanic stimulation in man. J Physiol. (1998) 513 (Pt 2):587-97.
doi: 10.1111/j.1469-7793.1998.587bb.x

Molinari ~ GA, Mingrino S.  Cortical ~evoked responses to
vestibular stimulation in man. ] Laryngol Otol. (1974) 88:515-21.
doi: 10.1017/s0022215100079019

Kammermeier S, Singh A, Botzel K. Intermediate latency-evoked potentials
of multimodal cortical vestibular areas: galvanic stimulation. Front Neurol.
(2017) 8:587. doi: 10.3389/fneur.2017.00587

Colebatch JG, Halmagyi GM, Skuse NF. Myogenic potentials generated by
a click-evoked vestibulocollic reflex. J Neurol Neurosurg Psychiatry. (1994)
57:190-7. doi: 10.1136/jnnp.57.2.190

Welgampola MS, Rosengren SM, Halmagyi GM, Colebatch JG. Vestibular
activation by bone conducted sound. J Neurol Neurosurg Psychiatry. (2003)
74:771-8. doi: 10.1136/jnnp.74.6.771

Curthoys IS. A critical review of the neurophysiological evidence underlying
clinical vestibular testing using sound, vibration and galvanic stimuli.
Clin Neurophysiol Off ] Int Fed Clin Neurophysiol. (2010) 121:132-44.
doi: 10.1016/j.clinph.2009.09.027

Colebatch JG, Rosengren SM, Welgampola MS. Vestibular-evoked myogenic
potentials. In: Furman JM, Lempert T, editors. Handbook of Clinical
Neurology Neuro-Otology. Amsterdam: Elsevier (2016). p. 133-55.
doi: 10.1016/B978-0-444-63437-5.00010-8

Miyamoto T, Fukushima K, Takada T, de Waele C, Vidal P-P. Saccular
stimulation of the human cortex: a functional magnetic resonance imaging
study. Neurosci Lett. (2007) 423:68-72. doi: 10.1016/j.neulet.2007.06.036
Janzen J, Schlindwein P, Bense S, Bauermann T, Vucurevic G,
Stoeter P, et al. Neural correlates of hemispheric dominance and
ipsilaterality within the vestibular system. Neuroimage. (2008) 42:1508-18.
doi: 10.1016/j.neuroimage.2008.06.026

Schlindwein P, Mueller M, Bauermann T, Brandt T, Stoeter P, Dieterich M.
Cortical representation of saccular vestibular stimulation: VEMPs in fMRI.
Neuroimage. (2008) 39:19-31. doi: 10.1016/j.neuroimage.2007.08.016

Kato T, Shiraishi K, Eura Y, Shibata K, Sakata T, Morizono T, et al. A
“neural” response with 3-ms latency evoked by loud sound in profoundly
deaf patients. Audiol Neurootol. (1998) 3:253-64. doi: 10.1159/000013797
Papathanasiou ES, Zamba-Papanicolaou E, Pantziaris M, Kleopas K,
Kyriakides T, Papacostas S, et al. Neurogenic vestibular evoked potentials
using a tone pip auditory stimulus. Electromyogr Clin Neurophysiol.
(2004) 44:167-73.

Papathanasiou ES, Lemesiou A, Hadjiloizou S, Myrianthopoulou P, Pantzaris
M, Papacostas SS. A new neurogenic vestibular evoked potential (N6)
recorded with the use of air-conducted sound. Otol Neurotol Off Publ
Am Otol Soc Am Neurotol Soc Eur Acad Otol Neurotol. (2010) 31:528-35.
doi: 10.1097/MAO.0b013e3181cdd6b7

Todd NPM, Rosengren SM, Colebatch JG. A short latency vestibular evoked
potential (VSEP) produced by bone-conducted acoustic stimulation. ] Acoust
Soc Am. (2003) 114:3264-72. doi: 10.1121/1.1628249

Todd NPM, Rosengren SM, Colebatch JG. A source analysis of short-latency
vestibular evoked potentials produced by air- and bone-conducted sound.
Clin Neurophysiol. (2008) 119:1881-94. doi: 10.1016/j.clinph.2008.03.027
Murofushi T, Iwasaki S, Takai Y, Takegoshi H. Sound-evoked neurogenic
responses with short latency of vestibular origin. Clin Neurophysiol Off ] Int
Fed Clin Neurophysiol. (2005) 116:401-5. doi: 10.1016/j.clinph.2004.09.005
Todd NPM, Paillard AC, Kluk K, Whittle E, Colebatch JG. Source analysis of
short and long latency vestibular-evoked potentials (VsEPs) produced by left

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

vs. right ear air-conducted 500 Hz tone pips. Hear Res. (2014) 312:91-102.
doi: 10.1016/j.heares.2014.03.006

Kammermeier S, Singh A, Noachtar S, Krotofil I,
Intermediate latency evoked potentials of
vestibular areas: acoustic stimulation. Clin Neurophysiol Off ] Int
Fed Clin Neurophysiol. (2015) 126:614-25. doi: 10.1016/j.clinph.2014.
06.036

Todd NPM, McLean A, Paillard A, Kluk K, Colebatch JG. Vestibular
evoked potentials (VSEPs) of cortical origin produced by impulsive
acceleration applied at the nasion. Exp Brain Res. (2014) 232:3771-84.
doi: 10.1007/s00221-014-4067-x

McNerney KM, Lockwood AH, Coad ML, Wack DS, Burkard RF. Use of 64-
channel electroencephalography to study neural otolith-evoked responses. ]
Am Acad Audiol. (2011) 22:143-55. doi: 10.3766/jaaa.22.3.3

Rosengren SM, Colebatch JG. Vestibular evoked potentials (VsEPs)
in patients with severe to profound bilateral hearing loss. Clin
Neurophysiol Off ] Int Fed Clin Neurophysiol. (2006) 117:1145-53.
doi: 10.1016/j.clinph.2005.12.026

Todd NP, Govender S, Colebatch JG. The inion response revisited: evidence
for a possible cerebellar contribution to vestibular-evoked potentials
produced by air-conducted sound stimulation. ] Neurophysiol. (2017)
117:1000-13. doi: 10.1152/jn.00545.2016

Oh SY, Boegle R, Ertl M, Eulenburg PZ, Stephan T, Dieterich M. Auditory
induced vestibular (otolithic) processing revealed by an independent
component analysis: an fMRI parametric analysis. ] Neurol. (2017) 264(Suppl
1):23-5. doi: 10.1007/s00415-017-8430-2

Oh S-Y, Boegle R, Ertl M, Stephan T, Dieterich M. Multisensory
vestibular, vestibular-auditory, and auditory network effects revealed by
parametric sound pressure stimulation. Neuroimage. (2018) 176:354-63.
doi: 10.1016/j.neuroimage.2018.04.057

Halmagyi GM, Yavor RA, Colebatch JG. Tapping the head activates the
vestibular system: a new use for the clinical reflex hammer. Neurology. (1995)
45:1927-9. doi: 10.1212/wnl.45.10.1927

Rosengren SM, Todd NPM, Colebatch JG. Vestibular evoked myogenic
potentials evoked by brief interaural head acceleration: properties and
possible origin. ] Appl Physiol Bethesda Md (1985). (2009) 107:841-52.
doi: 10.1152/japplphysiol.00296.2009

Todd NPM, Govender S, Colebatch JG. Vestibular cerebellar evoked
potentials (VsCEPs) in humans and their modulation during optokinetic
stimulation. J Neurophysiol. (2018) 120:3099-109 doi: 10.1152/jn.00502.2018
Roberts DC, Marcelli V, Gillen JS, Carey JP, Della Santina CC, Zee DS. MRI
magnetic field stimulates rotational sensors of the brain. Curr Biol. (2011)
21:1635-40. doi: 10.1016/j.cub.2011.08.029

Ward BK, Otero-Millan ], Jareonsettasin P, Schubert MC, Roberts DC,
Zee DS. Magnetic Vestibular Stimulation (MVS) as a technique for
understanding the normal and diseased labyrinth. Front Neurol. (2017)
8:122. doi: 10.3389/fneur.2017.00122

Ward BK, Roberts DC, Otero-Millan J, Zee DS. A decade of magnetic
vestibular stimulation: from serendipity to physics to the clinic. J
Neurophysiol. (2019) 121:2013-9. doi: 10.1152/jn.00873.2018

Otero-Millan ], Zee DS, Schubert MC, Roberts DC, Ward BK. Three-
dimensional eye movement recordings during magnetic vestibular
stimulation. ] Neurol. (2017) 264:7-12. doi: 10.1007/s00415-017-8420-4
Boegle R, Stephan T, Ertl M, Glasauer S, Dieterich M. Magnetic vestibular
stimulation modulates default mode network fluctuations. Neuroimage.
(2016) 127:409-21. doi: 10.1016/j.neuroimage.2015.11.065

Allen PJ, Polizzi G, Krakow K, Fish DR, Lemieux L. Identification of EEG
events in the MR scanner: the problem of pulse artifact and a method for its
subtraction. Neuroimage. (1998) 8:229-39. doi: 10.1006/nimg.1998.0361
Goldman RI, Stern JM, Engel J, Cohen MS. Acquiring simultaneous
EEG and functional MRI. Clin Neurophysiol. (2000) 111:1974-80.
doi: 10.1016/S1388-2457(00)00456-9

Mulert C, Jager L, Pogarell O, Bussfeld P, Schmitt R, Juckel G, et al.
Simultaneous ERP and event-related fMRI: focus on the time course of
brain activity in target detection. Methods Find Exp Clin Pharmacol. (2002)
24(Suppl D):17-20.

Niazy RK, Beckmann CE Iannetti GD, Brady JM, Smith SM. Removal
of FMRI environment artifacts from EEG data using optimal basis

Botzel K.

cortical multimodal

Frontiers in Neurology | www.frontiersin.org

September 2021 | Volume 12 | Article 674100


https://doi.org/10.1016/j.neuroimage.2005.02.049
https://doi.org/10.1002/hbm.20205
https://doi.org/10.1523/JNEUROSCI.5664-09.2010
https://doi.org/10.1111/j.1469-7793.1998.587bb.x
https://doi.org/10.1017/s0022215100079019
https://doi.org/10.3389/fneur.2017.00587
https://doi.org/10.1136/jnnp.57.2.190
https://doi.org/10.1136/jnnp.74.6.771
https://doi.org/10.1016/j.clinph.2009.09.027
https://doi.org/10.1016/B978-0-444-63437-5.00010-8
https://doi.org/10.1016/j.neulet.2007.06.036
https://doi.org/10.1016/j.neuroimage.2008.06.026
https://doi.org/10.1016/j.neuroimage.2007.08.016
https://doi.org/10.1159/000013797
https://doi.org/10.1097/MAO.0b013e3181cdd6b7
https://doi.org/10.1121/1.1628249
https://doi.org/10.1016/j.clinph.2008.03.027
https://doi.org/10.1016/j.clinph.2004.09.005
https://doi.org/10.1016/j.heares.2014.03.006
https://doi.org/10.1016/j.clinph.2014.06.036
https://doi.org/10.1007/s00221-014-4067-x
https://doi.org/10.3766/jaaa.22.3.3
https://doi.org/10.1016/j.clinph.2005.12.026
https://doi.org/10.1152/jn.00545.2016
https://doi.org/10.1007/s00415-017-8430-2
https://doi.org/10.1016/j.neuroimage.2018.04.057
https://doi.org/10.1212/wnl.45.10.1927
https://doi.org/10.1152/japplphysiol.00296.2009
https://doi.org/10.1152/jn.00502.2018
https://doi.org/10.1016/j.cub.2011.08.029
https://doi.org/10.3389/fneur.2017.00122
https://doi.org/10.1152/jn.00873.2018
https://doi.org/10.1007/s00415-017-8420-4
https://doi.org/10.1016/j.neuroimage.2015.11.065
https://doi.org/10.1006/nimg.1998.0361
https://doi.org/10.1016/S1388-2457(00)00456-9
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Nakul et al.

Vestibular-Evoked Cerebral Potentials

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

sets. Neuroimage. (2005) 28:720-37. doi:
06.067

Mantini D, Perrucci MG, Cugini S, Ferretti A, Romani GL, Del Gratta
C. Complete artifact removal for EEG recorded during continuous fMRI
using independent component analysis. Neuroimage. (2007) 34:598-607.
doi: 10.1016/j.neuroimage.2006.09.037

Hausler R, Kasper A. [Threefold intraoperative electrophysiological
monitoring of vestibular neurectomy]. Ann Oto-Laryngol Chir Cervico
Faciale Bull Soc Oto-Laryngol Hopitaux Paris. (1991) 108:319-23.

Hausler R, Kasper A, Demierre B. Intraoperative electrically evoked
vestibular potentials in humans. Acta Otolaryngol (Stockh). (1992) 112:180—
5. doi: 10.1080/00016489.1992.11665400

de Waele C, Baudonniére PM, Lepecq JC, Tran Ba Huy P, Vidal PP.
Vestibular projections in the human cortex. Exp Brain Res. (2001) 141:541—
51. doi: 10.1007/s00221-001-0894-7

Mickle WA, Ades HW. Rostral projection pathway of the vestibular system.
Am ] Physiol. (1954) 176:243-6.

Fredrickson JM, Figge U, Scheid P, Kornhuber HH. Vestibular nerve
projection to the cerebral cortex of the Rhesus monkey. Exp Brain Res. (1966)
2:318-27. doi: 10.1007/BF00234777

Rancz EA, Moya J, Drawitsch F Brichta AM, Canals S, Margrie TW.
Widespread vestibular activation of the rodent cortex. J Neurosci. (2015)
35:5926-34. doi: 10.1523/JNEUROSCI.1869-14.2015

Bickford RG, Jacobson JL, Cody DT. Nature of average evoked potentials
to sound and other stimuli in man. Ann N Y Acad Sci. (1964) 112:204-23.
doi: 10.1111/j.1749-6632.1964.tb26749.x

Cody DT, Jacobson JL, Walker JC, Bickford RG. Averaged evoked myogenic
and cortical potentials to sound in man. Ann Otol Rhinol Laryngol. (1964)
73:763-77. doi: 10.1177/000348946407300315

Odkvist LM, Rubin AM, Schwarz DW, Fredrickson JM. Vestibular and
auditory cortical projection in the guinea pig (Cavia porcellus). Exp Brain
Res. (1973) 18:279-86. doi: 10.1007/BF00234598

Spiegel EA, Egyed ], Szekely EG. Cortical responses to rotation. II
Responses recorded at the onset of rotation from the second somatic
sensory and posterior areas. Acta Otolaryngol (Stockh). (1968) 66:261-72.
doi: 10.3109/00016486809126293

Buettner UW, Biittner U, Henn V. Transfer characteristics of neurons in
vestibular nuclei of the alert monkey. ] Neurophysiol. (1978) 41:1614-28.
doi: 10.1152/jn.1978.41.6.1614

Escalar G, Filippone A. [Induced vestibular stimulation and changes in the
human electroencephalogram; three cases of psychomotor epilepsy with
electro-clinical crisis activated by means of thermic vestibular stimulation].
Sist Nerv. (1955) 7:11-28.

Gétze W, Knudsen U, Krokowski G, Miinter M. Uber den telemetrischen
Nachweis des Einflusses von kreisformigen positiven und negativen
Beschleunigungen auf das EEG des Menschen. Biomed Tech Eng. (1964)
9:185-8. doi: 10.1515/bmte.1964.9.1-4.185

Karbowski K. Epileptic seizures induced by vestibular and auditory stimuli.
In: Beaumanoir A, Gastaut H, Naquet R, editors. Reflex Seizures and Reflex
Epilepsies. Genéve: Médecine and Hygiéne (1989) p. 255-63.

Celesia G. Brainstem auditory evoked potentials (BAEPs) and other auditory
evoked potentials. In: Schomer DL, Lopes da Silva FH, editors. Niedermeyer’s
Electroencephalography: Basic Principles, Clinical Applications, and Related
Fields. 6th ed. Oxford: Oxford University Press (2017). p. 976-1002.

Knox GW, Isaacs J, Woodard D, Johnson L, Jordan D. Short
latency vestibular evoked potentials. Otolaryngol-Head Neck Surg
Off ] Am Acad Otolaryngol-Head Neck Surg. (1993) 108:265-9.
doi: 10.1177/019459989310800310

Rodionov V, Elidan J, Sela M, Nitzan M, Sohmer H. Vertical plane short
and middle latency vestibular evoked potentials in humans. Ann Otol Rhinol
Laryngol. (1996) 105:43-8. doi: 10.1177/000348949610500107

Rosengren SM, McAngus Todd NP, Colebatch JG. Vestibular-evoked
extraocular potentials produced by stimulation with bone-conducted sound.
Clin Neurophysiol Off J Int Fed Clin Neurophysiol. (2005) 116:1938-48.
doi: 10.1016/j.clinph.2005.03.019

Todd NPM, Govender S, Colebatch JG. Vestibular-dependent inter-stimulus
interval effects on sound evoked potentials of central origin. Hear Res. (2016)
341:190-201. doi: 10.1016/j.heares.2016.07.017

10.1016/j.neuroimage.2005.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Todd NPM, Govender S, Lemieux L, Colebatch JG. Source analyses of
axial and vestibular evoked potentials associated with brainstem-spinal
reflexes show cerebellar and cortical contributions. Neurosci Lett. (2021)
2021:135960. doi: 10.1016/j.neulet.2021.135960

Pyykko I, Aalto H, Gronfors T, Starck J, Ishizaki H. Vestibular evoked
responses in man: methodological aspects. Acta Oto-Laryngol Suppl. (1995)
520 (Pt 1):117-9. doi: 10.3109/00016489509125205

Elidan J, Langhofer L, Honrubia V. The neural generators of
the vestibular evoked response. Brain Res. (1987) 423:385-90.
doi: 10.1016/0006-8993(87)90868-7

Elidan ], Langhofer L, Honrubia V. The firing properties of
second-order vestibular in correlation with the far-field
recorded vestibular-evoked response. Laryngoscope. (1989) 99:92-9.
doi: 10.1288/00005537-198901000-00017

Cazals Y, Aran JM, Erre JP, Guilhaume A, Hawkins JE. “Neural” responses
to acoustic stimulation after destruction of cochlear hair cells. Arch
Otorhinolaryngol. (1979) 224:61-70. doi: 10.1007/BF00455225

Cazals Y, Aran JM, Erre JP, Guilhaume A. Acoustic responses after total
destruction of the cochlear receptor: brainstem and auditory cortex. Science.
(1980) 210:83-6. doi: 10.1126/science.6968092

Todd NPM, Govender S, Colebatch JG. The human electrocerebellogram
(ECeG) recorded non-invasively using scalp electrodes. Neurosci Lett. (2018)
682:124-31. doi: 10.1016/j.neulet.2018.06.012

Andersen LM, Jerbi K, Dalal SS. Can EEG and MEG detect signals
from the human cerebellum? Neuroimage. (2020) 215:116817.
doi: 10.1016/j.neuroimage.2020.116817

Todd NPM, Rosengren SM, Aw ST, Colebatch JG. Ocular vestibular evoked
myogenic potentials (OVEMPs) produced by air- and bone-conducted
sound. Clin Neurophysiol Off ] Int Fed Clin Neurophysiol. (2007) 118:381-90.
doi: 10.1016/j.clinph.2006.09.025

Rodionov V, Elidan J, Sohmer H. Analysis of the middle latency evoked
potentials to angular acceleration impulses in man. Electroencephalogr
Clin  Neurophysiol. (1996) 100:354-61. doi: 10.1016/0168-5597(96)95
515-x

Walzl EM, Mountcastle VB. Projection of vestibular nerve to cerebral cortex
of the cat. Am J Physiol. (1949) 159:595.

Sans A, Raymond J, Marty R. Thalamic and cortical responses to electric
stimulation of the vestibular nerve in the cat. Exp Brain Res. (1970) 10:265-
75. doi: 10.1007/BF00235050

Geisler ~ CD,  Frishkopf LS,  Rosenblith
responses to acoustic clicks in man. Science.
doi: 10.1126/science.128.3333.1210

Trinus KF. Vestibular evoked potentials. Adv Otorhinolaryngol. (1997)
53:155-81. doi: 10.1159/000059043

Fasold O, von Brevern M, Kuhberg M, Ploner CJ, Villringer A, Lempert
T, et al. Human vestibular cortex as identified with caloric stimulation in
functional magnetic resonance imaging. Neuroimage. (2002) 17:1384-93.
doi: 10.1006/nimg.2002.1241

Indovina I, Maffei V, Bosco G, Zago M, Macaluso E, Lacquaniti F.
Representation of visual gravitational motion in the human vestibular cortex.
Science. (2005) 308:416-9. doi: 10.1126/science.1107961

Ertl M, Klaus M, Mast FW, Brandt T, Dieterich M. Spectral fingerprints
of correct vestibular discrimination of the intensity of body accelerations.
Neuroimage. (2020) 219:117015. doi: 10.1016/j.neuroimage.2020.117015
Ertl M, Zu Eulenburg P, Woller M, Dieterich M. The role of delta and theta
oscillations during ego-motion in healthy adult volunteers. Exp. Brain Res.
(2021) 239:1073-83. doi: 10.1007/s00221-020-06030-3

Heine W, Dobrota M-A, Schomer D, Wigton R, Herman S. High-
Density Adaptive ten ten: proposal for
for high-density EEG. ] Clin Neurophysiol.
doi: 10.1097/WNP.0000000000000632

Mazzola L, Lopez C, Faillenot I, Chouchou F, Mauguiere F, Isnard J.
Vestibular responses to direct stimulation of the human insular cortex. Ann
Neurol. (2014) 76:609-19. doi: 10.1002/ana.24252

Caruana E Gerbella M, Avanzini P, Gozzo E Pelliccia V, Mai R,
et al. Motor and emotional behaviours elicited by electrical stimulation
of the human cingulate cortex. Brain ] Neurol. (2018) 141:3035-51.
doi: 10.1093/brain/awy219

neurons

WA.  Extracranial
(1958) 128:1210-1.

electrode nomenclature
(2020) 37:263-70.

Frontiers in Neurology | www.frontiersin.org

September 2021 | Volume 12 | Article 674100


https://doi.org/10.1016/j.neuroimage.2005.06.067
https://doi.org/10.1016/j.neuroimage.2006.09.037
https://doi.org/10.1080/00016489.1992.11665400
https://doi.org/10.1007/s00221-001-0894-7
https://doi.org/10.1007/BF00234777
https://doi.org/10.1523/JNEUROSCI.1869-14.2015
https://doi.org/10.1111/j.1749-6632.1964.tb26749.x
https://doi.org/10.1177/000348946407300315
https://doi.org/10.1007/BF00234598
https://doi.org/10.3109/00016486809126293
https://doi.org/10.1152/jn.1978.41.6.1614
https://doi.org/10.1515/bmte.1964.9.1-4.185
https://doi.org/10.1177/019459989310800310
https://doi.org/10.1177/000348949610500107
https://doi.org/10.1016/j.clinph.2005.03.019
https://doi.org/10.1016/j.heares.2016.07.017
https://doi.org/10.1016/j.neulet.2021.135960
https://doi.org/10.3109/00016489509125205
https://doi.org/10.1016/0006-8993(87)90868-7
https://doi.org/10.1288/00005537-198901000-00017
https://doi.org/10.1007/BF00455225
https://doi.org/10.1126/science.6968092
https://doi.org/10.1016/j.neulet.2018.06.012
https://doi.org/10.1016/j.neuroimage.2020.116817
https://doi.org/10.1016/j.clinph.2006.09.025
https://doi.org/10.1016/0168-5597(96)95515-x
https://doi.org/10.1007/BF00235050
https://doi.org/10.1126/science.128.3333.1210
https://doi.org/10.1159/000059043
https://doi.org/10.1006/nimg.2002.1241
https://doi.org/10.1126/science.1107961
https://doi.org/10.1016/j.neuroimage.2020.117015
https://doi.org/10.1007/s00221-020-06030-3
https://doi.org/10.1097/WNP.0000000000000632
https://doi.org/10.1002/ana.24252
https://doi.org/10.1093/brain/awy219
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Nakul et al.

Vestibular-Evoked Cerebral Potentials

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Bertora GO, Bergmann JM. Cortical responses of vestibular reactions
measured by topographic brain mapping and vestibular evoked potentials.
Acta Oto-Laryngol. Suppl. (1995) 520(Pt 1):126-9.

Claussen C, Schneider D, Koltchev C. On the functional state of central
vestibular structures in monoaural symptomatic tinnitus patients (BEAM-
VbEP Study). Int Tinnitus J. (1995) 1:5-12.

Claussen C. Vestibular evoked
equilibriometry. Acta Oto-Laryngol Suppl.
doi: 10.3109/00016489509125204

Kolchev C. Vestibular late evoked potentials (VbEP) processed by means of
brain electrical activity mapping (BEAM). Acta Oto-Laryngol Suppl. (1995)
520(Pt 1):130-3. doi: 10.3109/00016489509125209

Constantinescu L, Schneider D, Claussen C. Vestibular evoked potentials in
two patients with bilateral vestibular loss. Int Tinnitus J. (1996) 2:45-57.
Schneider D, Schneider L, Claussen CE Kolchev C. Cortical representation
of the vestibular system as evidenced by brain electrical activity mapping of
vestibular late evoked potentials. Ear Nose Throat J. (2001) 80:251-2, 255-8,
260 passim.

Smith AT, Wall MB, Thilo KV. Vestibular inputs to human motion-sensitive
visual cortex. Cereb Cortex. (2012) 22:1068-77. doi: 10.1093/cercor/bhr179
Hofferberth  B.  Evoked potentials to rotatory stimulation.
Preliminary results. Acta Oto Laryngol Suppl. (1984) 406:134-6.
doi: 10.3109/00016488309123020

Hofferberth B. The clinical significance of vestibular evoked
potentials (REP). Acta Oto-Laryngol Suppl. (1995) 520(Pt 1):124-5.
doi: 10.3109/00016489509125207

Penfield W. Vestibular sensation and the cerebral cortex. Ann Otol Rhinol
Laryngol. (1957) 66:691-8. doi: 10.1177/000348945706600307

Kahane P, Hoffmann D, Minotti L, Berthoz A. Reappraisal of the human
vestibular cortex by cortical electrical stimulation study. Ann Neurol. (2003)
54:615-24. doi: 10.1002/ana.10726

Keck W. Rotatory evoked cortical potentials in normal subjects and patients
with unilateral and bilateral vestibular loss. Eur Arch Otorhinolaryngol.
(1990) 247:222-5.

Bumm P, Johannsen HS, Spreng M, Wiegand HP. [Slow evoked cortical
potentials to rotary stimulation in man]. Arztl Forsch. (1970) 24:59-62.
Pirodda E, Ghedini S, Zanetti MA. Investigations into
vestibular evoked responses. Acta Otolaryngol. (1987) 104:77-84.
doi: 10.3109/00016488709109050

Kenmochi M, Ohashi T, Nishino H, Sato S. Cortical potentials evoked by
horizontal rotatory stimulation: the effects of angular acceleration. Acta
Otolaryngol. (2003) 123:923-7.

Nolan H, Butler JS, Whelan R, Foxe JJ, Biilthoff HH, Reilly RB.
Electrophysiological source analysis of passive self-motion. In: 2011 5th
International IEEE/EMBS Conference on Neural Engineering (Cancun).
(2011) 53-6. doi: 10.1109/NER.2011.5910487

Joos K, Gilles A, Van de Heyning P, De Ridder D, Vanneste S. From sensation
to percept: the neural signature of auditory event-related potentials. Neurosci
Biobehav Rev. (2014) 42:148-56. doi: 10.1016/j.neubiorev.2014.02.009
Indovina I, Bosco G, Riccelli R, Maffei V, Lacquaniti F, Passamonti
L, et al. Structural connectome and connectivity lateralization of the
multimodal vestibular cortical network. Neuroimage. (2020) 222:117247.
doi: 10.1016/j.neuroimage.2020.117247

Raiser TM, Flanagin VL, Duering M, van Ombergen A, Ruehl RM, Zu
Eulenburg P. The human corticocortical vestibular network. Neurolmage.
(2020) 223:117362. doi: 10.1016/j.neuroimage.2020.117362

Klingner CM, Volk GE Flatz C, Brodoehl S, Dieterich M, Witte OW,
et al. Components of vestibular cortical function. Behav Brain Res. (2013)
236:194-9. doi: 10.1016/j.bbr.2012.08.049

Dieterich M, Kirsch V, Brandt T. Right-sided dominance of the bilateral
vestibular system in the upper brainstem and thalamus. ] Neurol. (2017) 1-8.
doi: 10.1007/s00415-017-8453-8

Barmack  NH.
and posterior cerebellum. Brain
doi: 10.1016/s0361-9230(03)00055-8
Park SY, Yeo SS, Jang SH, Cho IH. Anatomical location of the
vestibulocerebellar tract in the healthy human brain: a diffusion

responses: a new frontier in
(1995) 520(Pt 1):113-6.

vestibular  nuclei
(2003)  60:511-41.

Central  vestibular  system:

Res  Bull.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

209.

210.

211.

212.

213.

tensor imaging study. Brain Sci. (2021) 1:199. doi: 10.3390/brainscil10
20199

Precht W, Llinds R. Functional organization of the vestibular afferents
to the cerebellar cortex of frog and cat. Exp Brain Res. (1969) 9:30-52.
doi: 10.1007/BF00235450

Brandt T, Dieterich M. Does the
the lateralization of brain functions? ] Neurol.
doi: 10.1007/s00415-014-7548-8

Dieterich M, Brandt T. Global orientation in space and the
lateralization of brain functions. Curr Opin Neurol. (2018) 31:96-104.
doi: 10.1097/WC0.0000000000000516
Angelaki DE, Cullen KE. Vestibular
of a multimodal sense. Annu Rev Neurosci.
doi: 10.1146/annurev.neuro.31.060407.125555
Angelaki DE, Yakusheva TA. How neurons
the  tilt/translation ~ ambiguity. =~ Comparison ~ of  brainstem,
cerebellum, and thalamus. Ann N Y Acad Sci. (2009) 1164:19-28.
doi: 10.1111/.1749-6632.2009.03939.x

Shinder ME, Newlands SD. Sensory convergence in the parieto-
J  Neurophysiol. ~ (2014)  111:2445-64.

vestibular  system determine

(2015) 262:214-5.

system: the many facets
(2008)  31:125-50.

vestibular solve

insular  vestibular  cortex.
doi: 10.1152/jn.00731.2013
Dutov AM. Responses of neurons of the vestibular nuclei to interoceptive
stimulation. Bull Exp Biol Med. (1974) 78:849-51. doi: 10.1007/BF00803905
Ochi K, Ohashi T, Nishino H.
evoked myogenic potentials.  Laryngoscope.
doi: 10.1097/00005537-200103000-00025

Lee SK, Cha CI, Jung TS, Park DC, Yeo SG. Age-related differences in
parameters of vestibular evoked myogenic potentials. Acta Otolaryngol
(Stockh). (2008) 128:66-72. doi: 10.1080/00016480701387108

McGarvie LA, MacDougall HG, Halmagyi GM, Burgess AM, Weber KP,
Curthoys IS. The Video Head Impulse Test (VHIT) of semicircular canal
function - age-dependent normative values of VOR gain in healthy subjects.
Front Neurol. (2015) 6:154. doi: 10.3389/fneur.2015.00154

Valame DA, Gore GB. Role of cervical vestibular evoked myogenic potentials
(cVEMP) and auditory brainstem response (ABR) in the evaluation
of vestibular schwannoma. Braz ] Otorhinolaryngol. (2017) 83:324-9.
doi: 10.1016/j.bjorl.2016.04.003

Rafique I, Wennervaldt K, Melchiors ], Caye-Thomasen P. Auditory
brainstem response - a valid and cost-effective screening tool for
vestibular schwannoma? Acta Otolaryngol. (Stockh). (2016) 136:660-2.
doi: 10.3109/00016489.2016.1157726

Dieterich M, Bartenstein P, Spiegel S, Bense S, Schwaiger M, Brandt T.
Thalamic infarctions cause side-specific suppression of vestibular cortex
activations. Brain ] Neurol. (2005) 128:2052-67. doi: 10.1093/brain/awh551
Becker-Bense S, Dieterich M, Buchholz H-G, Bartenstein P, Schreckenberger
M, Brandt T. The differential effects of acute right- vs. left-sided vestibular
failure on brain metabolism. Brain Struct Funct. (2014) 219:1355-67.
doi: 10.1007/s00429-013-0573-z

vestibular-
111:522-7.

Variance  of
(2001)

. Hewett R, Guye M, Gavaret M, Bartolomei F. Benign temporo-

parieto-occipital junction epilepsy with vestibular disturbance: an
underrecognized form of epilepsy? Epilepsy Behav. (2011) 21:412-6.
doi: 10.1016/j.yebeh.2011.05.017

Hewett R, Bartolomei F. Epilepsy and the cortical vestibular system:
tales of dizziness and recent concepts. Front Integr Neurosci. (2013) 7:73.
doi: 10.3389/fnint.2013.00073

Lewis RE Priesol AJ, Nicoucar K, Lim K, Merfeld DM. Abnormal
motion perception in vestibular migraine. Laryngoscope. (2011) 121:1124-5.
doi: 10.1002/lary.21723

King S, Priesol AJ, Davidi SE, Merfeld DM, Ehtemam F Lewis
RF. Self-motion perception is sensitized in vestibular migraine:
pathophysiologic and clinical implications. Sci Rep. (2019) 9:14323.
doi: 10.1038/541598-019-50803-y

Dieterich M, Staab JP. Functional dizziness: from phobic postural vertigo and
chronic subjective dizziness to persistent postural-perceptual dizziness. Curr
Opin Neurol. (2017) 30:107-13. doi: 10.1097/WC0.0000000000000417
Indovina I, Riccelli R, Chiarella G, Petrolo C, Augimeri A, Giofre L, et al.
Role of the Insula and vestibular system in patients with chronic subjective

Frontiers in Neurology | www.frontiersin.org

September 2021 | Volume 12 | Article 674100


https://doi.org/10.3109/00016489509125204
https://doi.org/10.3109/00016489509125209
https://doi.org/10.1093/cercor/bhr179
https://doi.org/10.3109/00016488309123020
https://doi.org/10.3109/00016489509125207
https://doi.org/10.1177/000348945706600307
https://doi.org/10.1002/ana.10726
https://doi.org/10.3109/00016488709109050
https://doi.org/10.1109/NER.2011.5910487
https://doi.org/10.1016/j.neubiorev.2014.02.009
https://doi.org/10.1016/j.neuroimage.2020.117247
https://doi.org/10.1016/j.neuroimage.2020.117362
https://doi.org/10.1016/j.bbr.2012.08.049
https://doi.org/10.1007/s00415-017-8453-8
https://doi.org/10.1016/s0361-9230(03)00055-8
https://doi.org/10.3390/brainsci11020199
https://doi.org/10.1007/BF00235450
https://doi.org/10.1007/s00415-014-7548-8
https://doi.org/10.1097/WCO.0000000000000516
https://doi.org/10.1146/annurev.neuro.31.060407.125555
https://doi.org/10.1111/j.1749-6632.2009.03939.x
https://doi.org/10.1152/jn.00731.2013
https://doi.org/10.1007/BF00803905
https://doi.org/10.1097/00005537-200103000-00025
https://doi.org/10.1080/00016480701387108
https://doi.org/10.3389/fneur.2015.00154
https://doi.org/10.1016/j.bjorl.2016.04.003
https://doi.org/10.3109/00016489.2016.1157726
https://doi.org/10.1093/brain/awh551
https://doi.org/10.1007/s00429-013-0573-z
https://doi.org/10.1016/j.yebeh.2011.05.017
https://doi.org/10.3389/fnint.2013.00073
https://doi.org/10.1002/lary.21723
https://doi.org/10.1038/s41598-019-50803-y
https://doi.org/10.1097/WCO.0000000000000417
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Nakul et al.

Vestibular-Evoked Cerebral Potentials

214.

215.

216.

217.

218.

219.

dizziness: an fMRI study using sound-evoked vestibular stimulation. Front
Behav Neurosci. (2015) 9:334. doi: 10.3389/fnbeh.2015.00334

Indovina I, Conti A, Lacquaniti F Staab JP, Passamonti L, Toschi
N. Lower functional connectivity in vestibular-limbic networks in
individuals with subclinical agoraphobia. Front Neurol. (2019) 10:874.
doi: 10.3389/fneur.2019.00874

Riccelli R, Passamonti L, Toschi N, Nigro S, Chiarella G, Petrolo C, et al.
Altered insular and occipital responses to simulated vertical self-motion in
patients with persistent postural-perceptual dizziness. Front Neurol. (2017)
8:529. doi: 10.3389/fneur.2017.00529

Nolan H, Whelan R, Reilly RB, Bulthoff HH, Butler JS. Acquisition
of human EEG data during linear self-motion on a Stewart platform.

In: 2009 4th International IEEE/EMBS Conference on Neural
Engineering  (Antalya). (2009) 585-8. doi: 10.1109/NER.2009.510
9364

Nolan H, Butler JS, Whelan R, Foxe JJ, Biilthoff HH, Reilly RB. Neural
correlates of oddball detection in self-motion heading: a high-density event-
related potential study of vestibular integration. Exp Brain Res. (2012)
219:1-11. doi: 10.1007/s00221-012-3059-y

Frank SM, Sun L, Forster L, Tse PU, Greenlee MW. Cross-modal attention
effects in the vestibular cortex during attentive tracking of moving objects. J
Neurosci. (2016) 36:12720-8. doi: 10.1523/J]NEUROSCI.2480-16.2016
Frank SM, Forster L, Pawellek M, Malloni WM, Ahn S, Tse PU, et al.
Visual attention modulates glutamate-glutamine levels in vestibular cortex:

evidence from magnetic resonance spectroscopy. ] Neurosci. (2021) 41:1970-
81. doi: 10.1523/J]NEUROSCI.2018-20.2020

Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchronization
and desynchronization: basic principles. Clin Neurophysiol. (1999) 110:1842-
57. doi: 10.1016/S1388-2457(99)00141-8

220.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Nakul, Bartolomei and Lopez. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

25

September 2021 | Volume 12 | Article 674100


https://doi.org/10.3389/fnbeh.2015.00334
https://doi.org/10.3389/fneur.2019.00874
https://doi.org/10.3389/fneur.2017.00529
https://doi.org/10.1109/NER.2009.5109364
https://doi.org/10.1007/s00221-012-3059-y
https://doi.org/10.1523/JNEUROSCI.2480-16.2016
https://doi.org/10.1523/JNEUROSCI.2018-20.2020
https://doi.org/10.1016/S1388-2457(99)00141-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Vestibular-Evoked Cerebral Potentials
	Introduction
	Vestibular Stimulation for Neuroimaging Studies and Their Application to Vestibular-Evoked Potentials
	Rotatory Chairs and Whole-Body Motion Platforms
	Application to VestEPs

	Caloric Vestibular Stimulation
	Application to VestEPs

	Galvanic Vestibular Stimulation
	Application to VestEPs

	Sound-Induced Vestibular Stimulation
	Application to VestEPs

	Impulsive Acceleration Stimulation
	Application to VestEPs

	Magnetic Vestibular Stimulation
	Application to VestEPs

	Intraoperative Vestibular Nerve Stimulation
	Application to VestEPs

	Conclusion

	Vestibular-evoked Potentials
	Short Latency Vestibular-Evoked Potentials
	Short Latency Responses Under 10 ms
	Short Latency Responses Above 10 ms
	Component p10
	Component n15
	Component p20

	Conclusion

	Middle Latency Vestibular-Evoked Potentials
	The ``20–30ms Complex''
	The ``42–52ms Complex''
	Conclusion

	Late Latency Vestibular-Evoked Potentials
	Responses at 60–70 ms
	Responses at 80 ms
	Response at 110 ms
	Responses at 200 ms
	Responses at 300–500 ms
	Conclusion

	Conclusions and Perspectives
	Main Findings and Their Link With Vestibular Processing Along Ascending Pathways
	Parallel vs. Sequential Vestibular Information Processing in the Cerebral Cortex
	Laterality of Vestibular Projections and Hemispheric Dominance in the Vestibulo-Thalamo-Cortical System
	Replicability and Variability of Findings in VestEPs Studies
	Method of Vestibular Stimulation
	The Spatial Density of Recording Electrodes and the Montage

	Main Limits of VestEPs Studies
	Potential Applications of VestEPs in Neurology and Otoneurology
	Perspective of VestEPs for Cognitive and Systems Neuroscience
	Conclusion

	Author Contributions
	Funding
	Supplementary Material
	References


