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Abstract—The vestibular system contributes to the control
of posture and eye movements and is also involved in vari-
ous cognitive functions including spatial navigation and
memory. These functions are subtended by projections to
a vestibular cortex, whose exact location in the human brain
is still a matter of debate (Lopez and Blanke, 2011). The ves-
tibular cortex can be defined as the network of all cortical
areas receiving inputs from the vestibular system, including
areas where vestibular signals influence the processing of
other sensory (e.g. somatosensory and visual) and motor
signals. Previous neuroimaging studies used caloric vestib-
ular stimulation (CVS), galvanic vestibular stimulation
(GVS), and auditory stimulation (clicks and short-tone
bursts) to activate the vestibular receptors and localize the
vestibular cortex. However, these three methods differ
regarding the receptors stimulated (otoliths, semicircular
canals) and the concurrent activation of the tactile, thermal,
nociceptive and auditory systems. To evaluate the conver-
gence between these methods and provide a statistical anal-
ysis of the localization of the human vestibular cortex, we
performed an activation likelihood estimation (ALE) meta-
analysis of neuroimaging studies using CVS, GVS, and audi-
tory stimuli. We analyzed a total of 352 activation foci
reported in 16 studies carried out in a total of 192 healthy
participants. The results reveal that the main regions acti-
vated by CVS, GVS, or auditory stimuli were located in the
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Sylvian fissure, insula, retroinsular cortex, fronto-parietal
operculum, superior temporal gyrus, and cingulate cortex.
Conjunction analysis indicated that regions showing con-
vergence between two stimulation methods were located
in the median (short gyrus lll) and posterior (long gyrus 1V)
insula, parietal operculum and retroinsular cortex (Ri). The
only area of convergence between all three methods of stim-
ulation was located in Ri. The data indicate that Ri, parietal
operculum and posterior insula are vestibular regions where
afferents converge from otoliths and semicircular canals,
and may thus be involved in the processing of signals
informing about body rotations, translations and tilts.
Results from the meta-analysis are in agreement with elec-
trophysiological recordings in monkeys showing main ves-
tibular projections in the transitional zone between Ri, the
insular granular field (lg), and Sll. © 2012 IBRO. Published
by Elsevier Ltd. All rights reserved.

Key words: vestibular system, meta-analysis, caloric
vestibular stimulation, galvanic vestibular stimulation, insula,
parietal operculum.

INTRODUCTION

The vestibular system encodes translations and rotations
of the head in space and provides the brain with signals
about gravity. Vestibular signals are of crucial importance
for oculomotor and postural reflexes, and they are also at
the basis of conscious perception and spatial cognition
(Berthoz, 1996). The large range of functions attributed
to the vestibular system is evident from investigations into
self-motion perception, spatial navigation and memory
(Berthoz et al., 1995; Brandt et al., 2005), perception of
the vertical (Lopez et al., 2007), visual processing related
to gravitational cues (Indovina et al., 2005; Lopez et al.,
2009), and bodily self-consciousness (Blanke et al.,
2002). These multiple sensorimotor and cognitive func-
tions are subserved by vestibular pathways originating
in the vestibular nuclei in the brainstem to several
thalamic nuclei, the cerebellum, and the cerebral cortex.

Based on previous electrophysiological evidence
about vestibular-related brain areas in animals, a widely
distributed cortical vestibular network has been reported
(review in Lopez and Blanke, 2011). This so-called vestib-
ular cortex can be defined as the network encompassing
any area of the cortex that receives inputs from the vestib-
ular system. This includes all multisensory areas of the
cortex that are influenced by vestibular signals. Data
collected in several primate species suggest that the
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so-called parieto-insular vestibular cortex (PIVC), located
in the posterior insula/retroinsular cortex and in the upper
or lower banks of the lateral sulcus, constitutes the core
vestibular cortex (Grisser et al., 1990, 1994; Guldin and
Grusser, 1998). Yet, in animals, the vestibular cortex also
extends to the primary somatosensory cortex, posterior
parietal areas (intraparietal sulcus, area MST), frontal cor-
tex (motor and premotor cortex, frontal eye fields), hippo-
campus and cingulate cortex (Schwarz and Fredrickson,
1971; Grisser et al., 1994; O’Mara et al., 1994; Guldin
and Grusser, 1998; Bremmer et al., 2002; Ebata et al.,
2004; Gu et al., 2007; Liu et al., 2011). In humans, knowl-
edge about the cortical regions involved in vestibular pro-
cessing is still relatively sparse when compared to the
wealth of knowledge ascertained about visual, somato-
sensory and auditory cortex. Neurological observations
in conscious epileptic patients revealed that electrical
stimulation of the superior temporal cortex, posterior pari-
etal cortex, somatosensory cortex, and insula may evoke
vestibular sensations (Penfield, 1957; Blanke et al.,
2000a, 2002; Kahane et al., 2003). These clinical data
were extended by neuroimaging studies in which healthy
humans were exposed to various techniques of vestibular
stimulation. Functional magnetic resonance imaging (fMRI)
and positron emission tomography (PET) studies revealed
activations in the insula, superior temporal gyrus, inferior
parietal lobule, somatosensory cortex, cingulate gyrus,
frontal cortex, and hippocampus (Bottini et al., 1994; Vitte
et al., 1996; Bucher et al., 1998; Lobel et al., 1998; Bense
et al., 2001; Suzuki et al., 2001; Deutschlander et al., 2002;
Fasold et al., 2002; Dieterich et al., 2003; Emri et al., 2003;
Hegemann et al., 2003; Stephan et al., 2005; Eickhoff
et al., 2006b; Marcelli et al., 2009).

Itis noteworthy that the exact location of the human ana-
log of the PIVC is still controversial (Lopez and Blanke,
2011). Thus, on the basis of clinical observations, it has
been suggested that the PIVC is located in the posterior
insula (Brandt and Dieterich, 1999), or more superficially in
the temporo-peri-Sylvian vestibular cortex (Kahane et al.,
2003), whereas recent neuroimaging data suggest the more
dorsally located parietal operculum as the core vestibular
cortex (Eickhoff et al., 2006b; Zu Eulenburg et al., 2012).

Compared with other sensory modalities, mapping the
vestibular cortex in humans is hampered by the fact that
vestibular receptors are sensitive to head motion (angular
and linear acceleration of the head), and therefore, itis not
possible to apply adequate vestibular stimuli while using
neuroimaging techniques such as fMRI, PET and magne-
toencephalography (MEG). For this reason, stimulation
techniques other than true motion had to be applied in
order to bypass this limitation. The peripheral vestibular
apparatus can be stimulated by means of caloric vestibu-
lar stimulation (CVS) and galvanic vestibular stimulation
(GVS), as well as by means of auditory stimuli (clicks
and short-tone bursts). Fig. 1 summarizes the physiologi-
cal mechanisms by which CVS, GVS and sounds activate
the vestibular receptors and co-activate other sensory
systems (fore details, see Fig. 1 legend). It is important
to note that these three methods differ in terms of (1) the
vestibular receptors stimulated (otoliths versus semicircu-
lar canals) and thus the nature of the rotational or

translational self-motion or self-tilt evoked and (2) the
concurrent stimulation of the tactile, nociceptive, thermo-
receptive, and auditory systems. This variability renders
difficult the direct comparison of the patterns of activation
shown in previous neuroimaging studies. While CVS pre-
dominantly stimulates the pathways from the horizontal
semicircular canals to the cortex (with a weaker contribu-
tion of the anterior and posterior canals, Aw et al., 2000)
and interacts with the neural processing of gravito-inertial
signals (Peterka et al., 2004), sounds mainly activate
pathways running from the saccule to the cerebral cortex
(with a potential contribution of the semicircular canals
(Xu et al., 2009; see Fig. 1 legend for a detailed descrip-
tion). Lastly, GVS provides a vestibular stimulation that
involves all vestibular afferents (Fitzpatrick and Day,
2004). The degree to which the cortical responses to these
three types of vestibular stimulation overlap remains so far
unknown, because no comparative analysis has been
carried out to identify differences and commonalities in
cerebral activation patterns between the different stimula-
tion methods. Several methods are available to compute a
meta-analysis of neuroimaging data, including coordinate-
based and image-based meta-analyses, and they have
previously been applied successfully to different functional
neuroimaging studies (Salimi-Khorshidi et al., 2009; Laird
et al., 2009b).

Here, we used a coordinate-based analysis known as
activation likelihood estimation (ALE) meta-analysis to local-
ize the human vestibular cortex (Laird et al., 2005; Eickhoff
et al., 2009; Laird et al., 2009a). This method provides a
statistical description of the overlap between activation foci
reported in neuroimaging studies. During the last few years,
this method has been applied to identify the motor cortex
involved in execution/observation of movements (Caspers
etal., 2010), or to identify brain regions involved in audition
(Petacchi et al., 2005), trigeminal sensation (Albrecht
etal., 2010), olfaction, gustation, interoception, somatosen-
sation, and pain (Kurth et al., 2010b). Recently, the ALE
method has been applied to localize the vestibular cortex
(Zu Eulenburg et al., 2012), but without identifying the
cerebral networks responding differently and similarly to
CVS, GVS and sounds. These authors identified the right
parietal operculum (area OP2) as “the core region for
vestibular processing” and showed that this area is directly
connected with all other vestibular regions revealed by the
meta-analysis. For the present analysis, we analyzed 352
foci of activation reported in 16 neuroimaging studies. We
calculated the brain activations specific to CVS, GVS, and
auditory stimulation, and analyzed the spatial overlap
between these activations. Because the laterality of the
cortical projections have been proposed to differ for
vestibular as compared to other sensory systems (Dieterich
etal., 2003; Janzen et al., 2008), we also analyzed the later-
ality and pattern of hemispheric dominance resulting from
the activation of the left and right ears separately. The pres-
ent ALE meta-analysis revealed activations mainly in the
bilateral insula, retroinsular cortex, inferior parietal lobule,
superior temporal gyrus, the caudal part of the anterior
cingulate gyrus, and the precuneus. We discuss these
neuroimaging data with respect to electrophysiological and
anatomical data from animals as well as clinical data.
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C sound-induced
vestibular stimulation

B galvanic vestibular
stimulation (GVS)

A caloric vestibular
stimulation (CVS)

):M. Ap!

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

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

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.

Air-conducted sounds
preferentially activate saccular
receptors.

A weaker contribution of other
otolithic receptors and
semicircular canals has also been
proposed.

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.

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

Fig. 1. Three main methods to stimulate the vestibular receptors. (A) Caloric vestibular stimulation (CVS) consists of irrigating the external auditory
canal with warm or cold water or air-flow (Maes et al., 2007). When thermal energy is transmitted through the temporal bone to the inner ear, a
convective flow of the endolymph is created, stimulating the vestibular sensors in the crista ampullaris of the semicircular canals. CVS stimulates
mainly the horizontal semicircular canals, although a weak stimulation of the vertical canals has been reported (Aw et al., 2000). In addition,
semicircular canals’ signals can influence the neural processing of otolithic signals to modify tilt and translation perception (Merfeld et al., 2005).
Studies of the caloric nystagmus showed that CVS maodifies tilt and translation signals at the oculomotor level (Peterka et al., 2004) and suggest
similar influences on the cortico-vestibular projections. CVS evokes a nystagmus and self-motion perception, often leading to vertigo and a
sensation of dizziness. Importantly, CVS produces concurrent somatosensory (tactile, thermal and nociceptive) stimulation of the external auditory
canal and auditory perception. (B) Galvanic vestibular stimulation (GVS) consists of applying a weak percutaneous current through an anode and a
cathode placed over the opposite mastoid processes. GVS modulates the level of hyperpolarization of the vestibular neuroepithelia and the
electrical current is thought to “bypass the transduction mechanism of the hair cells” (Fitzpatrick and Day, 2004). Animal data suggest that GVS
stimulates the spike trigger zone on the vestibular afferents (Fitzpatrick and Day, 2004), while recent clinical observations suggest a direct influence
of GVS on hair cells (Aw et al., 2008). The firing rate increases in the vestibular afferents ipsilateral to the cathode, while it decreases to the side of
the anode. Thus, GVS stimulates simultaneously all otoliths and semicircular canals’ afferents (Fitzpatrick and Day, 2004). GVS has been
associated with tactile, thermal and nociceptive sensations, nausea, vertigo and metallic taste in the mouth. Some neuroimaging studies used an
electrical current applied to participant’'s neck or back in order to control for some of the extravestibular effects (Lobel et al., 1998; Bense et al.,
2001). (C) Auditory stimuli such as clicks and short-tone bursts can stimulate the vestibular receptors. Resulting sound-evoked myogenic potentials
can be recordable at the level of the sternocleidomastoid muscles (vestibular-evoked myogenic potentials, VEMPs) and extraocular muscles
(Halmagyi et al., 2005). Sounds are thought to activate mainly the neural pathways running from the otolith organs (and mainly from the saccular
receptors sensing vertical accelerations). However, recent electrophysiological recordings in animals indicate that afferents from both otolith and
semicircular canals are activated by sounds (Xu et al., 2009; Zhu et al., 2011). Zhu et al. (2011) showed that clicks activate a majority (81%) of the
afferents from the otoliths and demonstrated that there is also a significant contribution of the canal afferents (43%). Recently, high-intensity clicks at
120 dB and short-tone bursts at the frequency of 500 Hz (102 dB during 10 ms) have been used to stimulate vestibular receptors in neuroimaging
studies (Miyamoto et al., 2007; Janzen et al., 2008; Schlindwein et al., 2008). Because of concurrent auditory stimulation, these studies used control
conditions involving low-intensity clicks (not evoking VEMPs) or white noise (controlling for the loudness of the auditory stimuli). A, H, P: Anterior,
Horizontal and Posterior semicircular canals; S: saccule; U: utricule; VN: vestibular nerve.

stimulation, sound, VEMPs, human, fMRI, PET, MEG”, as well
as by reviewing the references of all identified articles. Peer-
reviewed publications were included in the present ALE meta-

EXPERIMENTAL PROCEDURES

Identification and selection of the publications

Relevant functional neuroimaging studies published before
February 2011 were found on Pubmed, I1SI Web of Science and
Google Scholar using combinations of the keywords “vestibular,
cortex, vestibular stimulation, caloric stimulation, galvanic

analysis on the basis of five criteria:

(1) Use of CVS, GVS, or sounds to stimulate the vestibular
system. Various techniques have been applied and we
included CVS studies that employed unilateral irrigations
of the external auditory canal with cold water (iced water,
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0°, 4°, 10°, 20°) or warm water (44°). We included GVS
studies using binaural GVS with the anode located on
one mastoid process and the cathode on the opposite
side. We also included studies using sounds (short-tone
bursts or auditory clicks) which have been shown to induce
vestibular-evoked myogenic potentials in the sternocleido-
mastoid muscles.

Inclusion of healthy participants. We did not include stud-

ies involving patients with vestibular deafferentation or

populations in which drugs have been tested.

) Use of clearly identifiable contrasts between a type of ves-
tibular stimulation and a control condition [e.g.,
CVS > rest (Dieterich et al., 2003); GVS > painful electri-
cal stimulation at Css (Bense et al., 2001)].

-~

(4)

®)

Availability of 3D coordinates of activation (x, y, z) accord-
ing to either the atlas of Talairach and Tournoux (1988) or
the Montreal Neurological Institute (MNI) space. Authors
were personally contacted to obtain the coordinates of
activation if they were not provided in the publication
already.

Whole-brain volume or most of the supratentorial brain
was scanned.

All in all, we included a total of 25 contrasts reported in 16
articles and carried out in a total of 192 healthy participants.
The selected publications are listed in Table 1, together with
the type of vestibular stimulation, number of participants and
number of foci reported for each contrast. To summarize, the

Table 1. List of neuroimaging studies included in the ALE meta-analysis. Columns A1-A5 identify the activation foci included in the five ALE meta-
analyses (see Methods). CVS: caloric vestibular stimulation, GVS: galvanic vestibular stimulation, RH: right-handed participants, LH: left-handed
participants, MNI: Montreal Neurological Institute coordinates; fMRI: functional magnetic resonance imaging, PET: positron emission tomography,

MEG: magnetoencephalography

Publications Subjects Imaging Stimulus  Left ear Right ear Reported A1 A2 A3 A4 A5
modality foci
Bottini et al. (1994) 6 RH PET (H,'°0) CVS Iced water - 7 x x
CVsS — Iced water 8 X X
Bottini et al. (2001) 3 RH PET (H,"°0) CVS Iced water - 38 X X
Suzuki et al. (2001) 12RH fMRI(1.5T) CVSs Water 4° - 13 X X
CVs - Water 4° 8 X X
Emri et al. (2003) 6 RH PET CVSs Water 0° - 23 X X
("®0-butanol)
CVsS — Water 0° 21 X X
Indovina et al. (2005) 17 RH  fMRI (1.5T) CVS Water 10° Water 10° 17 X
Dieterich et al. 12RH  PET (H,"°0) CVSs Water 44° - 16 X X
(2003)
CVs — Water 44° 22 X X
12LH  PET (H,"0) CVS Water 44° - 34 x X
CVs — Water 44° 34 X X
Deutschlander etal. 12 RH, PET (H,'°0) CVS - Water 44° 15 x x
(2002) 1LH
Hegemann et al. 9 RH" MEG CVS Water 20° 1 X X
(2003) (31-channel SQUID)
Marcelli et al. (2009) 9 RH fMRI (1.5T) CVSs Water 4° - 4 X X
Lobel et al. (1998) 6 RH fMRI (1.5T) GVS Synergistic stimulation of left/right 7 X
labyrinths with 1 Hz sinusoids
Bense et al. (2001) 6 RH fMRI (1.5T) GVsS Cathode left/right/alternate® 18 X
Eickhoff et al. 11 RH fMRI(1.57T) GVS Anode left Cathode right 3 X X
(2006a,b)?
GVS Cathode left Anode right 5 X X
Stephan et al. (2005) 21 RH  fMRI (1.5T) GVS Sinusoidal GVS between 25 X
both mastoids®
Miyamoto et al. (2007) 12 RH" fMRI (1.5 T) Sounds  Click 102 dB — 15 X X
Schlindwein et al. 21RH fMRI(1.5T) Sounds 102 dB short-tone — 1 X X
(2008) burst at 500 Hz
Sounds — 102 dB short-tone 2 X X
burst at 500 Hz
Janzen et al. (2008) 16 LH fMRI (1.5T) Sounds 102 dB — 6 X
Sounds — 102 dB 9 X
Total: 16 studies 192 5 PET 9 CVS 352 261 58 33 161 109
(25 experiments) subjects
10 fMRI 4 GVS
1 MEG 3 sounds

" Personal communication from the authors.
@ The cathode was always on the left mastoid for two subjects, always on the right mastoid for two subjects, and once on the left and once on the right mastoid for two

subjects.
® The authors reanalyzed the fMRI experiment by Fink et al. (2003) whose original data were not included in the present meta-analysis.
° Eleven subjects received sinusoidal GVS at the frequency of 0.1, 1.0, and 5.0 Hz and 10 subjects at 0.3, 0.8, and 2.0 Hz.
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studies included in the present meta-analysis used fMRI
(n = 10), PET (n = 5) and MEG (n = 1) as neuroimaging tech-
niques, and CVS (n = 9), GVS (n = 4) and sounds (n = 3) as
vestibular stimulation methods.

ALE algorithm and procedures

The present meta-analysis used the ALE algorithm developed by
Turkeltaub et al. (2002) that was modified later to control for false
discovery rate (Laird et al., 2005). This algorithm has been devel-
oped further by Eickhoff et al. (2009) to explicitly model the uncer-
tainty associated with a given activation focus and to allow for
random-effects analysis. This revised version of the ALE algo-
rithm is implemented in the GingerALE (version 2.0.4) software
from BrainMap released in 2010 (Research Imaging Institute of
the University of Texas Health Science Center San Antonio;
http://brainmap.org/ale/) and was used for the analyses we report
in this article.

Before analysis, coordinates reported according to the Talai-

rach and Tournoux space were converted into MNI coordinates
using a
(Lancaster et al., 2007) in order to work in a common stereotactic
space (for similar procedures, see Caspers et al., 2010).

linear transformation implemented in GingerALE

Each activation focus imported in GingerALE was modeled

by a localization probability with a 3D-Gaussian distribution
whose center was at the x, y, z coordinates reported in the MNI
space. The uncertainty related to each focus localization was
modeled by the full-width at half-maximum of the Gaussian func-
tion that was determined separately for each experiment based
on the number of participants included (for details, see Eickhoff
et al., 2009). This procedure created a 3-dimensional ALE map
in which each voxel was assigned a value corresponding to the
combination of the localization probabilities of the activation foci.
In parallel, it was determined for each voxel the null-distribution of
the ALE statistics based on random generation of activation foci.
Finally, the spatial convergence of the activation foci was
statistically evaluated by comparing the ALE map with the null-
distribution generated for each voxel (Eickhoff et al., 2009). All
statistical maps were thresholded using a false discovery rate
for P < 0.05 (corrected for multiple comparisons; see Laird
et al., 2005) and using a minimum cluster size of 100 mm?®.

Three ALE maps were calculated separately to differentiate

the influence of the type of vestibular stimulation (see Table 1):

e (A1) Analysis 1: “CVS”. An ALE map was calculated to
describe brain regions activated by CVS, irrespective of the
ear being stimulated.
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e (A2) Analysis 2: “GVS”. An ALE map was calculated to
describe brain regions activated by GVS, irrespective of the
ear being stimulated.

e (A3) Analysis 3: “sounds”. An ALE map was calculated to
describe brain regions activated by auditory clicks and
short-tone bursts, irrespective of the ear being stimulated.

Two additional ALE maps were calculated to describe the lat-
erality of vestibular projections and the hemispheric dominance
of vestibular processing. Because the laterality of vestibular pro-
jections has been shown to interact with participant’s handed-
ness (Dieterich et al., 2003), these ALE maps have been
calculated using data from studies that included only right-
handed participants (there were not enough studies available to
calculate separate ALE maps for left-handed participants). Stud-
ies have been divided into two groups: those using vestibular
stimulations that simulate a ‘“relative right-ear activation”, i.e.
an activation close to that usually present during a head rotation
or translation directed to the right, and those using vestibular
stimulation that simulate a “relative left-ear activation” (Table 1).
This means that we took into account the behavioral conse-
quences of each type of vestibular stimulation and pooled meth-
ods resulting in similar behavioral consequence. The different
methods and paradigms used to create a relative right-ear activa-
tion and left-ear activation are summarized in Table 2. The follow-
ing ALE maps have been calculated:

e (A4) Analysis 4: “relative right-ear activation”. An ALE map
was calculated to describe brain regions responding to a “rel-
ative” right-ear activation (i.e. right-ear “excitation” or left ear
“inhibition”). This includes studies irrigating the right external
auditory canal with warm water, studies irrigating the left ear
with cold water, studies using binaural GVS with the cathode
to the right side and the anode to the left side (excluding stud-
ies using sinusoidal GVS between both mastoids), and stud-
ies using clicks and short-tone bursts presented to the right
ear only.

(A5) Analysis 5: “relative left-ear activation”. An ALE map was
calculated to describe brain regions responding to a “relative”
left-ear activation during experimental conditions opposite to
those described for “Analysis 4”.

Results of the ALE meta-analysis were visualized on an aver-
age anatomical template coregistered in the MNI coordinate sys-
tem (“Colin_27_T1_seg_MNLnii” available on http://brainmap.
org/ale/) using Mango 2.4 (http://ric.uthscsa.edu/mango/). Activa-
tions located in the Sylvian fissure were visualized and

Table 2. List of methods used to simulate an apparent activation of the right ear versus left ear

Relative right-ear excitation

Relative left-ear excitation

Right warm CVS - Self-motion perception: directed towards the right
mostly rotations around the roll and yaw axes, also
translations along the antero-posterior axis,
sensation of sinking (Kolev, 2001)

— Nystagmus: slow phases directed towards the left

Left cold CVS — Self-motion perception: directed towards the right,
see above

— Nystagmus: slow phases directed towards the left

Right cathodal
GVS

— Self-motion perception: directed towards the right
(Fitzpatrick and Day, 2004) mostly around the yaw
axis, also around the roll axis (Stephan et al., 2005)
mostly whole-body self-motion, also only head
motion

— Nystagmus: slow phases directed towards the left

Right clicks — No self-motion, or self-motion (tilt) to the right

(Schlindwein et al., 2008; Janzen et al., 2008)

Left warm — Self-motion perception: directed towards the left
CvVs mostly rotations around the roll and yaw axes, also

translations along the antero-posterior axis,

sensation of sinking (Kolev, 2001)

— Nystagmus: slow phases directed towards the right
Right cold — Self-motion perception: directed towards the left,
CvVs see above

— Nystagmus: slow phases directed towards the right
Left — Self-motion perception: directed towards the left
cathodal (Fitzpatrick and Day, 2004) mostly around the yaw
GVS axis, also around the roll axis (Stephan et al., 2005)

mostly whole-body self-motion, also only head

motion

— Nystagmus: slow phases directed towards the right
Left clicks — No self-motion, or self-motion (tilt) to the left

(Schlindwein et al., 2008; Janzen et al., 2008)
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superimposed to the cerebral cortex on inflated hemispheres
from the PALS atlas (Van Essen, 2005), using the BrainShow
software (Galati et al., 2008) implemented in Matlab (The Math-
Works Inc., Natick, MA, USA).

Activations in the insula were labeled as defined in Bense
et al. (2001): the anterior insula was defined as comprising three
short insular gyri (1, II, 1ll) located anterior to the central insular
sulcus, and the posterior insula as comprising two long insular
gyri (IV and V) located posterior to the central insular sulcus.
There is no clear definition of the localization of the retroinsular
cortex in humans and we considered the retroinsular cortex as
the territory posterior to the long insular gyrus V (Bense et al.,
2001; see also Indovina et al., 2005), “where the upper bank of
the parietal operculum joins the lower bank of the temporal oper-
culum” (Augustine, 1996). Clusters located in the cerebellum
were labeled according to the three-dimensional MRI atlas of
Schmahmann et al. (1999).

RESULTS
Significant clusters for CVS

The ALE meta-analysis revealed eight significant clusters
related to CVS. Cluster locations are illustrated in Figs. 2
and 3 (red colors)" and the coordinates and ALE values of
the local maxima are reported for each cluster in Table 3a.
The two largest clusters were found in similar locations
in the right and the left cerebral hemisphere and covered
the insula, parieto-frontal operculum, retroinsular cortex,
the most posterior part of the superior temporal gyrus,
basal ganglia (putamen and claustrum), and the posterior
thalamus (pulvinar). Temporal activations also extended
to Heschl's gyrus (transverse temporal gyrus, BA 41/42).
Activations in the insula were mainly located in the second
and third short insular gyri (Il and 111, anterior insula) and in
the two long insular gyri (IV and V, posterior insula). Six
additional clusters were found in the caudal part of the left
and right anterior cingulate gyrus (BA 24 and 32), left pre-
cuneus (BA 7), left superior frontal gyrus (BA 6), and left
precentral/postcentral gyrus.

Significant clusters for GVS

Twelve significant clusters related to GVS were revealed
by the ALE meta-analysis (see Figs. 2 and 3: green colors,
and Table 3b). The clusters were located in the right
Sylvian fissure and covered the posterior part of the parie-
tal operculum, frontal operculum (BA 44/6) and inferior
parietal lobule (BA 40). On the left side, significant clusters
were located in the Sylvian fissure at the level of the insula,
parietal operculum, retroinsular cortex, frontal operculum,
precentral gyrus (BA 44) and left inferior parietal lobule
(BA 40). Activations in the insula were located in gyri Ill
(anterior insula) and IV (posterior insula). Another cluster
was located more ventrally in the posterior part of the mid-
dle temporal gyrus (BA 37/19). Thalamic activation was
found in the ventral lateral nucleus, extending posteriorly
into the ventral posterior lateral nucleus. Another cluster
was located in the anterior lobe of the left cerebellum at
the immediate anterior part of the superior posterior
fissure (cerebellar lobule VI).

Significant clusters for sounds (saccular) stimulation

The ALE meta-analysis conducted on the effects of saccu-
lar stimulations evoked by sounds included fewer activa-
tion foci (n = 3) than the two previous analyses. Due to
the small sample of foci included in the analysis, this result
has to been seen carefully (see Discussion). We report in
Figs. 2 and 3 (blue colors) and in Table 3c the location of
the significant clusters. Activations were found in the most
posterior part of the right and left Sylvian fissures, where
the parietal cortex joins the superior temporal gyrus, pre-
sumably at the level of the parietal operculum and retroin-
sular cortex. The activations extended into the left superior
temporal gyrus and Heschl’s gyrus (BA 41), as well as into
the right superior temporal gyrus (BA 22).

Overlap between the different types of vestibular
stimulation

Significant clusters reported for CVS, GVS, and sounds
were located in the insular cortex as well as in the parietal
and temporal banks of the Sylvian fissure, as shown in
inflated renderings of the right and left cerebral hemi-
spheres (Fig. 3). Fig. 4 illustrates selected slices of
the brain regions commonly reported in the ALE meta-
analyses described in the previous sections.

The area colored in white represents the conjunction
(spatial overlap) between regions activated by CVS,
GVS, and sounds (Fig. 4A). Only one small region
showed an overlap of all three stimulation techniques
and was located at the junction between the inferior pari-
etal lobule and the superior temporal gyrus. The activation
was located in the retroinsular cortex, the region of cortex
located immediately posterior to OP2 and OP1 (as
defined by the probabilistic maps illustrated in Fig. 4B).

Areas colored in yellow in Fig. 4A? represent the con-
junction between regions activated by CVS and GVS.
These regions were found in the left posterior insula (long
insular gyrus 1V), anterior insula (short insular gyrus lll),
in the bilateral parietal operculum (OP2) and retroinsular
cortex. Regions responding to both CVS and sounds (rep-
resented in magenta) were located in the bilateral retroin-
sular cortex, posterior to OP2 (see Fig. 4B). Finally, a
region responding to GVS and sounds (represented in
cyan) was found in the left retroinsular cortex.

Contralateral and ipsilateral vestibular projections

Fig. 5A illustrates the laterality of vestibular projections in
right-handed participants during relative right-ear activa-
tion (simulating rightward motion) and relative left-ear
activations (simulating leftward motion) (see Table 2 for
a summary of the stimulation conditions). The ALE
meta-analysis revealed significant clusters located in both
the ipsilateral and contralateral cerebral hemispheres with
respect to the activated ear, thus revealing bilateral ves-
tibular projections (see Table 4). This was especially the
case for the large clusters located in the Sylvian fissure.
An additional clear pattern of predominant ipsilateral acti-
vation was observed. Fig. 5B and C illustrate the volume

' For interpretation of color in Figs. 2 and 3, the reader is referred to
the web version of this article.

2 For interpretation of color in Fig. 4, the reader is referred to the web
version of this article.
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Fig. 2. Localization of significant clusters identified by the meta-analysis for CVS (Analysis 1), GVS (Analysis 2), and sounds (Analysis 3)
irrespective of the side of the stimulation. All results are displayed on selected brain slices from a single subject template in the MNI space. All

values are corrected for false discovery rate (P < 0.05).

of the clusters located in the Sylvian and peri-Sylvian
region. The data show that clusters in the Sylvian region
ipsilateral to the activated ear are larger than the clusters
located in the contralateral Sylvian region. In other worlds,
relative right-ear activation resulted in larger clusters in
the right cerebral hemisphere than in the left hemisphere.
Conversely, relative left-ear activation resulted in an over-
all larger pattern of activations in the left hemisphere.

DISCUSSION

The present ALE meta-analysis was conducted to aid
localization of human vestibular cortex, which has so far
been investigated using several stimulation methods
(CVS, GVS, sounds) involving different subcategories of
vestibular receptors. The present data describe brain
regions activated by each type of vestibular stimulation
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Fig. 3. Localization of significant clusters identified by the meta-analysis for CVS (Analysis 1), GVS (Analysis 2), and sounds (Analysis 3)
irrespective of the side of the stimulation. Results are displayed on inflated hemispheres to reveal activations in the Sylvian fissure. All values are

corrected for false discovery rate (P < 0.05).

and allow for a description of three regions (insula, parie-
tal operculum, retroinsular cortex) commonly activated by
these types of vestibular stimulation. We also describe
one region (retroinsular cortex) that was activated by all
stimulation methods.

The human vestibular cortex

The present meta-analysis demonstrates vestibular
processing in seven main regions: the temporo-
parieto-insular and retroinsular cortex, parietal cortex,
frontal cortex, cingulate cortex, and three subcortical
structures (thalamus, basal ganglia, and cerebellum).

Temporo-parieto-insular and retroinsular activations.
The largest clusters of activation were found in the
Sylvian fissure, at the level of the insula and retroinsular
region, as well as at the temporal and parietal banks of
the Sylvian fissure.

Significant clusters were associated with CVS in the
posterior insula (long insular gyri Ill and 1V) and caudal
part of the anterior insula (short insular gyri Il and Ill),
while GVS was associated with clusters in the posterior
insula (long insular gyri Il and 1V), and sounds mainly in
the retroinsular cortex. The posterior insula and surround-
ing areas have been proposed by some authors as being
the core vestibular cortex in both animals (Guldin and
Grisser, 1998) and humans (Brandt and Dieterich,
1999). Electrophysiological studies in primates demon-
strated vestibular neurons “within the most posterior
and upper part of the insular cortex” (Grusser et al.,

1990). These authors found vestibular neurons in the
insular granular field (lg), but not in the dysgranular insu-
lar cortex (Id) and anterior insula. We note that neuroim-
aging studies controling for nociceptive tactile
stimulation (in the case of GVS) revealed activations in
the posterior insula only (Bucher et al., 1998). It is there-
fore possible that part of the activations previously
reported in the median and anterior insula may be related
to concurrent thermal, nociceptive and vegetative sensa-
tions (Craig, 2009; Baumgartner et al., 2010; Kurth et al.,
2010b). Thus, the common activation within the posterior
part of the insula during CVS, GVS, and sounds strongly
suggest a vestibular representation in the posterior insula.
Direct evidence of vestibular representation in the insula
arises from electrical stimulation of this structure in con-
scious epileptic patients reporting self-motion perception
(Isnard et al., 2004; Nguyen et al., 2009).

In addition to the insula, the present meta-analysis
shows a robust activation of the retroinsular cortex.
Recent mapping of the human insular region based on
postmortem brains indicates that the retroinsular cortex
is located posteriorly to the insular granular field (Ig1)
and borders the caudal part of the parietal operculum
(OP2) (Eickhoff et al., 2006a; Kurth et al., 2010a). The
cytoarchitectonic organization of the retroinsular region
is intermediate between that of OP2 and the inferior pari-
etal cortex (Eickhoff et al., 2006a) and this region is recip-
rocally connected with the insular granular field (Ig)
(Augustine, 1996). The insula and retroinsular cortex
are suggested to be involved in gravity-related processing
on the basis of vestibular and visual motion signals



Table 3. Clusters identified by the meta-analysis for CVS (Analysis 1), GVS (Analysis 2) and sounds (Analysis 3) irrespective of the side of the stimulation. Significant clusters are listed with their volume,

together with the activation likelihood estimation (ALE) value and stereotaxic coordinates (x, y, z) in the MNI space of the local maxima

Cluster number Cluster volume (mm?) ALE (x1073) MNI coordinates Cluster location
X y z
(a) Caloric vestibular stimulation (CVS)
1 18,960 28.17 40 -16 16 Right parietal operculum, insula (gyrus V)
27.17 34 0 2 Right putamen, claustrum, external capsule
21.72 52 -32 18 Right superior temporal gyrus (BA 41)
20.58 42 8 —6 Right insula (gyri I, 11I)
17.37 24 —24 8 Right posterior thalamus (pulvinar)
11.47 30 12 10 Right frontal operculum, insula (gyrus I1)
2 14,568 27.32 —34 0 8 Left claustrum, insula (gyrus Ill), extreme capsule
25.54 —42 -2 6 Left insula (gyrus IlI)
25.52 —38 -18 14 Left insula (gyrus 1V)
23.30 —44 -32 18 Left parietal operculum/retroinsular cortex (OP1/Ri), superior temporal gyrus
19.96 —36 2 —6 Left insula (gyrus lll), claustrum, extreme capsule
17.25 —52 6 0 Left frontal operculum (BA 6/44)
15.00 —54 -36 22 Left parietal operculum/retroinsular cortex (OP1/Ri)
3 1272 17.37 8 16 36 Right anterior cingulate gyrus, caudal part (BA 32/24)
12.75 -2 10 32 Left anterior cingulate gyrus, caudal part (BA 24/32)
4 1176 17.62 -2 —4 44 Left anterior cingulate gyrus, caudal part (BA 24)
5 448 15.70 —56 -8 24 Left central sulcus, postcentral/precentral gyrus
6 432 12.72 —4 —28 12 Left posterior thalamus (pulvinar)
7 216 13.48 0 —48 56 Left precuneus (BA 7)
8 112 12.85 —-12 2 74 Left superior frontal gyrus (BA 6)
(b) Galvanic vestibular stimulation (GVS)
1 496 12.86 —54 —58 2 Left middle temporal gyrus (BA 37/19)
2 480 10.70 54 6 4 Right frontal operculum, precentral gyrus (BA 44)
3 456 12.38 40 —26 22 Right parietal operculum (OP2)
4 456 11.04 52 2 44 Right frontal operculum, precentral gyrus, inferior frontal gyrus (BA 6/44)
5 328 9.89 —52 2 2 Left frontal operculum, precentral gyrus (BA 44)
6 304 9.17 —36 0 -2 Left insula (gyri IV and Ill), claustrum, extreme capsule
7 272 9.85 v18 —70 —28 Left cerebellum (anterior lobe, lobuleVI)
8 272 9.66 56 -28 24 Right inferior parietal lobule (BA 40)
9 264 9.88 —16 —14 6 Left thalamus (ventral lateral nucleus, ventral posterior lateral nucleus)
10 168 7.56 —44 -20 16 Left parietal operculum (OP2)
7.55 —40 —22 20 Left parietal operculum (OP2)
11 144 8.72 —58 —-22 22 Left inferior parietal lobule (BA 40)
12 128 7.68 -50 —36 26 Left parietal operculum/retroinsular cortex (OP1/Ri)
6.77 —56 -34 24 Left parietal operculum/retroinsular cortex (OP1/Ri)
(c) Sounds (saccular stimulation)
1 2192 18.61 —44 —36 24 Left parietal operculum/retroinsular cortex (OP1/Ri)
8.50 —42 -32 8 Left superior temporal gyrus, Heschl’s gyrus (BA 41)
2 368 11.55 46 —20 -8 Right superior temporal gyrus (BA 22)
3 256 9.49 40 -34 22 Right parietal operculum/retroinsular cortex (OP1/Ri)
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Fig. 4. Spatial overlap between activations related to CVS, GVS, and sounds. (A) Voxels in yellow, magenta, and cyan represent the overlap
between two techniques of vestibular stimulation. The area colored in white (and pointed by an orange arrow) represents the area of overlap
between all three techniques of vestibular stimulation. The localization in the insula is given according to Bense et al. (2001): I, II, Ill: short insular
gyri in the anterior insula; IV and VI: long insular gyri in the posterior insula; cis: central insular sulcus; H: Heschl’s gyrus; Ri: retroinsular cortex; OP:

parietal operculum. (B) Probabilistic maps of the four cytoarchitectonic regions of the parietal operculum (OP1—4) are projected on sagittal slices of
a single subject template matching the level of the slices pictured in part (A). Plotted after the data from Eickhoff et al. (2006a).
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Fig. 5. Laterality of vestibular projections. The localization of significant clusters identified by the meta-analysis for relative left-ear excitation
(Analysis 4) and relative right-ear excitation (Analysis 5) is displayed on horizontal brain slices from a single subject template in the MNI space. All
values are corrected for false discovery rate (P < 0.05).

(Indovina et al., 2005). The present observation of insular monkeys showing that vestibular-responsive neurons
and retroinsular activations during vestibular stimulation is are located “in the upper bank of the lateral sulcus around
consistent with  electrophysiological recordings in the posterior end of the insula” (Grusser et al., 1990).
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Table 4. Clusters identified by the meta-analysis for relative left-ear excitation (Analysis 4) and relative right-ear excitation (Analysis 5). Significant
clusters are listed with their volume, together with the activation likelihood estimation (ALE) value and stereotaxic coordinates (x, y, z) in the MNI space

of the local maxima

Cluster Cluster volume ALE MNI coordinates  Cluster location
number (mm?) (x1073) I ——
X y z
(a) Relative right-ear “excitation”
1 10,392 18.80 42 —16 14 Right parietal operculum/posterior insula (gyrus V)
16.31 34 0 2 Right claustrum/putamenfinsula (gyrus IlI)
13.31 38 -26 18 Right parietal operculum (OP2)
12.79 54 —-34 18 Right superior temporal gyrus (BA 22/40)
11.96 46 —-34 20 Right parietal operculum
11.12 26 24 6 Right pulvinar/Heschl’s gyrus/posterior insula (gyrus V)
2 1896 12.80 —46 —14 12 Left parietal operculum/posterior insula (gyrus 1V)
12.17 -34 -2 8 Left anterior insula (gyrus lll)/claustrum/putamen
3 552 11.29 —4 —28 14 Left posterior thalamus (pulvinar)
9.48 6 —26 12 Right posterior thalamus (pulvinar)
4 448 10.49 —2 —10 44 Left/right cingulate gyrus (BA 24)
10.03 2 -8 34 Right/left cingulate gyrus (BA 24)
5 336 9.99 —4 —28 30 Left posterior cingulate gyrus (BA 23)
6 240 10.67 —40 —-32 14 Left parietal operculum (OP2), retroinsular cortex (Ri)/Heschl’s
gyrus
7 224 10.70 -4 -4 4 Left anterior thalamus (ventral anterior nucleus, anterior nucleus)
8 112 9.75 8 -16 4 Right thalamus (medial dorsal nucleus)
(b) Relative left ear “excitation”
1 4800 24 .95 —38 —20 14 Left posterior insula (gyrus 1V)/left Heschl’s gyrus
11.41 —48 —36 24 Left retroinsular cortex (Ri)
9.83 —46 —38 12 Left superior temporal gyrus (BA 22)
2 1576 10.85 40 -30 14 Right retroinsular cortex (Ri)/parietal operculum (OP2)
10.83 38 —-16 16 Right posterior insula (gyrus 1V)
3 424 11.13 —48 0 22 Leftinferior frontal gyrus/precentral gyrus
4 376 13.40 42 10 —8 Right anterior insula (gyrus II, 1)
5 304 10.85 34 0 2 Right putamen/claustrum/anterior insula (gyrus IIl)
6 264 11.40 —52 6 0 Left parietal operculum/anterior insula (gyrus Ill)
7 144 10.01 —2 —2 46 Left cingulate gyrus (BA 24)
8 120 9.23 -36 -2 8 Left anterior insula (gyrus lll)/claustrum

More recent monkey research, combining electrophysio-
logical and MRI investigation of the PIVC, confirmed that
“most PIVC neurons were recorded within area Ri (retro-
insular cortex) and in the transition zones between S2
(secondary somatosensory cortex), Ri and Ig (insular
granular field)” (Chen et al., 2010).

More superficial aspects of the Sylvian fissure were
also activated by vestibular stimulation. Clusters of activa-
tion were found to overlap with the parietal and temporal
banks of the Sylvian fissure, including Heschl’s gyrus,
superior temporal gyrus (BA 41 and 22), middle temporal
gyrus (BA 37/19) and the inferior parietal lobule (BA 40).
The involvement of the superficial aspects of the Sylvian
fissure in vestibular processing has been reported in con-
scious epileptic patients in whom electrical stimulation of
the superior and middle temporal gyri and inferior parietal
lobule evokes self-motion perception (Penfield, 1957;
Blanke et al., 2002; Kahane et al., 2003). Epileptic foci
and lesions of the temporo-parietal cortex may also
induce seizures with vestibular aurae (Penfield and
Kristiansen, 1951; Smith, 1960; Heydrich et al., 2011).
In a recent attempt to localize the vestibular cortex in a
large sample of epileptic patients, Kahane et al. (2003)
investigated vestibular responses after stimulations of a
large temporo-parietal region. These authors proposed

a vestibular representation in a region they designated
as the temporo-peri-Sylvian vestibular cortex: an area
“distributed around the posterior part of the insula but
clearly located more superficially, without involving the
insula strictly speaking”. Thus, according to these
authors, the vestibular cortex would be localized more
superficially than proposed in other studies (Brandt and
Dieterich, 1999) and would not necessarily involve the
insula (Kahane et al., 2003). The results from the present
meta-analysis confirm vestibular processing in the supe-
rior temporal gyrus and in the inferior parietal lobule (i.e.
in the superficial structures of the Sylvian fissure). How-
ever, we observed the most consistent vestibular repre-
sentation in the depth of the Sylvian fissure involving the
insula, the retroinsular region and the parieto-frontal oper-
culum. This is further discussed in the section “Overlap
between CVS, GVS and sound-induced activations”.

Postero-medial parietal activations. Another signifi-
cant parietal cluster was found in the postero-medial pari-
etal cortex for CVS, but not for GVS and sounds. The
cluster was located in the mesial extent of BA 7, which
is the core region of the precuneus. The precuneus has
been involved in various cognitive functions such as spa-
tial and mental imagery, processing related to the self,
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and first-person perspective taking (review in Cavanna
and Trimble, 2006). Previous neuroimaging studies
showed that the precuneus is also involved in the percep-
tion of self-motion (Kovacs et al., 2008), in whole-body
motor imagery (Jahn et al., 2004) and mental navigation
(Ghaem et al., 1997). The vestibular processing in the
precuneus suggested by the present meta-analysis is cor-
roborated by clinical studies showing that electrical stimu-
lation of the precuneus may induce self-motion perception
(Kahane et al., 2003; Wiest et al., 2004). We note that, to
the best of our knowledge, no homologous region has
been described in animals as receiving vestibular inputs.
Yet, despite the relatively close structure of the medial
parietal cortex in humans and other Primates, the exact
equivalence between the human and monkey precuneus
remains to be precisely determined (Cavanna and
Trimble, 2006). Tracer studies in animals indicate that
the main subcortical connections of the precuneus origi-
nate from the thalamus (ventrolateral nucleus, lateral pul-
vinar and intralaminar nuclei), the claustrum, caudate
nucleus and putamen (Cavanna and Trimble, 2006).
Several of these regions were found activated during ves-
tibular stimulation in the present meta-analysis. To date,
only the lateral aspect of the parietal area 7 has been
shown to receive vestibular signals in animals
(Faugier-Grimaud and Ventre, 1989).

Frontal activations. Only few significant clusters were
located in the lateral frontal cortex for CVS and GVS,
but not for sounds (for medial frontal activations, see
the section “Cingulate activations”). No overlap between
CVS, GVS and sounds was found in the frontal cortex.
CVS and GVS activate the bilateral frontal operculum,
often corresponding to the large Sylvian clusters extend-
ing to the neighboring frontal lobes. The activations were
located in the precentral gyrus and in the inferior frontal
gyrus (BA 44 and BA 6). Activation of the most ventral
part of the frontal lobes, including the pars opercularis of
the inferior frontal cortex, has not been reported in ani-
mals. Some authors have proposed that these activations
could represent the human equivalent of the monkey’s
vestibular region located in the anterior and ventral part
of premotor area 6 (Lobel et al., 1998). Another significant
cluster was found for CVS in the left superior frontal gyrus
(BA 6), in the vicinity of the premotor cortex but, more dor-
sally than the frontal eye fields (Blanke et al., 2000b).
Several electrophysiological studies in animals revealed
vestibular projections to frontal areas involved in the con-
trol of motor and oculomotor functions, such as area 6,
area 4, and the frontal eye fields (Ebata et al., 2004;
Fukushima et al., 2004). We note that not all neuroimag-
ing studies were performed in darkness or with eyes
closed. Thus, activities in the frontal cortex could be
involved in the control of eye movements induced by the
vestibular stimulation itself. For example, the frontal eye
fields have been involved in the modulation of the caloric
vestibular nystagmus by fixation (Naito et al., 2003). This
is consistent with the idea that vestibular processing in the
frontal cortex controls some aspects of the vestibulo-
ocular reflex, generation of saccades, and smooth pursuit
eye movements (Fukushima et al., 2004).

Cingulate activations. Two significant clusters were
found at the level of the anterior cingulate cortex (ACC)
during CVS, but not during GVS and sounds. The clusters
were located in the caudal part of the ACC rather than in
the rostral part, two regions that can be dissociated ana-
tomically and functionally (Devinsky et al., 1995; Paus
et al., 1998). The caudal part of the ACC, encompassing
BA 24 and BA 32, has been involved in attention and
motor control (Paus et al., 1993; Devinsky et al., 1995;
Paus et al., 1998; Koski and Paus, 2000). Cytoarchitec-
tonic mapping of the caudal part of the ACC showed that
this region contains pyramidal neurons involved in the
motor control of the arm and hand. Such regions, known
as cingulate motor areas, send projections to the spinal
cord (Dum and Strick, 1991). Thus, the clusters reported
here may represent neural substrates of the vestibular
control on motor and spatial functions such as directed
attention (Corbetta et al., 1993). A PET study conducted
during deep brain stimulation in patients suffering from
essential tremor demonstrated that electrical stimulation
of part of the vestibular thalamus (the nucleus ventralis
intermedius) increased the regional cerebral blood flow
in the ipsilateral and contralateral cingulate gyrus
(Ceballos-Baumann et al., 2001). This activation of the
cingulate gyrus is consistent with anatomical studies in
monkeys revealing a vestibular region in the mesial
surface of the frontal cortex, a region that Grisser and
colleagues named the “vestibular cingulate region”
(Guldin and Grusser, 1998). Although the vestibular
cingulate region is connected with other vestibular regions
such as the PIVC, area 3a, and VPS (Guldin and Grisser,
1998), there is no electrophysiological evidence that neu-
rons in this cortex are activated by vestibular stimulation.

Thalamic activations. The present ALE meta-analysis
revealed only a few clusters in the thalamus. This may
partly be due to the fact that we used a spatial threshold,
restricting the results to clusters whose volume was larger
than 100 mm?. Indeed, thalamic activations during vestib-
ular stimulation are likely to be of limited spatial extent
because vestibular-responsive neurons are located in
small patches distributed in several thalamic regions
rather than localized in some specific thalamic nuclei
(Meng et al., 2007). Here, we found that CVS involved
the pulvinar and that GVS activated the ventral lateral
nucleus, extending into the ventral posterior lateral
nucleus. No region of overlap was found in the thalamus
for CVS, GVS, and sounds.

Activation of the medial pulvinar has been reported
during CVS as well as during proprioceptive stimulation
of the neck muscles (Bottini et al., 2001). In addition,
the pulvinar has been found activated during optokinetic
stimulation (Bucher et al., 1997), revealing that the pulvi-
nar is a nucleus where visual, proprioceptive and vestibu-
lar signals converge. The pulvinar is considered as a
second-order thalamic relay involved in complex thal-
amo-cortico-thalamic loops (Sherman and Guillery,
2002) and projecting to the extrastriate, temporal and
posterior temporal cortex (Jones, 1985). The results of
the present meta-analysis are corroborated by the map-
ping of the vestibular thalamus in various animal species
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(review in Lopez and Blanke, 2011). Electrophysiological
recordings in the pulvinar of squirrel and macaque mon-
keys also revealed neurons responding to vestibular stim-
ulation (Meng et al., 2007; Marlinski and McCrea, 2008).
In addition, tracer studies in the squirrel monkey indicated
that the lateral pulvinar is connected to the PIVC and area
T3, and that the anterior and medial pulvinar are con-
nected to area 3aV (Akbarian et al., 1992).

The present analysis also revealed a significant clus-
ter in the ventral lateral (VL) nucleus, extending caudally
into the ventral posterior lateral nucleus (VPL). Anatomi-
cal studies revealed that VL and VPL receive vestibular
projections from the vestibular nuclei (Kotchabhakdi
et al., 1980). The VL is known to receive projections from
the cerebellum (Percheron et al., 1996) and from several
cerebellar nuclei such as the fastigial nucleus, dentate
nucleus, and anterior interposed nuclei (Meng et al.,
2007). The VL provides signals to the motor and premotor
cortex (BA 4 and 6) and is certainly involved in the vestib-
ular control of the structures regulating human motion.
The VPL is a major relay of tactile and proprioceptive
signals to the somatosensory cortex (Jones, 1985). It
has also been described as a vestibular relay to several
parietal and peri-Sylvian vestibular areas in the cat and
monkey (Blum et al., 1979), where vestibular-tactile and
vestibular-proprioceptive signals converge.

Basal ganglia and cerebellum. The clusters found in
the Sylvian fissure were found to extend into the claus-
trum and the putamen, overlapping with the extreme
and external capsules. The claustrum lies under the
surface of the insula from which it is separated by the
extreme capsule. It is difficult to conclude from the pres-
ent meta-analysis whether this represents a specific
activation of the claustrum or a spread of the insular acti-
vation to the medial part of the brain. Activation of the
insula/claustrum region has been reported in previous
studies (e.g. during cross-modal transfer of information
between touch and vision: Hadjikhani and Roland,
1998). Diffusion tensor imaging and anatomical methods
indicate that the claustrum is strongly interconnected with
most of the other cortical areas (Fernandez-Miranda
et al., 2008) including the insula (Augustine, 1996). The
functions of the claustrum are rather unclear but some
authors have proposed its involvement in multisensory
integration (Hadjikhani and Roland, 1998) and in the gen-
eration of conscious percepts (Crick and Koch, 2005).

Other basal ganglia activation found during CVS con-
cerned the putamen. We note that there is only a poor
description of vestibular processing in the human puta-
men. It has been found activated during self-motion per-
ception induced by CVS (Bottini et al., 1994; Dieterich
etal., 2003), GVS (Bense et al., 2001), and during visually
induced self-motion illusions (Kovacs et al., 2008). The
generation of an optokinetic nystagmus and other eye
movements has also been related to putamen activation
(Dieterich et al., 1998). Therefore, some authors have
proposed that the involvement of the putamen during ves-
tibular stimulation could be related to the oculomotor func-
tions of the putamen, which would receive efferent
projections from the frontal oculomotor cortex and the

anterior insula (Bense et al., 2001). Electrophysiological
recordings in squirrel monkeys also corroborated vestibu-
lar processing in the putamen (Liedgren and Schwarz,
1976). Moreover, anatomical studies revealed that the
putamen, together with the claustrum and the tail of the
caudate, is connected with the insula (Augustine, 1996).

We also observed a significant cluster in the anterior
lobe (lobule VI) of the cerebellum during GVS. A recent
ALE meta-analysis investigating cerebellar functions
demonstrated that the anterior lobe of the cerebellum,
and to a lesser extent lobule VI, contribute to sensorimo-
tor, spatial, and emotional processing (Stoodley and
Schmahmann, 2009). The anterior lobe of the cerebellum
has been shown to receive afferents from the spinal cord
and to be reciprocally connected to the motor cortex.
Vestibular projections to the cerebellum are numerous
(Buttner-Ennever, 1999) and they control eye movements,
body posture (Baier et al., 2008), and adapt the velocity of
the caloric vestibular nystagmus (Naito et al., 2003).

Overlap between CVS, GVS and sound-induced
activations

The present meta-analysis revealed that regions showing
overlap between two or three vestibular stimulation meth-
ods were selectively located in the insula, the parietal
operculum, and the retroinsular cortex (Fig. 4).

The middle (short gyrus Ill) and posterior (long gyrus
IV) insular cortex showed convergence between CVS
and GVS, suggesting that this area receives afferents from
all types of vestibular receptors. As stated above, electro-
physiological recordings in monkeys revealed vestibular
responses in the posterior insula, a region strongly inter-
connected with all other vestibular regions (Grisser
etal., 1990; Guldin and Griisser, 1998). Our data also sug-
gest that signals from the semicircular canals and otolith
receptors converge in the insula, as revealed by methods
involving different subtypes of vestibular receptors. The
insula has also been described as an important area of
convergence for self-motion signals including vestibular,
optokinetic, proprioceptive and tactile signals (Bottini
et al., 2001; Hegemann et al., 2003; Bjornsdotter et al.,
2009). In patients with a bilateral vestibular failure, the acti-
vation of this region is strongly reduced, suggesting that it
usually processes vestibular signals (Bense et al., 2004).

In the parietal operculum we found convergence
between CVS and GVS, suggesting that this area also
receives afferents from all categories of vestibular recep-
tors. The importance of the parietal operculum in vestibu-
lar processing has been stressed by Eickhoff and
colleagues (2006b), who combined fMRI and cytoarchitec-
tonic mapping, proposing that the human equivalent of the
PIVC is located in OP2. The analysis of the cytoarchitec-
tonic organization of OP2 revealed that this region resem-
bles a koniocortex and thus has the structure of other
primary sensory cortices. As pointed out by the authors,
there is a strong anatomical analogy between the human
OP2 and the monkey PIVC. Indeed, OP2 “is located deep
within the Sylvian fissure at the junction of the posterior
parietal operculum with the insular/retroinsular region”
(Eickhoff et al., 2006b) and therefore strongly resembles
the location of the monkey PIVC (Grisser et al., 1990;
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Guldin and Grisser, 1998). A recent meta-analysis sug-
gested that the right area OP2 is a core vestibular region
because it shows a convergence of methods employing
CVS and non-caloric stimulation (Zu Eulenburg et al.,
2012). In addition, left and right cold CVS evoked activa-
tions overlapping in OP2 (Zu Eulenburg et al., 2012) and
functional connectivity analysis demonstrated that OP2
is connected with all other brain areas revealed by this
meta-analysis (temporo-parietal, premotor and mid-
cingulate cortex; Zu Eulenburg et al., 2012).

Here, we argue that the retroinsular cortex is another
important region for central vestibular processing because
it shows a robust convergence between CVS and GVS,
CVS and sounds, and GVS and sounds. In addition, only
one cluster located in the retroinsular cortex showed an
overlap of activations related to all three types of vestibular
stimulation. The retroinsular cortex may be a central region
for canal-otolith integration, or may be a central region for
processing otolith/tilt signals due to the fact that the three
main stimulation methods that are available to date all
involve otolith/tilt responses (see Fig. 1). The area of
maximal overlap between the three stimulation methods
was located in the left retroinsular cortex, at the most caudal
part of the Sylvian fissure corresponding to the junction
between the inferior parietal cortex and the superior
temporal cortex. Such activation was located immediately
posterior to OP2, which has been shown to extend into
the retroinsular cortex, but not to the most caudal part of
the Sylvian fissure (Eickhoff et al., 2006a). Thus, the area
of maximal convergence revealed by our study is located
in the retroinsular cortex, in close vicinity to OP2 (Eickhoff
et al., 2006b; Zu Eulenburg et al., 2012), rather than in the
posteriorinsula as could have been expected from previous
clinical and neuroimaging studies. We note that the conver-
gence of CVS, GVS, and sound-related activations at the
junction between the retroinsular cortex and OP2 is in line
with the description of the PIVC in Java monkeys showing
that “the main clusters of vestibular neurons were found in
the upper bank of the lateral sulcus at the transition of its
opercular part into the retroinsular region” (Grisser et al.,
1990) (see Fig. 6). Furthermore, the fact that the region of
convergence is located in the retroinsular cortex is consis-
tent with the cytoarchitectonic organization of the Java
monkey’s PIVC, revealing that most of the vestibular-
sensitive neurons were recorded within a sub-region called
reipt (area retroinsularis pars parietalis) or Ri (area
retroinsularis) and in the transition zones between SlI, Ri
and Ig (Grisser et al., 1990). Similar conclusions were
recently drawn from anatomical observations in Rhesus
monkeys revealing neurons responding to both sinusoidal
rotations and translations in the retroinsular cortex, rather
thanin Ig (Chen et al., 2010; Liu et al., 2011) (see Fig. 6).
These latter anatomical and electrophysiological studies
thus demonstrated a convergence of signals from the semi-
circular canals and otoliths in the retroinsular cortex that
helped the disambiguation of gravito-inertial forces (Liu
et al., 2010). We conclude this paragraph by emphasizing
that this meta-analysis provides the first demonstration of
aconvergence of canal and otolith signals in the retroinsular
cortex by merging available neuroimaging data recorded
during various stimulating methods.

ventral

Fig. 6. Localization of the vestibular cortex in the lateral fissure of
Old World (rhesus monkey) and New World (squirrel monkey)
non-human primates. (A) Localization of vestibular-responsive
neurons in the lateral sulcus of a rhesus monkey (Macaca
mulatta). Black dots represent recording sites at which vestibular
responses were recorded. Adapted from Chen et al. (2010). (B)
Localization of the vestibular cortex by a statistical analysis of the
cortico-cortical connections in squirrel monkeys (Saimiri sciureus).
Adapted from Guldin and Grisser (1998). 2v, vestibular region in
Brodmann area 2; 7op, area 7 operculum; A1, primary auditory
cortex; Ig, granular insular cortex; Id, disgranular insular cortex;
PA, para-acoustic area; PIVC, parieto-insular vestibular cortex;
reipt, area retroinsularis pars parietalis; Ri, retroinsular cortex; S2,
secondary somatosensory cortex; VPS, visual posterior Sylvian
area.

Laterality of vestibular projections

The additional meta-analysis conducted in right-handed
participants indicates two main findings concerning the
laterality of the vestibular projections:

— The first result is that during the “activation” of one ear,
both cerebral hemispheres are activated, thus reveal-
ing that vestibular projections are bilateral. Consistent
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with our data, the recent use of Doppler ultrasound
combined with GVS revealed that the cerebral blood
flow increased in both cerebral hemispheres, indicating
bilateral vestibular projections from one peripheral ves-
tibular organ (Schlosser et al., 2008).

— The second result is that the activation in the hemi-
sphere ipsilateral to the “activated” ear is larger (in
terms of volume) than the activation in the contralat-
eral hemisphere. This suggests a potential ipsilateral
dominance of vestibular projections in right-handed
subjects (Fig. 5B and C). In order to interpret correctly
our findings, it is important to note that the ALE maps
were calculated on the basis of studies simulating
either a movement to the right (relative right-ear
excitation) or to the left (relative left-ear excitation).
Thus, for the calculation of these individual ALE maps,
we included studies using different stimulation meth-
ods and paradigms (e.g. cold and warm CVS), but
with a coherent pattern of behavioral effects evoked
by the vestibular stimulation (see Table 2). We believe
that, because the vestibular cortex is a motion-
sensitive cortex, it was appropriate to merge studies
based on the behavioral consequence of the
vestibular stimulation. Nevertheless, the use of CVS
with cold or warm water may have activated different
subregions of the insular cortex (Davis et al., 1998),
but these activations may not converge sufficiently
across studies to be statistically revealed by the
meta-analysis.

Although our data are indicative of larger activations
in the ipsilateral hemisphere, it is not possible to conclude
from the present meta-analysis about the intensity of the
vestibular response in the ipsilateral and contralateral
vestibular regions. However, a previous study used
electroencephalography to measure the amplitude of scalp
potentials evoked by direct electrical stimulation of the
vestibular nerve in patients undergoing a resection of the
vestibular nerve (de Waele et al., 2001). These authors
showed that early vestibular-evoked potentials recorded
at electrodes located ipsilateral to the stimulated nerve
were larger than those recorded contralaterally. Such
predominant activation of the ipsilateral cortex has been
emphasized by Dieterich and colleagues in a series of
studies in healthy and brain-damaged patients (Dieterich
et al., 2003, 2005). Interestingly, this pattern of dominant
ipsilateral projections does not confirm the knowledge
obtained from animal data. Although bilateral projections
have been reported in animals, electrophysiological
recordings have in general stressed contralateral
projections to the cerebral cortex, with stronger
vestibular-evoked potentials on the side contralateral to
the stimulation (Odkvist et al., 1974; Ebata et al., 2004).
In addition, the laterality of the cortical projections for the
vestibular system differs from the strongly lateralized
contralateral pathways in the visual and somatosensory
systems (Squire et al., 2008). It also differs from the
bilateral, although mainly contralateral, neural pathways
reported for the auditory system (Squire et al., 2008). More
work is necessary, to investigate the laterality of cortical
vestibular projections.

Methodological limitations for localizing the
vestibular cortex

The present ALE meta-analysis aims at localizing the
regions that are most commonly activated by various
methods to stimulate the vestibular receptors. However,
the meta-analysis incorporates coordinates of activation
from studies employing different methods, experimental
paradigms, neuroimaging techniques and number of par-
ticipants. The meta-analysis is supposed to incorporate
this variability and to statistically evaluate the chance that
a given voxel shows a convergence of activation between
multiple studies. However, the results of any coordinate-
based meta-analysis may be influenced by several factors
that we detail below.

First, the number of studies and activation foci
included in our different meta-analyses is variable (261
foci were analyzed for CVS, 58 foci for GVS and 33 foci
for sounds). We acknowledge that this is a limitation of
the present meta-analysis and that due to the small
number of foci included in the GVS and sounds meta-
analyses, the results have to be seen carefully. We note
that analyses with small samples have been conducted
by others (e.g. Grosbras et al., 2012) and researchers
who developed the ALE algorithm indicate that the
meta-analysis of sensory functions (as opposed to cogni-
tive processing) require fewer activation foci for the anal-
ysis (Laird et al., 2005). Laird et al. (2005) thoroughly
discussed the issue of the number of foci included in an
ALE meta-analysis. These authors showed that the
results of the ALE meta-analysis are indirectly influenced
by the number of foci included. However, they indicate
that “although the dependency on [the number of foci]
causes some difficulty when assessing and making infer-
ences on the results of a meta-analysis of 75 foci and
another of 375 foci, it is not necessarily an artifact that
invalidates the ALE method itself.” Here, the individual
meta-analyses were conducted using similar statistical
thresholds with P < 0.05, a similar minimum cluster size
of 100 mm?, and importantly identical correction for false
discovery rate. Laird et al. (2005) showed that false
discovery rate correction is strongly adapted to threshold
ALE maps calculated on the basis of small and large
samples of activation foci.

The second point is that the studies included in the
present meta-analysis employed very different methods
to stimulate the vestibular receptors. For example,
regarding CVS, which has been the most common tech-
nique to stimulate the vestibular system, irrigation of the
auditory canal was applied always monaurally, but with
different temperatures. Most studies (10/15 contrasts)
used irrigation of the ear with cold water (iced water, 0°,
4°,10° or 20°), while few studies (5/15 contrasts) used irri-
gation with warm water (at 44°). Recently, Maes et al.
(2007) failed to find a difference in eye movements
responses evoked by warm and cold CVS, but these
authors indicate that several studies reported a stronger
effect of warm than cold CVS. Consequently, the neural
responses elicited by the various thermal stimulations
may differ in terms of amplitude, because irrigation at 0°
should evoke stronger self-motion perception and larger
brain activations than irrigation at 20° (see Kolev, 2001).
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However, the present ALE meta-analysis used the coordi-
nates of the peaks of activation reported in neuroimaging
studies and analyzed their convergence. This approach
does not allow to take into account the intensity of the
activations reported in the original publications.

A third and important point concerns the contamination
of the results of the meta-analysis by non-specific, but
nevertheless consistent, sensorimotor components in the
original neuroimaging studies. Overlaps between activa-
tions evoked by at least two stimulation methods were
found in the retroinsular cortex, OP2 and the posterior
insula. These regions likely represent important sites for
vestibular processing. However, one can question to what
extent they may also be involved in non-vestibular and
non-specific aspects of vestibular stimulation (for a discus-
sion, see Emri et al., 2003). Indeed, CVS is associated
with tactile and thermal stimulation of the external auditory
canal, sometimes with nociceptive stimulation, as well as
with auditory stimulation. GVS may induce unpleasant,
pain and heat sensation under the electrodes attached
to the skin. Sound-induced stimulation invariably activates
auditory receptors. In addition, CVS and GVS may induce
slight feelings of nausea, vertigo, and modify the subject’s
arousal. Various authors have made attempts to eliminate
non-specific co-activations of the tactile, thermal, nocicep-
tive and auditory systems. The nociceptive stimulation
induced by GVS at the level of the mastoid processes
has been corrected in some studies by analyzing activa-
tions induced by the same stimulation applied over other
skin regions (Lobel et al., 1998; Bense et al., 2001). The
auditory stimulation induced by clicks and short-tone
bursts has been corrected by subtracting activations
induced by low-intensity clicks or white noise controlling
for the loudness of the auditory stimuli (Miyamoto et al.,
2007; Schlindwein et al., 2008). Controlling for tactile
and thermal effects of CVS has been done, for example,
by starting the scanning 10—25 s after the termination of
the irrigation (Bottini et al., 2001; Dieterich et al., 2003).
However, despite various attempts to control for unspe-
cific co-activations of the somatosensory systems, it
remains difficult to exclude them entirely and this may
have partly affected the reported results, and hence the
present meta-analysis. Indeed, if a sensory system is
non-specifically activated in a large number of studies, it
may appear in the results of the ALE meta-analysis, which
calculates convergence across studies. Especially, tactile
and thermal stimulation of the ear or mastoid processes is
common to studies using CVS and GVS (although not to
sound-related vestibular activations), and may therefore
be apparent in the results of the present meta-analysis.
Recent fMRI studies showed that the insular and opercular
regions respond to pain and thermal stimulation applied to
the hand and foot (Davis et al., 1998; Baumgartner et al.,
2010). However, it should be noted that somatosensory
representations of the ears are located more dorsally in
the somatosensory cortex than the regions found in the
present study (Nihashi et al., 2002). In addition, CVS
and GVS activate some common regions (retroinsular cor-
tex) with auditory clicks and short-tone bursts, despite the
fact that these latter auditory stimulations do not activate
tactile and thermal receptors. Another strong argument

speaking in favor of a vestibular representation in the ret-
roinsular cortex and insula comes from the observation
that CVS applied in patients with vestibular loss induces
no or a drastically reduced activity in these regions (Bense
et al.,, 2004). In addition, the statistical comparison of
activations induced by CVS in healthy participants versus
patients with a vestibular deafferentation (thus controlling
for somatosensory co-activations of the CVS) showed a
stronger activity in the retroinsular and insular region in
the control population (Emri et al., 2003; Bense et al.,
2004). New paradigms will have to be developed in the
future to better control for the possible thermal and tactile
influence of CVS and GVS, and hopefully achieve more
selective vestibular stimulation.

Functional and clinical significance

We believe that the present results may help understand
some of the mechanisms underlying the behavioral
effects of vestibular stimulations in healthy and neurolog-
ical populations. CVS and GVS have often been used as
methods to investigate the influence of vestibular signals
on various cognitive functions in healthy participants (for
recent reviews, see: Miller and Ngo, 2007; Utz et al.,,
2010). The behavioral effects of CVS and GVS are
multiple and this can be explained by the wide vestibular
projections to the parietal, temporal, frontal and insular
cortices reported in the present meta-analysis and in pre-
vious neuroimaging studies. Thus, vestibular stimulations
have been shown to modulate performance in simple
visual-spatial tasks such as line bisection, perception of
straight ahead, and visual vertical perception (Utz et al.,
2010). Not much is known about the underlying mecha-
nisms. Fink et al. (2003) showed that the influence of
GVS on line bisection judgments is related to vestibular
interference with the posterior parietal cortex and ventral
premotor cortex. More complex spatial functions, such
as mental imagery of bodies and objects, are also known
to be influenced by CVS (Mast et al.,, 2006) and GVS
(Lenggenhager et al., 2008). Such effects may be
explained by the numerous vestibular projections to the
parietal cortex and temporo-parietal cortex. Based on
these results it has been proposed that part of the vestib-
ular cortex may be engaged in mental imagery of whole-
body motion (Blanke et al., 2005). Finally, several studies
proposed a vestibular contribution to spatial memory,
based on vestibulo-hippocampal interactions. However,
such interaction is not corroborated by the results of the
present meta-analysis that did not reveal consistent acti-
vation of the hippocampus as in previous studies (Vitte
et al., 1996; Suzuki et al., 2001).

Interestingly, vestibular stimulations have been used
to modulate bodily symptoms in neurological disease.
The beneficial influence of CVS has been demonstrated
in the case of spatial neglect, hemianesthesia, anosogno-
sia and somatoparaphrenia (Bottini et al., 1995), all of
them are deficits concerning the perception, awareness
and ownership of the body. Therefore, it was proposed
that vestibular signals interfere with the neural bases of
body representation and awareness. For example, vestib-
ular stimulation can temporarily suppress disownership
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for body parts in neurological patients suffering from
somatoparaphrenia. Interestingly, disownership for body
parts has been attributed to damage to the posterior insu-
la (Karnath et al., 2005), and the vestibular representation
found in the posterior insula by the present analysis pro-
vides a neural basis of the influence of CVS on body part
ownership. Another example is the influence of CVS on
hemianesthesia. Bottini et al. (2005) have proposed that
vestibular-tactile interactions are mediated by the second-
ary somatosensory cortex, insula, retroinsular cortex, and
superior temporal gyrus. Especially, they found that CVS
interferes with tactile processing in a region closely over-
lapping with the retroinsular cortex/OP2 region revealed
by the present analysis (they found activations in the right
hemisphere: x = 54, y = -32, z = 24; and in the left
hemisphere: x = 52, y = —40, z = 26). The regions that
our analysis proposes to be activated in the posterior
Sylvian region could thus be involved in vestibular-
somatosensory convergence. Such multisensory conver-
gence in the retroinsular cortex has also been proposed
based on electrophysiological results in monkeys:
Robinson and Burton (1980) showed that 74% of retroin-
sular neurons respond to somatosensory stimuli and
Chen et al. (2010) found a high concentration of
vestibular-responsive neurons in the retroinsular cortex.
Such convergence may also explain the modulation of
tactile acuity reported after CVS in healthy participants
(Ferre et al., 2011).

Finally, the mapping of the human vestibular cortex is
also important to interpret recent findings according to
which vestibular processing would be involved in the
highest levels of body representation, cognition, and
self-consciousness. CVS has been reported to induce
symptoms of depersonalization and derealization in
healthy participants, and patients with vestibular disorders
may experience disorders of the self, including separation
of the self from the body (Yen Pik Sang et al., 2006). It
has also been proposed that the vestibular cortex may
overlap with brain regions involved in processing related
to self-location (lonta et al., 2011) and more generally
self-processing (Lopez et al., 2008). Such vestibular
regions may include the temporo-parietal junction, insula
and retroinsular cortex, as revealed in the present meta-
analysis.

CONCLUSION

The present ALE meta-analysis provides the first statisti-
cal description and comparison of the brain activations
evoked by various types of vestibular stimulation. The
results support the view according to which vestibular
processing depends on a network of brain regions whose
epicenter is located in the Sylvian fissure and surrounding
parieto-temporal and retroinsular regions. We believe that
the present results will be helpful to constrain future
behavioral experiments aiming to manipulate cognitive
and sensorimotor functions using CVS and GVS. Beyond
informing vestibular research and clinical work the pres-
ent data are also crucial to better understand the newly
described contributions of vestibular cortical signals to
internal models of gravity (Indovina et al., 2005), bodily

awareness (Bottini et al., 1995) and self-consciousness
(lonta et al., 2011).
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