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Abstract There is considerable evidence from studies
on cats and monkeys that several cortical areas such as
area 2v at the tip of the intraparietal sulcus, area 3av in
the sulcus centralis, the parietoinsular vestibular cortex
adjacent to the posterior insula (PIVC) and area 7 in the
inferior parietal lobule are involved in the processing of
vestibular information. Microelectrode recordings from
these areas have shown that: (1) most of these cortical
neurons are connected trisynaptically to the labyrinthine
endorgans and (2) they receive converging vestibular, vi-
sual and somatosensory inputs. These data suggest that a
multimodal cortical system is involved in postural and
gaze control. In humans, recent positron emission to-
mography (PET) scans and functional magnetic reso-
nance imaging (fMRI) studies have largely confirmed
these data. However, because of the limited temporal
resolution of these two methods, the minimum time of
arrival of labyrinthine inputs from the vestibular hair
cells to these cortical areas has not yet been determined.
In this study, we used the evoked potential method to at-
tempt to answer this question. Due to its excellent tem-
poral resolution, this method isideal for the investigation
of the tri- or polysynaptic nature of the vestibulocortical
pathways. Eleven volunteer patients, who underwent a
vestibular neurectomy due to intractable Meniere's dis-
ease (MD) or acoustic neurinoma resection, were includ-
ed in this experiment. Patients were anesthetized and the
vestibular nerve was electrically stimulated. The evoked
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potentials were recorded by 30 subcutaneous active elec-
trodes located on the scalp. The brain electrical source
imaging (BESA) program (version 2.0, 1995) was used
to calculate dipole sources. The latency period for the
activation of five distinct cortical zones, including the
prefrontal and/or the frontal lobe, the ipsilateral tempo-
roparietal cortex, the anterior portion of the supplemen-
tary motor area (SMA) and the contralateral parietal cor-
tex, was 6 ms. The short latency period recorded for each
of these areas indicates that several trisynaptic pathways,
passing through the vestibular nuclei and the thalamic
neurons, link the primary vestibular afferents to the cor-
tex. We suggest that all these areas, including the pre-
frontal area, process egomotion information and may be
involved in planning motor synergies to counteract loss
of equilibrium.

Keywords Vestibular evoked potentials - Vestibular
cortical areas - Electrical stimulation - Vestibular nerve -
Frontal cortex

Introduction

Clinical observations in patients with epilepsy (Foerster
1936; Penfield 1957; Schneider et al. 1968), cortical le-
sions, asymmetric caloric nystagmus (Fitzgerald and
Hallpike 1942), altered perception of verticality (Brandt
et a. 1994), vertigo (Brandt et al. 1995; Takeda et al.
1995) and impaired memory-guided saccades (Israél et
al. 1995; Pierrot-Deseilligny et al. 1995) suggest that
several cortical areas are involved in the processing of
vestibular inputs in humans. Recent studies using func-
tional imagery methods during caloric and galvanic stim-
ulations (Friberg et al. 1985; Bottini et al. 1994, 1995;
Vitte et al. 1996; Lobel et al. 1998; Bucher et a. 1998)
have largely confirmed these clinical findings. They
found that the posterior insula, the sulcus centralis (cor-
responding to area 3aV in the macaque monkey), the in-
traparietal sulcus (corresponding to area 2v), the supra-
marginal gyrus (corresponding to area 7b in the macague
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monkey), the anterior cingulate and the premotor cortex
are the areas which receive vestibular afferents. These
results largely corroborate previous morphological and
electrophysiological data obtained in cats and monkeys
(see for review Fukushima 1997; Guldin and Grusser
1998). However, although the trisynaptic nature of the
vestibulocortical pathways has been well demonstrated
in these species by use of microel ectrode recordings (due
to the short latency of the responses following stimula-
tion of the vestibular nerve), it is still unresolved in man.
Indeed, neither positron emission tomography (PET) nor
functional magnetic resonance imaging (fMRI) had suf-
ficient temporal resolution to determine the time vestibu-
lar information arrived in each of the cortical areas or to
search for a hypothetical primary vestibular cortex.

We therefore aimed to investigate whether vestibular
information was simultaneously processed in paralel in
each of cortical areas or whether a primary cortex dis-
tributed the afferent vestibular signals to associative ar-
eas in humans. We used the evoked potentials method
because its time resolution is compatible with the 5-ms
latency period of the trisynaptic pathway, which links
the labyrinth sensors to the cortex in monkeys (Fuku-
shima 1997; Guldin and Griisser 1998). The short laten-
cy vestibular potentials (SLVPs), evoked by peropera-
tive electrical stimulation of the vestibular nerve, were
recorded in anesthetized patients by 30 subcutaneous
electrodes located on the scalp. Patients included in this
study either underwent vestibular neurectomy due to in-
tractable Meniere's disease (MD) or acoustic heurinoma
(AN) resection. The brain electrical source imaging
(BESA) program (version 2.0, 1995; Scherg and Eber-
sole 1993) was used to calculate dipole sources. This al-
lowed us to determine: (1) the cortical areas that receive
the vestibular information during the first 20 ms after
the stimulation and (2) the time that the synchronized
vestibular volley arrives in each of these areas. Anesthe-
sia and curarization alowed us to be sure that the
evoked potentials were of vestibular and not of somes-
thetic origin.

Some of the results described here have already been
published in abstract form (Baudonniére et al. 1996; de
Waele et al. 1998).

Materials and methods

Subjects

According to the Helsinki declaration and the legislation concern-
ing clinical studies in patients (Huriet-Serusclat law), the experi-
mental procedures used in this study were thoroughly explained in
advance, all the subjects provided informed consent and their
rights were protected. The protocol was approved by the Ethics
Committee of the Saint Louis Hospital (No. 94 10).

Peroperative stimulation of the vestibular nerve
in anesthetized patients

Eleven patients participated in this experiment: seven patients un-
derwent unilateral vestibular neurectomy (five left, two right) to

cure medically intractable MD and four patients underwent vestib-
ular neurinoma resection (AN). They were anesthetized with fen-
tanyl (0.3 pg/kg) and Diprivan (2.5 mg/kg). The complete protocol
included several steps described below; however, due to different
constraints (availability of the patients pre- and postoperatively,
surgery complexities differing in each patient), it was rarely possi-
ble to fulfill all these steps. The number in brackets indicates the
number of patients who successfully underwent each stage of the
protocol.

Standard clinical procedures were used for the pre- and postop-
erative examination of vestibular and acoustic functions. These in-
cluded bithermal caloric testing, subjective vertical and horizontal
measurements, pure tone and vocal audiometry, vestibular evoked
myogenic potential (VEMP) testing, MRI and/or scanner investi-
gations. Once the crania nerves were exposed by the surgeon, the
vestibular nerve was stimulated and the SLV P successfully record-
ed before (n=7) and after (n=6) it was sectioned at its distal end or
before (n=4) and after (n=3) acoustic neurinoma resection. The
vestibular nerve was also stimulated and the SLVP recorded be-
fore and after curarization (Tracrium) in patients, whose ongoing
surgical treatment required this procedure (n=7; five left and two
right vestibular nerve stimulations). In two patients (aleft MD and
aright AN), the vestibular nerve was only stimulated during cura-
rization. Finaly, as a control, the facial nerve was stimulated in
one patient while recording the evoked potentials.

Stimulation protocol

Vestibular nerve stimulation during its surgical exposure
in anesthetized patients

The stimulation protocol was similar for the vestibular portion of
the VI1lIth nerve and for the facial nerve. The current pulse genera-
tor was electrically isolated from the patients by a battery operated
isolation unit. A sterile insulated bipolar stainless steel electrode,
with each branch of the electrode adjusted to a distance of 1 mm
apart, was used to stimulate the nerve. An operating microscope
was used to place and maintain the electrode in contact with the
various crania nerves. The area of contact was 0.1 mm for each
branch. Therefore, the stimulation of a given nerve refers to the
physical placement of electrode tips, and cannot exclude the oc-
currence of current spread to other surrounding nerves such as the
facial and the auditory nerves (see “Discussion”).

The nerves were stimulated with 0.2-ms square pulses of cur-
rent, between 0.2 and 1 mA, depending on the patient. The thresh-
old current, which was determined for the most sensitive lead, was
first determined in each subject by varying the placement of the
electrodes until the minimum stimulation that could evoke an
SLVP was found. The stimulation intensity was arbitrarily fixed to
3 times the threshold. Single shock stimulations were given every
85 ms (12 Hz), which alowed the evoked potentials resulting
from about 500 stimulations to be recorded in the shortest possible
time (approximately 40 s).

Data recording and data processing

A Nicolet SM 2000 amplifier was used to record evoked potentials
through 30 active electrodes. The electrode placed on the nose was
used as the reference (Fig. 1). An electrocap, which followed the
1020 international standard, was used to standardize the place-
ment of the electrodes. Filtered evoked potentials (band pass:
0.05-70 Hz) were stored online on the hard disk of a PC through
an AD converter sampling the signal at 1 kHz.

Visualization of the records allowed contaminating artifacts to
be eliminated (50, 100, 150 Hz contamination, displacement of
electrodes). The mean evoked potentials were calculated for 500
stimulations for each single nerve, in atime window of within —10
to 50 ms around the stimulation.



Fig. 1 Positioning of the 30 scalp electrodes

Mapping

Scalp potential maps were generated using a spherical surface
spline interpolation algorithm (Perrin et a. 1989). In addition, ra-
dia scalp current density (SCD) maps were obtained by comput-
ing the second spatial derivatives of the spline functions used in
potential map interpolation (Perrin et a. 1989). SCDs have the
properties of being reference free and of having sharper peaks and
valleys than scalp potential distributions. This facilitates interpre-
tation in cases in which they are multiple overlapping sources.

Dipole modeling

Dipole source analysis was performed by using BESA; Scherg and
Ebersole 1993; see “Materials and methods”) in afour-shell spher-
ical head model to calculate spatial-temporal models for the struc-
tures involved in the generation of the observed surface potential
distributions. To obtain the dipole models, an iterative fit proce-
dure is applied to optimize location parameters. Firstly, we at-
tempted to use regional sources and one dipole for modeling. Re-
sidual variance and the comparison of the fitted maps with the ex-
perimental data were then used to explore the effect of progres-
sively increasing the number of active dipoles. From a given con-
figuration of dipoles, the resulting surface potentials were calcu-
lated and compared with the observed distribution. A numeric al-
gorithm was used to iteratively modify the spatial parameters in
order to minimize the differences (measured by calculating the re-
sidual variance) between the observation and the model. In our
study, we added a criterion for the “goodness of fit,” the energy
criterion provided by BESA (weighted by a factor of 0.5) and a
separation criterion. Not only the residual variance was taken into
account, but also the energy of the source activity was minimized.
The search for the dipoles was successful and no constraints were
imposed by any of the assumptions based on electrophysiological
and anatomical studies.

The Brodmann's areas corresponding to the localization of the
various dipoles were calculated by use of a computer program
written in our laboratory, which used the Talairach and Tournoux
three-dimensional atlas of the human brain (Talairach and
Tournoux 1988).
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Fig. 2 SLVEPs following stimulation of the left vestibular nerve.
The averaged voltage issued from the pooled data of five cura-
rized Meniere's disease patients shows, in several electrodes, a
first positive or negative deflection occurring at an average latency
of 6 ms following the vestibular nerve stimulation (peak latency:
10-11 ms) and lasting about 15 ms. The major phase opposition
can be observed between the ipsilateral frontal areas (FP1, FPZ,
F7 vs F3, FZ, FC5, FC1). Other phase oppositions in the prefron-
tal, temporal, parietal and occipital areas can be noted (ordinates
amplitude in microvolts of the evoked potentials recorded on the
different scalp electrodes, abscissa time in milliseconds before or
after the vestibular nerve stimulation, vertical line stimulation on-
set). Scale bar 20 pv

Results

Voltage and current source density maps following
electrical stimulation of the vestibular nerve

The SLVPs were always recorded after the electrodes
were placed on the vestibular portion of the VIlIth nerve,
which did not induce contraction of the facial muscula-
ture. The results are presented as the mean voltage and
current density maps, constructed from the pooled data
of five curarized MD patients following stimulation of
the left vestibular nerve.

Figure 2 shows the averaged records from the 30 elec-
trodes. Following the vestibular nerve stimulation, a pos-
itive or negative deflection, lasting about 15 ms, was ini-
tially observed on several electrodes. As the sampling
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Fig. 3 Comparison of the latencies of the SLVEPs for the ipsilat-
era (T3, T5) and contralateral (T4 and T6), temporal (left panel)
and frontal (FP1, FC1, FPZ, F3 and FC5, right panel) electrodes.
Note that the mean latency to the onset of the response (2 SD
above noise level) is 3.5-5 ms for the temporal electrodes and
6—7 msfor the frontal electrodes

rate used was 1 kHz, the temporal resolution of the tech-
nique was plus or minus 1 ms.

The mean latency to the onset of the response (2 SD
above noise level) was statistically shorter for the tempo-
ral electrodes (3.5-5 ms, Fig. 3, left panel) than for the
frontal electrodes (67 ms, Fig. 3, right panel). The mean
latency to the peak response was close to 10 msin al the
active electrodes, in which the signal to noise ratio was
sufficient to determine the latency. However, it was sig-
nificantly earlier (mean: 9.5 ms; min: 9 ms; max: 10 ms,
P=0.012, Student’s t-test) for the temporal electrodes
compared with the frontal electrodes (mean: 10.7 ms,
min: 10 ms; max: 12 ms). After this initial peak, differ-
ent combinations of positive and negative wave forms
lasting about 25 ms were recorded. As illustrated in
Fig. 2, theinitial peak amplitude of the evoked potentials
recorded on the frontal electrodes (FP1, F7, F3, FC5,
FC1) ipsilateral to the stimulation side was always larger

. 10 11 12
v ms
:
v !
2 4 B!
i 4!
? .
a ] |
5 -
PR A
lI .
8 - :
' :
] ’
7 s ‘
IR
I___._._FP1 ....... FC1 FFZ —@—-F3 .____chl

than those recorded on the electrodes contralateral to the
stimulation side (FP2, F8, F4, FC6, FC2). Two distinct
phase oppositions were observed in the ipsilateral frontal
(FP1, F7 vs F3, FC5, FC1) and in the contralateral pari-
etal (P4, T4, CP2, CP6 vs Cz, C4 areas). When the stim-
ulation intensity was increased from 0.7 to 0.9 mA
(Fig. 4), the peak amplitude of the first SLV P deflection
increased on average by afactor of 2.

Voltage density maps (Fig. 5a) and current source
density maps (Fig. 5b) were constructed from the mean
records of the five curarized MD patients shown in
Fig. 2. These two types of maps are presented using
three different orientations. front view on the top row,
left view on the middle and rear view on the bottom row.
The current density maps (Fig. 5b) show four distinct ac-
tivated zones. a prominent activation throughout the pre-
frontal and/or frontal lobe ipsilateral to the side of the
vestibular nerve stimulation (Fig. 5b front and left view),
and three other areas of activation approximately corre-
sponding to the ipsilateral temporoparietal cortex
(Fig. 5b, left and rear view), the contralateral premotor
cortex (Fig. 5b, rear view) and the contralateral parietal
cortex (Fig. 5a, rear view). Of course, this description is
just an approximate view, afirst guide for a more precise
modelization with the BESA program.
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Fig. 5 Voltage (a) and current
source density (b) maps issued
from the pooled data of five
Meniere's disease patients.
These two types of maps are
presented using three different
orientations: front view on the
top, left view on the middle and
rear view on the bottom. The
current density maps show four
different activated zones: a
prominent activation involving
theipsilateral prefrontal and
frontal lobes (b, front and left
view) and three other areas of
activation roughly correspond-
ing to the ipsilateral temporo-
parietal area (b, left and rear
view), the contralateral premo-
tor area (b, rear view) and the
contralateral parietal cortex

(a, rear view)

-20 py
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Fig. 6 Short latency evoked
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The topography of the activated areas between the
end of the first peak (15 ms after the onset of the stimu-
lation) and the return of the signal to the baseline, 30 ms
later, was a simple reversal of the electric fields recorded
during the first 15 ms. No new cortical areas appeared to
be invaded by the afferent vestibular volley, after the
first 15 ms following the electrical shock in the anesthe-
tized subject.

The data were also analyzed for each individual pa-
tient. The onset and peak latency of the SLVP were com-
parable for al the seven MD subjects studied in detail.
Similarly, there was no consistent difference with the
overall pattern of activation described by pooling the da-
ta from the five patients who were left stimulated. There
was mirror symmetry in the activated areas in patients
whose |€eft or right sides were stimulated (not illustrated).
In contrast to their homogeneous topography, the SLVP
amplitudes differed from one patient to another and
sometimes from one series of stimulations to another in
the same subject. This may have been due to the manual
positioning of the stimulating electrodes or to the vari-
able state of the operating field. The only consistent
change was a decrease in the amplitude of the evoked
potentials with curarization.

Control stimulations

As a first control, the vestibular portion of the VIlith
nerve was electrically stimulated before and after its sec-
tion in three curarized patients. In all cases, sectioning
the vestibular nerve led to a threefold decrease in the
short latency vestibular evoked potential (SLVEP) am-
plitude, when the distal stump of the vestibular portion
of the VIlIth nerve was stimulated after the section. In
al these cases, the lack of impairment of the auditory
function after the operation shows that the acoustic por-
tion of the VIlIth nerve was preserved after the section.
To evaluate the current spread to the facia nerve, this
nerve was electrically stimulated in one patient before and
after curarization. The latency and topography of the
evoked potentias were completely different from the SLVP
evoked by the VIlIth nerve stimulation (Fig. 6, left). Curari-
zation abolished these evoked potentials in this patient,
which indicates their somesthesic origin and confirms the
efficacy of the curarization procedure used (Fig. 6, right).

Electrical source analysis of grand and individual
averages after the electrical stimulation of the vestibular
portion of the VI1Ith nerve in curarized patients

Pooled data from the five curarized MD patients who
were stimulated on the left side (grand mean) were used



Fig. 7 Electrical source dipole
analysis on the grand average.
Dipole 1 islocalized at the lim-
it of theipsilateral frontal and
prefrontal lobes; dipole 2 on
the transverse frontopol ar
and/or frontomarginal gyrus of
the prefrontal |obe, close to the
midline; dipole 3 on the contra-
lateral anterior portion of the
SMA (around the SEF); dipole
4 ontheipsilateral temporopa-
rietal area; and dipole 5 on the
contralateral superior occipital
gyrus, although close to the
midline. The X, Y and Z values
correspond to coordinatesin
the Talairach and Tournoux ste-
reotaxic atlas (1988)

BESA (C)
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to develop the model. The model was then applied to the
seven individual patients.

Dipole source analysis was performed by using BESA
(Scherg and Ebersole 1993). Fit criteria selected were:
20% for energy, 30% for variance minimum and 30% for
separation. Firstly, we attempted to use regional sources
and one dipole for modeling. Residual variance and the
comparison of the fitted maps with the experimental data
were then used to explore the effect of progressively in-
creasing the number of active dipoles (see “Materias
and methods” section). The best resulting model consist-
ed of five regional sources, with a residual variance of
0.41% within a 9- and 14-ms time window. Then, we
fixed the locations of sources and computed the orienta-
tion of each of the five dipoles: the residual variance was
then 1.48%. Dipoles 1 and 2 were up to 5 times more ac-
tive than dipoles 3, 4 and 5. Each dipole was then arbi-
trarily placed one by one in various localizations to test
whether the BESA program could find other minima. All
these attempts caused the dipoles to return to their initial
position.

Secondly, electrical source dipole analysis of the
grand average was mapped onto the Talairach and Tour-
noux stereotaxic atlas (1988). Dipoles were classified ac-
cording to their decreasing amplitude (Fig. 7, left vestib-
ular nerve stimulation) and were located as follows:

Dipole 1 was at the limit of the ipsilateral frontal and
prefrontal 1obe on the ipsilateral superior frontal gyrus.

Dipole 2 was on the transverse frontopolar and/or
frontomarginal gyrus of the prefrontal lobe, close to the
midline.

Dipole 3 was on the contralateral anterior portion of
the supplementary motor area (SMA) (around the sup-
plementary eyefield, SEF).

Dipole 4 was on the ipsilateral temporoparietal area,
on the precentral gyrus.

Dipole 5 was on the contralateral superior occipital
gyrus.

We also applied the model constructed from the grand
mean to each of the five patients whose left side was
stimulated and then in the two patients whose right side
was stimulated. In these right-stimulated patients, we
mirror this model. Clearly, the locations of the dipoles
were similar in different patients and to the grand mean.
Similarly, the individual residual variances were very
low, although slightly higher than for the grand mean
(residual variance less than 2%).

Finally, current source spline maps obtained from the
raw data were compared with current source spline maps
modeled from the dipoles determined by the BESA pro-
gram. The upper row (Fig. 8) shows the maps obtained
from averaged raw data 9, 10, 11, 12 and 13 ms after the
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Fig. 8 Current source spline
maps obtained from averaged
raw (upper part) and modeli-
zed (lower part) dataat 9, 10,
11, 12 and 13 msfollowing the
vestibular nerve stimulation

spline naps

RAW DATA

RESULT OF MODELIZATION

11 ns 12 ns

vestibular nerve was stimulated, whereas the lower row
(Fig. 8) corresponds to the maps resulting from the mod-
eling at the same times.

Discussion

Our results showed that five distinct cortical zones were
activated within 6 ms following vestibular nerve stimula-
tion. These data strongly suggest that vestibular informa-
tion is simultaneously processed in paralel in different
cortical areas and that a primary cortex is probably not
involved in the distribution of the afferent vestibular sig-
nals over associative areas.

Current spread to adjacent structures and other sources
of artifacts

Current spread to the facial and acoustic nerve

Current spread to the facial nerve is probably not a
source of artifact for three reasons:

1. The SLVPs were aways recorded following place-
ment of the electrodes on the VIlIth nerve, which did
not cause the facial muscles to contract.

2. Direct stimulation of the facial nerve evoked poten-
tials, which were 4 times larger than the SLVP and
had a very different topography.

3. Although smaller in amplitude, the SLVP had a simi-
lar topography in curarized and non-curarized pa-
tients.

Current spread to the acoustic nerve may have been an-
other source of artifact. Nevertheless, three criteria
helped to differentiate the auditory from the vestibular
areas of projections. The middle latency auditory evoked

potentials (MLAEPS), which correspond to auditory acti-
vation in the subcortical nuclei or in the primary auditory
cortical areas, have a minimum latency of 17 ms at the
Heschl gyri (Celesia et al. 1976; Deiber et a. 1988;
Fischer et a. 1994; Liegeois-Chauvel et al. 1994). This
contrasts with the 6-ms latency of the SLEVP in the
anesthetized patients. In addition, neither the shape nor
the SLVEP topography matched the well-known
MLAEP topography (see reference above). Finaly, in
three curarized patients, sectioning the vestibular nerve
caused athreefold decrease in the amplitude of the SLVP
when the distal stump of the vestibular nerve was stimu-
lated. The remaining signal could be attributed to current
spread to the proximal end of the sectioned nerve.

Eye movements

Electrical stimulation of the vestibular nerve may have
evoked minute eye movements (not monitored here),
which could be a potential source of artifact for the frontal
and prefrontal electrodes. We do not believe that thisisthe
case in the anesthetized subject for the following reasons:

1. Curarization did not modify the topography or the la-
tency of the prefrontal SLVEP. This is a good control
because curarization most probably suppressed the eye
movements as it suppressed the facial muscle twitches
induced by direct stimulation of the facial nerve.

2. The 6-ms SLVP latency period appeared to be too
short to be induced by eye movements.

3. The prefrontal SLVPs were restricted to the ipsilateral
side of the stimulation whereas eye movement arti-
facts would be expected to be bilateral.

4. The scalp electrodes such as F3, but also FC1 or FC5
which respond to the frontal SLVP, were too posterior
to be contaminated by oculomotor signals and in
phase opposition with other frontal electrodes.



Subcortical activations

Finally, it could be argued that the SLVEPs partly origi-
nated from dipoles located in the subcortex. The fact that
current source density maps were more sharply defined
than the voltage source density maps eliminated that pos-
sibility.

Parallel trisynaptic pathways mediating the SLVEPs

The earlier SLVEPs detected between 3 and 4 ms by the
ipsilateral electrodes located at the lower part of the tem-
poral lobe (T3, T5, see Fig. 3) most probably correspond
to the depolarization of the second-order vestibular neu-
rons. First, this value is similar to the temporal SLEVP
latencies recorded in humans during head angular
(Elidan et a. 1991) and linear (Knox et al. 1993) accel-
erations and following peroperative stimulations of the
vestibular nerve (Hausler and Kasper 1991), which are
believed to be generated at the vestibular nuclei level.
Second, the region we stimulated was approximately
1.6 cm from the brainstem and 2.5 cm from the vestibu-
lar nuclel (Lang 1981). If the largest first-order vestibu-
lar neurons conducted at approximately 100 m/s
(Colebatch et al. 1994), the minimum conduction time
between the locus of stimulation and the vestibular nu-
clel would be approximately 2.5 ms. Synaptic delay lasts
approximately 0.5 ms. Therefore, the onset of the depo-
larization of the second-order vestibular neurons proba-
bly began at 3 ms, which is consistent with previous esti-
mations in human studies (Héusler and Kasper 1991;
Elidan et a. 1991; Knox et al. 1993). For the two contra-
lateral electrodes (T4, T6; Fig. 3), the latency appears to
be larger. This could be due to the activation of the con-
tralateral vestibular nuclei through excitatory commissu-
ral fibers. However, due to the signal to noise ratio of the
method, it is extremely difficult to draw any conclusions.

The second relay of the vestibular information is tha-
lamic. Data (see Faugier-Grimaud and Ventre 1989 for a
summary) suggest that the nucleus ventralis posterior in-
ferior, the magnocellular division of the medial genicu-
late body and the intralaminar nuclel are relays for
the vestibular afferences. Data from monkeys (see
Hawrylyshyn et al. 1978) showed that a minimum
2.5-ms delay occurs between the thalamic and the corti-
cal neuron discharge (5 ms from the vestibular nerve to
the cortex minus 2.5 ms from the vestibular nerve to the
thalamus). Hence, the minimum latency compatible with
a trisynaptic pathway linking the vestibular nerve to the
vestibular nuclei (2 ms), the vestibular nuclei to the thal-
amus (1.5 ms) and the thalamus to the cortex (2.5 ms)
should be approximately 6 ms, which is consistent with
our results. As five distinct cortical areas were simulta-
neously activated by the electrical stimulation of the ves-
tibular nerve, a primary vestibular cortex probably does
not process vestibular information before distributing
them to associative areas. Trisynaptic parallel processing
in distinct cortical areasis more likely.
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Comparison with previously described topography
of the vestibular cortical projections

Apart from the early activation, corresponding probably
to the vestibular nuclei depolarization (see above), afirst
cortical projection encompasses mostly the temporopari-
etal area, ipsilateral to the vestibular nerve stimulation.
This area was previously described in human studies by
the use of PET scans and fMRI studies (Bottini et al.
1994, 1995; Vitte et al. 1996; Lobel et al. 1998; de Waele
et al. 1998; Bucher et al. 1998). Thisareais probably ho-
mologous to all or some of the areas defined as an “inner
circle” of vestibular cortical representations in monkeys,
including areas PIVC (parietoinsular vestibular cortex),
and 3a and 2V (Akbarian et a. 1993; Grisser et al.
1990a, 1990b; Guldin et al. 1992).

The second projection area was the contralateral ante-
rior portion of the SMA, which probably includes the
SEF. This area was also activated in the studies men-
tioned above. The SEF is involved in spatiotopic memo-
ry-guided saccades following vestibular input (Pierrot-
Desdilligny et al. 1993; Gaymard et a. 1990). More gen-
erally, the SEF may be involved in generating motor pro-
grams to coordinate gaze shifts and body movements
(see Pierrot-Deseilligny et al. 1995 for areview).

A third and fourth area of projection were located on
the prefrontal lobe ipsilateral to the vestibular nerve
stimulation, close to the midline and laterally at the limit
of the prefrontal and frontal lobe, on the superior frontal
gyrus. These results are difficult to interpret due to the
absence of corroborating electrophysiological record-
ings. However, convergent evidence from previous stud-
ies suggests that these regions may process egomotion-
related information. A PET study (Bottini et al. 1994) in-
dicated a huge deactivation of the prefrontal lobe follow-
ing caloric stimulation. An fMRI study during optokinet-
ic stimulation (Bucher et al. 1997) demonstrated an acti-
vation of the prefrontal lobe. More recently, the frontal
premotor regions were bilaterally activated during gal-
vanic vestibular stimulation using fMRI (Lobel et al.
1998). Our recent PET study using high level click stim-
uli showed an activation of the frontoinsular gyrus (de
Waele et al. 1998). Saccular afferents were recently
shown to respond to loud clicks (Colebatch et al. 1994;
de Waele et al. 1999). In addition, patients with circum-
scribed lesions of the frontal and prefrontal lobes have
impairments of: (1) perception of verticality (Teuber and
Mishkin 1954), (2) memory-guided saccades based on
vestibular inputs (Pierrot-Deseilligny et al. 1991, 1993;
Israél et al. 1995) and (3) postura reactions during vol-
untary movements and respiration (Gurfinkel and Elner
1988). Finaly, electrical shock of the prefrontal cortex
triggers the illusion of motion (Munari et al. 1995; Ras-
mussen 1983). Therefore, we propose a working hypoth-
esis in which this prefrontal area: (1) may process ego-
motion information and (2) may be involved in planning
motor synergies to counteract loss of equilibrium wheth-
er they are predicted (voluntary movements) or unpre-
dicted (reactionsto falls).
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Conclusion

We showed that several cortical areas are linked to the
vestibular nerve by trisynaptic pathways in humans. This
finding does not support the notion of a primary vestibu-
lar cortex, which would redistribute the afferent vestibu-
lar signals over other associative areas. Parallel process-
ing of the vestibular information from the vestibular
nerve to these five cortical areas appears to be more like-
ly. The prefrontal cortex seemsto be involved in the pro-
cessing of vestibular information.
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