Dominance for Vestibular Cortical Function
in the Non-dominant Hemisphere

The aim of this '°0-labelled H,0 bolus positron emission tomography
(PET) study was to analyse the hemispheric dominance of the
vestibular cortical system. Therefore, the differential effects of
caloric vestibular stimulation (right or left ear irrigation with warm
water at 44°C) on cortical and subcortical activation were studied in
12 right-handed and 12 left-handed healthy volunteers. Caloric
irrigation induces a direction-specific sensation of rotation and
nystagmus. Significant regional cerebral blood flow increases were
found in a network within both hemispheres, including the superior
frontal gyrus/sulcus, the precentral gyrus and the inferior parietal
lobule with the supramarginal gyrus. These areas correspond best to
the cortical ocular motor centres, namely the prefrontal cortex, the
frontal eye field and the parietal eye field, known to be involved in
the processing of caloric nystagmus. Furthermore, distinct temporo-
parietal activations could be separated in the posterior part of the
insula with the adjacent superior temporal gyrus, the inferior parietal
lobule and precuneus. These areas fit best to the human homologues
of multisensory vestibular cortex areas identified in the monkey and
correspond to the parieto-insular vestibular cortex (PIVC), the visual
temporal sylvian area (VTS) and areas 7 and 6. Further cortical
activations were seen in the anterior insula, the inferior frontal gyrus
and anterior cingulum. The subcortical activation pattern in the
putamen, thalamus and midbrain is consistent with the organization
of efferent ocular motor pathways. Cortical and subcortical
activation of the described areas was bilateral during monaural
stimulation, but predominant in the hemisphere ipsilateral to the
stimulated ear and exhibited a significant right hemispheric
dominance for vestibular and ocular motor structures in right-handed
volunteers. Similarly, a significant left hemispheric dominance was
found in the 12 left-handed volunteers. Thus, this PET study showed
for the first time that cortical and subcortical activation by vestibular
caloric stimulation depends (i) on the handedness of the subjects and
(ii) on the side of the stimulated ear. Maximum activation was
therefore found when the non-dominant hemisphere was ipsilateral
to the stimulated ear, i.e. in the right hemisphere of right-handed
subjects during caloric irrigation of the right ear and in the left
hemisphere of left-handed subjects during caloric irrigation of the
left ear. The localization of handedness and vestibular dominance in
opposite hemispheres might conceivably indicate that the vestibular
system and its hemispheric dominance, which matures earlier during
ontogenesis, determine right- or left-handedness.

Introduction

Animal studies have identified several distinct and separate areas
of the parietal and temporal cortex which receive vestibular
afferents, e.g. area 2v at the tip of the intraparietal sulcus
(Fredrickson et al., 1966; Schwarz and Fredrickson, 1971;
Biittner and Buettner, 1978), area 3aV (neck, trunk and
vestibular region of area 3a) in the central sulcus (Phillips et al.,
1971; Schwarz et al, 1973; Odkvist et al., 1974) and the
parieto-insular vestibular cortex (PIVC) at the posterior end
of the insula (Grusser et al., 1982, 1990a,b). Grusser and
co-workers found multisensory neurons in the PIVC of Macaca
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fascicularis which responded to (rotational) vestibular, somato-
sensory and optokinetic stimuli. These three vestibular cortical
regions are closely connected to each other — as shown in tracer
studies in squirrel monkeys — and are therefore named ‘the inner
vestibular cortical circle’ (Guldin and Grusser, 1996). Other
regions interconnected with this ‘inner circle’ are the cingulum,
the post arcuate area 6 (6pa), the granular insular region (Guldin
and Grusser, 1996), parts of areas 7 in the inferior parietal
lobe (Ventre and Faugier-Grimaud, 1986; Faugier-Grimaud and
Ventre, 1989) and a region posterior and adjacent to the PIVC
cortex called the visual temporal sylvian area (VTS) (Guldin and
Grusser, 1996) or visual posterior sylvian area (VPS) (Guldin and
Grusser, 1998).

Current approaches that correlate brain structure and
vestibular function include blood flow measurements with
single-photon emission computed tomography (SPECT) (Friberg
et al., 1985; Takeda et al., 1996), functional magnetic resonance
imaging (fMRD) (Lobel et al., 1998; Bense et al., 2001; Suzuki et
al., 2001) and positron emission tomography (PET) (Bottini et
al., 1994, 2001; Wenzel et al, 1996). Of these attempts to
delineate the several human vestibular cortex areas to date, PET
activation studies with caloric irrigation and fMRI activation
studies with galvanic stimulation at the mastoid level have
yielded the most detailed information. Bottini and co-workers
(Bottini et al., 1994), using caloric irrigation with iced water,
were the first to demonstrate widespread activation in only the
contralateral temporo-parietal junction, the posterior insula, the
putamen and the anterior cingulate cortex, as well as the
primary sensory cortex. Their data were based on caloric
irrigation of one ear using painfully iced water. Recently, more
distinct and separate activations in fMRI could be delineated
during galvanic (electric) stimulation (Lobel et al., 1998; Bense
et al., 2001) or caloric irrigation (Suzuki et al., 2001) of both
vestibular nerves. By this means, a network of cortical areas
similar to that found in monkeys was detected. This network
included areas in the parieto-occipital-temporal region of the
parietal cortex (area 7), the insula and retroinsular regions (PIVC
and VTS), the superior parietal lobe (possibly area 2v), the
intraparietal sulcus, the central sulcus and the frontal premotor
cortex. The areas were distributed in both hemispheres, but
there was probably a predominance of the temporo-parietal
areas of the right hemisphere in the right-handed normal
subjects (Bense et al., 2001), especially of intraparietal sulcus
activation (Suzuki et al., 2001). This seems to be in contrast to
the mainly contralateral activation described by Bottini and
co-workers (Bottini et al, 1994). However, due to the
methodological limitations of bilateral galvanic stimulation
(Bense et al., 2001), which did not allow analysis of the
activation pattern during stimulation of one vestibular nerve,
some open questions deserved further clarification, especially
those with respect to hemispheric dominance:
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« which cortical and subcortical areas are regularly activated
during monaural caloric vestibular stimulation and how are
they related to the neurophysiologically determined vestibular
projections delineated in non-human primates?

¢ does monaural stimulation cause symmetrical activations in
both hemispheres, or an activation predominantly in the
contralateral hemisphere?

« is there hemispheric dominance of vestibular cortex areas?

« if there is hemispheric dominance, how does this interact
with a mainly contralateral projection? Which effect is
stronger?

Therefore, we studied the activation pattern during vestibular
irrigation of the right or left ear with non-painful warm water
(44°C) in 12 right-handed and 12 left-handed healthy volunteers.

Materials and Methods

Experimental Subjects

Twelve healthy right-handed volunteers aged 30-61 years (mean age 42.4
years, three women and nine men) and 12 healthy male volunteers with
pronounced left-handedness aged 19-43 years (mean age 27.6 years)
participated in the study. None of the subjects had any history or
complaints of neurological or otoneurological dysfunction. The Laterality
Quotient for right-handedness according to the 10-item inventory of the
Edinburgh test (Oldfield, 1971; Salmaso and Longoni, 1985) was +100 in
10 of the 12 right-handed volunteers, +80 in one and +60 in the other one.
The Laterality Quotient for left-handedness was -100 in 10 and -80 in two
of the 12 left-handed volunteers. In accordance with the Declaration of
Helsinki, all subjects gave their informed written consent to participate in
the study, after the experimental procedure and radiation risks had been
explained. The experiment had the approval of the Ethics Committee of
the Technical University Munich and the Radiation Safety Authorities.

Caloric Irrigation and Electro-oculography

Vestibular stimulation was performed by irrigating the right or left ear
canals with 100 ml of warm water at 44°C for ~50 s. A 100 ml syringe was
used in conjunction with a flexible plastic tube placed in the external
auditory meatus of each ear. The head was slightly elevated (20°) for
optimum stimulation of the horizontal canal. To monitor the effects, the
horizontal DC electro-oculogram was recorded with the help of two cup
electrodes placed at the lateral canthi of each eye (ground electrode over
the glabella). For calibration purposes, the subject was asked to look at
targets 0 or 20° to the left and 20° to the right. The subjects kept their
eyes closed during the control condition and during and after caloric
irrigation. The slow phase velocity (SPV) of the caloric nystagmus was
analysed at the end of caloric irrigation and during the scanning period.
After the scans, the subjects were asked to comment on their perception
of motion. The subjective strength of the vestibular sensation was
quantified by determining the perceived intensity of body rotation on a
visual analogue scale (VAS, 0-10).

Experimental Setup

The 12 right-handed and 12 left-handed healthy volunteers were tested —
with eyes closed — during vestibular stimulation by irrigating the right or
left ear canals with 100 ml of warm water at 44°C for 50 s. The control
condition was a rest condition defined as lying supine with eyes closed
and without stimulation.

PET — Scanning and Data Acquisition
PET measurements were performed using a Siemens 951 R/31 PET
scanner (CTI, Knoxville TN) with a total axial field of view of 10.5 cm and
no inter-plane dead space. In this field of view, the brain areas covered in
all subjects extended from the vertex to the upper cerebellum.
Attenuation correction was performed on an individual basis using a
transmission scan with an external 68Ge/68Ga ring source acquired prior
to the tracer injection.

The emission data were sampled in 3D mode for each subject under
the three conditions mentioned above: irrigation of one ear (B), of the

other ear (C) and the absence of such stimulation (A). Each condition was
repeated up to four times (typical configuration ABCCBAACBBCA). The
initial stimulation condition was thus varied in random order. To measure
regional cerebral blood flow (rCBF), 10.0 mCi 50-labelled water were
administered using a semibolus technique described previously (Drzezga
et al., 2001). To avoid the influence of nonvestibular effects of caloric
stimulation (nociceptive, somatosensory and acoustic sensations), scans,
which were sampled for 50 s, started 25 s after irrigation ended. Previous
tests had revealed that nystagmus is still prominent at this time, but
sensory sensations had already disappeared. A 10 min interval between
the scans allowed for decay of radioactivity. The subjects were
comfortably positioned on the scanner table to reduce movement
artefacts during the relatively long scanning procedure (~3.5 h). Before
each PET scan, the position of the subject’s head was checked by laser
pointer and position markers.

Image Analysis

Image analysis was performed on an UltraSPARC workstation (Sun
Microsystems), using commercial interactive image display software and
MATLAB (The MathWorks Inc., Natick, MA) for calculations and image
matrix manipulations. To derive maps of significant blood flow changes
on a pixelwise basis, statistical parametric mapping software (SPM99b;
Wellcome Department of Cognitive Neurology, London, UK) was used
(Friston et al., 1995b).

After corrections for randoms, dead time and scatter, images were
reconstructed by filtered back-projection with a Hanning filter (cut-off
frequency 0.4 cycles/projection element), which resulted in 31 slices
with a 128 x 128 pixel matrix (pixel size = 2.0 mm) and interplane
separation of 3.375 mm. To correct for head movements between the
scans, the images were realigned using the first image as a reference and
subsequently spatially normalized (Friston et al., 1995a) into a stereotaxic
space using a representative brain from the Montreal Neurological
Institute (MNID) as template. After normalization, the set of aligned images
of each subject was compatible with the coordinate system proposed by
Talairach and Tournoux (Talairach and Tournoux, 1988; Frackowiak et
al., 1997). To eliminate individual differences in gyral anatomy and brain
size, as well as to supply a meaningful statistical comparison of regional
signal changes across the groups, these images were further smoothed
using an isotropic Gaussian kernel of 12 mm (FWHM).

To remove effects induced by variations in global flow across subjects
and scans, an analysis of covariance (ANCOVA) was applied with global
flow as the confounding variable (Friston et al., 1995b). These adjusted
rCBF voxel values were used for subsequent statistical analysis.
Comparisons across stimulus conditions (calorics right or left) and
baseline were made by Gaussionized f-statistics. Contrasts of parameter
estimates were computed for each subject and written out as contrast
images for the positive as well as for the negative signal changes (SPM
manual page). Statistical parametric maps were created for each group of
subjects by entering the contrast images from the first-level statistics into
a t-test; this yielded a random effects model that allows inference to the
general population (Frison and Popcock, 1992; Woods, 1996). Each
resulting voxel set constitutes an SPM(#) map.

To implement a second-level analysis of laterality effects (hemispheric
dominance), the subject-specific contrast images were flipped across the
midline. Then, the flipped and non-flipped images were entered as two
groups into a paired #test. To test for jointly activated areas during right
and left-sided caloric irrigation within one subject group (conjunction
analysis), we entered contrasts for the two groups as different effects at
the second level and performed a conjunction of contrasts testing for
each alone (simple regression analysis).

On the basis of previous studies (Bottini et al., 1994; Wenzel et al.,
1996; Bense et al., 2001), an anatomically constrained hypothesis was
used and signal changes within the presumed vestibular and visual
network (including posterior insular cortex), which were significant at P
< 0.001 and not corrected for multiple comparisons, are reported
throughout the paper. Similar hypothesis-driven approaches with
identical thresholds have been applied in several other PET-imaging
studies for their potential of reducing false negative findings (Spence et
al., 1997; Boecker et al., 1999).

To define the anatomical sites of activation and deactivation clusters,
MNI coordinates as well as defined anatomical landmarks (Naidich and
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Table 1

Areas with signal increases during caloric vestibular stimulation of the right ear in right-handed volunteers obtained by statistical group analysis (7 = 12)

Area BA Right hemisphere Left hemisphere
T X Y V4 Cluster T X 14 Z Cluster
Posterior, anterior insula IV/IH 11.26 30 2 -8 2386 5.55 -34 0 —4 151
Putamen 10.06 26 -6 6 5.02 42 —4 2
Inf. frontal gyrus/anterior insula 46 7.82 38 36 6
Postcentral gyrus 40 8.19 48 -26 24 1284
Postcentral gyrus 40/42 712 56 -36 20 8.63 —66 -28 22 61
Inferior parietal lobule 40 6.81 64 -36 32 451 72 -38 36 12
Anterior cingulum 32 7.34 -12 28 28 779
Anterior cingulum 6.63 -20 8 24
Anterior cingulum 6.46 -14 14 28
Superior frontal gyrus 10 6.02 -18 54 -6 31
Thalamus posterolateral 5.52 24 -24 6 121 4.26 =24 26 14 5
Thalamus posterolateral 5.50 14 -26 10
Thalamus posteromedial 4.89 6 -26 12
Hippocampus 5.35 28 42 -2 10
Medial frontal gyrus 9 491 48 10 38 56
Substantia nigra 4.49 -10 -16 -12 12
Precuneus 7 4.46 10 -30 48 3

T-values, corresponding Brodmann areas (BA), MNI coordinates (X/Y/Z) and cluster sizes (in voxel) are given for both hemispheres.

Brightbill, 1996; Stephan et al. 1997; Yousry et al. 1997) and the atlas of
Talairach and Tournoux (Talairach and Tournoux, 1988) were used. There
is still no internationally agreed upon definition of insular and retroinsular
regions available in the literature. The insula was anatomically divided
into five gyri; three short (I-1II) and two long insular gyri (IV, V) (Bense et
al., 2001). The region frontal to the central insular sulcus was defined as
the anterior insula; it includes the short insular gyri (I-III). The region
posterior to the central insular sulcus was defined as the posterior insula;
it includes the first IV) and second (V) long insular gyrus. The
retroinsular territory was defined as the area posterior to the second long
insular gyrus.

Results

Right-handed Volunteers, Caloric Irrigation of the Right
Ear

Warm-water vestibular stimulation of the right ear caused a
sensation of being tilted toward the left side and a caloric
nystagmus to the left (direction of slow phase), with a mean slow
phase velocity of 17.8°/s (SD = 7.7°/s). Regional blood flow
increases were found in the right hemisphere in the following
areas: a larger cluster (2386 voxels) covered the inferior posterior
(long insular gyrus I'V) and adjacent anterior insula (short insular
gyrus IID), the putamen and the anterior insula (small parts of the
short insular gyrus I) with the adjacent inferior frontal gyrus (BA
47); another cluster (1284 voxels) covered the postcentral gyrus
(BA 40/42) and the inferior parietal lobule (BA 40). Further
activations were located in the posterolateral and posteromedial
thalamus, hippocampus, medial frontal gyrus (BA 9), superior
parietal lobule (BA 40/7) and precuneus (BA 7) (see Table 1 and
Figs 1, 4 and 5).

Cerebral activation of the left hemisphere showed fewer and
smaller clusters located in the postcentral gyrus (BA 40/42; 61
voxels), the inferior parietal lobule (BA 40; 12 voxels), the
anterior cingulum (BA 32), the superior frontal gyrus (BA 10),
the putamen with posterior insula (long insular gyrus IV; 151
voxels), the posterolateral thalamus and the substantia nigra of
the midbrain. For details see Table 1.
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Right-handed Volunteers, Caloric Irrigation of the Left
Ear

Warm-water stimulation of the left ear caused a sensation of
being tilted toward the opposite side and a caloric nystagmus
during the scanning period to the right (direction of slow
phase), with a mean slow phase velocity of 17.3°/s (SD = 5.4°/s).
Areas significantly activated in the right hemisphere were in
general smaller and less significant than those in the left
hemisphere, except for the anterior cingulate gyrus (see Table 2
and Figs 1, 4 and 5). They were located in the retroinsular region,
with the transverse temporal gyrus (Heschl; BA 41) and the
adjacent superior temporal gyrus (BA 41), the putamen and the
inferior parts of the posterior insula (long insular gyrus I'V) at the
border of the anterior insula (short insular gyrus III) centring
around the central insular sulcus (485 voxels of the cluster). The
cluster of highest significance (347 voxels) within the right
hemisphere was in the anterior cingulate gyrus, which was
contralateral to the irrigated ear.

Activations of the left hemisphere included the region of the
anterijor (short insular gyrus III) and posterior (long insular gyrus
IV) insula in more inferior parts compared to the right side, as
well as the inferior parietal lobule (BA 40) and the adjacent
superior temporal gyrus (BA 22; 161 + 7 voxels). Minor frontal
activation was seen in the left inferior frontal gyrus/precentral
gyrus (BA 44/6). Thus, activations were larger and more frequent
in the hemisphere ipsilateral to the irrigated ear. Results of this
part of the experiment are summarized in Table 2.

Compared to the activation pattern during caloric irrigation of
the right ear, activated areas of the temporo-insular and parietal
cortex were smaller in both hemispheres and more frequently
located within the ipsilateral left than the right hemisphere. Only
activations of the anterior cingulum were dominated in the right
hemisphere. During vestibular stimulation of the left ear, this
pattern appeared in some aspects to be a ‘mirror-image’ of that
elicited during vestibular stimulation of the right ear.

Left-handed Volunteers, Caloric Irrigation of the Left Ear
In the 12 healthy volunteers with left-handedness, stimulation of
the ipsilateral left ear caused a caloric nystagmus to the right
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Figure 1. Areas activated during caloric stimulation of the right or left ear in right-handed and left-handed volunteers (group analysis; n = 12; P < 0.001). Activations were found
in, for example, the anterior and posterior insula, the inferior frontal gyrus, the postcentral gyrus, the superior temporal gyrus, the inferior parietal lobule and the anterior cingulum.
Note that activations were most pronounced in right-handers during caloric irrigation of the right ear in the right hemisphere and in left-handers during caloric irrigation of the left ear
in the left hemisphere. Compared to the activation pattern during caloric irrigation of the right ear, caloric irrigation of the left ear in right-handers led to activations in the
temporo-insular and parietal cortex which were smaller in both hemispheres and more frequently located within the left ipsilateral hemisphere.

(direction of slow phase), with a mean slow phase velocity of
11.3°/s (SD = #3.5°/s). This was associated with a strong
activation of the left hemisphere which covered an area
including the anterior insula (I and II short insular gyri), the
adjacent inferior frontal gyrus (BA 45), putamen, anterior
thalamus, the posterior insula (long insular gyri IV and V), the
transverse temporal gyrus (Heschl) and the postcentral gyrus
(BA 43/4; see Table 3 and Figs 1, 4 and 5). This large activation
cluster appeared to have ~7104 voxels. A smaller and separate
activation of the left postcentral gyrus was located more rostrally
(BA 4). Another cluster of activation was seen in the left superior
temporal gyrus (BA 42/22), the adjacent inferior parietal lobule
(BA 40) and the supramarginal gyrus (BA 40/39). Frontal
premotor activation also occurred predominantly on the left
side, including the medial frontal gyrus (BA 6/8) with the frontal
eye field and the superior frontal gyrus (BA 8). There was
bilateral parietal activation, left more than right, in the
precuneus (BA 7). Only cingulate activation was predominant in
the right contralateral hemisphere and located in its anterior
part with a maximum in BA 24 and at the border of the
supplementary motor area (BA 6).

Activations within the right hemisphere were smaller,
separate and distinctly located in the region of the posterior
(long insular gyri IV and V) and anterior (short insular gyri Il and

IID insula and did not extend into the frontal gyri (cluster size of
comparable activations: 418 + 333 voxels versus 7104 voxels).
Subcortical activation was observed in the putamen bilaterally
and in the ipsilateral left anterior and paramedian thalamus
(Fig. D.

Left-handed Volunteers, Caloric Irrigation of the Right
Ear

Warm-water stimulation of the right ear induced a caloric
nystagmus to the left (direction of slow phase; mean slow phase
velocity = 10.3 + 3.7°/s) and was associated with several
activations in both hemispheres which were distinct and
separate with a maximal cluster size of 576 voxels (T*value =
14.04). Compared to the activations of the left-handed subjects
during left-sided stimulation with a maximum cluster size of
7104 voxels (T-value 21.60) in the temporo-insular region, the
activation pattern here appeared somewhat regularly scattered
within both hemispheres. The small areas of activation within
the right hemisphere included the diagonal frontal gyrus (BA 6),
the precentral gyrus at two sites (BA 6 and BA 4/6) with the
adjacent superior temporal gyrus (BA 22) and medial parts of the
insula, rostral parts of the posterior insula (V), the precuneus
(BA 7), the cingulate gyrus (BA 32) and the superior frontal (BA
10 and BA 6) and medial frontal (BA 46) gyri. Subcortical
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Table 2

Areas with signal increases during caloric vestibular stimulation of the left ear in right-handed volunteers obtained by statistical group analysis (n = 12)

Area BA Right hemisphere Left hemisphere
T X Y z Cluster T X Y Z Cluster
Anterior/posterior insula (central insular sulcus) /v 11.07 -50 4 0 485
6.56 -36 -2 8
4.40 42 10 -8 7 4.23 -38 4 -8
Posterior insula/Heschl/GTs retro/41 5.98 46 -34 16 161
GTT (Heschl) Heschi 5.59 40 -30 12
Putamen 5.57 32 2 2 24
Inferior parietal lobule 40 6.32 —64 -32 26 282
Superior temporal gyrus 22 5.73 —48 -38 10
Inferior parietal lobule 40 4.93 -56 -40 24
Anterior cingulum 32 8.80 6 18 36 347
Ant. cingulum/corp. call. 24 5.35 12 26 16 1"
Ant. cingulum 32 4.85 14 36 22 16
Inf. frontal gyrus/precentral g. 44/6 4.87 —46 2 24
Superior frontal gyrus 6 4.64 -20 10 72 16
Thalamus posterolateral 41 22 26 8 2
T-values, corresponding Brodmann areas (BA), MNI coordinates (X/Y/Z) and cluster sizes (in voxel) are given for both hemispheres. IIl = third short insular gyrus of the anterior insula; IV = first long insular

gyrus of the posterior insula; retro = retroinsular; Heschl = Heschl's gyrus transverse temporal gyrus; corp. call. = corpus callosum.

Table 3

Areas with signal increases during caloric vestibular stimulation of the left ear in left-handed volunteers obtained by statistical group analysis (n = 12)

Area BA Right hemisphere Left hemisphere
T X Y z Cluster T X Y z Cluster
Anterior insula/GFi/putamen/anterior thalamus 45/1 21.60 -40 24 18 7104
GFi/anterior insula 45/1/1 18.63 -50 20 10
Postcentral g./precentral g. 43/4 17.88 -56 -8 22
Posterior insula/TTG IVAV/41 22.48 36 -18 6 418 5.55 -34 0 —4 151
Putamen 8.68 26 -18 12 5.02 42 -4 2
Anterior insula Il 12.69 26 —4 16
Anterior insula Il 51 44 8 0 "
Anterior insula Il 4.93 30 14 10 17
Superior temporal gyrus 42/22 14.66 52 -30 18 333 7.02 54 58 14
Inferior parietal lobule 40 7.93 56 -38 28 7.15 -58 —64 24 662
Supramarginal gyrus 40/39 8.27 40 -56 32 7
Inferior parietal lobule 40 5.30 —42 40 38
Superior parietal lobule 40 5.76 52 -56 54 46
Anterior cingulum 32/24 13.46 10 38 2 54
Anterior cingulum 24 11.82 12 12 36 655
Anterior cingulum/GFd 6 11.12 2 4 56
GFd 6 9.93 8 -2 60
Cingulate gyrus 23 6.78 16 22 34 340
Corp. Call. 10.76 -2 -32 6 128
Superior frontal gyrus 8 10.45 -10 38 42 182
Gfd 7.69 -6 40 28
Medial frontal gyrus 6 8.53 26 20 52 308
Medial frontal gyrus 8 6.16 =34 26 44
Precuneus 7 8.22 -10 -70 62 257
Precuneus 7 5.95 4 —46 50 7.46 -2 -50 58
Precuneus 7 5.54 -16 -76 44 48
Precuneus/lobus paracentralis 7 7.39 16 40 54
Precuneus/lobus paracentralis 7 5.18 18 -38 46
Postcentral gyrus 4(37) 6.09 -26 -34 66 40
T-values, corresponding Brodmann areas (BA), MNI coordinates (X/Y/Z) and cluster sizes (in voxel) are given for both hemispheres. I, II, lll = anterior insula with the first, second, third short insular gyrus;

IV.V = posterior insula with the first (IV) and second (V) long insular gyri; GFi = inferior frontal gyrus; GFd = medial frontal gyrus; TTG = transverse temporal gyrus (Heschl).

activations were seen in the paramedian and anterior-median
thalamus, putamen and caudate nucleus.

Similar locations were found for the activations in the left
hemisphere: diagonal and superior frontal gyrus (BA 6 and BA 8),
precuneus (BA 7), rostral parts of the posterior insula (V),
superior temporal gyrus (BA 42), medial frontal gyrus (BA 9/46)
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with the adjacent anterior parts of the insula, cingulate gyrus (BA
32), medial frontal gyrus (BA 9) and inferior frontal-precentral
gyri (BA 44/6). Subcortical activations were also located in the
anterior-median thalamus and the putamen.

The most pronounced activation was in the left hemisphere —
with a T-value of 14.04 and the largest cluster size of 576 voxels
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Table 4
Areas with signal increases during caloric vestibular stimulation of the right ear in left-handed volunteers obtained by statistical group analysis (n=12)

Area BA Right hemisphere Left hemisphere
T X Y z Cluster T X Y z Cluster
Posterior insula \ 9.55 36 -22 20 129 9.84 -40 -32 20 230
7.63 38 —26 12 5.63 -32 -34 4
Medial insula 451 413 —44 8 4
Anterior insula Il 7.92 38 14 4 79
Anterior rostral insula 7.35 -38 -10 20 106
Putamen/Caudate nucleus 7.57 24 —4 -6 126 7.83 -16 —4 6 298
5.91 14 -18 —4 5.60 -10 4 10
Medial thalamus 5.16 14 -16 16 26 14.16 -2 24 2 266
Sup./diagonal frontal gyrus 6 14.04 12 4 52 576 12.70 -2 -26 58 121
Diagonal frontal gyrus 6 8.25 4 -16 78 15
Superior frontal gyrus 6 6.09 -12 0 76 70
Precentral gyrus 6/44 6.63 58 4 30 m 12.58 -50 —4 8 125
Superior temporal gyrus 22 448 —54 4 2
22 5.89 —64 —46 20 24
Precentral gyrus 44/6 4.90 60 12 10 20
Precentral gyrus 4/6 8.13 -50 -16 44 75
Superior temporal gyrus 42 8.53 66 -30 14 261
Precuneus 7 12.76 4 —66 66 121 8.40 -14 68 54 48
Superior frontal gyrus 8 8.19 22 46 50 16
Medial frontal gyrus 9/46 7.99 26 40 18 174 7.10 40 32 32 84
Medial frontal gyrus 9 5.60 58 6 42 M
Anterior cingulum 32 7.35 -12 8 44 125
24 6.77 16 20 28 Ul
Superior parietal lobule 7 6.32 48 —66 54 12
7 5.49 22 -52 70 18

T-values, corresponding Brodmann areas (BA), MNI coordinates (X/Y/Z) and cluster sizes (in voxel) are given for both hemispheres.

Table 5
Areas with signal increases during caloric vestibular stimulation when the images were flipped across the midline and the flipped and non-flipped images were entered as two groups into a paired t-test
(group analysis,n = 12; P < 0.001)

Area BA Right hemisphere Left hemisphere
T X Y Z Cluster T X Y z Cluster

Right—handed volunteers, calorics right

Postcentral gyrus 2/40 11.49 62 -26 50 38

Inferior frontal gyrus/ anterior insula ~ 44/45 10.88 32 36 2 518

Anterior cingulum 24 9.18 -8 26 20 718

Medial frontal gyrus 9 7.20 52 4 40 554

Medial/superior frontal gyrus 9/46 7.07 28 38 28 159

Inferior parietal lobule 40 6.79 58 -40 24 251

Inferior parietal lobule 40 6.53 46 -40 44 269

Superior parietal lobule 7 6.47 28 -58 68 26

Inferior frontal gyrus 44 5.95 56 6 22 134

Hippocampus 27/30 4.86 -14 42 —4 14
Left-handed volunteers, calorics left

Inferior parietal lobule 40 15.21 —44 —42 44 4264

Thalamus/caudate nucleus 14.45 -14 -36 10 160

Cuneus 19 12.95 -16 —-88 36 190

Cuneus/medial occipital gyrus 19/18 9.78 16 -72 22 90

Diagonal/medial frontal gyrus 8/6 851 -18 8 52 226

Anterior cingulum 24 8.11 10 -16 40 108 764 -2 44 28 67

32 5.80 2 18 44 206

Precentral gyrus 4/6 7.02 -20 -30 60 58

Medial temporal gyrus 19/39 6.48 44 -84 18 62

Anterior insula I 6.33 36 -2 16 43

Precentral/medial frontal gyrus 6/9 6.03 -40 2 38 53

Posterior insula/sup. temp. gyrus IV/V/22 5.96 -46 0 -6 136

Putamen 5.85 -28 12 6 31

Superior frontal gyrus 10 5.53 12 54 4 20

— and covered the left superior and diagonal frontal gyrus (BA Comparison of Both Hemispheres in Right- and

6). The most pronounced cortical activation of the right Left-handed Volunteers

hemisphere was in the superior temporal gyrus (BA 42; voxel To compare the activation pattern in the right and left
size 261). A summary is given in Table 4. hemispheres in each group of handedness, the subject-specific
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Right-handed volunteers, laterality effects calorics right

z=4 z=12

— - -

z=24

T-value

Left-handed volunteers, laterality effects calorics left

z=-4 z=4 FE V]

z=24

Figure 2. Comparison of both hemispheres in right- and left-handed volunteers (subject-specific contrast images were flipped across the midline and then the flipped and non-flipped
images were entered as two groups into a paired t-test). During caloric irrigation of the right ear in right-handers, activations were pronounced in the right hemisphere, whereas
activations were pronounced in the left hemisphere in left-handers during caloric stimulation of the left ear (for details, see Table 5). These data provide evidence for a hemispheric

dominance of the non-dominant hemisphere for vestibular projections.

contrast images were flipped across the midline and then the
flipped and non-flipped images were entered as two groups into
a paired #-test.

Right-handed Volunteers: Calorics Right (Table 5 and Fig. 2)
Activations were pronounced in the right hemisphere, which
had a total number of ~1950 voxels in contrast to 732 voxels in
the left hemisphere. The activations of the right hemisphere
concentrated in the inferior frontal gyrus/anterior insula (BA
44/45 and BA 40), the superior frontal gyrus (BA 9/406), the
medial frontal gyrus (BA 9/6/8), the inferior parietal lobule and
supramarginal gyrus (BA 40) and the superior parietal lobule (BA
7), whereas activations of the left hemisphere centred mainly in
the anterior cingulate gyrus (BA 24) and hippocampus.

Right-handed Volunteers: Calorics Left

Activations occurred mainly in the left hemisphere (136 voxels
in total). In the right hemisphere (a total of 42 voxels) only
activity in the anterior cingulum (BA 24; 7=5.48;x=10,y =8, z
= 34; 30 voxels) and the precuneus (BA 7) survived. The cluster
with the highest number of 94 voxels was located in the left
medial frontal gyrus (7' = 5.48;-38, 18, 30). Smaller activations
were in the left diagonal frontal gyrus (BA 8/6) and the
precentral gyrus (BA 6).

Left-handed Volunteers: Calorics Left (Table 5 and Fig. 2)

The activations were pronounced in the left hemisphere of
left-handed volunteers and totalled ~5000 voxels compared to
550 voxels within the right hemisphere. While the largest

1000 Vestibular Hemispheric Dominance - Dieterich et al.

activation clusters within the right hemisphere appeared in the
anterior cingulum (BA 32/24) and the occipital lobe (cuneus and
medial occipital gyrus; BA 19/18), those within the left
hemisphere centred in the posterior insula, the anterior
insula/inferior frontal gyrus, superior frontal gyrus, superior
temporal gyrus, inferior and superior parietal lobule, the
precentral gyrus and the putamen.

Left-handed Volunteers: Calorics Right

Activation clusters were significantly smaller than with caloric
irrigation of the left ear and frequently scattered over both
hemispheres (total number of voxels in the right hemisphere was
~450 and in the left hemisphere ~550). The ‘largest’ clusters
were in the left hemisphere, located in the cuneus (BA 19; 173
voxels; T'=7.34; -12, -90, 28) and the anterior cingulum (BA 24;
97 voxels; T = 10.08; -8, 6, 28). Further left-sided activations
were seen in the diagonal frontal gyrus (BA 9/32; 40 voxels; T =
7.11; =20, 38, 18), the lateral thalamus (41 voxels; T'= 8.36; -20,
-24, 18), upper parts of the posterior insula (30 voxels; 7= 7.08;
-30, -24, 18) and fronto-parietal areas such as the diagonal
frontal gyrus (BA 6; 37 voxels; T'= 6.43; -20, -18, 50).

In the right hemisphere, activations concentrated in the
occipital gyrus (BA 19; 94 voxels; T = 8.21; 34, -78, 28), the
cuneus (BA 19; 42 voxels; T = 11.59; 6, -70, 10), the inferior
parietal lobule adjacent to the posterior insula (92 voxels; T =
10.09; 36, -12, 24), the superior frontal gyrus (BA 9; 80 voxels;
T =7.36; 14, 64, 30), inferior parts of the posterior insula IV/V;
36 voxels; T = 6.01; 34, -6, -6), the precuneus (BA 7; 33 voxels;
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Right-handed volunteers, conjunction of calorics left and right
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Left-handed volunteers, conjunction of calorics left and right
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Figure 3. Conjunction analysis of caloric irrigations of the right and left ears for right- and left-handed volunteers. Activations appear in both hemispheres, especially in
temporo-insular and parietal regions. A predominance of the non-dominant hemisphere can easily be observed in left-handed volunteers.

T =5.28; 22, -70, 46), superior frontal gyrus (BA 8; 30 voxels;
T'=7.31; 34, 36, 46) and the precentral gyrus (BA 6/44).

Conjunction Analysis

Right-handed Volunteers, Calorics Right versus Left (P < 0.05,
Corrected for Multiple Comparisons; Fig. 3)

Activation areas that appeared under both conditions were
located bilaterally in the posterior insula (IIl/IV right; IV/V left),
the putamen, the superior temporal gyrus and inferior parietal
lobule, as well as the right posterolateral thalamus and transverse
temporal gyrus.

Additional areas with a lower significance level (P < 0.001,
uncorrected) were seen. These included the anterior and
posterior cingulum bilaterally, the superior temporal gyrus
bilaterally with the adjacent right anterior insula, the superior
frontal gyrus bilaterally, the left inferior frontal gyrus and left
putamen, as well as the right medial frontal gyrus and right
precuneus.

Left-handed Volunteers, Calorics Right versus Left (P < 0.001,
Uncorrected, Fig. 3)

The largest clusters of activations under both conditions were
found in the right anterior cingulum (BA 32; 832 voxels; T'= 4.45;
10, 12, 42), the left inferior frontal gyrus (BA 44) with the
adjacent superior temporal gyrus and anterior insula (831
voxels; T'=4.37; -58, 6, 32), the left superior temporal gyrus (BA
42/44; 415; T= 4.31; -58, -30, 12), the left (421; T' = 3.57; -34,

-26, 18) and right (294; T'= 4.14; 34, -14, 22) upper parts of the
posterior insula, the left medial frontal gyrus (BA 10; 324; T =
3.43; -32, 46, 22) and both diagonal frontal gyri (BA 6; T'= 3.17,
10, 0, 64; T = 3.24; -12, 2, 70). Smaller activations occurred in
the paramedian thalamus bilaterally, the left putamen and the
left precuneus (BA 7).

Only the right anterior cingulum (7' = 4.45), the left superior
temporal gyrus (7' = 4.37) and left inferior parietal lobule (T =
4.31), as well as the right posterior insula (7' = 4.14) survived
with a higher significance level (P < 0.05, corrected).

Discussion

Caloric vestibular stimulation of one ear activated a network of
cortical and subcortical areas bilaterally, which caused different
hemispheric asymmetries. These areas can be attributed to the
multisensory vestibular cortical circuit and ocular motor areas.
Quantitative activation was dependent (i) on hemispheric
dominance for vestibular projections and (ii) on the ear (right or
left) that was stimulated. Caloric irrigation of the right ear in
right-handed volunteers and, even more so, of the left ear in
left-handed volunteers, clearly showed that activated areas
predominated in the non-dominant hemisphere. ‘Mixed’ stimu-
lation conditions (e.g. stimulation of the left ear in right-handed
subjects) demonstrated further that activation was stronger in
the hemisphere ipsilateral to the stimulated ear than in the
hemisphere contralateral to it (Fig. 5). This indicates that
bilateral vestibular cortical projections have two preponder-
ances: in the non-dominant hemisphere and the hemisphere
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Right-handed, calorics right

Right-handed, calorics left

P =0.001

Figure 4. Lateral views of the surfaces of both hemispheres showing activated areas during caloric stimulation of the right or left ear in right- and left-handed volunteers (group

analysis; n = 12; P < 0.001).

ipsilateral to the stimulated ear. These two factors determine the
resulting symmetry or asymmetry of the activation pattern
during vestibular stimulation, which was also seen during
caloric stimulation with iced water (Dieterich et al., 1996). In
the following we discuss (i) the anatomical localization of
vestibular cortex areas in humans with respect to cortical maps
from animal studies and earlier studies in humans, (ii) the vestib-
ular projections to both hemispheres and (iii) the dominance for
vestibular cortical function in the non-dominant hemisphere.

Anatomical Localization of Vestibular Cortex Areas in
Humans during Vestibular Stimulation
The posterior parts of the insula appeared to be activated in the
group analysis under all four stimulation conditions. This area
represents the PIVC in humans. It was first described by Griisser
and co-workers (Griisser et al., 1982, 1990a,b; Guldin and
Griusser, 1996, 1998) in several monkey species and corresponds
to findings in feline studies (Jijiwa et al., 1991). Indeed, clinical
studies in patients with infarctions of the temporal lobe (Brandt
et al. 1994, 1995) and activation studies in healthy subjects using
vestibular or optokinetic stimuli (Bottini et al., 1994; Bucher et
al., 1997; Dieterich et al., 1998) indicate that the posterior
insular and retroinsular regions contain the human homologue to
the PIVC in monkeys.

During caloric irrigation, a widely distributed pattern of
separate areas was activated, including not only the PIVC in the
posterior insula, but also the anterior part of the insula, the
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adjacent superior temporal (BA 42) and transverse temporal
gyri, the inferior parietal lobe (BA 40), the anterior cingulum
(BA 32, 24), the precuneus (BA 7) and the precentral gyrus
(BA 06). All these areas are part of the ‘inner vestibular cortical
circle’ and the core region of the PIVC, which has been
electrophysiologically delineated (Guldin and Griisser, 1996,
1998) in different monkey species. These areas and other
vestibular cortex areas such as 2v and 3aV respond to vestibular
stimulation. Their neurons are all multisensory, i.e. they also
receive visual and/or somatosensory input. They have been
found to be intimately connected with each other and with the
vestibular brainstem nuclei (Akbarian et al., 1993, 1994; Guldin
et al., 1993), where vestibular signals from the semicircular
canals and otoliths converge (Angelaki et al., 1993). The PIVC
receives input from all these areas, thus enabling it to act as a
centre for processing vestibular information as opposed to the
concurrent visual (optokinetic) and somatosensory input
(Guldin and Griisser, 1996, 1998).

Does the localization of the calorically activated areas in
humans match the cortical distribution of the multisensory
vestibular cortex areas identified by single unit recordings in the
monkey? In contrast to the precise knowledge of the cortical
representation of the vestibular system in electrophysiological
animal studies, human data are sparse. Lesion studies in patients
with infarctions within the middle cerebral artery territory
showed that the retroinsular region around the PIVC affects
spatial orientation. Infarctions of this region regularly caused
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Figure 5. Series of bar graphs for the four stimulation conditions showing the cluster sizes (in voxels) of activated areas in the insula, inferior parietal lobule (IPL), anterior cingulum
(AC) and frontal gyri (FG) for both hemispheres, the right (RH) and left hemispheres (LH). The simplified schematic diagrams depict the experimental setup and the main results of
activation as approximated by the size of the cross (CS, caloric stimulation 44°C, bold arrow; VOR, direction of slow phase of vestibular nystagmus; R, right side; L, left side).

significant (mostly contra-versive) tilts of adjustments of the
perceived visual vertical, best explained as cortical vestibular
otolith dysfunction (Brandt et al., 1994; Dieterich and Brandt,
1996). In exceptional cases, transient rotational vertigo was
observed in acute infarctions that included this site (Brandt ez
al., 1995). Earlier human activation studies using vestibular
caloric irrigation and PET (Bottini et al., 1994; Dieterich et al.,
1996) or vestibular galvanic stimulation at the mastoid level and
fMRI (Bucher et al., 1998) confirmed that this location was the
presumed PIVC. Galvanic stimulation at the mastoid level
stimulates both semicircular canals as well as otolith nerve
fibres. It also elicits an activation focus in the first and/or second
long insular gyrus (insular gyrus I'V and V) of both hemispheres,
as indicated by fMRI studies (Bucher et al., 1998; Bense et al.,
2001). Thus, the human homologue of the PIVC was found with
galvanic (whole vestibular nerve) and caloric (horizontal
semicircular canal) stimulation.

Temporo-insular Activation

The temporo-insular activation in the current study extended
anteriorly from the long insular gyri to the anterior insula and the
adjacent inferior frontal gyrus and posteriorly to retroinsular
regions and the superior temporal gyrus. Both areas agree with
the activation patterns found in previous imaging studies during

galvanic vestibular stimulation (Lobel et al., 1998; Bense et al.,
2001). The activated area in the anterior insula and the inferior
frontal gyrus in these studies was attributed to simultaneous
ocular motor responses mediated by the basal ganglia-
thalamo-cortical motor loop described previously (Alexander
et al., 1986). The latter was supported by fMRI studies on the
differential effects of optokinetic stimulation, since this activity
was also suppressed along with optokinetic nystagmus by
fixating a stationary target in the centre of the optokinetic
pattern (Dieterich et al., 1998). Similarly, our current study with
caloric irrigation as well as the study with optokinetic
stimulation also found activity in the basal ganglia (putamen,
caudate nucleus, substantia nigra) and the thalamus, which
probably reflects the efferent motor loop.

Activations of the retroinsular region and the adjacent
superior temporal gyrus or transverse temporal gyrus are
compatible with a visual and optokinetic region, the visual
posterior sylvian area (VPS or VTS), which was originally
identified in the monkey (Guldin and Grisser, 1998). This region
was found to be located directly posterior to the PIVC. Because
of their adjacent localization, the PIVC and the VPS may be
difficult to separate in vestibular activation studies. According to
monkey data, the PIVC is considered a vestibular region with
optokinetic input and the VPS a visual and optokinetic region
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with vestibular input. About one-third of the VPS neurons were
driven or modulated by vestibular stimuli (Guldin and Grisser,
1998).

Parietal Activations

Another neighbouring region of the complex of the PIVC
and the VPS is area 7 in the inferior parietal lobule (BA 40),
which also receives vestibular input in cats and monkeys
(Faugier-Grimaud and Ventre, 1989; Guldin and Grisser, 1998).
Parts of the inferior parietal lobule (BA 40) were also activated in
the current study, as well as the cingulum and the precuneus
(BA 7), all of which belong to the ‘vestibular cortical circuit’ in
the monkey (Guldin and Griisser 1996, 1998). These data are
compatible with some of the available imaging studies in humans
(Bottini et al., 1994; Vitte et al., 1996; Bucher et al., 1998; Lobel
et al., 1998; Bense et al., 2001; Suzuki et al., 2001), which
allowed for separation of the activation clusters and described a
network in the parieto-temporo-occipital junction of vestibularly
driven cortex areas similar to that described in monkeys. Among
the electrophysiologically determined multi-sensory vestibular
areas, area 2v, which is located parietal at the anterior end of
the intraparietal sulcus in monkeys (Akbarian et al., 1994;
Fredrickson et al., 1966), was not activated in our study. In
humans, this area is possibly involved in the control of saccadic
eye movements and assigned to the parietal eye field (Miiri et al.,
1996); it also plays a role in spatial attention during the control of
eye movements (Kim et al., 1999).

The activation of the precuneus (BA 7) in the inferior parietal
cortex in our study agrees with monkey data that showed
anatomic connections of the inferior parietal cortex (area 7) with
subcortical structures related to vestibulo-ocular function
(Ventre and Faugier-Grimaud, 1986; Faugier-Grimaud and
Ventre, 1989). The contribution of the cuneus/precuneus has
also been demonstrated in visuo-spatial attention tasks (Corbetta
etal., 1993).

Frontal Activations

Activations of the frontal lobe were concentrated especially in
the superior (BA 10/8) and medial (BA 9/8/6) frontal gyri, in the
diagonal frontal gyrus (BA 6) and the inferior frontal gyrus (BA
44/6) adjacent to the more prominent precentral gyrus/sulcus
(BA 6 caudally). Activation of the left inferior Broca’s area (BA)
44/6 which extended into the neighbouring insula has been
described during rhythm tasks (Platel et al., 1997). Activations
in BA 44 and 6 were also reported by Lobel and co-workers
(Lobel et al., 1998) during galvanic vestibular stimulation and by
Dieterich and co-workers (Dieterich et al., 1998, 2002) during
optokinetic nystagmus. Since optokinetic nystagmus and differ-
ent types of saccades elicited additional activations in rostral
parts of the precentral sulcus, corresponding to the location of
the frontal eye field (FEF) in the literature, a premotor function
of this inferior frontal area has been discussed (Heide et al.,
2001; Dieterich et al., 2002). Earlier monkey data (Guldin and
Grusser, 1998), which described a premotor area in area 6 that
was tightly connected to the PIVC and the VPS, agree with
this view. Our study also has to assume the presence of this
premotor area, because the FEF — expected in the vicinity of
the precentral sulcus and at the depth of the caudal part of the
superior frontal sulcus (Paus, 1996; Petit et al., 1997; Petit and
Haxby, 1999) — was also activated. Activation of the FEF is due
to the nystagmus elicited by caloric irrigation. Frontal activations
might reflect either a feedback signal for the eye position and/or
an involvement of spatial attention. In humans, acute lesions of
the right dorsolateral prefrontal cortex induce visual neglect
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(Husain and Kennard, 1996). In monkeys, neuronal activity in
the dorsolateral prefrontal cortex was found to be related to
saccadic eye movements and attentional tasks (Funahashi et al.,
1991).

Anterior Cingulate Activations

Larger activations were located in the anterior cingulum (BA 32,
BA 24) predominantly in the hemisphere contralateral to the
stimulated ear; the meaning of this lateralization remains
unclear. Activations in the hippocampus and anterior cingulate
cortex were described earlier during caloric irrigation with cold
water (Vitte et al., 1996). This finding is in accordance with
other vestibular imaging studies in humans using PET (Bottini et
al., 1994; Wenzel et al., 1996) and fMRI (Lobel et al., 1998;
Bense et al., 2001) and with monkey data (Guldin and Griisser,
1996, 1998) in which the anterior cingulate cortex also belongs
to the ‘inner vestibular circuit’. Activations of the anterior
cingulate cortex were also reported to occur during visuo-spatial
attention tasks (Corbetta et al., 1993; Kim et al, 1999).
Conversely, rostral and caudal regions of the anterior cingu-
late cortex were activated in PET during oculomotor tasks
(direction-specific saccades); their activation was combined
with activation of the lateral prefrontal cortex (Paus et al., 1993),
which was also found in our study. This localization of task-
specific changes of activity within the human anterior cingulate
cortex is consistent with the known somatotopic organization of
the cingulate cortex in monkeys and confirms the role of the
anterior cingulate cortex in the control of motor responses (Paus
et al., 1993). Thus, further discussion of cortical and subcortical
activations due to vestibular stimulation must bear in mind that
perceptual, sensorimotor (ocular and body) and autonomic
functions are involved.

Cortico-cortical and Cortico-subcortical Connections of
Vestibular Cortex Areas

Neurophysiologically, the main input from the vestibular nuclei
in the brainstem to the cortical PIVC in monkeys travels via the
ventroposterior thalamic subnuclei, especially the posterior part
of the ventroposterior nucleus and the medial pulvinar (Akbarian
et al., 1992). Both areas, thalamus and midbrain, were activated
in our study. These vestibular thalamic subnuclei in non-human
primates are directly connected to three vestibular cortical
regions — the PIVC, area 2v (7ant) and the ‘proprioceptive
vestibular’ area 3aV — and have strong bilateral interconnections
(Guldin and Grusser, 1996). As mentioned previously, animal
studies have identified several additional regions with strong
bilateral connections to this inner vestibular cortical circle,
namely the cingulate sulcus, the post arcuate area 6 (6pa), the
granular insular region, parts of area 7 and a temporal region
adjacent to the PIVC called the VPS or VTS (Guldin and Griisser,
1996, 1998). The vestibular brainstem nuclei receive mono-
synaptic input from all the above-mentioned cortex regions
and an area inside the cingular sulcus (Akbarian et al., 1993,
1994; Guldin et al, 1993). Thus, the same cortical regions
that have efferent connections to the PIVC also have efferent
monosynaptic connections to the vestibular nuclei. These
cortico-vestibular projections run to both the ipsilateral and
contralateral vestibular brainstem nuclei. However, the contri-
bution of ipsilateral and contralateral cortical areas varies for
the different cortex areas (Guldin and Grusser, 1996). The PIVC,
VTS and granular insula preferably project to and from the
ipsilateral vestibular nuclei, whereas the premotor area 6, the
somatosensory areas 3aV and 3aH, and area 2v have more
pronounced projections to the contralateral vestibular nuclei
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(Akbarian et al., 1993, 1994; Guldin et al., 1993). Thus, the
ipsilateral projection to and from the PIVC and the adjacent VTS
can explain one finding of our activation study during caloric
irrigation: the importance of the side of the stimulated ear, i.e.
the activation was stronger in the posterior insula ipsilateral to
the stimulated ear.

Dominance of Vestibular Function of the Non-dominant
Hemisphere

The cortex areas with vestibular input were activated bilaterally
in all right-handed healthy volunteers, but there was a significant
preponderance of the non-dominant right hemisphere in our
study. The 12 healthy volunteers with strong left-handedness
exhibited an analogous predominance of activation in their left
hemisphere. The latter was not only evident in group analysis,
but also in single subject analysis. Thus, the dominance for
vestibular cortex activation of the non-dominant hemisphere is
more regularly found than hemispheric transposition for Broca’s
area in left-handed subjects. It has been reported that 60% of the
right-handed, but only 32% of the non-right-handed, developed
aphasia after left hemisphere lesions (Benson and Geschwind,
1985). This finding contradicts that of the first PET study during
vestibular stimulation (Bottini et al., 1994), which found
widespread activations in the temporo-parietal cortex during
caloric irrigation in the hemisphere contralateral to the irrigated
ear. However, this study did not systematically compare right and
left ear irrigation in the same subject and used iced water for
caloric irrigation. Such a painful stimulus probably led to a
concurrent stimulation of the nociceptive and somatosensory
systems in the contralateral hemisphere. This was confirmed by
the finding that somatosensory areas of the perisylvian cortex,
the temporo-parietal junction and somatosensory area II
received signals from both sensory channels: the one was
activated during caloric vestibular stimulation with iced water
and the other, during mechanical vibration of posterior neck
muscles (Bottini et al., 2001).

A significant right hemispheric dominance for vestibular
cortex areas in the temporo-insular-parietal region was reported
earlier in an fMRI study using optokinetic stimulation (Dieterich
et al., 1998). This dominance was also described in the dipole
analysis of a magnetoencephalography study for the processing
of sound-source lateralization (Kaiser et al, 2000). The
lateralized effects were localized bilaterally over the angular gyri
and posterior temporal regions. During optokinetic stimulation,
a right hemispheric dominance was also detected for cortical
ocular motor areas (parietal cortex with PEF) and motion-
sensitive areas (MT/MST), but not for the primary visual cortex
(Dieterich et al., 1998). This agrees with other paradigms
showing right hemispheric predominance for the areas FEF and
SMA during memory-guided saccades after a delay period, using
PET (Sweeney et al., 1996), for the PEF during visually guided
saccades, using fMRI (Miiri et al, 1996) and for the middle
frontal gyrus, which corresponds to Brodmann’s area 46, in a
spatial working memory task, using fMRI (McCarthy et al,
1996). Similarly, PET activation in the anterior temporal lobe
(midway along the superior temporal sulcus) was clearly
stronger in the right hemisphere for selective attention during
visual discrimination of shape, but not of speed and colour
(Corbetta et al., 1991) and in the infero-temporal cortex for
several object recognition tasks (Corbetta et al., 1990). Petrides
and co-workers (Petrides et al., 1993) reported strong right
lateralization in the mid-dorsolateral frontal cortex (BA 46)
when subjects were asked to point to spatially arranged designs.
The latter task — in our opinion — requires vestibularly defined

coordinates. Another PET study on attention (Pardo et al., 1991)
found predominant activation in the right prefrontal and
superior parietal cortex independently of the laterality and
modality of the sensory input. Finally, patients with chronic
lateralized ongoing pain (painful mononeuropathy) showed a
striking preferential activation of the right anterior cingulate
cortex (BA 24), regardless of the side of the mononeuropathy,
which suggests a right hemispheric lateralization for affective
processing (Hsieh et al., 1995).

Clinical lesion studies have shown a right hemispheric
predominance in patients with parietal lesions that typically
cause visuospatial hemineglect (Vallar and Perani, 1986). With
respect to eye movements, smooth pursuit was more severely
impaired in patients with lesions involving the right posterior
parietal cortex and/or dorsolateral frontal cortex than the left
(Lekwuwa and Barnes, 1996). A clinical study on direction-
specific pursuit defects and impairment of motion perception in
unilateral hemispheric lesions found that two of three patients
with left hemispheric lesions had bidirectional defects in motion
discrimination, but none of the 21 patients with right-sided
lesions had bidirectional deficits (Barton et al., 1996). All these
data are compatible with the model of Mesulam (Mesulam,
1981, 1999), which describes a network for representing and
exploring space for which right-handed subjects have a right
hemispheric dominance. On the whole, all these studies indicate
that functionally significant right hemispheric dominance must
be assumed for visuo-spatial orientation and attention, motion
perception, saccadic and pursuit eye movements and, especially,
for the processing of vestibular function. These functions have
in common a multisensory and motor processing of spatial
coordinates in three dimensions. The vestibular system with
otolith and semicircular canal input is an important, integral
part and, hence, is involved not only in the perception of body
position and self-motion, but also in attention and the control
of ocular motor, head and body movements (a dysfunction of
which, for example, causes visuo-spatial hemineglect).

For all the above-discussed sensorimotor functions there are
no studies available on left-handers. This makes it difficult to
interpret the function of our finding of left hemispheric
vestibular dominance in left-handers. The two functions —
sensorimotor control of fine finger and arm movements and
spatial orientation with ocular motor and postural control — are
mediated in both hemispheres; however, their dominance seems
to be organized in opposite hemispheres. Whereas orientation,
ocular motor and postural control represent more ancient
sensorimotor functions developed during evolution, speech and
finger movements are more recent achievements. The prefer-
ence of hemispheres may thus be a product of evolution. One
could speculate that there are phylogenetic and ontogenetic
determinants of hemispheric dominance. The ‘ancient’ vestib-
ular system matures earlier during ontogenetic development.
This can be demonstrated by postural neck and vestibulo-ocular
reflexes that are present shortly after birth. In contrast,
handedness and language lateralization seem to develop a few
years later. For example, left hemisphere lateralization of
receptive language is present at the age of 8 years (Balsamo et al.,
2002). There are two possible explanations for the opposite
hemispherical dominance: first, that the side of dominance of
the vestibular system determines later handedness during
maturation of motor function in childhood or, secondly, that an
as yet unknown constellation determines both handedness and
vestibular hemispherical dominance in the two hemispheres.
The dominance of vestibular cortical function should not be
simply limited to the vestibular sense per se, but rather should
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be seen as part of a multisensory and sensorimotor cortical
interaction to ensure the perception of gravity and motion and
the maintenance of equilibrium. There is no primary vestibular
cortex like the visual cortex. All vestibular cortical neurons
identified electrophysiologically in monkeys also responded to
other sensory and optokinetic stimuli (Grusser et al., 1990a,b;
Guldin and Griisser, 1996). The cytoarchitectonic structure of
the vestibular cortex areas is also more typical of a multisensory
or sensorimotor rather than a unimodal sensory cortex. Indeed,
the vestibular cortex contributes to a complex multi-purpose
network for detection, interpretation and motor reaction to
changes in egocentric space.

Conclusion

In summary, there is convincing evidence that the multisensory
neuronal assembly in the posterior insula represents the PIVC in
both humans and non-human primates. It receives sensory input
from vestibular, visual and somatosensory systems. Patients with
acute infarctions of the PIVC regularly present with static
vestibular dysfunction (tilts of the perceived verticality) and
rarely with associated rotatory vertigo. Vestibular signals from
the semicircular canals and the otoliths converge at the level of
the vestibular nuclei and project to the same cortical loci by
ipsilateral and contralateral ascending pathways to both hemi-
spheres. This PET study has, with the use of caloric irrigation,
disclosed two functional dominances for the processing of
vestibular information: first, the dominance of the non-dominant
hemisphere and, secondly, the dominance of the hemisphere
ipsilateral to the irrigated ear. It is possible that the vestibular
system — which matures earlier ontogenetically — and its hemi-
spherical dominance determine handedness.
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