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Abstract: The patterns of regional cerebral blood flow (rCBF) increases and decreases in PET were compared
for unimodal vestibular, unimodal visual, and for simultaneous vestibular and visual stimulation. Thirteen
healthy volunteers were exposed to a) caloric vestibular stimulation, b) small-field visual motion stimulation
in roll, ¢) simultaneous caloric vestibular and visual pattern stimulation. Unimodal vestibular stimulation led
to activations of vestibular cortex areas, in particular the parieto-insular vestibular cortex (PIVC), and concur-
rent deactivations of visual cortical areas [Brodmann area (BA) 17-19]. Unimodal visual motion stimulation led
to activations of the striate visual cortex and the motion-sensitive area in the middle temporal /middle occipital
gyri (BA 19/37) with concurrent deactivations in the PIVC. Simultaneous bimodal stimulation resulted in
activations of the cortical representation of both sensory modalities. In the latter condition activations and
deactivations were significantly smaller compared to unimodal stimulation. The findings are consistent with
the concept of an inhibitory reciprocal vestibulo-visual interaction in all three stimulus conditions. Hum. Brain

Mapping 16:92-103, 2002.  © 2002 Wiley-Liss, Inc.
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INTRODUCTION

Brain activation studies using vestibular stimulation
have shown activations of the posterior insula and
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retroinsular regions, temporo-parietal cortex, basal
ganglia, thalamus, and anterior cingulate gyrus [calo-
ric stimulation, PET: Bottini et al., 1994, 2001; Dieterich
et al., 1999; galvanic stimulation, fMRI: Bense et al.,
2001; Bucher et al., 1998; Lobel et al., 1998]. The pos-
terior insula and retroinsular regions represent the
human homologue of the multisensory parieto-insular
vestibular cortex (PIVC) of the monkey [Griisser et al.,
1990a,b; Guldin and Griisser, 1996]. A second obser-
vation of brain activation studies was a simultaneous
significant bilateral regional cerebral blood flow
(rCBF) decrease in visual cortex areas (Brodmann area
[BA] 17-19) during caloric vestibular irrigation [PET:
Wenzel et al., 1996]. This was also evident as blood
oxygenation level dependent (BOLD) signal decreases
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during galvanic vestibular stimulation [fMRI: Bense et
al., 2001]. Visual stimulation led to an analogous dis-
tribution of visual-vestibular activations and deactiva-
tions. Large-field visual motion stimulation, which in-
duces the sensation of self-motion, not only elicited
bilateral activations of several visual cortex areas but
simultaneously caused bilateral rCBF decreases of the
PIVC [PET: Brandt et al., 1998]. We interpreted these
findings with vestibular and visual motion stimula-
tion to indicate a reciprocally inhibitory visual-vestib-
ular interaction. Stimulation of one sensory system
results in signal increases in the cortical representation
of this sensory system and concurrent signal decreases
in the other system.

The aim of this study was to compare the pattern of
rCBF increases and decreases in the same subject dur-
ing caloric vestibular stimulation (vestibulo-visual in-
teraction), visual stimulation (visual-vestibular inter-
action), and simultaneous stimulation of both sensory
systems. We were particularly interested in the acti-
vation pattern during simultaneous visual and vestib-
ular stimulation, which provided contradictory sen-
sory input as to the perception of motion.

MATERIALS AND METHODS
Subjects

Thirteen healthy volunteers, between 32-63 years of
age (mean age 47.3 years; 12 males, one female), with-
out any history of cochlear, vestibular, or CNS disor-
ders participated in the study. The laterality quotient
for handedness according to the 10-item inventory of
the Edinburgh test [Oldfield, 1971; Salmaso and Lon-
goni, 1985] was +100 in nine, +40 in three, and —80 in
one subject. Twelve PET scans were acquired from
each of the 13 subjects. No data had to be excluded. All
subjects gave their informed written consent after the
nature of the experimental procedure was explained
in accordance with the Declaration of Helsinki. The
study was approved by the Ethics Committee of the
Technical University, Munich, as well as the local
radiation protection authorities.

Experimental Set-Up

During PET data acquisition (Conditions A—C) sub-
jects lay supine with a tube in the right ear for the
caloric irrigation and with their heads elevated by 30°
to put the horizontal semicircular canals in an upright
position. A disk (diameter: 0.4 m, field of view: +22°
in vertical and horizontal directions) covered with a
random dot pattern was fixed in front of the PET

scanner. The presentation included a total of 63 ran-
domly distributed dots of the same size and a gray
center. No moving objects were visible for the subjects
behind or beside the disk. Horizontal eye movements
during the scans were recorded binocularly with DC-
electrooculography (EOG). Therefore, Ag/AgCl elec-
trodes were placed at the external canthi and on the
forehead.

Condition A: Vestibular Stimulation

Subjects lay supine with eyes closed, while a caloric
irrigation of the right ear was performed with 100 ml
of water at 44°C for 50 sec.

Condition B: Visual Stimulation

Subjects looked at the disk, that rotated counter-
clockwise from the subject’s viewpoint at an angular
velocity of 180°/sec. Subjects were instructed to look
at the gray center of the disk during the stimulus
presentation without fixating any individual dots.
This small-field visual motion stimulation did not in-
duce any apparent self-motion perception (circu-
larvection, CV) in any subject.

Condition C: Simultaneous Vestibular
and Visual Stimulation

Caloric irrigation of the right ear with 100 ml of
water at 44°C was performed for 50 sec, while subjects
looked at the disk also used for unimodal visual mo-
tion stimulation (Condition B), which was stationary.

Condition D: Baseline Condition

During the rest condition subjects lay supine with-
out vestibular stimulation and with eyes closed.

PET: Scanning and Data Acquisition

Measurements of the regional distribution of radio-
activity were performed with a Siemens/ECAT
EXACT HR+ PET scanner (CTI, Knoxville, TN) oper-
ated in 3D mode with a total axial field of view of 15.28
cm and no interplane dead space. A total of 63 slices
covering the whole brain and the cerebellum were
acquired per subject. Subjects heads were placed in a
head holder with line markings drawn on their orbito-
meatal lines and foreheads. These lines were aligned
with two perpendicular lasers located at the gantry,
and subject position was verified before each scan.
Before collecting activation data, individual transmis-

¢ 93 ¢



¢ Deutschliander et al. ¢

sion scans were acquired using an external ®*Ge/**Ga
ring source to correct for the attenuation from skull
and brain. Twelve sequential rCBF PET image sets
were obtained for each subject under the Conditions
A-D. Each condition was presented three times in
random order. The caloric irrigation lasted for 50 sec
and was completed about 20 sec before the onset of the
scanning period, so that acoustic and somatosensory
sensations caused by the irrigation of the external
auditory canal had decayed before the scanning pe-
riod began. The visual stimulation continued over the
whole scanning time.

An infusion pump was used to administer a dose of
370 MBq H,0-15 in 20 ml of normal saline solution for
each of the 12 scans intravenously over 30 sec with a
semi-bolus injection. Single frames were acquired for
50 sec after the tracer appeared in the brain. To allow
for decay of radiation to background levels, the inter-
val between the acquisitions was 10 minutes. Follow-
ing corrections for randoms, dead time, and scatter,
images were reconstructed by filtered back projection
(Hanning filter, cut-off frequency 0.4 cycles per pro-
jection element) to 63 consecutive axial planes with a
128 X 128 matrix (voxel size 2.06 X 2.06 X 2.425 mm).

Data Preprocessing

Images were analyzed on an UltraSPARC worksta-
tion (Sun Microsystems) using statistical parametric
mapping (SPM99) [Friston et al., 1995a], implemented
in MATLAB (Mathworks, Sherborn, MA). All volumes
were realigned to the first scan of the series to correct
for subject motion [Friston et al., 1995b]. An aligned
set of images and a mean image were generated for
each subject. In a second step, volumes were spatially
normalized [Friston et al., 1995b] into the standard
stereotactic space defined by the Montreal Neurolog-
ical Institute (MNI) template [Friston et al., 1995b].
Resulting images contained 91 planes with voxel sizes
of 2 X 2 X 2 mm. Before statistical analysis, each image
was smoothed with an isotropic Gaussian kernel of 12
mm (full width at half maximum) to compensate for
intersubject gyral variability and to attenuate high-
frequency noise, thus increasing the signal to noise
ratio.

Statistical Analysis

To correct for variations in global flow across sub-
jects and scans, an analysis of covariance (ANCOVA)
was applied with global flow as the confounding vari-
able [Friston et al., 1990, 1995a]. Subsequently, mean
rCBF was scaled to an arbitrary level of 50 ml dl™!

min~', and these adjusted rCBF voxel values were

used for further statistical analyses. Statistical para-
metric maps (SPM) were calculated on a voxel-by-
voxel basis using the general linear model [Friston et
al., 1995a] and the theory of Gaussian fields [Worsley
and Friston, 1995]. Each resulting set of voxel values
constitutes an SPM(t) map. Only activation and deac-
tivation foci that were significant at a height threshold
of P < 0.001 (uncorrected) in group analyses are re-
ported. Uncorrected significance levels were accepted
for rCBF changes in brain areas, which an a priori
hypothesis based on previous PET experiments de-
fined as activated or deactivated. We performed sin-
gle-subject and group statistical comparisons. For the
single-subject analyses we generated SPMs comparing
the stimulation conditions with rest separately for
each subject. SPMs for the group showing rCBF
changes between two conditions were created by en-
tering the results from the first level statistics into a
t-test, according to the random effects model [Frison
and Pocock, 1992; Woods et al., 1996]

Anatomical Localization

To define the anatomical sites of activation and
deactivation clusters, MNI coordinates as well as de-
fined anatomic landmarks [Naidich and Brightbill,
1996; Stephan et al., 1997; Yousry et al., 1997] and the
atlas of Talairach and Tournoux [1988] were used. The
insula is divided into three short (I-IIl) insular gyri,
situated frontal to the central insular sulcus, and two
long (IV-V) insular gyri, posterior to the central insu-
lar gyrus. We defined gyri I-1II as anterior insula, gyri
IV and V as posterior insula, and the areas posterior to
gyrus V as retroinsular regions [Bense et al., 2001].

RESULTS

Vestibular Stimulation

During caloric vestibular stimulation six of the 13
subjects experienced rotatory vertigo, in two subjects
vertigo was associated with mild nausea. A caloric
horizontal nystagmus was recorded during the scan-
ning phase in 11 subjects (mean slow-phase velocity of
the cumulative phase: 12°/sec). The two remaining
subjects exhibited no measurable nystagmus during
the scanning period. The single-subject analyses re-
vealed, that the activation and deactivation patterns of
these two subjects were comparable to the patterns of
the subjects with vestibular nystagmus during the
scanning period.
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Figure 1.
Activation maps showing activations (red) and deactivations (blue) during purely vestibular (A),
simultaneous (B), and purely visual (C) stimulation vs. rest condition (D) (n = 13; P < 0.001),

superimposed onto the MNI standard brain template.

Activations

In the group analysis (caloric irrigation of the right
ear vs. rest) bilateral activations were found in the
posterior insula and adjacent retroinsular regions and
in the superior temporal gyrus (BA 22). Activations
were seen in two separate areas of the right insular
cortex: in the short insular gyrus III (anterior insula)
and the long insular gyri IV and V (posterior insula),
the latter extending to Heschl gyrus and the superior
and middle temporal gyri (BA 21/22/38). The left
insular region showed activations of the long insular
gyrus V and adjacent Heschl gyrus (Fig. 1; for t-values,
coordinates and cluster sizes see Table I). Activations
of the posterior insula or retroinsular regions were
found in the single-subject analyses of all subjects (P
< 0.01, uncorrected).

Right-sided activations were seen in the inferior
parietal lobule (BA 40), posterior cingulate gyrus (BA
23, BA 31), superior temporal gyrus (BA 38), middle
temporal gyrus (BA 21), and middle frontal gyrus (BA

8, BA 46). Left-sided activations were seen in the an-
tero-medial and postero-lateral thalamus, anterior cin-
gulate gyrus (BA 24/32), and in the cerebellar hemi-
sphere (Fig. 1; Table I).

Activations in the globus pallidus or in the putamen
appeared in single-subject analyses (n = 7) only (P
< 0.01, uncorrected), whereas we found no activations
in the basal ganglia in the group analysis (P < 0.001,
uncorrected).

Deactivations

The group analysis showed bilateral deactivations
of the visual cortex (middle and inferior occipital gyri,
lingual gyrus [BA 17, BA 18]). Right-sided deactiva-
tions were located in the upper parts of the visual
cortex (superior occipital gyrus [BA 19]), in the precu-
neus (BA 7), and left-sided deactivations in the middle
temporal/middle occipital gyri (BA 19/37), middle/
inferior frontal gyri (BA 11/47), superior/middle tem-
poral gyri (BA 21/38), middle temporal gyrus (BA 37,
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TABLE I. Regional foci of rCBF changes: activations and deactivations (stimulation condition-rest)*

Unimodal vestibular
stimulation-rest (A vs. D)

Vestibular and visual
stimulation-rest (C vs. D)

Unimodal visual stimulation-
rest (B vs. D)

Brain area BA X,y,Z t-value vox. X,y,Z t-value vox. XY,z t-value vox.
VC 17-19 6,-90,—2 526  225° —8,—82,—2*  6.47 1130 6,—84,16 13.27 12715°
—8,-94,—10° 459  225° 2,—84,0° 443 1130° -12,90,—2  6.48 12715°
18 —-30,—70,—-18 7.87 117 -10,—62,2  4.56 42
20,—70,6  4.53 25
PCu 7 8,—-86,44 7.60 516 -6,—78,32 5.01 153® —22,-76,30 10.37 12715°
4,-80,28 5.00 153° 10,—78,30 10.48 12715°
GTm/GOm 19/37 —42,-742 492 37 52,—-74,—4 448 26 50,—72,2  7.06 12715°
-52,—-70,—4  9.04 12715°
PIVC 40,—12,-2 8.86 1264 38,—28,2 6.16 50 —44,-268 432 12
—48,-12,6 511 107
PIVC/GTs 22 —38,—-32,14 5.29 93 48,204 524 1624°
GTs 38 48,20,—28 5.16 20 30,20,—42  5.97 29
GTs/GTm 21/22/38 52,—36,14 7.21 1264°
21/38/42 62,—12,—2 677 1624°
21/22 —62,-8,—4 502 575
21/38 —50,18,—30  4.48 9 —52,4,—22 525 33
GTm 37 —52,-50,-8  5.07 56
39 —42,-76,14  4.25 9 —40,-62,32 490 34 58,—48,28  4.21 10
21 66,—54,—10  4.77 4
LPi/GPoC 40 66,—14,20  8.14 1624
LPi 40 62,—48,34  4.22 3 52,—66,40  4.72 40
Th ant.-med. -6,—4,4 4.61 12 2,—6,8 5.03 21
Th post.-lat. —-20,—20,2 5.07 13
GP 102,0 514 129
PCi 31 6,—-30,40 4.16 12 —8,—-34,34 425 2
23 2,-432 527 8 -16,040 4.79 9
ACi 24/32 —6,20,36  5.08 85 -2,10,54 4.36 11
ACi/GFd 10/11/32 —12,26,—14 734 4266°
2,46,—12 520 4266°
GFm 46 48,404  4.67 11 36,28,—18  4.37 12
8 26,46,40 5.31 7
10 32,52,—4 540 172
GFm/GFi 11/47 —48,50,—18  4.72 8
GH —30,—30,—6 4.95 12 —20,—-34,—12 4.59 2 26,—16,—34 15.71 378
12,-32,—-12 5.31 30 —30,-8,-22 660 229
-20,—-12,—-20  5.09 42
32,-24,—24 4.74 26
28,—12,—24 421 18
—44,-20,—24  4.87 12 40,—30,—16  4.52 8
Cerebellum
(hemispheres) —46,—68,—50 4.77 122 40,—46,—-50 5.31 28 —62,—52,—30 5.14 31
—32,-56,-26  5.23 22 —44,-70,-50  4.02 2 —38,-56,—34 4.53 10
-32,-32,—-32 528 25 52,—50,—42  4.06 9
—20,—40,—28  5.64 64

* Brain areas showing activations (bold letters) or deactivations during visual, vestibular, or combined stimulation vs. rest condition (1 = 13, P
< 0.001, uncorrected). Brodman areas (BA), MNI coordinates, number of voxels, and f-values for voxels showing maximum significance in each
cluster are listed. ACi, anterior cingulate gyrus; d, medial; GF, frontal gyrus; GH, parahippocampal gyrus; GO, occipital gyrus; GP, Globus
pallidus; GPoC, postcentral gyrus; GT, temporal gyrus; i, inferior; LP, parietal lobule; Lpc, paracentral lobule; m, middle; PCi, posterior cingulate
gyrus; PCu, precuneus; PI, posterior insula; rCBF, regional cerebral blood flow; s, superior; Th, thalamus; VC, visual cortex.

*BA 17 and BA 18 only.
P This cluster is confluent with a cluster in another listed brain area; the voxel number represents the entire cluster.
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BA 39), parahippocampal gyrus, and in the cerebellar
hemisphere (Fig. 1; Table I).

Visual Motion Stimulation

Visual motion stimulation did not induce sensations
of self-motion or nausea in any of the subjects. Group
analysis showed the following signal changes.

Activations

Bilateral activations were elicited in the visual cor-
tex (lingual, fusiform, and occipital gyri, BA 17-19),
middle temporal/middle occipital gyri (BA 19/37),
precuneus (BA 7), and in the cerebellar hemispheres.
Right-sided activations occurred in the superior tem-
poral (BA 38) and middle temporal (BA 39) gyri (Fig.
1; Table I). Significant activations in the visual cortex
and middle temporal/middle occipital gyri (BA 19/
37) were seen in the single-subject analyses of all
subjects.

Deactivations appeared bilaterally in the posterior
insula (long insular gyrus V) and retroinsular regions,
extending to Heschl gyrus, in the superior temporal
(BA 22/38) and middle temporal (BA 21) gyri. Further
bilateral deactivations were seen in the anterior cingu-
late gyrus (BA 32), middle and medial frontal gyri (BA
10/11), and parahippocampal gyri. Additional deacti-
vations of the right hemisphere appeared in the infe-
rior parietal lobule/postcentral gyrus (BA 40), supe-
rior temporal gyrus (BA 42), middle frontal gyrus (BA
46), and in the globus pallidus. Left-sided deactiva-
tions occurred in the cerebellar hemisphere (Fig. 1;
Table I).

Simultaneous Visual and Vestibular Stimulation

During this condition subjects did not experience
rotatory vertigo or nausea. A caloric nystagmus was
recorded during the scanning phase in 10 subjects.
With eyes open, the slow-phase velocity of the caloric
nystagmus was reduced by 69% compared to the ca-
loric nystagmus with eyes closed in Condition A. The
following signal changes were found in the group
analysis.

Activations

Bilateral activations were seen in the visual cortex
(BA 17/18, sparing BA 19), precuneus (BA 7), para-
hippocampal gyri, and cerebellar hemispheres. Unilat-
eral activations of the right hemisphere were found in
the posterior insula and retroinsular region (one clus-

ter centered in the retroinsular region extending to
Heschl gyrus and the long insular gyrus V) and in the
antero-medial thalamus. A unilateral left-sided activa-
tion occurred in the anterior cingulate gyrus (BA 32)
(Fig. 1; Table I).

Both typical visual and vestibular areas showed
activations, but cluster sizes were smaller compared to
unimodal stimulations. The number of activated vox-
els within the visual cortex areas decreased by a factor
of about 10 from 12,715 voxels (BA 17-19, BA 7, BA
19/37) during visual stimulation to 1,350 voxels (BA
17, BA 18, BA 7) during simultaneous stimulation.
Concurrently, the t-value decreased from 13.3 (unimo-
dal vestibular) to 6.5 (bimodal). The number of acti-
vated voxels within the right posterior insula and
retroinsular regions decreased from 1,264 voxels dur-
ing vestibular stimulation to 50 voxels during the si-
multaneous condition, the t-value declined from 8.9 to
6.2. In the anterior cingulate gyrus the number of
activated voxels declined from 85 voxels to 11 voxels;
the t-value was reduced from 5.1 to 4.4. No brain areas
showed signal changes only during bimodal stimula-
tion.

Deactivations

Bilateral deactivations were seen in the parahip-
pocampal gyri. Unilateral right-sided deactivations
were located in the middle temporal /middle occipital
gyri (BA 19/37) and inferior parietal lobule (BA 40).
Left-sided deactivations were seen in the posterior
cingulate (BA 23, BA 31) and middle temporal (BA 39)
gyri, and in the hemisphere of the cerebellum. Deac-
tivations in the inferior parietal lobule and posterior
cingulate gyrus corresponded to areas, which were
activated during unimodal vestibular stimulation (Fig.
1; Table I). Deactivations of the left middle temporal
gyrus (BA 37, BA 39) decreased from 65 voxels (ves-
tibular) to 34 voxels (combined). Deactivations of the
parahippocampal region were also smaller with 607
voxels during visual stimulation and 94 voxels during
simultaneous stimulation.

Unimodal Vs. Combined Stimulation

Statistical comparisons of the unimodal stimulation
conditions vs. the combined condition were per-
formed for the group. The vestibular minus combined
comparison revealed clusters located bilaterally in the
inferior parietal lobule (BA 40), superior temporal gy-
rus (BA 22), paracentral lobule (BA 7), anterior cingu-
late gyrus (BA 24/32), and middle frontal gyrus (BA
10/46 left and BA 10/47 right). Further clusters were
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Figure 2.
Activation maps for the statistical comparison of unimodal vs. bimodal vestibular and visual

stimulation (n =

13; P < 0.001; superimposed onto the MNI standard brain template). Left:

vestibular vs. bimodal stimulation, right: visual vs. bimodal stimulation. ACi, anterior cingulate gyrus;

Pl, posterior insula; VC, visual cortex.

seen unilaterally in the right posterior insula, extend-
ing to the right inferior frontal (BA 47) and superior
temporal (BA 22/38/42) gyri, as well as in the left infe-
rior temporal (BA 20), left posterior cingulate (BA 23/
31), and left parahippocampal gyri (Fig. 2; Table II).

In the visual minus combined comparison (group
analysis) clusters were seen bilaterally in the visual
cortex (BA 17-19), middle temporal/middle occipital
gyri (BA 19/37), precuneus (BA 7), and inferior pari-
etal lobule (BA 40). Additional clusters were located in
the right superior parietal lobule (BA 7), left paracen-
tral lobule (BA 7), left posterior cingulate gyrus (BA
23/31), and in the left cerebellar hemisphere (Fig. 2;
Table II).

DISCUSSION
Unimodal vestibular and unimodal visual stimula-

tion elicited typical patterns of rCBF changes, which
confirmed findings of previous brain activation stud-

ies using vestibular stimulation [Bense et al., 2001;
Bottini et al.,, 1994; Wenzel et al., 1996] and visual
motion stimulation [Brandt et al., 1998, 2000; Bucher et
al., 1997; Galati et al., 1999; Kleinschmidt et al., 1999;
Previc et al., 2000]. Vestibular stimulation caused ac-
tivations in temporo-parietal vestibular areas includ-
ing the posterior insula and retroinsular regions as
well as simultaneous deactivations of visual cortex
areas. Visual motion stimulation induced activations
of visual cortical regions including the motion-sensi-
tive area MT/V5 in the middle temporal and middle
occipital gyri and simultaneous deactivations of tem-
poro-parietal vestibular areas. This finding supports
the concept of an reciprocally inhibitory visual-vestib-
ular interaction. During bimodal stimulation both sen-
sory systems, visual and vestibular, were activated,
but activation clusters were smaller and less signifi-
cant than those elicited by unimodal stimulation. Most
deactivations seen during unimodal stimulation in vi-
sual and vestibular brain areas were absent during
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TABLE Il. Regional foci of differential rCBF changes (unimodal-bimodal stimulation)*

Unimodal vestibular-bimodal

Unimodal visual-bimodal stimulation stimulation
Number Number
Coordinates of Coordinates of
Brain area BA (xy,z) t-value voxels (xy,2) t-value voxels
vC 17-19 14,-96,26 8.39 40692
—4,-94,14 7.39 4069*
GTm/GOm 19/37 —48,-76,8 11.59 1630
50,—72,2 10.23 957
PCu 7 —18,—46,58 4.71 19
PI/GTs/LPi/GFi 22/38/42/40/47 28,24,—16 9.37 1887
GTs 22 —56,—6,4 7.23 203
GTi 20 —68,—26,—28 6.27 30
LPi 40 —50,—52,40 4.34 9 64,—28,40 5.29 18872
60,—50,38 5.89 115
—68,—34,26 6.23 214
—62,—54,46 4.82 6
LPi/LPs 7/40 30,—54,56 5.23 110
LPs/PCu 7 28,—78,52 4.86 67
Lpc 7 —24,—28,54 7.81 89 0,—32,50 7.15 304
GFm 10/46 —34,30,20 7.47 116
GFm/GFi 10/47 36,44,—4 6.25 233
ACi 24/32 —8,18,28 9.81 213
—14,38,8 4.89 55
8,6,28 4.99 38
—2,44,—6 5.34 60
PCi 23/31 —16,—18,32 4.20 5 —14,-40,10 4.96 10
GH 28/35 —26,—4,—18 5.72 95
Cerebellum
(hemispheres) —46,—74,—22 4.32 12

* Brain areas showing activations in the unimodal vestibular minus bimodal comparison and unimodal visual minus bimodal comparison
(n = 13, P < 0.001, uncorrected). Brodman areas (BA), MNI coordinates, number of voxels, and t-values for voxels showing maximum
significance in each cluster are listed. ACi, anterior cingulate gyrus; d, medial; GF, frontal gyrus; GH, parahippocampal gyrus; GO, occipital
gyrus; GP, Globus pallidus; GT, temporal gyrus; i, inferior; LP, parietal lobule; Lpc, paracentral lobule; m, middle; PCi, posterior cingulate
gyrus; PCu, precuneus; PI, posterior insula; rCBF, regional cerebral blood flow; s, superior; Th, thalamus; VC, visual cortex.

@ This cluster is confluent with a cluster in another listed brain area; the voxel number represents the entire cluster.

bimodal stimulation. In the following, we discuss the
differential effects of unimodal and bimodal stimula-
tion.

Activations During Unimodal
Vestibular Stimulation

Activations seen in the contrast vestibular stimula-
tion vs. rest (A vs. D) reflect both vestibular and ocular
motor functions, because caloric nystagmus was
present during the scanning period. We identified ac-
tivations in the posterior insula and retroinsular re-
gions (extending bilaterally to the superior temporal
gyri), in the anterior insula, middle temporal, anterior
cingulate, and middle frontal (BA 8, BA 46) gyri, in the

inferior parietal lobule, and in the thalamus (both
antero-medial and postero-lateral), which belong to a
complex thalamo-cortical network involved in pro-
cessing vestibular and ocular motor information.
Posterior insular and retroinsular activations repre-
sent the human homologue of the PIVC of the mon-
key, which is regarded as the core region within the
multisensory cortical vestibular system [Griisser et al.,
1990a,b; Guldin and Griisser, 1996]. The PIVC was
delineated in electrophysiological studies in old and
new world monkeys [Griisser et al., 1990a,b] and cats
[Jijiwa et al., 1991]. The authors found multisensory
neurons, that responded not only to vestibular stimu-
lation but also to somatosensory, visual, and optoki-
netic stimulation. Neurological patients with acute
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ischemic lesions that involved the posterior insula and
retroinsular areas had direction-specific tilts of the
perceived visual vertical, indicating vestibular gravi-
ceptive dysfunction [Brandt et al., 1994]. Furthermore,
the same area was found to be activated in functional
imaging studies in humans using vestibular stimula-
tion [galvanic: Bense et al., 2001; caloric: Bottini et al.,
2001; Bucher et al.,, 1997]. Human brain activation
studies also confirmed the multisensory input to this
area, because visual motion stimulation caused a de-
activation of the PIVC [Brandt et al., 1998]. Thus, the
PIVC is involved in the processing of spatial orienta-
tion, self-motion perception, and the control of eye
movements, e.g., during optokinetic nystagmus.

The extensions of the retroinsular activation clusters
into the superior temporal gyri (BA 22) bilaterally and
in the right middle temporal gyrus (BA 21) in our
study were also seen during galvanic vestibular stim-
ulation in fMRI [Bense et al., 2001]. They correspond to
earlier reports by Penfield et al. [1957] on vertiginous
sensations in patients induced by electrical cortical
stimulation of the superior and middle temporal gyri.
Additional activations in the inferior parietal lobule
(BA 40) have also been described in human brain
activation studies during galvanic vestibular stimula-
tion [Bense et al., 2001] and correspond best to area 7b
of the monkey [Faugier-Grimaud and Ventre, 1989].
This area and the anterior cingulate gyrus are also
involved in ocular motor processing [cingulate gyrus:
Paus et al., 1993; cingulate gyrus and BA 40: Dieterich
et al., 1998].

The activation in the middle frontal gyrus (BA 8)
seems too far anterior to correspond to the frontal
eye field (FEF) as described in earlier fMRI studies
[Beauchamp et al., 2001; Luna et al., 1998; Petit and
Haxby, 1999]. The FEF may be involved in calori-
cally induced eye movements (vestibular nystag-
mus). Its involvement was also seen during saccades
[Anderson et al., 1994; Sweeney et al., 1996], smooth
pursuit eye movements [Petit et al., 1997; Petit and
Haxby, 1999], and optokinetic nystagmus [Dieterich
et al.,, 1998]. A separate activation in the middle
frontal gyrus (BA 46) can be best attributed to the
prefrontal cortex (PFC), which is involved in differ-
ent ocular motor tasks [PET: Sweeney et al., 1996;
fMRI: Miiri et al., 1998] and in galvanic vestibular
stimulation [Bense et al., 2001].

Activations in the anterior insula, the antero-medial,
and the postero-lateral thalamus, that were seen in
this PET study, agree with those seen during optoki-
netic nystagmus [Bucher et al., 1997; Dieterich et al,,
1998] and during vestibular eye movements [Bense et
al., 2001]. The simultaneous activations of the postero-

lateral and paramedian thalamus and cortical ocular
motor areas fit with the concept of an efferent motor
loop between the basal ganglia, the thalamus, and
(ocular) cortical areas according to Alexander et al.
[1986] and thus may reflect an efference copy of ocular
motor signals.

Activations During Unimodal Visual Stimulation

The contrast visual motion stimulation vs. rest (B vs.
D) showed bilateral activations in occipital visual cor-
tex areas. Activations of the temporo-parieto-occipital
junction (BA 19/37) represent the human homologue
of the motion-sensitive area MT/V5 of the monkey
[Desimone and Ungerleider, 1986; Dubner and Zeki,
1971]. Several functional imaging studies in humans
have shown that MT/V5 is involved in object-motion
perception [Barton et al.,, 1996; Brandt et al., 2000;
Previc et al., 2000; Zeki et al., 1991] and self-motion
perception [Brandt et al., 1998; Cheng et al., 1995; de
Jong et al., 1994]. Connections of MT/V5 to the ves-
tibular system have been demonstrated in monkey
studies, where vestibular input to visual-tracking neu-
rons in MT/V5 [Thier and Erickson, 1992] and efferent
pathways to the vestibular brainstem nuclei [Faugier-
Grimaud and Ventre, 1989; Jeannerod, 1996] were de-
scribed.

Deactivations During Unimodal Vestibular or
Visual Stimulation

During unimodal vestibular stimulation those vi-
sual cortical areas were deactivated, which had been
activated during visual motion stimulation (BA 17-19,
BA 19/37). This confirms an earlier H,0O-15-PET study
with caloric vestibular stimulation [Wenzel et al.,
1996], where a decreased glucose metabolism in the
visual cortex (BA 17-19) was observed in a patient
with involuntary saccadic oscillations (opsoclonus).

In contrast, unimodal visual stimulation revealed a
complex pattern of deactivations in cortical areas re-
lated to vestibular and ocular motor processing. This
pattern included the PIVC, the superior and middle
temporal gyri, the inferior parietal lobule, the middle
frontal gyrus, and the anterior cingulate gyrus. Deac-
tivation of the PIVC was also described during earlier
brain activation studies on visually induced apparent
self-motion perception [Brandt et al., 1998], visual mo-
tion stimulation [Brandt et al., 2000], and optokinetic
nystagmus [Bense et al., 2000].

The functional significance of deactivations remains
being discussed. It is now widely accepted that local-
ized rCBF increases and BOLD signal increases are an
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index of increased neuronal activity [Heeger et al.,
2000; Juptner and Weiller, 1995; Rauch et al., 1998;
Rees et al., 2000] and correlate to local field potentials
[Logothetis et al., 2001; Raichle, 2001]. Interpretations
must take into account that inhibition is also energy-
consuming [Ackerman et al., 1984], so that activations
can therefore be due either to neuronal excitation or to
inhibition. Localized deactivations may be as impor-
tant for brain function as activations. Task-induced
BOLD signal decreases most likely reflect functional
deactivation [Votaw et al., 1999]. Although earlier re-
ports found disparities in the comparison of negative
BOLD signal changes seen with fMRI techniques and
rCBF decreases seen with PET [Sadato et al., 1998;
Schlosser et al., 1998], recent studies emphasize the
congruity of deactivations in PET and fMRI elicited by
the same paradigm [Bense et al., 2000; Votaw et al.,
1999].

Simultaneous Visual-Vestibular Stimulation

The novel approach of the current study was to
present both sensory stimuli, visual and vestibular,
simultaneously. When simulating natural motion
stimuli in PET and fMRI, the investigator is faced with
several methodological restrictions. In particular, it is
not possible to apply a natural vestibular stimulus, as
it occurs during passive or active head movement.
Thus, the visual-vestibular stimulation used in the
study was experimental with unknown ratio of the
stimuli strengths. It is important to test the combined
stimulation, because it comes closer to natural loco-
motion, which inevitably involves multisensory input.
Bimodal stimulation yielded characteristic qualitative
and quantitative changes.

Activations during bimodal stimulation were
smaller and less significant than during unimodal
stimulation, as illustrated by a decrease of the number
of activated voxels per cluster and of f-values. The
cluster sizes decreased by a factor of 26 for the right
posterior insula and retroinsular regions, by a factor of
10 for the primary visual cortex, and by a factor of 7
for the anterior cingulate gyrus. These differences
were particularly evident in the subtraction analyses
(unimodal vs. bimodal stimulation, Fig. 2). Some acti-
vations, e.g., in the inferior parietal lobule (BA 40) and
in the middle frontal gyrus (BA 46, BA 8), did not
occur during simultaneous stimulation. Deactivations
almost completely disappeared; the “largest” cluster,
located in the parahippocampal gyrus, consisted of
only 42 voxels.

It must be noted that the presentation of a visual
stimulus after caloric vestibular stimulation partially

suppresses the vestibular nystagmus. This was re-
flected by a reduction of the slow-phase velocity of the
vestibular nystagmus with the eyes open. The differ-
ential effects of the conditions eyes open vs. eyes
closed on eye movements may therefore contribute to
the rCBF changes observed. Moreover, it should be
considered that the planes of motion stimulation
could not be aligned due to methodological restric-
tions (vestibular stimulation: horizontal canal plane;
visual stimulation: roll plane).

It might be interesting to use galvanic instead of
caloric vestibular stimulation in a similar set-up. We
have, however, made the experience in several fMRI
studies that galvanic stimulation is a much weaker
vestibular stimulus, and it induces the sensation of tilt
rather than of continuous motion. Moreover, it is dif-
ficult to apply galvanic stimulation for a whole PET
scanning period, because it evokes the sensation of
pain and sometimes even damages the skin.

In conclusion, our findings of unimodal and bi-
modal stimulation are compatible with a reciprocally
inhibitory visual-vestibular interaction. The inhibitory
sensory interaction during bimodal stimulation could
be the reason, why activation clusters of both sensory
areas were smaller than during unimodal stimulation.
Simultaneous stimulation of two sensory systems may
lead to reciprocal distraction of perceptual sensitivity.
It is reasonable that attentional shifts reduce activation
or cause deactivation in cortical areas representing
other sensory modalities. In PET studies using visual
attentional paradigms deactivations in auditory cortex
areas were seen and explained by selective attention
[Haxby et al., 1994; Kawashima et al., 1999].

An inhibitory visual-vestibular and vestibulo-visual
interaction has functional significance: the sensorial
weight can be shifted from one modality to the other.
The perception of self-motion can be dominated either
by vestibular input, provided mainly by head acceler-
ation, or by visual input during passive locomotion at
a constant velocity with the head still, e.g., in a train,
depending on the prevailing mode of stimulation.
This mechanism makes it possible to relate the domi-
nant perception of self-motion or orientation to the
actual input of one of the two modalities and thus to
avoid perceptual ambiguity [Brandt and Dieterich,
1999].
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