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Summary
The vestibular system—a sensor of head accelerations— that an adequate visual motion stimulus would activate

cannot detect self-motion at constant velocity and thus
requires supplementary visual information. The percep-
tion of self-motion during constant velocity movement is
completely dependent on visually induced vection. This
can be linear vection or circular vection (CV). CV is
induced by large-field visual motion stimulation during
which the stationary subject perceives the moving
surroundings as being stable and himself as being moved.
To determine the unknown cortical visual-vestibular
interaction during CV, we conducted a PET activation
study on CV in 10 human volunteers. The PET images of
cortical areas activated during visual motion stimulation
without CV were compared with those with CV. Hitherto,
CV was explained neurophysiologically by visual-
vestibular convergence with activation of the vestibular
nuclei, thalamic subnuclei and vestibular cortex. If CV
were mediated by the vestibular cortex, one would expect

both the visual and vestibular cortex. Contrary to this
expectation, it was shown for the first time that visual
motion stimulation with CV not only activates a medial
parieto-occipital visual area bilaterally, separate from
middle temporal/medial superior temporal areas, it also
simultaneously deactivates the parieto-insular vestibular
cortex. There was a positive correlation between the
perceived intensity of CV and relative changes in regional
CBF in parietal and occipital areas. These findings support
a new functional interpretation: reciprocal inhibitory
visual-vestibular interaction as a multisensory mechanism
for self-motion perception. Inhibitory visual—-vestibular
interaction might protect visual perception of self-motion
from potential vestibular mismatches caused by involun-
tary head accelerations during locomotion, and this would
allow the dominant sensorial weight during self-motion
perception to shift from one sensory modality to the other.
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Abbreviations: BA = Brodmann area; C\# circular vection; rCBF= regional cerebral blood flow

Introduction

Vestibular stimuli invariably lead to the sensation of bodyvisual illusion, but an essential mechanism for adequate
motion. Stimuli of visual motion, however, can always haveperception of self-motion in order to control postural balance
two perceptual interpretations: either self-motion or object-and to guide vehicles, especially at constant velocity.
motion (Brandtet al, 1973). The subject who observes Vestibular information about motion is elicited only through
moving stimuli may perceive either himself as being aacceleration or deceleration; it ceases when the cupulae
stationary observer of external movement (egocentric motiomwithin the semicircular canals or the otoliths have returned
perception) or a moving observer of a stationary surroundto their resting position during constant velocity. Our
The sensation of apparent self-motion during large-fieldoerception of self-motion during constant velocity car motion
visual motion stimulation [circular vection (CV)] is a common is completely dependent on visually induced vection.

visual perception, from which neurophysiological inferences It is not known which cortical areas are involved in the
about visual-vestibular interaction can be drawn (Dichgansisual perception of self-motion. Is it the visual cortex, the
and Brandt, 1978). Visual self-motion can be perceived whilevestibular cortex or both, or perhaps a third totally separate
gazing at moving clouds, or a train moving on the adjacentirea? If CV is mediated by the vestibular cortex, an adequate
track in a train station. CV is not merely an insignificant visual motion stimulus should activate this area. If CV is
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mediated by the visual cortex, then areas close to the motiomnotion stimulation did not induce any apparent self-motion
sensitive middle temporal (or V5) and medial superior(no CV). Condition C was identical to condition B but with
temporal areas (or V5A) should be activated. A third andthe difference that all dots rotated counter-clockwise at a
most interesting alternative would be a reciprocal activation-eonstant angular velocity of 40°/s. This condition induced an
deactivation of visual and vestibular cortical areas duringapparent self-motion in all subjects (clockwise CV) in the
CV. Consideration of this alternative is based on our recentoll plane which was opposite in direction to that of the
human PET study in which a significant deactivation of themoving dots, i.e. clockwise. Condition D was identical to
visual cortex was found during vestibular (caloric) stimulationcondition C, but with the sole difference that the dots rotated
(Wenzel et al, 1996). An inhibitory reciprocal interaction clockwise. This condition also induced apparent self-motion
during CV at first glance appears paradoxical. However(counter-clockwise CV) in all subjects.
closer examination suggests that it would be functionally Subjects rated the intensity of CV by assigning arbitrary
useful, especially during passive transportation in vehiclesyalues (from 1 to 5) to each condition. To avoid additional
when there are contradictory visual and vestibular inputs. uncontrollable motor and attentional components in the
We addressed these questions in a PET activatiorparadigms, rating CV intensity and checking whether and
deactivation study on visual self-motion perception, in whichwhen the subjects entered vection during the scan were
cerebral blood flow (CBF) was repeatedly measured by amestricted to interviews between the scans. Thanks to careful
H,%0-bolus technique and visual motion stimulation insubject selection and previous training, all subjects
healthy volunteers wearing goggles especially designed foexperienced vection during the scanning periods when
such stimulation. The experimental paradigm was to compareonditions C and D were presented and no scans had to be
cerebral activation during visual motion stimulation with omitted. The subjects were selected so that all entered vection
CV and without apparent self-motion. If the activated (orwithin 30 s after onset of the stimulus. It was not possible
deactivated) areas during visual motion stimulation withoutto record torsional eye movements during stimulation in the
concurrent CV are compared with those activated durindPET scanner because of the configuration of the helmet.
visual motion stimulation with concurrent CV, the differential Therefore, three-dimensional video-oculographic recordings
areas should indicate the cerebral loci that are critical fowere made in three of the 10 subjects when they were exposed
determining whether visual motion is perceived as selfto the same stimulus pattern under laboratory conditions but
motion or object-motion. without wearing the helmet. The irregular rotatory nystagmus
beats recorded in this way exhibited a maximum frequency
of 0.5-2 Hz with a maximum amplitude of 0.5-3° and a
Methods maximum slow phase velocity of 1-8°/s for both stimulus

Subjects directions.

Ten healthy right-handed volunteers, aged 26—49 years (mean
age 37.2 years; two females and eight males), participategET. scanning and data acquisition

in the study, a_fter giving the‘f informed_ written consent in Measurements were made with a Siemens 951 R/31 PET
accordance with the H_elsmkl Dec_larat|0n. The study WaS; onner (CTI, Knoxville, Tenn., USA) in 3D mode with a
approvgd by the Ethics Committee O.f .the TE’Chn.'caltotal axial field of view of 10.5 cm and no interplane dead
Umverg .|ty, Munich, as well as the radiation protection space. Attenuation was corrected using a transmission scan
authorities. with an externaf8Gef8Ga ring source obtained prior to the
tracer injection. Twelve PET image sets were obtained for
each subject under the four above-mentioned conditions.
Visual motion stimulation Each condition was presented three times in random order.
Stimulation was performed with the subjects in supineEach stimulus presentation began simultaneously with tracer
position and wearing a helmet in which a display was mounte@dministration and continued until the end of acquisition. An
with the field of visual motion stimulation subtending 40° infusion pump was used to administer a dose of 7.5 mCi
in horizontal and vertical dimensions. Four conditions wereH,0 intravenously over 30 s with a semibolus injection.
presented to the subjects, who were instructed to stare at tt&ingle frames were acquired for 50 s after the tracer appeared
grey centre during the stimulus presentation without fixatingn the brain. To allow for decay of activity, and to avoid
any individual structure and without following the dots with after-effects and motion sickness, the interval between the
their eyes. Condition A consisted of a light grey backgroundacquisitions was 10 min.
with a central circle in a darker shade of grey (baseline).
Condition B had the same background and central circle, but
the presentation included a total of 190 red and black dotémage analysis
of various sizes (1/40-1/100 of the screen size), randomlymages were analysed on a SPARC 10 workstation (Sun
distributed in the field of view, and moving in random order Microsystems) using commercial interactive image display
at the same speed as in conditions C and D. This visuaoftware. After corrections were made for randoms, dead
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time and scatter, images were reconstructed by filtered backaethods. The rCBF changes were determined from the above-
projection with a Hanning filter (cut-off frequency 0.4 cycles described templates covering the respective areas.
per projection element). This yielded 31 slices with a
128 x 128 pixel matrix (pixel size 2.0 mm) and interplane
separation of 3.375 mm.

Tracer counts were proportionally normalized to the gIobaIReSlj”tS . ) )
cerebral activity (Fox and Raichle, 1984), which wasCortical areas activated/deactivated during
arbitrarily set at 1000 in order to determine relative tissueapparent self-motion
activity. An automated program was used to coregister, reslic8tatistical subtraction analysis (A versus B, i.e. grey
and transform the image arrays into the stereotactic spadsackground versus randomly moving dots) revealed a nearly
of Talairach (Talairach and Tournoux, 1988) as describedymmetrical, highly significant increase of rCBF over
previously (Minoshimaet al, 1993, 1994). To eliminate extensive areas of the occipital cortex corresponding to
individual differences in gyral anatomy, these images werdBrodmann areas (BA) 17, 18 and 19. Talairach coordinates
further smoothed with a three-dimensional Gaussian filterpf the voxels with the most significant increases were as
giving an effective resolution of ~17 mm (full width half follows: x, y, z = -8, =73, 2 £ = 8.71) for the right side
maximum). Differences between the control and activatiorandx, y, z = 17, -85, 16 Z = 7.29) for the left side. In
images, each initially averaged within subjects, wereaddition, the moving dots induced a statistically significant
expressed as voxel-by-voxeVvalues using a pooled variance increase in rCBF [above the estimat&dhreshold of 4.36
estimated from the whole-brain grey matter (Worsétyal., (P < 0.05) corrected for multiple comparisons in smaller
1992). Since the resultingmap is known to approximate areas] in both temporal lobes (right BA 37, with= 5.76
closely a standard Gaussian distribution (Worsktyal., atx,y, z= —46, —73, 2, and left BA 37, witlZ = 5.66 at
1992), these values were describedasores. To determine X, y, z = 44, —73, 0) and in the frontal cortex (left BA 47,
a threshold for significant activation on the resultirgnap, with Z = 4.41 atx, y, z = 39, 28, —-9). None of the subjects
we calculated the image smoothness (Fristdral, 1991) experienced any CV under conditions A or B. Stimulus
and estimated a statistical threshold at one-tail (positivefonditions C and D (clockwise and counter-clockwise
probability of P = 0.05 using a statistical model that rotations) always resulted in perceived self-motion (CV) in
adjusts multiple comparisons and inherent correlation othe direction opposite to that of the moving dots. The intensity
neighbouring pixels (Worsleet al., 1992). For the areas of CV assigned by the subjects ranged from 1 to 4 for
attributed to visual and vestibular functions for which we condition C (mean 2.6) and from 2 to 4.5 for condition D
had a theory-driven, a priori hypothesisZacore of>3 in (mean 2.9). Visual motion stimulation did not induce motion
the respective regions was considered representative of sickness in any subject.
significant change (increase or decrease) in regional CBF A comparison of conditions C (clockwise CV) and B
(rCBF). This corresponds tievalues that, without correction (random movement and no CV) using statistical subtraction
for multiple comparisons, achieve a probabilitypk< 0.001  analysis revealed a bilateral increase in rCBF in the precuneus
(Kosslynet al., 1994). and the adjacent parts of the occipital and parietal cortex

For the quantitative analysis of rCBF changes we definedTable 1). A comparison of the conditions C (clockwise CV)
three-dimensional templates covering the voxels, in whickand B (random movement and no CV) revealed a mean
activation in the subjects reachedZsscore of>0.05 when relative increase in rCBF in this region of 6.1%. Comparison
not corrected for multiple comparisons in the respectiveof conditions C (clockwise CV) and A (baseline) showed a
areas, and we calculated the mean relative rCBF changes §17% rCBF increase. Comparison of conditions C and B
these areas (Wenzet al, 1996; Bartensteiet al., 1997). revealed an additional small area of activation in the right

To assess the effect of the perceived intensity of CV omparahippocampal gyrus.
the areas activated by the stimuli inducing CV, Pearson’s Areas that did not directly process visual or vestibular
linear correlation was performed on a pixel-by-pixel basis.information but where the activation reachedZacore of
The rCBF increases for this correlation were determined by>3 were located in the posterior cingulate (right BA 24,
comparing conditions C and D with the baseline conditionwith Z = 4.35 atx, y, z = -3, =17, 40) and left prefrontal
A. The correlation coefficient was used, after Fisher’'scortex (BA 46, withZ = 3.00 atx, y, z = 46, —-21, 25).
transformation, to calculate th&values (Bartensteiet al, Comparison of condition D (counter-clockwise CV) with
1997). For the statistical comparison, a correlation coefficienB (no CV) again revealed bilateral activation of the medial
of >0.70 was considered significant (approximatelyparieto-occipital areas (Table 2 and Fig. 1). Here the mean
equivalent toP < 0.05). In addition, the rCBF increases of relative increase in rCBF was 4.9%. Comparison of conditions
the medial parieto-occipital cortex and of the primary visualD and A (baseline) showed a 9.4% increase in rCBF. An
cortex induced by the clockwise and counter-clockwiseadditional activation of an area linked to brainstem/midbrain
CV conditions compared with baseline (condition A) were structures was observed during this comparison as was frontal
correlated with decreases in rCBF in the posterior insulactivation (left BA10/46, withiZz = 3.27 atx, y, z = 28, 55,
induced by these conditions using the same statistical, and right BA 9, withZ = 3.27 atx, y, z = -21, 44, 34).
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Table 1 Increased rCBF under condition C (clockwise CV) compared with condition B
(random movement)

Areas X y z Zscore P-value
BA 30, right parahippocampal gyrus -10 —42 -7 4.35 <0.000001
BA 7/18/19/31, left parieto-occipital 1 -82 25 3.74 <0.00001
BA 7/19/31 right parieto-occipital -6 =31 43 3.20 <0.001

Coordinatest, y andz as in Talairach and Tournoux (1988).

Table 2 Increased rCBF under condition D (counter-clockwise CV) compared with condition
B (random movement)

Areas X y z Zscore P-value
BA 7/18/19/31, left parieto-occipital 6 -82 27 4.05 <0.0001
BA 7/18/19/31, right parieto-occipital -8 -64 18 3.63 <0.001
Left midbrain 12 -26 -11 3.30 <0.001

Right medial view Left medial view

" A
28 mm above the AC—PC line 24 mm above the AC—PC line

Fig. 1 Comparison of the relative rCBF increase under condition D, which induced CV (counter-clockwise), with the control condition

B (random movement). All voxels with significant flow above the statistical threshld 0.001, corrected for multiple comparisons)

are shown. The medial views and transverse images illustrate the selective bilateral activation of areas at the border between occipital
and parietal cortex.

Posterior cingulate activationx,(y, z = -1, —17, 43) reached significant bilateral decrease in the posterior part of the insula
a significance level of only? < 0.004 ¢ = 2.7). (Tables 3 and 4). This was not simply lack of activation in
Statistical subtraction analysis (B versus C) showed aondition C but reflected a real deactivation (‘inhibition’?)
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Table 3 Decreased rCBF under condition C (clockwise CV) compared with condition B
(random movement)

Areas X y z Zscore P-value
BA 19, left occipital (V5) 48 -78 -4 4.51 <0.00001
BA 28, left parahippocampal gyrus 21 -19 -9 3.77 <0.00001
BA 19, right occipital (V5) —48 -71 -4 3.55 <0.001
BA 22/42, right superior temporal -55 -26 14 3.46 <0.001
BA 18, right occipital -15 -71 -2 3.45 <0.001
Left posterior insula 35 -33 —4 3.32 <0.001
BA 21/37, right inferior temporal —48 —42 -9 3.17 <0.001
Right thalamus =17 -22 -2 3.12 <0.001

Table 4 Decreased rCBF under condition D (counter-clockwise CV) compared with condition
B (random movement)

Area X y z Zscore P-value
Right posterior insula -30 -8 2 3.35 <0.001
BA 19, left occipital (V5) 48 -78 -4 3.28 <0.001
Left posterior insula 30 -28 -2 3.17 <0.001
BA 18, right occipital -26 -94 -10 3.15 <0.001
BA 19, right occipital (V5) -46 -76 -2 3.00 <0.001
of this area when visual motion stimulation induced CV.with Z = 3.33 atx, y, z = -15, 53, -9). Similar to the

Comparison of conditions C (clockwise CV) and B (no CV) comparison of conditions C and B, a comparison of the
revealed a mean relative decrease in the left posterior insulzonditions D and B revealed a relatively low rCBF increase
of —-6.8%. The corresponding value for the right posteriorin an occipital area located at BA 18 (this decrease was also
insula was —2.4%. Comparison with the baseline conditioronly relative to the non-CV condition where the dots moved
A showed a decrease of the left posterior insula of —3.99%andomly, but was not present under the background
and the right posterior insula of —6.3%. Comparison ofcondition) (Table 4).
conditions D and B revealed values of —4.8% for the posterior Parts of the orbitofrontal cortex, the anterior temporal pole
insula and —2.0% for the right posterior insula. Compared®nd the cerebellum were excluded from the analyses because
with baseline, the values were —5.9% for the left posteriothey were not in the field of view in all studies.
insula and —2.8% for the right posterior insula. Pearson’s Iinear.(_:orrelation ona pixel-wise basis revgaled
Furthermore, subtraction analysis demonstrated a relativ@ Significant, positive correlation between the perceived
deactivation (less activation) of middle temporal/medialiNtensity of CV and neuronal activity, inducing relative rCBF
superior temporal areas (V5) under conditions in which cychanges in parietal and occipital areas under both condmpns
was induced (C and D) compared with the condition in which® @nd D (Tables 5 and 6). The location of the area showing
randomly moving stimuli were presented (B) (Tables 3 anoIhe strongest correlat_|on thus fef'ws exact_ly the area
4). The mean relative decreases of rCBF were —4.7% for |eﬁleter.n'1|ned by the stat|§t|cal suptrachon analy§|§ comparing
V5 and -5.6% for right V5 when comparing conditions C condlftlons c a_npl D with B (F|_g. 3). An addlthna! area
and B. A comparison of conditions D and B showed relativesho"\”ng a positive corrglatlon just above the S|gn|f|can_ce
decreases of —5.1% in left V5 and of —4.1% in right V5.threShOIOI was !qcated o th_e rostral pgrt of the anterior
However, when compared with the baseline condition A, Ccmgul_ate. _Slgnlf!cant negative correlatlons_ _between the
showed an increase in rCBE af6.9% for left V5 and of perceived intensity of CV and neuronal activity were not

3.7% f iaht V5. Th di | ¢ observed. Furthermore, there was only a loose, non-
(70 Tor ng € corresponding values for asignificant, negative correlation between the rCBF decreases
comparison of conditions D and A were2.9% (left V5)

X in the insulae. The tightest negative correlation observed was
and +4.2% (right V5).

X . . between the activity in the parieto-occipital cortex and that
Comparison of conditions C and B revealed additionaliy the right insula in condition D; the correlation coefficient

relative rCBF decreases in the left parahippocampal gyrusyasr = —0.68.

the right thalamus, the occipital cortex (BA 18) and areas in

the right temporal cortex (Fig. 2 and Table 3). Areas not__ .

directly processing visual or vestibular information which Discussion

showed a decrease withZascore of>3 were located in the Cortical correlates of visually induced self-

anterior cingulate (right BA 32, withZ = 3.66 at motion

Xy, z=-19, 32, -9) and in the frontal cortex (right BA 2, Two findings of our PET activation study seem most relevant
with Z = 3.48 atx, y, z = —44, -26, 52, and right BA 10, for functional interpretation of the neuronal mechanisms
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AC—PC line 4 mm below the AC—PC line

Counterclockwise vs
random movement

n=10

P < 0.001

Clockwise vs
random movement

Fig. 2 Comparison of the relative rCBF decreases under both conditions (C and D) that induce CV (clockwise and counter-clockwise,
respectively) with the control condition (B) (random movement). All voxels with significant flow (above the statistical threshold of

P < 0.001, corrected for multiple comparisons) are shown. The transverse images illustrate deactivation of the posterior insula and of V5
(this deactivation is only relative to the control condition; there is an increase in rCBF compared with baseline) .

Table 5 Talairach coordinates, in each area, of the voxel which shows the maximum
significant positive correlation with the perceived intensity of CV under condition C
(clockwise CV)

Area X y z Correlation ~ Z-score P-value
coefficient

BA 31, right posterior cingulate -3 -35 38 0.74 2.41 <0.05

BA 18/19, left occipital 8 -78 11 0.73 2.32 <0.05

Table 6 Talairach coordinates, in each area, of the voxel which shows the maximum
significant positive correlation with the perceived intensity of CV under condition D (counter-
clockwise CV)

Area X y z Correlation ~ Z-score P-value
coefficient

BA 7/18/19/31, left parieto-occipital 6 -76 29 0.82 2.96 <0.01

BA 32, left anterior cingulate 3 46 4 0.70 2.21 <0.05

subserving visual-vestibular interaction during visuallyand (ii) the significant concurrent bilateral deactivation
induced apparent self-motion (CV): (i) the bilateral activ- of the deep posterior insula, the parieto-insular vestibular
ation of the (non-vestibular) medial parieto-occipital cortexcortex.
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Correlation coefficent > 0.70 (P < 0.05)

24 mm above the AC—PC line 4 mm left of midline

Fig. 3 Correlation analysis illustrating the voxels which have significant positive correlativrs @.05 after Fisher’s transformation

from r to Z) with the perceived intensity of CV under condition D (counter-clockwise CV). All voxels with significant correlations are
displayed. There is a positive correlation with perceived intensity of CV in an area at the border between occipital and parietal cortex
and in the rostral anterior cingulate.

Activation and deactivation of visual association to the change from random to coherent motion displays. A
areas control condition with coherent visual motion stimulation
The activation of the medial parieto-occipital cortex, Put N0 CV would be suitable for clarifying this question.
separately from the well-known motion-sensitive middle Recent PET studies (Chergal. 1995; Van Oostendet al
temporal/medial superior temporal areas, might be a positivd997; Dupontet al 1997) suggest that the cuneus and
(activated) correlate of CV. A significant positive correlation Précuneus could be involved in extracting directionally
was shown between the perceived intensity of CV and th&oherent motion signals from dynamic dot displays. This
relative rCBF increases in this area. It is not considered pafgteral occipital area (termed kinetic occipital, with average
of the vestibular cortex and is not activated by vestibularT@lairach coordinates, 31, -91, -2) is located ~20 mm behind
caloric stimulation (Bottiniet al, 1994; Dieterichet al, the human middle temporal area/V5 (Dupattal 1997),
1996). It corresponds best to a visual area in the parieto¥hich is clearly separate from the medial parieto-occipital
occipital fissure, which was activated in a PET study wher@rea (average Talairach coordinates, 1, =75, 25) which was
the observation of a moving random dot was compared wittctivated in the CV condition in our study. The kinetic
that of a stationary dot pattern (Dupoet al., 1994). This occipital area is also separate from the lateral occipital
activation in human parieto-occipital cortex was in accordanc@rea that showed relative deactivation (average Talairach
with that of ventral intraparietal (Colbet al, 1993) or coordinates, 48, —78, —4) in our study. It should be noted
parieto-occipital visual areas in monkeys (Galledti al,  that random displays appear to move more slowly than do
1991), in which neurons can be driven by small movingcoherent displays, and such perceptual differences might
stimuli such as small dots and slits. Care must be taken natontribute to the pattern of activation. Furthermore, another
to interpret activation of this area simply as the correlate ofPET study on two representational modes of visual attention
CV, since the CV-stimulus pattern and the control patterrhas presented evidence that this parieto-occipital area is
also differ with respect to coherent versus incoherent visuahvolved in the control of both within-space and within-
motion stimulation . Theoretically, activation could be relatedobject attention (Finlet al., 1997).
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The only PET study, so far, which has demonstratedvhen self-motion is induced by relative motion of the
cortical activation during visually induced apparent motionvisual scene.
is that of de Jonget al. (1994); an optical flow stimulus Earlier hypotheses, including our own, on the mechanism of
simulated forward motion in depth over a flat surface. TheyCV emphasized visually induced activation of the vestibular
described three main areas of activation associated withortex as the neurophysiological correlate required for the
optical flow: the dorsal cuneus (V3), the lateroposteriortransition from perception of object-motion to perception of
precuneus (or superior parietal lobe) in the right hemispherself-motion (Straube and Brandt, 1987; Ggaret al., 199G,
and the occipitotemporal ventral surface in the region of theb). It was generally accepted that CV is based on visual-
fusiform gyrus in both hemispheres. None of these areasestibular convergence and that the perception of self-motion
correspond to the medial parieto-occipital area in our studyis mediated by activation of the vestibular cortex (Dichgans
which lies superior and medial to V3. It must be mentionedand Brandt, 1978; Gaseret al, 199G, b). This concept
that visually induced vection in de Jong’s study waswas supported by a series of electrophysiological animal
apparently forward motion as opposed to roll motion in ourexperiments that demonstrated visual-vestibular convergence
study. These authors were interested in the analysis of opticalt the neuronal level in the vestibular nuclei (Dichganal.,
flow as a higher order computation of the visual systeml973), the dorsolateral thalamus (Deeakeal., 1974), and
rather than in the basic interaction between the visual anglestibular cortex areas such as area 2\tifigar and Buettner,
the vestibular system for self-motion perception. 1978; Bittner and Henn, 1981), area 3aV dkvist et al,

The middle temporal/medial superior temporal area wad974), area 6 (Guldin and Gsser, 1996), area 7 (Faugier-
also activated in our CV paradigm but it showed a relativeGrimaud and Ventre, 1989) and the parieto-insular vestibular
deactivation compared with the response to random dotortex (Grisseret al, 199G, b). Neurons in the parieto-
motion. This area of parieto-occipital deactivation covers V5insular vestibular cortex of the monkey have large binocular
according to Zeket al. (1991) which is the transition between receptive fields, and directional responses have been found
BA 19 and BA 37. There are two PET studies of wide-fieldto respond equally to body acceleration in one direction and
visual motion stimulation (de Jorgt al., 1994; Chenget al., optokinetic stimulation in the opposite direction (Gser
1995) presenting different results with respect to V5. Chenget al, 199@&, b). It is well known from psychophysical
et al (1995) found activation of the homologue of the studies in humans that visually induced CV requires large-
middle temporal area and of the inferior parietal lobule. Thefield stimulation (Brandet al., 1973). Thus, it seemed logical
discrepancy between activation in their study and relativedhat adequate large-field visual motion stimulation would
deactivation in our study can simply be explained by thecause visual information to enter the vestibular system so as
different mode of stimulation; in their study the direction of to permit the perceptional interpretation of self-motion
motion changed each second, a stimulation period whichelative to the surroundings. However, the paradigms in most
does not induce the sensation of self-motion. Their paradigngf the above-cited animal experiments were inadequate to
therefore, comes closer to our control condition B withinduce CV. Visual-vestibular convergence in the vestibular
random dot movement than to our CV conditions, and thatortex cannot be automatically related to the perception of
also resulted in activation of V5. self-motion; it may simply reflect the multisensory structure of

the different vestibular cortical areas. A ‘primary’ vestibular
cortex does not exist; all vestibular cortex areas are multi-
sensory. Natural vestibular stimulation during locomotion
Deactivation of the vestibular cortex during CV invariably involves concurrent stimulation of the somato-
The area of significant deactivation in the deep posteriosensory (cervical) and visual afferents.
insula during CV corresponds to the area activated during Theoretically, the torsional nystagmus under stimulus
caloric vestibular stimulation when measured with similarconditions C and D might have contributed to the activation
PET methods (Bottinet al., 1994). This area represents the pattern. Torsional nystagmus under these conditions was
human homologue of parieto-insular vestibular cortex insmall and irregular, and (most importantly) optokinetic
monkeys (Graseret al, 199G, b). A clinical study on nystagmus has been demonstrated to activate rather than
patients with infarctions of the middle cerebral artery territorydeactivate the posterior insula (Bucletral., 1997; Dieterich
identified the same area, a lesion of which causes spatialt al., 1998).
disorientation manifested by significant (mostly contra-
versive) tilts of perceived vertical (Brandit al, 1994).

Among all the kpown vestlbglar areas (argas 2v, 3aV, 6 an‘heciprocal inhibitory visual—vestibular
7), the parieto-insular vestibular cortex is considered an

integration centre for multisensory vestibular function'nteracuon: a sensorimotor mechanism that

(Grisseret al, 199(&, b; Brandtet al, 1994; Guldin and Protects the perception of self-motion from
Griisser, 1996). It must be assumed that this area dominatéaterfering sensory stimuli

the perception of body orientation and self-motion. If this isDepending on the mode of stimulation, perception of self-
true, then the question arises as to why this area is deactivatadotion is dominated by either vestibular input (head
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