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2C. & O. Vogt Institut für Hirnforschung, Düsseldorf, Germany

3Brain Imaging Centre West, Forschungszentrum Jülich, Jülich, Germany
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� �

Abstract: The parieto-insular vestibular cortex (PIVC) plays a central role in the cortical vestibular network.
Although this region was first defined and subsequently extensively studied in nonhuman primates, there is
also ample evidence for a human analogue in the posterior parietal operculum. In this study, we functionally
and anatomically characterize the putative human equivalent to macaque area PIVC by combining functional
magnetic resonance imaging (fMRI) of the cortical response to galvanic vestibular stimulation (GVS) with
probabilistic cytoarchitectonic maps of the human parietal operculum. Our fMRI data revealed a bilateral
cortical response to GVS in posterior parieto-insular cortex. Based on the topographic similarity of these
activations to primate area PIVC, we suggest that they constitute the functionally defined human equivalent
to macaque area PIVC. The locations of these activations were then compared to the probabilistic cytoarchi-
tectonic maps of the parietal operculum (Eickhoff et al. [2005a]: Cereb Cortex, in press; Eickhoff et al. [2005c]:
Cereb Cortex, in press), whereby the functionally defined PIVC matched most closely the cytoarchitectonically
defined area OP 2. This activation of OP 2 by vestibular stimulation and its cytoarchitectonic features, which
are similar to other primary sensory areas, suggest that area OP 2 constitutes the human equivalent of macaque
area PIVC. Hum Brain Mapp 27:611–621, 2006. © 2005 Wiley-Liss, Inc.
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INTRODUCTION

To increase our knowledge of the neuronal underpinnings
of vestibular information processing in the human central
nervous system (CNS) is important, as the vestibular system

plays a key role in motion perception, eye movements, and
posture control [reviewed in Berthoz, 1996]. Many of these
complex functions require an integrated processing of ves-
tibular, visual, and somatosensory information about the
position of our eyes, head, and body relative to the external
world, thus operating in both ego- and allocentric frames of
reference [for a review see Vogeley and Fink, 2003]. These
processes rely on both cortical and subcortical structures.
For example, extensive processing of vestibular afferents at
the subcortical level, in particular in the brainstem and the
cerebellum, is important for gaze control and postural sta-
bility. In contrast, orientation in space and the perception of
movement also require considerable amount of processing
of vestibular information at the cortical level. Consequently,
several multimodal sensory areas integrating vestibular, vi-
sual, and somatosensory signals have been described in the
cerebral cortex of nonhuman primates [Fredrickson et al.,
1966; Guldin and Grusser, 1998; Ödkvist et al., 1973].
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Subsequently, a set of cortical areas has been identified in
nonhuman primates in which most examined neurons are
strongly responsive to vestibular stimuli. This set of cortical
areas thus has been labeled the “inner circle of the vestibular
cortex” and is indicated in Figure 1 [Guldin et al., 1992;
Guldin and Grusser, 1998; for a review see Brandt and
Dieterich, 1999]. This network includes area 2v at the tip of
the intraparietal sulcus, area 3aV (the neck, trunk, and ves-
tibular region of area 3a), frontal area 6 and area 7 in the
inferior parietal lobule of these animals (Fig. 1). However,
the cortical area, which is interconnected most densely with
all other “vestibular” areas and with the vestibular brain-
stem, is the parieto-insular vestibular cortex (PIVC) in the
depth of the Sylvian fissure [Akbarian et al., 1988; Grusser et
al., 1990a,b; Guldin and Grusser, 1998]. This area is located
in the posterior parietal operculum/retroinsular region, ex-
tending into the posterior parts of the insular lobe.

Evidence for the existence of a human analogue to PIVC at
a similar location as described for nonhuman primates has
been provided by lesion studies of stroke patients suffering
from vestibular syndromes such as unsteadiness of gait
[Cereda et al., 2002], nystagmus [Takeda et al., 1995], vertigo
[Brandt et al., 1995; Debette et al., 2003] or spatial hemine-
glect [Brandt and Dieterich, 1999]. In most of these patients,
symptoms were caused by lesions in the posterior insular
and adjacent parietal cortex. Such lesions are thus consistent
with the anatomic location of the PIVC in nonhuman pri-
mates. In agreement with clinical observations, activations
of the posterior parietal operculum/the posterior insular
have been described in functional neuroimaging studies
using caloric [Bottini et al., 1994, 2001; Deutschlander et al.,

2002; Fasold et al., 2002; Naito et al., 2003] and galvanic
vestibular stimulation [GVS; Bense et al., 2001; Fink et al.,
2003; Lobel et al., 1998, 1999]. There is thus plenty of evi-
dence that a human equivalent of PIVC may exist in the
human posterior parietal operculum, probably encroaching
onto the retroinsular or insular cortex. However, the exact
anatomic characterization of this area in combination with
functional data remains lacking.

In a recent anatomic brain mapping study, we examined
the cytoarchitectonic organization of the human parietal
operculum and demonstrated four distinct cortical areas
within this region, OP 1–4 [Fig. 2; Eickhoff et al., 2005c].
Three of these areas seem to be equivalent to the subregions
of the secondary somatosensory cortex (SII) in nonhuman
primates [review by Kaas and Collins, 2003], based on their
topology and a meta-analysis of functional imaging studies
[Eickhoff et al., 2005a]. More precisely, area OP 1 was sug-
gested to be equivalent to primate area SII, area OP 4 to the
primate parietal ventral area PV, and OP 3 to the ventral
somatosensory area VS in nonhuman primates. No equiva-
lent could be ascertained for area OP 2, which is located
deep within the Sylvian fissure at the junction of the poste-
rior parietal operculum with the insular/retroinsular region.
We test the hypothesis that area OP 2 might be the human
equivalent of PIVC by reanalyzing a functional magnetic
resonance imaging (fMRI) experiment that used galvanic
vestibular nerve stimulation to activate the vestibular cortex
[Fink et al., 2003] and examining the location of the resulting
activations with respect to the probabilistic map of OP 2.

MATERIALS AND METHODS

The methods of the functional imaging study have been
reported in detail previously [Fink et al., 2003]. We summa-
rize here the main aspects of this study.

Subjects and Stimulation

Eleven healthy, right-handed, male volunteers (age 19–36
years, mean age 26.6 � 5.8 years) with no history of neuro-
logic, psychiatric, or vestibular illness gave informed con-
sent. The study was approved by the ethics committee of the
RWTH Aachen, Germany. GVS was applied via adhesive
carbon electrodes placed over both mastoid processes. The
polarity of the applied electric currents could be changed to
allow stimulation with the anode on the subjects’ left and the
cathode on the subjects’ right mastoid (condition LR) or in
reversed polarity (cathode on the left, anode on the right;
condition RL). It is well known that the effects of galvanic
stimulation depend on the exact position of the electrode,
the body position (upright or supine), and the skin resis-
tance. These effects can be quite variable; therefore, we
adjusted the current’s power during galvanic stimulation for
each subject according to the subjective (perceived tilt) and
objective (nystagmus) vestibular effects elicited. This was
carried out just before fMRI data acquisition, while the
subject was already positioned on the scanner table. The
individual current levels were 2 mA, n � 2; 2.5 mA, n � 9;
and 3 mA, n � 1 [see Fink et al., 2003 for more details].

Figure 1.
Schematic drawing of the monkey brain, showing the location of
vestibular areas in nonhuman primates. The areas that have been
shown to receive vestibular input are area 2v at the tip of the
intraparietal sulcus, area 3av in the central sulcus (i.e., the neck
representation in somatosensory area 3a), areas 7a and 7b in the
inferior parietal lobe, precentral area 6, and the parieto-insular
vestibular cortex (PIVC) in the posterior parietal operculum in the
depth of the Sylvian fissure.
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The fMRI paradigm consisted of four sessions, each of which
started with a baseline of 24 s (6 � repetition time [TR])
followed by 12 repetitions of a cycle with a 24-s (6 � TR)
activation period and a 24-s (6 � TR) baseline period. The order
of the experimental conditions was pseudorandomized be-
tween sessions and subjects. During one-third of the stimula-
tion periods, subjects had to simultaneously perform a line
bisection judgment. The activations related to task perfor-
mance and the interaction between task performance and GVS
are described in detail elsewhere [Fink et al., 2003].

fMRI Procedure and Image Preprocessing

Functional MR images were acquired on a 1.5 T whole-body
scanner (Siemens Vision; Siemens, Erlagen, Germany) with a
gradient-echo echo-planar imaging (EPI) pulse sequence (echo
time [TE] � 66 ms, TR � 4 s, flip angle � 90 degrees, slice
thickness � 4.00 mm, interslice gap � 0.4 mm, field of view
[FOV] � 200 mm, and in-plane resolution � 3.125 � 3.125 mm)
using blood oxygenation level-dependent (BOLD) contrast.
Thirty slices were obtained for whole-brain coverage, oriented
in the plane of the anterior–posterior commissure (AC–PC).
Additional high-resolution anatomic images were acquired us-
ing a T1-weighted 3D magnetization prepared rapid acquisi-
tion gradient echo (MP-RAGE) sequence (TE � 4.4 ms, TR
� 11.4 ms, flip angle � 15 degrees, inversion time [TI] � 300
ms, matrix � 200 � 256, FOV � 20 cm, 128 sagittal slices, and
slice thickness � 1.25 mm).

For the purpose of the current study, the images were
reanalyzed on a Pentium 4 Windows XP system using sta-
tistical parametric mapping (SPM2; online at http://www.
fil.ion.ucl.ac.uk/spm). To allow for steady-state magnetiza-
tion, the first four scans in each session were discarded. The
remaining images were corrected for head movement be-
tween scans by an affine registration [Ashburner and Fris-
ton, 2003b]. The high-resolution anatomic scan was coregis-
tered to the mean of the realigned (functional) images and
then spatially normalized to the T1-weighted Montreal Neu-
rological Institute (MNI single-subject template [Collins et
al., 1994; Evans et al., 1992; Holmes et al., 1998] using linear

Figure 2.
The cytoarchitectonic organization of the human parietal opercu-
lum, shown as a maximum probability map (MPM) projected onto
a surface rendering of the Montreal Neurological Institute (MNI)
single-subject template. The temporal lobes were removed for
display purposes. Four distinct architectonic areas can be identi-
fied in this region: OP 1–4 [Eickhoff et al., 2005c].

Figure 3.
Left panel: Relative increases in blood oxygenation level-dependent
(BOLD) signal (for the 11 subjects) associated with the excitation of
the right and inhibition of the left vestibular nerve (i.e., left anodal to
right cathodal galvanic vestibular stimulation, condition LR) relative to
rest. Areas of significant relative increase in BOLD signal (P
� 0.00005, uncorrected) are shown superimposed on a surface-
rendered Montreal Neurological Institute (MNI) single-subject tem-
plate to detail the macroanatomic location of the activations. The
exact coordinates and the height of the local maxima within the areas
of activation as well as quantitative descriptions (probabilities) of their
cytoarchitectonic assignments are given in Table I. The green num-
bers in the figure point to the respective cluster label in Table I. Right
panel: Orthogonal sections at � � 38, y � �26, z � 20, i.e., the
location of the local maximum of the cluster centered upon the
right posterior parietal operculum (Cluster 1) corresponding to
parieto-insular vestibular cortex (PIVC). The extent of OP 1
(white), OP 2 (dark gray), OP 3 (light gray), and OP 4 (interme-
diate gray) is shown in different gray values superimposed on the
MNI single-subject template.
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proportions and a nonlinear sampling algorithm [Ashburner
and Friston, 2003a,c]. The resulting normalization parame-
ters were subsequently applied to the EPI volumes, which
were hereby transformed into standard stereotaxic space
and resampled at 2 � 2 � 2 mm voxel size. These normal-
ized functional images were spatially smoothed using an
8-mm full-width at half-maximum (FWHM) Gaussian ker-
nel to meet the statistical requirements of the general linear
model and to compensate for residual anatomic variation
across subjects.

Statistical Analysis

Data were analyzed in the context of the general linear
model employed by SPM2. For each subject, we defined a
design matrix modeling the experimental conditions using a
boxcar reference vector convolved with a canonical hemo-
dynamic response function (HRF) modeling the delayed
BOLD response after onset of the galvanic stimulation. Sub-
ject-specific low-frequency signal drifts were filtered using a
set of discrete cosine basis functions with a cut-off period of
96 s. Temporal autocorrelations between scans were esti-
mated using a first-order autoregressive model. Parameter
estimates were subsequently calculated for each voxel using
weighted least squares to provide maximum likelihood es-
timators based on the non-sphericity of the data [Kiebel and
Holmes, 2003]. The weighting “whitens” the errors, render-
ing them identically and independently distributed. No
global scaling was applied.

The effects of left anodal to right cathodal (LR � rest) or right
anodal to left cathodal (RL � rest) were computed by applying
appropriate linear contrasts. The corresponding contrast from
the analysis of the individual subjects were then analyzed in a
second-level analysis by one-sample t-test, thereby effecting a
random-effects model, allowing inference to the general pop-
ulation [Penny and Holmes, 2003]. The resulting SPM(T) maps
were then interpreted by referring to the probabilistic behavior
of Gaussian random fields [Worsley et al., 1996]. Because no
voxel of the whole brain passed the height threshold of P
� 0.05 corrected for family-wise errors or false discovery rate,
voxels were identified as significant only if they passed a
height threshold of T � 6.21 (P � 0.00005, uncorrected) and an
extend threshold of k � 5 voxels. Regions, which were acti-
vated by vestibular stimulation irrespective of the stimulated
side, were identified by a conjunction analysis between the two
analyses. To obtain only those regions, which were associated
significantly with the main effect of GVS in a random-effects
analysis and both individual stimulation conditions, we inclu-
sively masked the significant effects of GVS (1/2 [LR � RL] �
rest) by the results of the analyses (LR � rest) and (RL � rest)
in the second-level analysis.

Comparison With Cytoarchitectonic Data

For the comparison of the functional results with cytoar-
chitectonic areas, a maximum probability map (MPM) was
computed that identifies the most likely anatomic area at
each voxel of the MNI single-subject template [Eickhoff et
al., 2005b]. This definition is based on probabilistic cytoar-

chitectonic maps derived from the analysis of cortical areas
in a sample of 10 human postmortem brains, which were
subsequently normalized to the MNI reference space. The
significant results of the random-effects analysis were com-
pared to the MPM and the complete probabilistic cytoarchi-
tectonic maps of the individual areas of the parietal opercu-
lum in the MNI reference space using the SPM Anatomy
Toolbox [Eickhoff et al., 2005b; see http://www.fz-juelich.
de/ime/spm_anatomy_toolbox]. Finally, the group mean
percent signal change of the BOLD signal within OP 2
evoked by the two modes of GVS was calculated by aver-
aging the percent signal changes from those voxels within
OP 2 that were associated most strongly with the main effect
of GVS across the different subjects.

RESULTS

Behavioral Measures

On debriefing after the experiment, all 11 subjects reported a
subjective leftward tilt of the body after left anodal to right
cathodal (condition LR) and a rightward tilt after right anodal
to left cathodal (condition RL) GVS. Because subjects were
lying on the scanner bed in the MR scanner, a body tilt ipsi-
versively translates into a contralateral shift of the visual world
(relative to the head). Inspection of the eye movements re-
corded during scanning revealed in all subjects a torsional
deviation ipsiversive to the side of the anodal stimulation with
a slight torsional nystagmus induced.

Neural Activations During Left Anodal to
Right Cathodal Stimulation

Excitation of the right and inhibition of the left vestibular
nerve caused by left anodal to right cathodal GVS (condition
LR) resulted in significant changes of the BOLD signal in the
right hemisphere only. The three identified foci were located
in the right subcentral gyrus, the right anterior insula, and
the right posterior parietal operculum/retroinsular region
(Table I, Fig. 3).

The activation on the right subcentral gyrus was located
anteriorly and medially to OP 4, in the as-yet unmapped an-
terior part of the subcentral gyrus. It is highly unlikely that this
significant cluster actually reflects an activation of area OP 4.
Only 19.0% of the cluster volume was located in this area. The
probability for OP 4 at the position of the local maximum was
as low as 10% (10–40% for the surrounding voxel).

The local maximum of the activation centered upon the right
anterior insula was found anterior to OP 3 at the most dorsal
aspect of the insular lobe. Only 6.3% of the cluster volume was
allocated to OP 3. Similarly, there was only a very low proba-
bility for its local maximum to be located within OP 3 (proba-
bility of 20%; 20–30% for the surrounding voxel).

The activation centered upon the posterior parietal oper-
culum, which supposedly corresponds to the human equiv-
alent of the PIVC, was located almost exclusively (79.5% of
cluster volume) within area OP 2 (Fig. 3, right panel). The
local maximum of this activation (x � �38, y � �26, z
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� �20) was assigned with a high likelihood to OP 2, as the
probability for that area at this position was 70% (40–80%
for the surrounding voxel). In contrast, the probability for
OP 1 was only 20% (10–40%).

Neural Activations During Right Anodal to
Left Cathodal Stimulation

Right anodal to left cathodal GVS (condition RL), i.e.,
excitation of the left and inhibition of the right vestibular
nerve, caused increased neural activity in the left anterior
insular, the left inferior parietal cortex, and bilaterally in the
posterior parietal operculum/retroinsular region (Table I;
Fig. 4, left panel).

The activation centered upon the left anterior insular (lo-
cal maximum at x � �42, y � �6, z � �6) did not match any
existing probabilistic cytoarchitectonic map. It was located
at the inferior-most part of the insular lobe, close to the
transition to the temporal cortex.

A large part of the significant activation centered upon the
inferior parietal cortex was allocated to OP 1 (69.2% of the
cluster volume matched the MPM volume assigned to OP 1).
However, the probability for OP 1 at the local maximum
(located at x � �48, y � �36, z � �26) was only 30%
(30–40%). Although parts of this activation were located
within OP 1, the focus of the activation thus seemed to be
located either close to or within the inferior parietal cortex,
which follows OP 1 caudally and laterally [Eickhoff et al.,
2005a,c; Zilles et al., 2003].

The large cluster of activation including the left parietal
operculum spread into all four cytoarchitectonic areas of
that region: 43.0% of its volume was located in OP 1,
14.0% in OP 3, 9.3% in OP 2, and 7.0% in OP 4. Two local
maxima were identified within this cluster. One of these

maxima (x � �46, y � �20, z � �16) was located at the
border between OP 1 (30% probability), OP 4, and OP 3
(both 20% probability). The position of the second local
maximum (x � �38, y � �22, z � �20) was assigned to
OP 2 (Fig. 4, middle panel). The probability for OP 2 at
this position was 40% (30 – 60% for the surrounding vox-
els). The probabilities for all other cytoarchitectonic areas
at this position were �20%.

The activation observed in the right posterior parietal oper-
culum/retroinsular region was located predominantly (75.0%)
within OP 2. The local maximum within this cluster of activa-
tion (x � �40, y � �26, z � �22) was located in area OP 2 (Fig.
4, right panel). The probability for finding OP 2 at this position
was 80% (60–80% for the surrounding voxels).

Conjunction

The only brain region where a significant activation was
evoked by both stimulus conditions was the posterior pari-
etal operculum on the right hemisphere (Fig. 5A). Conse-
quently, only this region showed a significant effect in the
conjunction analysis (Fig. 5B). Only the right posterior pari-
etal operculum thus was activated consistently by vestibular
stimulation, irrespective of the stimulated side. Of this clus-
ter’s volume, 66.7% was located within OP 2; only 8.3% was
allocated to OP 1. The maximum activation for the main
effect of GVS was located at x � �38, y � �26, z � �22 (Fig.
5C). It was assigned with a probability of 80% to OP 2
(70–80% for the surrounding voxels), whereas the probabil-
ity for OP 1 was only 20–60%.

Percent Signal Change in OP 2

There was a consistent bilateral BOLD signal increase
within area OP 2 after both left anodal to right cathodal

TABLE I. Relative increases in brain activity resulting from galvanic vestibular stimulation

Macroanatomic location
Cytoarchitectonic

allocation (%)
Coordinates

(x, y, z)a t

Cytoarchitectonic
probabilities, %

(range)

Excitation of the right and inhibition of the left vestibular nerveb

1. R posterior parietal operculum OP 2: 79.5 38, �26, 20 10.14 OP2: 70 (40–80)
OP1: 20 (10–40)

2. R anterior subcentral gyrus OP 4: 19 60, �6, 8 9.19 OP 4: 10 (10–40)
3. R anterior insula None 36, �4, �20 8.67 Nil

Excitation of the left and inhibition of the right vestibular nervec

1. L parietal operculum OP 1: 43.0 �46, �20, 16 10.04 OP1: 30 (30–40)
OP 3: 14.0 OP4: 20 (20–40)
OP 2: 9.3 OP3: 20 (10–40)
OP 4: 7.0 �38, �22, 20 7.16 OP 2: 40 (30–60)

2. R posterior parietal operculum OP 2: 75 40, �26, 22 7.63 OP 2: 80 (60–80)
OP 1: 6.3

3. L anterior insula None �42, �6, �6 8.67 Nil
4. L inferior parietal lobe OP 1: 69.2 �48, �36, 26 7.93 OP 1: 30 (30–40)

a All coordinates are given in anatomic Montreal Neurological Institute (MNI) space.
b Relative increases in brain activity resulting from left anodal/right cathodal galvanic vestibular stimulation (LR, rest), exciting the right
and inhibiting the left vestibular nerve.
c Relative increases in brain activity resulting from right anodal/left cathodal galvanic vestibular stimulation (RL, rest), exciting the left and
inhibiting the right vestibular nerve.
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and right anodal to left cathodal stimulation (Fig. 6). The
mean relative BOLD signal change after stimulation of the
ipsilateral vestibular nerve was almost identical for the
two hemispheres (0.35% for the left vs. 0.36% for the right
hemisphere). However, the response to contralateral stim-
ulation showed a considerable degree of lateralization
into the right hemisphere. Whereas the mean percent
signal change at the local maximum for condition RL in
right area OP 2 was 0.30%, the respective change in the
BOLD signal of the left hemisphere and condition LR,
respectively, was only 0.22%. Although this effect failed

to reach statistical significance (P � 0.05 for the interac-
tion between area and stimulus side in a two-way analysis
of variance [ANOVA]), this difference was in good accor-
dance with the observation that only right OP 2 was
activated in the conjunction of both main effects.

DISCUSSION

We have integrated data obtained from an fMRI study
using GVS and data on the cytoarchitectonic organization of
the parietal operculum to identify the human equivalent of

Figure 4.
Left panel: The regions where there is a significant relative blood
oxygenation level-dependent (BOLD) signal increase associated
with the excitation of the left and inhibition of the right vestibular
nerve (i.e., right anodal to left cathodal galvanic vestibular stimu-
lation, condition RL) relative to rest. Areas of significant relative
increase in BOLD signal (P � 0.00005, uncorrected) are shown
superimposed on a surface-rendered Montreal Neurological Insti-
tute (MNI) single-subject template to detail the macroanatomy.
The height and the exact coordinates of the local maxima within
the areas of activation as well as quantitative descriptions of their
cytoarchitectonic assignments are given in Table I. The green

numbers in the figure point to the respective cluster label in this
table. Middle panel: Detailed view on orthogonal sections at x
� �38, y � �22, z � 20, i.e., the location of the local maximum
of the cluster centered upon the left posterior parietal operculum
(Cluster 1) corresponding to parieto-insular vestibular cortex
(PIVC). The extent of OP 1 (white), OP 2 (dark gray), OP 3 (light
gray), and OP 4 (intermediate gray) is shown in different gray
values; the MNI single-subject template is shown in the back-
ground. Right panel: Detail views focused on the location of the
local maximum in the right posterior parietal operculum (Cluster
2, x � 40, y � �26, z � 22)
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the PIVC. We will now discuss the results with respect to
previous findings on this area in humans and nonhuman
primates.

Vestibular Stimulation

We used GVS to activate the vestibular system. This
choice was based on the several advantages of this method
over caloric vestibular stimulation (CVS), in particular with
respect to application in an fMRI environment. First,
whereas the postural and ocular effects of CVS are mediated
predominantly by the semicircular canals, with little or no
otolithic component [Barany, 1907; Gentine et al., 1990], the
effects of GVS are due to modulation of the tonic firing rate
of all vestibular afferents close to their postsynaptic trigger
site [Goldberg et al., 1984]. Second, the effects of CVS have a
very slow time courses as the time from stimulus onset to
maximal effect can take as long as 80 s and vestibular sen-
sations can be present for as long as 15 min after stimulation
[Proctor, 1988]. CVS can thus not be used efficiently in an
fMRI design where activation blocks usually last around
20 s. Third, CVS provokes magnetic susceptibility artifacts
due to the susceptibility difference between air and water
[Lobel et al., 1998]. This may result in false-positive activa-
tions due to task correlated (artificial) changes in the MRI
signal and reduces the statistical power to detect true acti-
vations due to the increased noise level.

Figure 5.
A: Synopsis of the significant ac-
tivations for both stimulation
modes. Activations in condition
RL are shown in green, those in
condition LR in red. The two pat-
terns of activation only overlap in
a small region in the right hemi-
sphere. B: Results of the con-
junction analysis. The displayed
region was significantly activated
in both stimulation conditions
and is associated significantly
with the main effect of galvanic
vestibular stimulation (irrespec-
tive of anode side) relative to
rest. C: Orthogonal sections
through the location of the local
maximum revealed by the con-
junction analysis, which was lo-
cated in the right posterior pari-
etal operculum (Cluster 1, x
� �38, y � �26, z � �22).

Figure 6.
The blood oxygenation level-dependent (BOLD) signal changes (in
percent) per condition are displayed for OP 2 in both hemi-
spheres. The values shown are the mean (� SEM) percent signal
changes for the voxel within OP 2 in each subject, which was
associated most strongly with the main effect of galvanic vestibular
stimulation. That there is a considerable degree of lateralization
into the right hemisphere for the response to contralateral stim-
ulation, i.e., the response of right area OP 2 to excitation of the
left vestibular nerve was considerably stronger than was the
BOLD signal change in OP 2 of the left hemisphere caused by
stimulation of the right vestibular nerve.
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One potential drawback of GVS is the tactile/somato-
sensory component of the electrical stimulus, which might
cause coactivation of the somatosensory cortices. How-
ever, in the present study we did not observe any activa-
tion in the primary somatosensory cortex after GVS,
which makes a significant tactile component of our stim-
ulation highly unlikely. Moreover, to examine if the ob-
served activation on the parietal operculum was distinct
from the secondary somatosensory cortex, the observed
activation on OP 2 was compared to the functional loca-
tion of the hand region within SII as defined by a meta-
analysis of functional imaging studies involving tactile,
thermal, kinesthetic, and electrical stimulation. Given our
current knowledge of the somatotopic organization of the
SII region in humans and nonhuman primates, somato-
sensory input from the mastoids, i.e., the locus of galvanic
stimulation, should have resulted in activation lateral to
the hand representation but within the same cortical areas
(SII/PV, cf. the review by Kaas and Collins [2003]). How-
ever, as shown in Figure 7 the cortical response to gal-
vanic stimulation clearly failed to follow this prediction
for two reasons: (1) the functional activation after GVS
was located medial and posterior to the SII hand region;
and (2) GVS evoked activation in a different cortical area
as compared to somatosensory paradigms.

Human Analogue of the PIVC

We propose that cytoarchitectonic area OP 2 constitutes
the human equivalent of the PIVC as defined in nonhuman
primates [Akbarian et al., 1988]. This claim is supported by
homologies between OP 2 and PIVC in the functional re-
sponse characteristics and the topography.

In the macaque monkey, a large proportion of the neurons
in the PIVC are driven strongly by (mainly ipsilateral) input
from the vestibular nuclei via the ventroposterior thalamus
[Grusser et al., 1990a,b]. The PIVC is closest to the notion of
a primary vestibular area, given its robust response to ves-
tibular stimulation and its dense connections with all other
vestibular areas as well as the vestibular nuclei [Akbarian et
al., 1994]. Similar results were also reported for other species
of nonhuman primates. All these studies show a remarkable
consistency with respect to the location and response char-
acteristics of the PIVC within the primate family [Guldin
and Grusser, 1996, 1998].

Similarly, the existence of a vestibular cortex in the human
parietal operculum was demonstrated repeatedly by cortical
electrical stimulation [Kahane et al., 2003; Penfield and Jas-
per, 1954] and functional imaging studies using vestibular
stimulation [Bense et al., 2001; Bottini et al., 1994, 2001;
Deutschlander et al., 2002; Fasold et al., 2002; Fink et al.,
2003; Lobel et al., 1998, 1999] or head movements [Petit and
Beauchamp, 2003]. These observations led to the conclusion
that an equivalent to the primate area PIVC also exists in the
human brain and that it is located at a comparable position
in the posterior parietal operculum [Brandt and Dieterich,
1999]. We were able to replicate the above findings by dem-

onstrating bilaterally significant increased BOLD signals in
the deep posterior parietal operculum after GVS.

For the first time, the anatomic substrate of these cortical
vestibular activations could now be identified by correlating
these functional imaging results with cytoarchitectonic data
of the human parietal operculum. When the probabilistic
cytoarchitectonic maps for the opercular areas OP 1–4 were
compared to the location of the functional activations of the
parietal operculum elicited by GVS, a very good correspon-
dence could be demonstrated between these activations and
the extent of area OP 2. Importantly, the match between OP
2 and the vestibular activation was much better than was the
match between this activation and any other architectonic
area within the parietal operculum, based on the number of
overlapping voxels and the probabilities for different cyto-
architectonic areas at the location of the local maxima of the
activation. This specific activation of OP 2 by GVS, which
was used repeatedly to functionally demonstrate the exis-
tence of a human PIVC as described above, provides strong
evidence for our hypothesis that cytoarchitectonic area OP 2

Figure 7.
Comparison between the location of secondary somatosensory
cortex (SII) as revealed by a meta-analysis of 181 functional imaging
activations [Eickhoff et al., 2005a] shown in yellow and the location
of parieto-insular vestibular cortex (PIVC) identified by the con-
junction analysis reported in this study, shown in red. The tem-
poral lobes were removed for display purposes (cf. Fig. 2). Signif-
icant clusters are clearly separated from each other and are also
located in different cytoarchitectonic areas: Whereas the location
of SII corresponds mainly to OP 1 and OP 4, PIVC is located in
area OP 2.
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is the structural analogue in the human cerebral cortex to the
PIVC of nonhuman primates.

This hypothesis is supported further by similarities in the
topology between PIVC and OP 2. In the cortex of nonhu-
man primates, PIVC is located medially in the posterior
parietal operculum, close to or within the circular sulcus of
the insula. It is followed rostrally and to some extent also
laterally by the secondary somatosensory cortex [Akbarian
et al., 1988; Grusser et al., 1990a], which in turn consists of
three anatomically and functionally distinct areas [Kaas and
Collins, 2003]. The topography of human area OP 2 is in
good agreement with the location of PIVC in nonhuman
primates. OP 2 is located medially on the posterior parietal
operculum, reaching into the retroinsular region. Similar to
area PIVC in monkeys, it is mainly found close to the circu-
lar sulcus of the insular. Area OP 2 is followed rostrally and
laterally by areas OP 1, OP 3, and OP 4. These areas show a
very good topographic match to the areas SII (OP 1), the
parietal ventral (PV) area (OP 4), and the ventral somato-
sensory area VS (OP 3) of the primate SII complex [Eickhoff
et al., 2005a,c; Kaas and Collins, 2003] and may thus be
considered to constitute the human equivalents of these
areas [Young et al., 2004]. This supposed correspondence is
in good accordance with the results of a recent meta-analysis
of the locations of SII activations in functional imaging stud-
ies [Eickhoff et al., 2005a], which confirmed that the coordi-
nates of the functional locations of SII correspond closely to
OP 1 and OP 4, i.e., primate areas SII and PV (Fig. 7). The
location of area PIVC, as functionally identified in this
study, is clearly separated from the location of SII as re-
vealed by that meta-analysis, in terms of stereotaxic coordi-
nates and its underlying cytoarchitectonic areas.

Interestingly, the cytoarchitecture of OP 2 also points to-
ward the interpretation of OP 2 as a primary sensory area,
because OP 2 differs distinctly from the surrounding cortex
by showing a relatively wide and cell dense inner granular
layer IV (Fig. 8) while lacking prominent pyramidal cells (in
layers III and V). This koniocortical cytoarchitecture resem-
bles the architecture of other primary sensory areas, e.g.,
area 3b in the somatosensory system [Geyer et al., 1999], area
41 in the auditory system [Morosan et al., 2001], and most
pronounced area 17 of the visual system [Amunts et al.,
2000]. However, the koniocortical features in OP 2 are not as
prominent as in the other primary cortices. This might relate
to electrophysiologic observations made in the macaque
monkey, that the PIVC is not a strictly unimodal vestibular
area but also shows responses to visual and somatosensory
stimuli [Akbarian et al., 1988; Grusser et al., 1990a,b; Guldin
and Grusser, 1998]. These polymodal response characteris-
tics distinguish PIVC (i.e., OP 2) from unimodal primary
sensory areas like 3b, 41, and 17, and might be reflected in
the less-distinct koniocortical architecture of OP 2.

Our current results contradict the earlier notion suggest-
ing that the posterior insular is human PIVC [cf. Brandt and
Dieterich, 1999; Dieterich et al., 1998; Emri et al., 2003; In-
dovina et al., 2005]. The demonstrated lack of activation of
the posterior insular in a situation that should have activated

PIVC is supported by other observations that locate PIVC
not in the insular cortex but on the parietal operculum [e.g.,
Fasold et al., 2002; Lobel et al., 1999; Petit and Beauchamp,
2003]. This view is also in line with results from direct
cortical stimulation of the insular cortex, which rarely elicits
vestibular reactions [Kahane et al., 2003; Ostrowsky et al.,
2002; Penfield and Jasper, 1954].

In this context, it is important to keep in mind, that OP 2
often also extends onto the upper part of the insular lobe,
i.e., behind the circular sulcus of the insula [Eickhoff et al.,
2005a,b]. Nevertheless, this area can be classified unambig-
uously as a parietal opercular area due to its main location
on the upper bank of the Sylvian fissure and its architectonic
distinction from the insular cortex. Given our current re-
sults, it thus seems that vestibular activations reported pre-
viously as being located on posterior insular should rather
be attributed to area OP 2. This controversy highlights the
great benefit of using microstructural data as the anatomic
reference for the localization of functional imaging results
instead of macroanatomic descriptions: Only by comparison
with (cyto-) architectonic data in the same reference space
does it become possible to reliably infer the anatomic loca-

Figure 8.
A) Microphotograph of area OP 2 from a cell body-stained histo-
logical section. The thin cortex of OP 2 shows small infragranular
layers, a sharply defined white matter border, and a distinct
horizontal lamination. Prominent pyramidal cells in layer III are
rare. The cytoarchitecture of OP 2 is more similar to that of
Brodmann area (BA) 3b (B), i.e., the primary somatosensory
cortex, than to the unimodal somatosensory association area BA
1 (C). Roman numbers designate cortical layers.
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tion of a functional activation and accordingly provide cor-
rect structural labels.

Hemispheric Asymmetry

The effects observed during left and right anodal GVS,
respectively, show differential patterns of hemispheric acti-
vation: inhibition of the left and excitation of the right ves-
tibular nerve (condition LR) resulted in significant activation
of OP 2 (i.e. PIVC) in the right hemisphere. whereas inhibi-
tion of the right and excitation of the left vestibular nerve
(condition RL) bilaterally evoked significant activation in OP
2. This suggests right hemispheric dominance for the pro-
cessing of vestibular information (in the sense that both right
and left vestibular nerve stimulation activate the right hemi-
sphere). This view is corroborated by the conjunction anal-
ysis, which showed, that only OP 2 on the right hemisphere
was activated by GVS regardless of polarity. This hemi-
spheric asymmetry of vestibular processing is in good ac-
cordance with the results of previous functional imaging
studies [Bense et al., 2001; Dieterich et al., 1998, 2003; Fasold
et al., 2002; Suzuki et al., 2001; but see Bottini et al., 1994].

OP 2 does not show any architectonic asymmetry [Eick-
hoff et al., 2005a,c]. Neither the cytoarchitectonic pattern nor
the stereotaxic location or the cortical volumes of this area
were significantly different between the hemispheres. The
observed functional asymmetry may thus originate from
differences in connectivity, resulting in different amounts of
afferent input into these areas. In principle, this different
input may be mediated via transcallosal connections from
left OP 2 to its right hemispheric counterpart, or may result
from differently weighted subcortical inputs. This issue has
to be addressed in further experiments.

CONCLUSION

We have been able to identify area OP 2 as the human
equivalent of the primate PIVC by combining functional
imaging and probabilistic cytoarchitectonic mapping.
PIVC plays a unique role in the vestibular cortex due to its
robust response to vestibular stimuli and its dense con-
nections with cortical and subcortical vestibular struc-
tures. Our functional data (as previous data) suggest a
right hemisphere dominance for vestibular processing, an
effect that is not mirrored by cytoarchitectonic asymme-
tries in OP 2, the anatomic equivalent of PIVC. Further
investigations of the cortical vestibular network will be
necessary to gain a better understanding of its organiza-
tion and its interactions with other cortical systems, e.g.,
the mechanisms underlying spatial orientation and atten-
tion, body posture, or gaze. However, the architectonic
identification of the human equivalent of area PIVC,
which is a key area of system, is one important step
toward this goal.
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