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Clinical and meta-analytic imaging data suggest a considerable overlap between vestibular-sensory and anxiety-
emotional processing networks. We therefore examined functional MRI activation using galvanic vestibular
stimulation (GVS) and a fear conditioning paradigm in the same 28 healthy individuals. This study was to proof
) . the effects of both stimulations in the same individual whereas our earlier meta-analytical analysis compared
Emotional representation L. . ) A
Trait anxiety groups of participants who had received only one or the other stimulation. In the actual study we further assessed
fMRI subjective experience (expectancy ratings, questionnaires) and autonomic arousal (skin conductance response;
SCR). Activation patterns during vestibular stimulation confirmed previous findings showing highest fMRI-
activation in the parieto-insular vestibular cortex. Fear conditioning activated the anterior insula, secondary
somatosensory cortex (S2) and thalamus. A conjunction of fMRI-activation maps for both stimulation paradigms
revealed bilateral anterior and posterior insula, dorsolateral prefrontal cortex and S2 as well as cerebellar
hemisphere fMRI-activation. Regression analyses showed a high positive association of left anterior insular
activation during the fear extinction period with trait anxiety. The vestibular intensity during GVS was positively
associated with right ventro-lateral prefrontal cortex (PFC) fMRI-activation. This is compatible with the earlier
hypothesized top-down regulation of vestibular perception which involves the PFC beneficial for suppression of
unusual vestibular excitation or vertigo related to vestibular disorders.

1. Introduction

For most species survival in their environment relies on the multi-
sensory input from vestibular, visual, auditory, somatosensory, and ol-
factory sensors the processing of which is organized in central networks.
These sensory networks are interconnected and embedded in higher
cortical neuronal ensembles of cognition, memory, and emotion (Brandt
and Dieterich, 2019). All together form a complex structure distributed
from brainstem to cortex to subserve recognition, spatial orientation,
memory, emotion, social interaction, and sensorimotor control of
avoidance and attraction (Dieterich and Brandt, 2018). The latter
function, e. g, motor responses initiated by sensory input depend on such
factors as the actual body position, spatial memory, environmental
structures, attention, and task-dependent voluntary intention. With
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respect to brain structure and function an overlap of sensory and
cognitive networks can be expected to enable this behaviour. An
example is the conspicuously linkage between a vestibular stimulation
and the associated emotional responses such as joy on a carousel or the
fear to fall on a moving platform.

There is clinical evidence that episodic vestibular disorders such as
Meniere’s attacks or vestibular migraine are accompanied by a threat-
ening anxiety (Eckhardt-Henn et al., 2008; Lahmann et al., 2015). The
severity of anxiety in vertigo and balance disorders (either “excess
anxiety” or “less anxiety”) depend on the functional integrity of the
vestibular system (Brandt and Dieterich, 2019). This is supported by a
survey on a total of 7083 dizzy patients showing that inadequate
vestibular stimulation by episodic vertigo syndromes is associated with
increased vertigo-related anxiety while bilateral vestibular loss of
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function is associated with less vertigo-related anxiety (Decker et al.,
2019) despite the impaired balance regulation with a high risk of falls.
This also applies to chronic central vestibular disorders (Padovan et al.,
2023). The psychiatric comorbidity of anxiety disorders and depression
among patients suffering from vestibular vertigo syndromes is well
recognized (Best et al., 2009; Bigelow et al., 2016; Eckhardt-Henn et al.,
2008; Lahmann et al., 2015).

On the other hand, vertigo and dizziness are also symptoms in dis-
orders of depression or anxiety or in functional disorders such as phobic
postural vertigo (Brandt, 1996) also termed persistent postural percep-
tual dizziness, PPPD (Dieterich et al., 2016; Staab et al., 2017). In panic
attacks vertigo or dizziness are one of the characteristic symptoms.

In addition, those patients with high anxiety tend to develop
chronification of intermittent vestibular disturbances (Staab, 2019) with
the consequences of a restricted community mobility and participation
(Dunlap et al., 2025).

In a first attempt we tried to demonstrate a potential overlap of the
vestibular and fear systems with regard to their brain imaging repre-
sentation maps. Brain activation patterns were compared in two fMRI
meta-analyses, one on fear conditioning (Fullana et al., 2018) and the
other on vestibular stimulation (Neumann et al., 2023). Common clus-
ters of concordance of vestibular stimulation and fear conditioning were
found in, e.g., the bilateral insular and ventrolateral prefrontal cortex,
and secondary somatosensory cortex. However, the functional inter-
pretation of these data was limited because the two meta-analyses had
been performed on different cohorts of healthy participants (Neumann
et al., 2023). Therefore, in the current study two well established
experimental procedures addressing vestibular and fear processing
(differential fear conditioning and galvanic vestibular stimulation; GVS)
were performed in the MRI in the same group of participants. The in-
clusion of questionnaires on State-Trait Anxiety Inventory (STAI) and
Vertigo Symptom Scale (VSS) was chosen to uncover differences in
inter-individual susceptibilities to vestibular related anxiety. Beside
BOLD response we also recorded subjective experience (expectancy
ratings of unpleasant stimulation experiences during GVS) and auto-
nomic arousal (as skin conductance response; SCR) to understand
possible cross-network associations with neural processing, and also to
control for successful implementation of the paradigms. Specific ques-
tions were related to the exact localization of the activations in the core
structures of both networks. We hypothesized that brain activation
during GVS and fear conditioning should overlap regarding relevant
sites. Also, we expected that self-report measures, BOLD-magnitude and
SCR might be associated.

One additional hypothesis was based on our earlier assumption that
there is a top-down regulation of vestibular perception which involves
the prefrontal cortex (PFC) to enable suppression of unusual and un-
wanted excessive vestibular excitation or vertigo related to vestibular
disorders (Decker et al., 2019; Brandt and Dieterich, 2019). This view is
also supported by a psychophysical study showing that electrical stim-
ulation of the dorsolateral prefrontal cortex (DLPFC) modulates vestib-
ular perception and nausea elicited in healthy participants during
sinusoidal galvanic vestibular stimulation (McCarthy et al., 2023) and a
fMRI study disclosing BOLD signal intensity patterns in the
parieto-insular cortex and thalamus comparing both transcranial DLPFC
stimulation with concurrent sinusoidal galvanic vestibular stimulation
(McCarthy et al., 2025). The confirmation of an overlap between the two
networks, the vestibular und the anxiety-emotional, shows the structural
basis for a coupling of anxiety and vestibular information processing.
This would explain why patients with bilateral vestibular loss reported
less vertigo-related anxiety (Decker et al., 2019). The coupling is also
compatible with the observation of increased anxiety during unusual
intense bodily accelerations and in episodic vertigo forms with pre-
served vestibular function, such as vestibular migraine and functional
dizziness (Brandt and Dieterich, 2020).
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2. Methods
2.1. Participants

28 right-handed and healthy adult participants (17 female, mean
age: 23.5 + 4.2 years) took part in the study which had been provided
ethical commitment by the Ethics Committee of the University Medicine
Greifswald (BB 029/23). Participants were recruited via flyer at the
University and were predominantly medical students (n = 14). Exclu-
sion criteria were mental and neurological illnesses but also experiences
with psychotherapy at present or in the past. In addition, participants
with contraindication for MRI were excluded. The whole experimental
session took about 1:30 h. Participants were financially compensated.

2.2. Questionnaires

To assess self-reported tendencies of anxiety and vertigo participants
completed the German version (Laux et al., 1981) of the State-Trait
Anxiety Inventory (STAI) (Spielberger et al., 1970) and the German
version (Gloor-Juzi et al., 2012) of the Vertigo Symptom Scale (VSS)
(Yardley et al., 1992). Besides total scores also the vertigo subscale score
of the VSS were computed. VSS data of one individual could not be
considered for analyses due to 8 omitted items.

2.3. Paradigms

2.3.1. Galvanic vestibular stimulation

Galvanic vestibular stimulation with alternating currents at a fre-
quency of 1 Hz (AC-GVS) was applied in a block design (Stephan et al.,
2005). The stimulation currents were produced by a battery driven
stimulator built in-house, that was located inside the Faraday cage of the
MRI scanner and was controlled using fiber-optic signal transmission.
The experimental procedure was controlled by a computer running
Presentation software (Neurobehavioural Systems, Berkeley, CA, USA).
Carbon electrodes were attached using ten-20 paste over both mastoid
processes after careful skin preparation (local anesthetics with lidocaine
gel, cleaning with abrasive paste and saltwater solution), and secured
with a head bandage. After placing the participants on the scanner table,
a test stimulation was performed to make them familiar with the effects
of stimulation and to find a suitable individual current strength. In order
to maximize the intensity of the vestibular stimulation and minimize
somatosensory sensations, participants were asked to choose an ampli-
tude that produced a distinct vestibular sensation and at the same time
allowed a stimulation for the whole duration of the experiment. This
individual current amplitude varied between 1.5 mA and 3.5 mA (mean
2.14+0.48 mA). We applied 15 trials of -GVS each with a duration of 8 s
and preceded by a resting period (22 s). After the experiment partici-
pants answered questions about their experiences during GVS such as
feelings of induced movement and their intensities (Stephan et al.,
2005). For 4 participants these ratings were incomplete.

2.3.2. Fear conditioning

We applied a differential fear conditioning paradigm with a partial
gain of 75 % that produces particularly strong effects in extinction
(Lonsdorf et al., 2017). As an aversive unconditioned stimulus (UCS), a
pneumatic tactile stimulation had been applied to the left index finger
upper segment (nail fold) by using a small plastic cylinder driven by an
Impact Stimulator (Labortechnik Franken, Germany; Release 1.0.0.34;
European Standard EN 60,601-1 Medical Electrical Devices). This
method is a reliable alternative to electrical stimulation as it has been
successfully used by our research group to investigate extinction
learning (Lindner et al., 2015; Wendt et al., 2017) and emotion pro-
cessing (Holtz et al., 2012; Lotze et al., 2007; Wendt et al., 2008). Prior
to the experiment the intensity of the pneumatic tactile stimulation
(UCS) was individually adjusted to a “clearly unpleasant, but not pain-
ful” level (mean intensity 4.4 + 0.9 g/s). During acquisition two
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geometric shapes (blue square, orange circle) were presented 12 times
each while one of the geometric shapes (CS+) was paired with the UCS
(applied 6.5 s after onset of the CS+) in 75 % of the trials (9 times). The
other geometric shape (CS-) was never accompanied by the UCS. During
the extinction phase, both geometric shapes (CS+, CS-) were presented
again 12 times each, without application of the UCS. Before each pre-
sentation of a geometric shape participants were asked to rate the
probability (expectancy in %) of the occurrence of an UCS using a
LUMItouch key pad (Photon Control Inc., Burnaby, Canada) and a
visually presented scale with 10 percent increments. To accommodate to
the rating procedure a training session was realized prior to the exper-
iment. All visual stimuli were presented via LCD screen (NordicNeur-
oLab, Bergen, Norway) placed behind the scanner and a mirror mounted
to the MR head coil. Participants were randomly assigned to one of two
presentation orders (UCS either paired with circle or with square).
Presentation software was used for stimulus presentation and recording
of UCS expectancy ratings. Mean UCS expectancy ratings were calcu-
lated considering the first and the last 6 trials respectively for acquisition
and extinction for both stimuli (CS+, CS-). Then, differential mean ex-
pectancy ratings (i.e., (CS+) - (CS-)) were computed (Lonsdorf et al.,
2017). Also, differential mean values were computed respectively across
all acquisition and extinction trials. Expectancy ratings of two partici-
pants were not available due to recording problems (n = 1) and
misunderstanding of instructions (n = 1).

2.4. Measurement and preprocessing of skin conductance response (SCR)

Skin conductance has been recorded during both experimental pro-
cedures using two Ag/AgCl electrodes with a diameter of 4 mm filled
with an electrode cream and placed adjacently on the hypothenar
eminence of the left hand. The sampling rate was set at 5000 Hz. Elec-
trodes were connected via a GSR-MR module and BrainAmpExG MR
amplifier to a computer running BrainVision recording software (Brain
Products, Gilching, Germany). Skin conductance data were down-
sampled to 10 Hz and exported to a txt-file using BrainVision Analyzer
2.0 (Brain Products). Analyses were then realized with Ledalab software
package (Benedek and Kaernbach, 2010) in Matlab which separates the
signal into a tonic and phasic component through a deconvolution
approach. SCR was scored as the average phasic driver in pS which
constitutes the most adequate measure of phasic activity (Benedek and
Kaernbach, 2010). For the examination of vestibular stimulation SCR
was assessed during GVS (0.9-8.0 s after GVS onset) and during rest
(6.9-14.0 s after rest onset). The rationale for the latest possible analysis
window during the resting period was to collect resting-state SCR and,
hence, to rule out possible after-effects of the galvanic stimulation.

SCR data (GVS) was not available for one participant due to technical
malfunction. For the fear conditioning paradigm SCR was assessed
during the presentation of the visual stimuli (0.9-7.0 s after onset).
Analysis windows starting 0.9 s after stimulus onset and covering the
whole stimulus duration were chosen in accordance with latency and
rise time characteristics of the SCR signal (Giannakakis et al., 2022;
Sjouwerman and Lonsdorf, 2019).

A logarithmic transformation of the SCR (Venables and Christie,
1980) followed by a range correction (Xcorrected = X / Xmax) (Lykken and
Venables, 1971) was carried out to normalize the distribution and to
reduce inter-individual variability not related to the task.

Mean SCR across all GVS trials was computed. For fear conditioning
mean differential SCR values were calculated as described for UCS ex-
pectancy ratings. For both experiments SCR means were computed
respectively with raw and logarithmized/range-corrected values.

2.5. Statistical analysis of ratings and SCR
To examine SCR during GVS a repeated measures (rm) ANOVA with

Condition (GVS, rest) and Trial (1-15) as within-subjects variables was
conducted. Differential UCS expectancy ratings and differential SCR
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were examined with rmANOVAs with Phase (acquisition, extinction)
and Time (early, late) as within-subjects factors. Examining SCR with
rmANOVAs was realized respectively with raw and logarithmized/
range-corrected values. To examine the impact of self-reported anxiety
and vertigo tendencies on the course of raw SCR groups with low and
high scores were created using median splits of the questionnaire data
(STAI scores, VSS total score). Then, rmANOVAs were computed as
described above with Score (high, low) as additional between-subjects
factor.

Spearman’s rank correlations were applied to examine associations
among questionnaire data, ratings and raw SCR means. Alpha was set at
0.05. Analyses were conducted using SPSS version 22 (IBM Corporation,
Armonk, NY, USA). Plots were created with R (v4.1.2). Fig. 1 shows the
experimental set-up and descriptions of the course of stimuli.

2.6. MR-imaging

Imaging data was collected at a 3T MRI-scanner (Vida, Siemens,
Erlangen, Germany) with a 64-channel head coil. Functional imaging
was performed with a multiband EPI sequence (CMRR; Center for
Magnetic Resonance Research, Department of Radiology, University of
Minnesota) of 60 transversal slices (multi-band acceleration factor of 5).
The in-plane resolution was 2.5 x 2.5 mm? and the slice thickness was
2.5 mm. The field of view was 220 x 220 mm?, corresponding to an
acquisition matrix of 88 x 88. The repetition time was 1 s, the echo time
was 37 ms, and the flip angle was 52° For susceptibility-induced dis-
tortions spin-echo field maps were acquired in the same phase-encoding
direction as the bold time series and in the opposite direction (anterior-
>posterior vs. posterior->anterior), geometry parameters similar to the
bold time series, TR=6.9 s, TE=76.8 ms. Structural imaging was con-
ducted using a sagittal T1-weighted 3D MPRAGE with 176 slices, and a
spatial resolution of 1 x 1 x 1 mm?. The field of view was 250 x 250
mm?, corresponding to an acquisition matrix of 256 x 256. The repe-
tition time was 1690 ms, the echo time was 2.53 ms, the total acquisition
time was 3:50 min, and the flip angle was 9° For the T1-weighted im-
ages, GRAPPA with a PAT factor of 2 was used. We used a rubber foam
head restraint to avoid head movements.

2.7. fMRI preprocessing and statistical analysis

MRI data were visually inspected for imaging artifacts. FSL’s topup
(Andersson et al., 2003) was used to calculate a displacement field from
the spin-echo field maps in order to correct for susceptibility-induced
distortions. Motion correction and normalization to Montreal Neuro-
logical Institute (MNI) 152 non-linear template was performed using the
Advanced Normalization Tools (ANTs, v2.3.5.dev212-g44225) (Avants
et al., 2011). After motion correction the resulting motion parameters
were examined regarding excessive motion, using a volume-to-volume
threshold of 2 mm translation as well as 2 degrees of rotation in every
direction. As the participants were firmly instructed regarding head
motion as well as spatial and temporal resolution were high, any
exclusion of data sets was not necessary. A concatenated transformation
was calculated from these registration step and applied in a single
resampling step to the BOLD time series. Gaussian smoothing of 8 mm
FWHM (full width at half maximum) was applied to improve
signal-to-noise ratio and to comply with the requirements of the
Gaussian Random field theory. Six motion parameters were extracted
from the linear registration of the motion correction for later inclusion
into the statistical model.

Statistical parametric mapping was performed with SPM12 (Well-
come Department of Neuroscience, London, UK) and Matlab version
R2021b (MathWorks Inc, Natick, MA, USA). First-level analyses were
performed with the general linear model (GLM), using a canonical he-
modynamic response function (HRF) and to correct for low-frequency
components, a high-pass filter with a cut-off of 128 s was used. Onsets
and durations of the experimental conditions were extracted from log
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Extinction

Fig. 1. The apparatus for galvanic vestibular stimulation (GVS) and the key pad are shown on the left. The right picture shows the devices for skin conductance
response (SCR)-measurement and UCS stimulation. The bottom shows the time course of the GVS examination (left) and the fear conditioning paradigm (right). The

occurrence of an unconditioned stimulus (UCS) is indicated by a flash.

files generated by Presentation. For the fear conditioning paradigm each
of the four conditions of the fear conditioning paradigm (acquisition,
extinction; CS+, CS-), the respective regressors were included as re-
gressors of interest, but those of all the other trials (e.g., button presses)
were included as regressors of no interest. For the vestibular stimulation
condition onset and duration of GVS were inserted as condition. Any
remaining time series data comprised the baseline. The residual effects
of head motions were corrected for by including the six estimated mo-
tion parameters for each participant as regressors of no interest.

For the second-level analyses, contrast images for comparisons of
interest (CS+ acquisition, CS+ extinction; CS- acquisition, CS-
extinction) were initially computed on a single-subject level. In the
next step, the individual images of the main contrast of interest (CS+
minus CS- acquisition) were regressed against the UCS expectancy rating
(how probable is it to receive a tactile stimulation?) and changes in SCR,
using second-level regressions. Second-level results were corrected for
multiple comparisons, using cluster-level family wise error (FWE)
correction on a whole brain level (prwg<0.05). In addition, a region of
interest (ROI) approach was performed for anatomical masks known to
be activated during paradigms form earlier studies (for fear condition-
ing: (Wendt et al., 2017); for vestibular stimulation: (zu Eulenburg et al.,
2012). These ROIs were also used for regression analyses between
fMRI-amplitude during CS+ > CS- (Acquisition and Extinction sepa-
rately) and vestibular stimulation in association with SCR-amplitude,
ratings and STAI scores (trait and state). The ROIs comprised: Insula
(anterior/posterior; Neuromorphometric atlas), S2 (Anatomy atlas),
cerebellum (AAL), for prefrontal areas: the anterior cingulate cortex
(ACC), the frontal eye field (FEF; coordinates with 1 cm spheres from
meta-analysis (left: —28, —6, 54; right: 30, —6, 50) (Bedini et al., 2023),
dorsolateral prefrontal cortex (DLPFC; AAL), Broca-area and analogon
(BA 44/45; AAL), hypothalamus (Anatomy Atlas), hippocampus
(Anatomy Atlas; right posterior hippocampal grey matter volume is
associated with experience in slackline training in ballet/ice dancing or
slacklining (Hiifner et al., 2011), amygdala (Anatomy Atlas), and thal-
amus (AAL). Associations with self-reports (STAIL, VSS: vestibular

strength, scoring of aversiveness of UCS) were calculated based on prior
observations (e.g., anxiety: Harrison et al., 2015). Associations of
logarithmized/range-corrected SCR values with fMRI-activation ROIS
were calculated for the following ROIs based on prior observations
(Anders et al., 2004): OFC, insula, thalamus. Linear regression in SPM12
was calculated for felt intensity of perceived movements and
fMRI-activation during GVS. For fear conditioning association analyses
were conducted for differential UCS expectancy ratings (CS+ minus CS-)
during acquisition and extinction and STAI scores.

3. Results
3.1. Questionnaires

Mean scores were 32.0 + 5.5 (STAI state), 34.6 + 9.4 (STAI trait)
and 13.9 4+ 8.5 (VSS). STAI scores above clinical thresholds were
reached by 3 (state) and 5 (trait) participants. For the VSS vertigo sub-
scale (group mean: 2.9 + 2.1) a clinical cut-off (4.5) was proposed
(Gloor-Juzi et al., 2012) which was reached by 6 participants. The VSS
correlated positively with both STAI scores (state: r = 0.387, p=.046;
trait: r = 0.440, p=.022). Questionnaire data correlated in parts signif-
icantly with chosen UCS intensity (STAI state: r = - 0.385, p = .043; VSS:
r=-0.709, p < .001) but not with GVS intensity (ps > 0.1).

3.2. Ratings and self-reports

All participants noticed the GVS while sixteen participants reported
the experience of movement with an average intensity of 6.7 + 1.7 on a
scale from O to 10 (see left panel of Fig. 2 for the number of further
reported experiences). The individual number of further reported ex-
periences during GVS correlated significantly with the STAI state score
(r=0.442, p = .018) but not with STAI trait, VSS and GVS intensity (ps >
0.1). During the conditioning paradigm differential expectancy ratings
(i.e., (CS+) - (CS-)) were higher for acquisition than for extinction (F
(1,25) = 27.238, p < .001). Differences between CS+ and CS- were
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Fig. 2. Frequency of reported experiences during GVS (left panel) and mean raw SCR during GVS and rest (right panel). SCR = Skin conductance response, GVS =

galvanic vestibular stimulation. Error bars represent standard errors of means.

highest during late acquisition and lowest during late extinction which
was reflected by a significant interaction between Phase and Time (F
(1,25) = 222.783, p < .001) (see top row of Fig. 3). Differential expec-
tancy ratings correlated negatively with the VSS score (acquisition: r =
—0.386, p = .057; extinction: r = —0.412, p = .041). No significant
correlations could be found with STAI scores, number of experiences
during GVS and UCS intensity.

3.3. Skin conductance response (SCR)

SCR during GVS was higher than SCR during rest (F(1,26) = 43.692,
p < .001) while a habituation over time was noticeable and reflected by
a significant interaction between Condition and Trial (F(14,364) =
30.512, p < .001). Paired t tests with Bonferroni corrections showed that
SCR towards GVS was increased primarily during the first 6 trials (ps <
0.05) (see right panel of Fig. 2). Mean SCR towards GVS was signifi-
cantly correlated with the number of reported experiences during GVS (r
= 0.395, p = .042) but not with GVS intensity and questionnaire data (ps
> 0.1). During the conditioning paradigm differential SCR (i.e., (CS+)-
(CS-)) was larger for acquisition than for extinction (F(1,27) = 8.600, p
=.007). Differences between CS+ and CS- were most prominent during
early acquisition and decreased over time resulting in a significant
interaction between Phase and Time (F(1,27) = 10.484, p = .003) (see
bottom row of Fig. 3). Differential SCR during acquisition correlated
significantly with differential expectancy ratings during extinction (r =
0.633, p =.001) while no other correlations of SCR could be found (rs >
0.1). Using logarithmic transformation and range-correction of SCR data
did not change outcomes and yielded rmANOVA results comparable to
those computed from raw SCR data (see above). For the GVS paradigm a
significant interaction between STAI state Score, Time and Condition was
found indicating a larger initial SCR towards GVS in those with high
STAI state scores compared to those with low STAI state scores (F
(14,728) = 2.408, p = .003). For the conditioning paradigm a significant
interaction between VSS total Score, Phase and Time was found which
reflects a stronger decrease in differential SCR during late acquisition in those
with low VSS scores compared to those with high VSS scores (F(1,52) =
4.302, p = .049). Significant between-subjects factors or further signif-
icant three-way interactions between main factors could not be
observed.

Error bars represent standard errors of means. UCS = Unconditioned
stimulus, CS+ = Geometric shape paired with UCS during acquisition,

CS- = Geometric shape never paired with UCS, acq. = acquisition, ext. =
extinction, SCR = skin conductance response.

3.4. fMRI - effects

Main effects are in depicted in Supplemental Fig. 1 and plotted in
Supplemental Table 1.

Overall, our group results are completely in line with prior studies on
fMRI-representations for both stimulation paradigms. In detail, GVS
showed fMRI activation in bilateral anterior and posterior insula,
bilateral secondary somatosensory cortex (S2), bilateral primary audi-
tory cortex (Al), bilateral cingulate cortex (CC), and bilateral dorso-
lateral prefrontal cortex (dIPFC) reaching into right dorsal premotor
cortex (dPMC; Supplemental Table 1A). For fear conditioning CS+ > CS-
showed fMRI-activation in bilateral anterior insula, bilateral S2, left
dIPFC and bilateral thalamus (Supplemental Table 1B).

When testing overlaps between representation sites for both para-
digms we calculated a conjunction analysis revealing bilateral anterior
and posterior insula, S2, Broca-area/Broca-analogon and left cerebellar
hemisphere (see Fig. 4 and Table 1).

When calculating differences between both stimulation paradigms
GVS minus fear conditioning revealed fMRI-activation in bilateral oc-
cipital lobe, left PFC, right lingual gyrus, right S2, bilateral cerebellar
hemispheres, and ACC (Fig. 5, Table 2). In contrast, fear conditioning
minus GVS revealed fMRI-activation in left anterior insula, left S2,
bilateral thalamus and bilateral PAG.

Fig. 5 shows differences between both paradigms.

3.5. fMRI- regression analyses

When testing associations between ratings (GVS: experienced
vestibular effect strength; fear conditioning; acquisition or extinction
phase: shock expectancy, anxiety ratings) we found the following ef-
fects. The intensity of experience of dizziness during vestibular stimu-
lation was associated with right vIPFC/orbitofrontal fMRI-activation (r
= 0.70; p<.001; ROI-correction for OFC with t = 4.63; prwg_ro1=0.048;
coordinates: 30, 39, —18; see Fig. 6, left). During extinction participants
with high trait anxiety showed high anterior insula activation (left: t =
5.23; pFWE insula=0.004; coordinates: —36, —3, 9, PFWE whole brain
0.044; right: t = 5.04; pFWE insula=0.007; coordinates: 39, —18, 0;
Fig. 6, middle). Those who did show high shock expectancy during the
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Fig. 3. Top: Mean UCS expectancy ratings trial-wise (left panel) and mean differential UCS expectancy ratings ((CS+) - (CS-)) (right panel). Bottom: Mean raw SCR

trial-wise (left panel) and mean raw differential SCR (right panel).

extinction phase of fear conditioning additionally showed low right
sided hippocampal fMRI-activation (r=-—0.62; p<.005; t = 3.92;
Prwe_ro1=0.045; coordinates: 36, —24, —15; Fig. 6, right) indicating an
association between low cognitive memory recruitment and higher fear
of being shocked during the shock-free extinction phase.

4. Discussion

In the present study we examined overlaps between neural activation
patterns during anxiety and vestibular sensations in the same healthy
individuals. For that purpose, we conducted two well established pro-
cedures (GVS and fear conditioning) in order to experimentally induce
these states, while recording subjective perceptions, BOLD responses,
and autonomic arousal (as SCR). Additionally, state of the art self-report
questionnaires targeting anxiety and vertigo were applied. Although a
clinical cut-off score of the vertigo subscale was reached by 6 partici-
pants, the highest individual score (7) was below lower quartiles of
clinical samples (Gloor-Juzi et al., 2012), hence indicating only minor
vertigo symptoms, if any.

Self-reports and SCR

Increased SCR during GVS reflected a reliable vestibular stimulation

in the participants which is further supported by a positive association
with the number of reported sensations. Hence, in accordance with
(Gavgani et al., 2017) measuring SCR offers a handy way to objectively
assess GVS induced states and vestibular sensations in general. Inter-
estingly, the majority of participants reported taste-related sensations
during GVS which might be due to involuntary head movements inside
the scanner (Cavin et al., 2007). During the differential fear conditioning
paradigm, UCS expectancy ratings and SCR were comparable to data of a
recent work confirming a successful implementation of the paradigm
(Dibbets and Evers, 2017). A negative correlation of STAI and VSS scores
with chosen UCS intensity is in line with Tang and Gibson (2005) who
found that higher state anxiety is associated with higher sensitivity to
pain.

Self-reported anxiety correlated positively with both self-reported
vertigo (VSS) and the number of experimentally induced vestibular
sensations representing overlaps of the two perceptional entities. This is
in line with a study by Saman et al. (2016) who found in vestibular
schwannoma patients with unilateral deafferentation a correlation of
STAI anxiety and subjective instability during caloric vestibular stimu-
lation. Our finding of a negative correlation between the capability to
differentiate between threat and safety signals (i.e., differential UCS
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Fig. 4. For the conjunction between both paradigms (for fear conditioning only for the acquisition phase) left posterior cerebellar hemisphere (circle indicating
location), bilateral anterior and posterior insula, bilateral S2 and Broca-area / Broca-analogon showed significant fMRI-activation (color coded in yellow-orange).
Left anterior insula is indicated with transparent blue, right anterior insula with transparent red. Z-values for slicing; top row: —56, 3, 10, 14; bottom row: 20,

23 and render brain right hemisphere.

Table 1
Conjunction analysis.

Region coordinates t-value Cluster size
Ant insula left —42,0,6 6.38%* 103
Ant insula right 33,27,3 5.26%* 101
Post insula left —42, -6, 3 4,23%* 9
Post insula right 39, -3,0 3.55% 101
S2 left —57, —24, 24 6.80** 464
S2 right 48, —27,21 6.54** 400
Broca —45,-3,9 4.72% 7
(BA44/45 left)
Broca-analogon (BA44/45 right) 54,9, 18 4.00% 25
Cerebellum left (Larsell lobule 8) —24, —69, —57 5.02%* 55

Whole brain FWE significance: **p < 0.05; ROI-FWE significance: *.

expectancy) and self-reported vertigo is compatible with this view
because bodily symptoms related to vertigo and assessed by the VSS are
typically reported during fear and anxiety (Yardley et al., 1992), also
discussed by Coelho and Balaban (2015). In turn, increased anxiety
could hamper differential fear conditioning by stimulus generalization
during acquisition as recently shown (Dibbets and Evers, 2017).
Although we did not find significant correlations of SCR with ques-
tionnaire scores, analyses using median splits showed that participants
with more pronounced state anxiety had at least a higher initial SCR
towards GVS than those with lower state anxiety which could again
underline the association between anxiety and vertigo given that SCR is
a reliable indicator of vertigo. Similarly, in a recent work on fear of
heights and vertigo induction autonomic arousal was especially pro-
nounced in those participants with increased fear (Bzdaskova et al.,
2022). Hence, reducing anxiety might lower the intensity of experienced
vertigo when exposed to corresponding stimulations which could be of
therapeutic relevance in high-risk cohorts. Furthermore, a higher ten-
dency towards vertigo was associated with a slower decline in

differential SCR during late acquisition, which might be due to delayed
SCR habituation. Actually, a delay in SCR habituation has been shown
for anxious participants (Raskin, 1975) while anxiety was also found to
be positively correlated with SCR towards CS+ during acquisition
(Indovina et al., 2011). Our data suggests that participants with a more
pronounced vertigo might show a similar delay in SCR habituation.
Since our examination started with the GVS paradigm an after-effect
of vestibular stimulation on fear conditioning might be thinkable.
Therefore, UCS expectancy ratings and SCR data were compared with
those of ten healthy participants in a similar age range (valid rating data
n = 8, valid SCR n = 9) who did not receive GVS using rmANOVAs with
an additional between-subjects factor (GVS, no GVS). As no differences
could be found (ps > 0.05) we concluded that effects of GVS on variables
of fear conditioning are less likely and that shared functional activation
patterns during both paradigms are independent of each other.

4.1. Comparison of functional MRI activations during both paradigms

We identified overlaps and differences in representation sites be-
tween both paradigms. In a conjunction analysis both showed fMRI-
activation in bilateral anterior and posterior insula, bilateral S2 and
left inferior/posterior cerebellar hemisphere. Bilateral S2 and insula
fMRI-activation had been already identified as common representations
for different stimulation methods for vestibular stimulation ((Dieterich
et al.,, 2003; Dieterich and Brandt, 2008); meta-analyses: (Neumann
et al., 2023; zu Eulenburg et al., 2012)). Cerebellar activation was
centered in Larsells lobule VIIIA which is part of a second motor corti-
cal-cerebellar loop (Kelly and Strick, 2003) showing a convergent rep-
resentation of movement and sensory information from the whole body.
A posterior cerebellar contribution for fear conditioning had been
described before (Couto-Ovejero et al., 2023; Medina et al., 2002). In an
electrophysiological study on rodents a close interaction between the
cerebellum and emotional processes was found via a subset of zona
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Fig. 5. GVS (green) showed higher fMRI-activation in bilateral superior occipital gyrus, left orbital gyrus, right lingual gyrus, right S2, bilateral cerebellar hemi-
spheres and ACC. Fear conditioning (CS+ minus CS- during acquisition; blue) showed higher fMRI-activation in left anterior insula, FEF and S2, bilateral thalamus
and bilateral PAG. Slice position: z= —8, —2, 3, 17, 23, 31, 39, right hemisphere of the rendered brain.

Table 2
Plotted differences between both conditions.

A) Vestibular stimulation minus fear conditioning (acquisition phase)

Region coordinates t-value Cluster size
Right superior occipital gyrus 21, -81, 30 101

Left superior occipital gyrus -9, -81, 24 4

VIPFC; Lateral orbital gyrus left —33, 45, -12 10

Lingual gyrus right 15, —66, —6 5.15%* 5

S2 right 33, -21, 27 4.09* 17
Cerebellar hemispheres;

right: 36, —75, —42; 4.50* 245

left: —18, —33, -27 4.45* 24

ACC —6,42,0 3.77* 17

B) Fear conditioning (acquisition phase) minus vestibular stimulation

Region Coordinates t-value Cluster size
Ant insula left -30,27,3 4.08* 13

52 left —51, —24, 39 4.51% 28
Thalamus left -6, —15, -0 4.37* 17
Thalamus right 6, —24, -3 4.05% 13

PAG left -3, -27, -6 3.52* 1

PAG right -3, -27,-6 3.38" 2

" p<.05 FWE whole brain corrected.
* p<.05 FWE ROI corrected.

incerta neurons (through long-range glutamatergic and GABAergic
transmissions (Zhao et al., 2025)). This prompted the authors to suggest
the cerebellum for stimulation treatments in anxiety disorders.
Overall, the cortical activation overlaps between vestibular stimu-
lation and fear conditioning showed quite consistent results when
compared to those obtained by the recent meta-analysis (Neumann
et al., 2023). However, there were also some differences to the meta-
nalytic approach probably because of methodological issues such as
different group sizes allowing for detecting smaller effect sizes in the
metanalysis. For instance, anterior cingulate was not significantly acti-
vated during fear conditioning in our study but was active during GVS.

This area had been discussed to be related to avoidance behavior
interacting with motor areas for flight reaction (Schlund et al., 2016). In
addition, the latter meta-analytic approach did not allow for direct
comparisons between conditions.

Increased fMRI-activation during GVS, when subtracted with those
during fear conditioning (acquisition phase), was seen in areas which
have been functionally related to visual processing (bilateral superior
occipital areas and right lingual gyrus), the ventro-lateral PFC (cognitive
and emotional processing), right S2 (as part of the parieto-insular
vestibular network with the posterior insula and OP2, as the core re-
gion (Eickhoff et al., 2006; Lopez et al., 2012), the cerebellar hemi-
spheres and the anterior cingulate cortex (ACC). Right S2 showed
increased fMRI-activation during GVS according to observations in our
previous meta-analysis (Neumann et al., 2023). Other non-ROI related
findings for the analysis “GVS minus fear conditioning” revealed rep-
resentation sites mostly in the DLPFC and the occipital lobe. The DLPFC
was part of both networks in our meta-analysis (Neumann et al., 2023),
i.e., is involved in emotional/anxiety and vestibular processing. Since
the vestibular core region in the posterior insula receives input from the
DLPFC, McCarthy et al. (2023) hypothesized a top-down control of
vestibular inputs. They found a suppression of the vestibular sensations
elicited by simultaneous GVS and transcranial sinusoidal electrical
stimulations of the DLPFC. The same paradigm of simultaneous stimu-
lation was performed in an fMRI study that showed an inhibitory
function on vestibular processing exerted by the DLPFC (McCarthy et al.,
2025). In our earlier meta-analytical study we proposed a similar
concept of a down-regulation of the fear network by acute vestibular
disorders or unfamiliar vestibular stimulations making unpleasant
perceived body accelerations and nausea less distressing (Neumann
et al., 2023). This concept was based on the differential effects of
galvanic stimulation (activation) and fear conditioning (deactivation) of
the posterior insula. Further, it fits the clinical observation that patients
with bilateral vestibular loss suffer from less vertigo related anxiety
(Brandt and Dieterich, 2020; Decker et al., 2019). Indeed, this concept is
in line with a pilot study on patients with functional dizziness in whom
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Fig. 6. Plots show correlations between intensity of perceived body sway during GVS and fMRI-activation in right vLPFC (left; axial slice position z=—18), between
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between hippocampus activation and differential UCS-expectancy ratings during the fear conditioning extinction phase (right; axial slice position z=—17).

repetitive electrical stimulation of the left DLPFC led to a considerable
reduction of dizziness and subjective postural instability (Palm et al.,
2019). Electrical stimulation of the DLPFC furthermore attenuated the
skin-sympathetic nerve activity (Wong et al., 2023) and modulated
muscle sympathetic nerve activity (McCarthy et al., 2023). Our data on
SCR during GVS are in agreement with these studies.

For the contrast “fear conditioning minus GVS” the present analysis
disclosed increased fMRI effects for fear conditioning in the left anterior
insula, left S2, bilateral thalamus, bilateral periaqueductal gray (PAG)
and left FEF. These effects are characteristic for fear conditioning results
reported in both meta-analytic (Fullana et al., 2018) and single group
publications (e.g. of our group: (Lindner et al., 2015; Wendt et al.,
2017)) and seem to be centered on the arousal dimension of fear con-
ditioning (e.g. thalamus: (Anders et al., 2004), PAG: (Wendt et al.,
2017)).

4.2. GVS induced perception of body sway and fMRI activation

VLPEC activation was positively associated with the intensity of
induced perceived movements scored after GVS. Adjacent regions (more
lateral: BA47) have been reported to be associated with the valence
dimension of emotional intensity in different paradigms (prosody:
(Wildgruber et al., 2006); expressive gestures: (Lotze et al., 2006)).
Therefore, we interpret the finding of OFC fMRI-activation in relation to
rated perceived movements as emotional appraisal of the intensity of
perception.

4.3. Associations of fear and fMRI activation

Regression analyses testing associations between fMRI-amplitude
and questionnaires (perceived intensity of induced movements, VSS,
STAI) showed a considerable positive relation of trait anxiety and
bilateral anterior insula activation during the fear extinction phase. Our
finding is in line with those of Harrison and colleagues (Harrison et al.,
2015) reporting anterior insula activation in association to perceived
anxiety in a fear conditioning experiment. Differing patterns of anterior
insular activity between depression subtypes clarify the complex inter-
action between anxiety and depression, emphasizing the insula’s crucial
role in processing diverse emotional stimuli (Ren et al., 2025). In
addition, an absent differential conditioning effect during extinction had
been reported for patients with panic disorders (Lueken et al., 2015) but
might be also critical in patients with chronic pain (Flor, 2012).
fMRI-activation in the right hippocampus was negatively related to
differential UCS expectancy ratings during the extinction phase of the
current study. The hippocampus is important for learning and therefore
also crucially involved in fear conditioning. Adequate retrieval of
emotional memory from the hippocampus seems to protect from states

of fear for aversive stimulation during the UCS free extinction phase.

4.4. Association of fMRI activation and SCR

In an earlier study we already described associations of SCR with
orbitofrontal fMRI-activation during observation of emotionally rele-
vant pictures (Anders et al., 2004). This area had also been the target for
transcranial down-modulation during successful lying in a thief role play
accompanied by lowered SCR (Karim et al., 2010). It is therefore
thought to be strongly involved in conflicting situations usually associ-
ated with high SCR-amplitudes. Prior associations of SCR-variability
between  participants revealed associations of amygdala
fMRI-activation during the extinction phase (Couto-Ovejero et al., 2023)
in a considerably larger number of participants. Although we expected
associations between autonomic arousal (SCR) and BOLD, we did not see
any relevant associations during both GVS and fear conditioning in our
smaller sample. In general, rare significant correlations with SCR in our
data might be due to habituation effects of the autonomic nervous sys-
tem observed during both paradigms.

Future research directions might be investigating GVS in a placebo-
controlled design to explore the interaction of GVS with fear condi-
tioning. In addition, it will be interesting to explore representation of
GVS and fear conditioning in patients with vestibular symptoms caused
by circumscribed brain damage.

4.5. Limitations

This study aimed to investigate cortical and cerebellar activation
sites. Therefore, measurement parameters were optimized for these re-
gions. Differentiation of brainstem processing during both paradigms
requires other imaging procedures. In addition, this study had been
powered for comparisons between conditions but not for regression
analyses which had been described to include >40 participants to show
robust results (Yarkoni and Braver, 2010). Therefore, negative findings
in association analyses might be due to an underpowered study for this
purpose.

Our examined group mostly comprised university students which
might restrict the generalizability of our results. Further research
including groups with broader age range would be helpful.

5. Conclusion

The major finding of the current study was that GVS and fear con-
ditioning in the same participants showed a considerable overlap of the
cortical vestibular and the anxiety networks in fMRI. This was a neces-
sary proof of the first imaging-based description of a structural and
functional interaction of vestibular perception and anxiety as described
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in a meta-analytic comparison (Neumann et al., 2023). In the latter
analysis groups of participants were compared who had either received
one or the other stimulation. In the actual study, regression analyses also
revealed associations of insula fMRI-magnitude and trait anxiety during
the extinction phase of fear conditioning. The current data support the
functional interpretation of first, a top-down regulation of the PFC, an
area that is part of both networks, on the vestibular insular cortex, and
second, the involvement of the cerebellum in both networks.
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