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Primary research questions:
-

Do the resting state correlations of vestibular processing regions correspond to
activations and deactivations during vestibular stimulation, and to known large-scale
functional networks?

-

Are these networks differentially activated at onset compared to enduring stimulation?

-

Is variability of results of neuroimaging experiments using vestibular stimulation
related to imaging modality or fMRI noise?

-

What is the evidence for the theory of reciprocal inhibition and other theories of
vestibular sensation and perception?

Primary methods and results: Review of the literature on vestibular stimulation neuroimaging
experiments involving healthy subjects, and secondary analysis of neuroimaging data that
was collected at the Neuroimaging lab at the Ludwig Maximilians University of Munich
(LMU). The data was made available to me by the authors of the article “Direct comparison
of activation maps during galvanic vestibular Stimulation: A hybrid H2[15 O] PET – BOLD
MRI activation study” (Submitted December 2019 to PLOS ONE, Authors: Sandra BeckerBense, Frode Willoch, Thomas Stephan, Matthias Brendel, Igor Yakushev, Maximilian Habs,
Sibylle Ziegler, Michael Herz, Markus Schwaiger, Marianne Dieterich, and Peter
Bartenstein.) In this experiment, pure resting state sessions and sessions with blocks of
galvanic vestibular stimulation were acquired with simultaneous PET and fMRI. The study
was approved by the local Ethics Committee of the Ludwig-Maximilians-Universität
München, Germany (90-15), and the Radiation Protection Authorities (Bfs Z5-22461/2-2015002). All 21 healthy volunteers gave their informed written consent.
Methods for the theoretical part included a literature search on Google Scholar based on
references from previous reviews and meta-analyses, collecting coordinates and plotting them
in an imaging software. In the empirical section I reanalyze the PET-fMRI data, investigate
the resting state correlations of functionally defined vestibular regions, test manual denoising
based on independent component analysis, and model onset and enduring stimulation
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separately to reveal separate and spatially specific effects of stimulation onset. Finally, I
implement an exploratory resting state connectivity analysis to define connectivity networks
overlapping with the experimental results and relate vestibular activation to known
connectivity and activation networks.
Main findings: The literature review indicates high consistency in some regions and
variability of activations and deactivations across stimulation methods, and weak evidence
for the theory of reciprocal inhibition. This conclusion was supported by the analysis of the
PET-fMRI dataset. I found correspondence between patterns of vestibular
activation/deactivation and resting state connectivity in the same subjects, as well as
correspondence with the Default Mode, Salience, and multisensory opercular networks.
Onset of stimulation was related to more activity in sensorimotor and salience regions. I
conclude that cortical vestibular activation is related to known functional networks including
multisensory integration processes and not vestibular processing per se, supporting the
predictive coding and Default Mode Network attenuation views on vestibular stimulation
neuroimaging results. This thesis also highlights the effects of fMRI noise, choice of
preprocessing pipeline, and modelling, using a fairly simple sensory stimulation paradigm to
raise concerns about the validity of conclusions based on fMRI data in general.
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1

Introduction

Unlike other sensory systems, the vestibular system does not receive much coverage in typical
psychology studies. It is nevertheless a highly important sensory system, providing humans with
essential information for the sense of balance and spatial orientation, enabling us to coordinate
movement with balance. Vestibular perceptions are important for everyday functioning and
intimately connected to our bodily sense of self and place in relation to our surroundings, are
thought to influence higher cognitive, especially spatial functions (Brandt, Strupp and Dieterich,
2014) and to be related to cognitive impairment (Smith, 2017). Vestibular disabilities can be
highly debilitating and cause significant distress (Balaban, Jacob and Furman, 2011) As a
perceptual system, it distinguishes itself by its multimodal nature, integrating multisensory inputs
into one global percept, the lack of a primary sensory cortex, possible hemispheric asymmetry,
an allocentric reference frame compared to egocentric senses like vision and audition, and the
relatively high variability of neuroimaging results (Dieterich and Brandt, 2015, 2018; Frank and
Greenlee, 2018).
The vestibular sense is a sense we usually only become aware of when it is malfunctioning, and
it may be involved in the link between physical activity, cognitive decline and dementia.
Learning more about how vestibular perception is processed can provide insight into the
flexibility and plastic mechanisms of the cortex, and may generalize to other questions of how
the brain integrates multiple inputs for perception. A sense so fundamental to our everyday
experiences and function deserves scientific curiosity. After 30 years of vestibular stimulation
neuroimaging experiments, there remain discrepancies in findings of activations and
deactivations, and how to interpret them. Explanations for vestibular activations and
deactivations include the theories of reciprocal inhibition between vestibular and visual systems
(Brandt, Bartenstein, Janek, & Dieterich, 1998; Dieterich and Brandt 2018), predictive coding
perspectives and default mode network modulation (Klingner et al., 2013, 2016).
In this thesis, I review the literature on vestibular stimulation neuroimaging experiments
involving healthy subjects, and conduct analyses of neuroimaging data from a vestibular
experiment. This involves secondary analysis of neuroimaging data collected at the
Neuroimaging lab at the Ludwig Maximilians University of Munich (LMU). In this experiment,
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pure resting state sessions and sessions with blocks of galvanic vestibular stimulation were
acquired with simultaneous PET and fMRI.
1.1

Purposes and research questions

The purpose of this thesis is the investigation of vestibular processing regions during artificial
stimulation and rest, with the following questions:
1. Based on current evidence, which regions are involved in vestibular processing, and what
is the evidence for the current theories of cortical vestibular processing?
2. What methodical issues influence the results? Are different findings related to stimulation
method or neuroimaging modality, preprocessing parameters, imaging artefacts or how
the stimulation is modeled?
3. What is the relationship between the stimulation-activated or -deactivated regions during
rest?
4. How are these regions related to known functional networks?
To answer this, I will:
1. Review the vestibular stimulation literature on healthy subjects
2. Reanalyse a PET-fMRI vestibular stimulation study, to:
2.1. Investigate the resting state functional connectivity (RSFC) of regions associated
with vestibular processing, based on functionally defined regions from the same
group of subjects.
2.2. Test the effects of artefact removal methods and reduced smoothing on activation
patters related to vestibular stimulation.
2.3. Test separate and relative effects of stimulation onset (event-related design) and
enduring stimulation (block design after onset).
2.4. Perform an exploratory resting state functional connectivity analysis, where the data
is allowed to define its own patterns without a seed region, and compare resulting
components to stimulation activation and deactivation.
An overview of analyses performed on the dataset is provided in figure 1.
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Figure 1: Flowchart
Analyses performed on the PET/fMRI galvanic stimulation and resting state acquisition. CONN, FSL, GIFT and
SPM refer to the neuroimaging data analysis softwares. GLM = general linear model, ICA = independent
component analysis, SBC = seed-based connectivity.

2
2.1

Literature review: Neuroimaging findings from vestibular stimulation experiments
Introduction

The afferents of the vestibular organs converge in the vestibulo-cochlear eight cranial nerve, and
project to the ipsilateral vestibular nuclei in the brainstem (Breedlove & Watson, 2013; Wolfe,
2018). The vestibular nucleus projects to the cerebellum, ipsilaterally and contralaterally to the
cortex and to the hippocampus. Vestibular afferents are projected via the posterolateral and
paramedian thalamus, and some projections relay vestibular inputs directly to vestibular cortical
regions such as the inferior insula (Kirsch et al., 2016).
Sensory, sensorimotor and cognitive functions have been ascribed to this central vestibular
system, including perception of self-motion and verticality, eye-motion and motor preparation,
postural and vegetative control, navigation, spatial attention and neglect, spatial memory and
body ownership (Brandt et al., 2005; Goldberg, 2016; Lopez, 2016; Dieterich, Kirsch and
Brandt, 2017). The vestibular system is able to include bilateral and competing inputs from
different sensory modalities into one global percept of self-motion and spatial position (Dieterich
and Brandt, 2018). Within the brainstem and cerebellum, vestibular input is integrated with eyemovement and motor coordination at the reflexive level (Dieterich and Brandt, 2015). For
example, the vestibulo-ocular reflex (VOR) activates when gazing at one point while moving the
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head, stabilizing the retinal image by reflexively moving the eyes in the opposite direction of
head-movement (Naito et al., 2003).
There is probably no primary vestibular cortex, but rather a multimodal cortical system for
posture control (Guldin and Grüsser, 1998; Goldberg, 2016). An area labelled parieto-insular
vestibular cortex (PIVC) is most consistently associated with vestibular afferents, located
adjacent to the insula deep in the sylvian fissure and responding to vestibular, visual and
somatosensory inputs (Guldin and Grüsser, 1998). In humans the human homologue of the
monkey PIVC has been thought to be found in the posterior sylvian fissure (Lopez and Blanke,
2011; Frank and Greenlee, 2018). Human neuroimaging findings in posterior insula, retroinsular
cortex/parietal operculum, superior temporal gyrus, inferior parietal lobule, precuneus,
hippocampus, anterior cingulate and anterior insula have been collectively labelled the
“multisensory vestibular cortical network” (Dieterich and Brandt, 2018).
Studies indicate there is a functional connection between vestibular and visual areas of the cortex
(Brandt et al., 1998; Roberts, Da Silva Melo, Siddiqui, Arshad, & Patel 2016). Accurate or
illusory self-motion may be perceived purely based on visual input (Dieterich and Brandt, 2018).
Most of us know visual-vestibular perceptual interactions from our own experience. An illusion
of whole-body movement may be triggered by visual stimuli. When we are sitting in a stationary
train and a train next to it moves by, the large-scale visual stimuli may induce a perception that
our own train is moving (Goldberg et al., 2012; James, 2018). The illusion demonstrates that
there is one global percept of self-motion and position, and that the perceptual weight can be
transferred from one sensory modality to another when they are in apparent conflict. The
multimodal vestibular system integrates vestibular, visual, proprioceptive and somatosensory
signals to form a spatial perception of self-motion and position, and is influenced by perceptual
predictions of motor action (Dieterich and Brandt, 2015; Klingner et al., 2016). An elegant
demonstration of visually induced vection is employed at the upper deck of the Fram museum in
Oslo. Consistent and surrounding visual stimulation creates a poignant vestibular illusion of
standing on the deck of a ship moving through uneasy waters, triggering compensatory reflexes
and postural adjustments as described by Goldberg and colleagues (2012), shifting the weight as
the ship “moves”. It may elicit a slight feeling of “sea legs” when you “disembark” the ship and
re-adapt to steady surroundings.
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Since neuroimaging modalities require head-motion to be minimal, functional neuroimaging of
the vestibular system has mostly used artificial stimulation. All vestibular stimulations used are
likely to influence autonomic reactions and trigger ocular reflexes. Vestibular stimulations
induce nystagmus and a perception of self-motion (Ertl and Boegle, 2019), and are often
associated with extra-vestibular effects like dizziness and nausea (Suzuki et al., 2001; Wolfe et
al., 2018).
The vestibular system exerts a strong influence on autonomic functions such as blood-pressure,
and the vestibular stimulation is in itself unpleasant and may trigger the sympathetic nervous
system, potentially influencing blood flow and blood volume and affecting the BOLD signal.
Extravestibular effects of stimulation have often been controlled for by control conditions
accounting for the somatosensory or painful nature of the stimulus or accounting for auditory
effects (Bense, Stephan, Yousry, Brandt, & Dieterich, 2001).
Caloric vestibular stimulation (CVS) with water or gas mainly affects the endolymph fluid and
hair-cells in the horizontal canal when the subjects are lying on their backs. Cold CVS inhibits
afferents of the horizontal canal, causing a sensation of tilt towards the stimulated side, and
induces a fast nystagmus beating towards the contralateral side, with the slow phase eye
nystagmus going towards the ipsilateral side (Suzuki et al., 2001; Naito et al., 2003). Warm CVS
excites the afferents of the horizontal canal, causing a sensation of tilt to the contralateral side of
the stimulation, a nystagmus beating towards the ipsilateral side, and a slow phase nystagmus
towards the contralateral side (Dieterich et al., 2003a). CVS mostly elicits perception of rotation,
mostly for the head and sometimes whole-body rotation (Frank, Wirth and Greenlee, 2016). CVS
requires that the timing of the vestibular effect is validated by recording eye movements.
Confounds are auditory and somatosensory effects of the stimulus, vertigo, dizziness, pain and
nausea (Emri et al., 2003; Lopez, Blanke and Mast, 2012).
Sound-induced vestibular stimulation (SVS) mainly affects the saccule, one of the otolith organs,
and the auditory system (Janzen et al., 2008; Schlindwein et al., 2008), and influences
perceptions of linear translation and gravity. Loud clicks between 85-130 dB elicit VestibularEvoked Myogenic Potentials (VEMP) that may be measured at the extraocular and
sternocleidomastoid muscles, are present in patients with hearing loss but not in patients with
vestibular nerve section (Colebatch, Halmagyi and Skuse, 1994). The auditory system is
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necessarily activated, which has been controlled for by using a subtraction approach with
auditory control conditions or parametric modulation (Oh, Boegle, Ertl, Stephan, & Dieterich
2018). Schlindwein et al. (2008) and Janzen et al. (2008) reported that subjects felt tilted towards
the stimulated ear.
Galvanic vestibular stimulation (GVS) affects the whole vestibular nerve, by placing electrodes
at the mastoid processes, stimulating vestibular afferents of both the semi-circular canals and
otolith organs (Lopez et al. 2012). It excites firing rate on the side of the anode, and inhibits
firing rate on the side of the cathode (Fitzpatrick and Day, 2004). GVS may use direct current
(DC-GVS), using a boxcar design for stimulation, or alternating current (AC-GVS), employing a
sine-wave design typically oscillating at 1 Hz, which has been shown to be the most effective
stimulation frequency (Stephan et al., 2005). The effects of GVS can vary with the position of
the electrodes and is associated with pain or heat sensations, which may be controlled for by
applying anaesthetizing gel (Della-Justina et al., 2014). GVS affects vestibular perception nearly
instantly, making the experiment easy to model and analyse. DC-GVS produces more transient
perceptions in contrast to AC-GVS (Stephan, Hüfner and Brandt, 2009).
GVS induces somatosensory sensations, may induce pain, vertigo, dizziness, nausea and a
metallic taste (Ertl and Boegle, 2019). In a study using unilateral DC-GVS (Fink et al., 2003),
subjects reported tilting of the body towards the anode during stimulation, while another study
reports no consistent direction (Cyran, Boegle, Stephan, Dieterich, & Glasauer, S., 2016). In a
study on AC-GVS with different frequencies by Stephan et al. (2005), at 0.1 to 2.0 Hz 63% of
subjects experienced motion around the yaw axis, and 28% around the roll axis, none around the
pitch axis. 61% reported whole body motion, and 15% head motion, while 12% could not decide.
Smith, Wall and Thilo (2012) report that AC-GVS induced perceptions of roll, tilt from the one
side to the other, and yaw motion of the head and sometimes the body, with varying perceptions
across subjects. Della-Justina et al. (2015) reported that all subjects experienced oscillation of the
whole body at the midsagittal axis during AC-GVS.
Finally, it is worth mentioning that MRI-scanning in itself induces Magnetic Vestibular
Stimulation (MVS) (Ertl and Boegle, 2019), triggering nystagmus in healthy controls, but not in
patients with bilateral vestibular failure (Roberts et al., 2011), and the strength of the magnetic
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field modulates activity in the Default Mode Network (Boegle et al., 2016). This introduces an
additional confound which may influence variability between studies.
2.2

Materials and methods

Articles were selected based on the two available meta-analyses and recent reviews in the field
(Lopez and Blanke, 2011; Eulenburg, Caspers, Roski, & Eickhoff, 2012; Lopez et al. 2012;
Dieterich and Brandt, 2018; Frank and Greenlee, 2018; Ertl and Boegle, 2019). Further studies
were found by examining the references of those studies. Criteria for inclusion were
simultaneous use of functional neuroimaging and vestibular stimulation, or visual stimulation
investigating vestibular function, in healthy subjects. For the review, a table was made including
the experimental design, vestibular stimulation method, neuroimaging modality, age and
handedness of participants, and whether eyes were open or closed during the experiment. For the
figures, coordinates were extracted from the articles that provided standard space locations of
their findings. Talairach coordinates were converted to MNI space using the Yale BioImage
Suite Package based on a non-linear transformation between MNI and Talairach space by
Lacadie, Fulbright, Rajeevan, Constable, & Papademetris (2008). Coordinates were grouped
according to stimulation method and neuroimaging modality, and plotted as nodes on a Colin27
surface in MNI-space using BrainNetViewer (Xia, Wang and He, 2013).
2.3

Results and discussion

The peak coordinates of vestibular stimulation studies reporting locations are shown in figure 2,
visualizing similarities and differences both within and between stimulation paradigms and
modalities.
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Figure 2: Peak coordinates reported in the vestibular literature
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Figure 2: Peak activation and deactivation coordinates reported in studies using vestibular or visual motion
stimulation. GVS = Galvanic Vestibular Stimulation. CVS = Caloric Vestibular Stimulation. SVS = Sound-induced
Vestibular Stimulation. The following studies and contrasts were included: Galvanic stimulation: GVS >/< rest
(Lobel et al., 1998); GVS > pain, rest > GVS (Bense et al., 2001); GVS > rest (de Waele et al., 2001); GVS >/< rest
(Stephan et al., 2005); GVS > rest (L, R and conjunction) (Fink et al., 2003; Eickhoff, et al., 2006a); GVS > rest
(Smith, Wall and Thilo, 2012), GVS > rest, bimodal GVS + visual > rest, bimodal > unimodal GVS, rest > bimodal
(Della-Justina et al., 2015); GVS L and R onsets > rest (Cyran et al., 2016); GVS > sham galvanic stimulation
(Macauda et al., 2019). Caloric stimulation: CVS > rest (Bottini et al., 1994); rest > CVS (Wenzel et al., 1996);
CVS > rest (Suzuki et al., 2001); CVS >/< rest (Bottini et al., 2001); CVS >/< rest, CVS > bimodal CVS+visual
motion (Deutschländer et al., 2002); positive and negative correlation with nystagmus (Naito et al., 2003); CVS >
rest (Dieterich et al., 2003a); CVS > rest (Emri et al., 2003); CVS > rest and CVS specific (not included in main
effect of visual gravity) (Indovina et al., 2005); CVS > rest, vestibular phase > calorics > rest, conjunction
CVS/pain/tactile > rest (Eulenburg et al., 2013); independent component timeseries associated positively or
negatively with CVS (Klingner et al., 2013); CVS > rest (Karim et al., 2013); CVS > rest (Frank, Wirth and
Greenlee, 2016); CVS > rest, incongruence > congruence with visual stimuli (Roberts et al., 2017). Sound
stimulation: SVS > rest (Miyamoto et al., 2007); VEMP >/< rest, VEMP > all acoustic controls (Schlindwein et al.,
2008); VEMP >/< rest, VEMP > all acoustic controls; VEMP > 65dB control (Janzen et al., 2008); VEMP > rest
(McNerney et al., 2011); only active during sound stimulation above vestibular threshold (Oh et al., 2018). Visual
stimulation: OKS inducing vection >/< visual motion control (Brandt et al., 1998); visual >/< rest, visual >
bimodal stimulation (Deutschländer et al., 2002); OKS > rest (Dieterich et al., 2003b); OKS > rest; positive and
negative correlation with fixation suppression of nystagmus (Naito et al., 2003); linear and roll vection >/<
stationary control (Deutschländer et al., 2004); 1g gravity visual motion > -1g, specific effect of 1g not included in
vestibular activations (Indovina et al., 2005); visual motion > static (Smith, Wall and Thilo, 2012); visual motion >
static (Frank et al., 2014); visual >/< rest (Della-Justina et al., 2015); visual motion > static (Frank, Wirth and
Greenlee, 2016); visual motion > static, bimodal congruency > incongruency (Roberts et al., 2017).
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2.3.1

Regions of Activation during vestibular stimulation

As can be seen in figure 2, peak vestibular stimulation activations cluster in and around the
posterior sylvian fissure. Consistent patterns of activations include activations along the sylvian
fissure in the parietal operculum/secondary somatosensory cortex and temporoparietal junction,
superior temporal gyrus, frontal operculum and inferior frontal gyrus, the posterior and anterior
insula, inferior parietal lobule including supramarginal gyrus, postcentral gyrus, cingulate sulcus,
anterior cingulate, central sulcus and sensorimotor cortex, premotor cortex, precentral
gyrus/middle frontal gyrus including frontal eye fields, supplementary motor area (SMA),
ventrolateral prefrontal cortex, temporo-occipital regions, precuneus, the hippocampal formation,
and cerebellum (Eulenburg et al., 2012; Cyran et al., 2016; Dieterich and Brandt, 2018; Ertl and
Boegle, 2019). Within 20 ms, vestibular stimulation signals propagate along the brainstem to the
thalamus, triggering ocular and spinal reflexes, and inducing potentials in several cortical regions
(Kammermeier, Singh, Noachtar, Krotofil, & Bötzel, 2015). Multiple cortical areas show
responses to vestibular nerve signals within 6 ms, including temporo-parietal regions, prefrontal
regions, and SMA (de Waele, Baudonnière, Lepecq, Huy, & Vidal, 2001).
All stimulation methods show significant activations in the insula and parieto-temporal parts of
the sylvian fissure, similar to the previous meta-analyses. Lopez, Blanke and Mast (2012) argue
that there are some main regions of vestibular processing in the temporo-parieto insular and
retroinsular cortex, inferiorparietal, frontal and cingulate cortex, thalamus, basal ganglia and
cerebellum. CVS and GVS show significant activations in the anterior and posterior insula,
retroinsular cortex, parietal and frontal operculum, inferior parietal lobule, putamen and
thalamus. CVS additionally show activations in the posterior superior temporal gyrus, Heschl’s
gyrus, central sulcus, precuneus, left superior frontal gyrus, left anterior cingulate and left central
sulcus, some of which are probably related to the auditory stimulation inherent in CVS. GVS
(only fMRI studies) additionally show activations in the precentral gyrus corresponding to FEF,
and in the left temporo-occipital cortex. SVS elicit significant activations in the parietal
operculum/retroinsular cortex and superior temporal gyrus. In a conjunction analysis, the only
region of overlap between all three methods is in the retroinsular cortex, at the junction of the
inferior parietal lobule and superior temporal gyrus, posterior to OP1 and OP2 (Lopez et al.
2012).
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Eickhoff, Weiss, Amunts, Fink, & Zilles (2006a) divided the parietal operculum into
cytoarchitectonic regions which are included in the Jülich digital atlas, and proposed that
previous studies reporting activations in the temporo-parieto junction and posterior insula
actually represent findings in the parietal operculum, cytoarchitectonic area OP2. Another metaanalysis of 28 studies using caloric, galvanic and acoustic stimulation found significant overlap
of activations in the bilateral central and posterior insula, posterior parietal operculum, inferior
parietal cortex, right precentral gyrus including FEF and right medial premotor cortex (SMA)
(Eulenburg et al., 2012). Conjunction analysis between caloric and non-caloric experiments
revealed only one region of significant overlap, in the right parietal operculum OP2. The authors
proposed that this was the human homologue of PIVC, a “distinct and unique vestibular cortex”
and a “core region of vestibular processing.” (Eulenburg et al., 2012).
However, other authors highlight the multimodal characteristics of the vestibular system and its
lack of a primary sensory cortex (Guldin and Grüsser, 1998; Dieterich and Brandt, 2015). In my
opinion, interpreting overlapping findings in a region known to be multisensory as a sign of a
distinct vestibular cortex may be a flawed perspective on the vestibular system. Recent studies
have investigated the possibility of different vestibular areas within the core vestibular
processing region. Frank and Greenlee (2018) pointed out that different anatomical regions have
been observed across studies, and suggest differentiating the PICV from a more posterior
retroinsular region historically labeled posterior insula cortex (PIC), as the latter responds to
visual stimuli and the former does not, while both respond to vestibular stimuli. Previous studies
may have erroneously labeled PIC as PIVC, obscuring their functional specializations (Frank,
Sun, Forster, Peter, & Greenlee, 2016). PIC could correspond to a visual-vestibular region in the
monkey labeled Visual Posterior Sylvian (VPS) (Lopez and Blanke, 2011).
2.3.2

Laterality

In general, studies using unilateral stimulation have found patterns of hemispheric dominance in
the vestibular system, where the activations are stronger on the excitated side and in the nondominant hemisphere. This has been replicated using PET, fMRI, EEG, caloric, acoustic and
galvanic stimulation (Dieterich et al., 2003a; Janzen et al., 2008; Dieterich and Brandt, 2015;
Dieterich et al. 2017; de Waele et al., 2001). Furthermore, connectivity studies indicate a
bilateral connectivity pattern of the parieto-insular cortex, with core regions that show
handedness-dependent patterns (Kirsch et al., 2018). However, recent studies using bilateral
caloric stimulation have failed to replicate this hemispheric dominance (Frank, Baumann,
17

Mattingley, & Greenlee, 2014), leading the authors to speculate that previous findings of
laterality may be due to the unilateral irrigation used in previous caloric studies.
2.3.3

Saliency responses to vestibular stimulation

Inter-subject variability of activations within the same anatomical region may have contributed
to discrepancies between studies, especially as many of the studies listed in the table use small
samples. Some studies have tested the separate effects of vestibular, somatosensory, auditory and
nociceptive stimulation. In an early study with 6 subjects, Bense and colleagues (2001)
contrasted GVS inducing vestibular sensations with nociceptive stimulation inducing pain and no
vestibular sensation. They found relative activations in the insula and operculum, frontal eye
fields, MT/V5 region, supramarginal gyrus, anterior cingulate, temporal lobe along the sylvian
fissure, thalamus, putamen and cerebellum. They also noted that posterior insula activations were
not overlapping between subjects. Pain activated the anterior cingulate, anterior insula and other
frontal regions. Other authors have noted that anterior insula and anterior cingulate activations
cannot be ascribed to vestibular function per se, due to pain, attention and salience processing in
these regions (Fasold et al., 2002).
Lopez and colleagues (2012) conclude that posterior insula and retroinsular activations may
represent vestibular processing, while anterior activations are probably related to nociceptive,
thermal and vegetative parts of the stimulus. To better model pure vestibular perceptions,
Eulenburg, Baumgärtner, Treede, & Dieterich (2013) modelled the initial caloric irrigation phase
of CVS before nystagmus and the phase of nystagmus and vestibular perception separately. They
also tested somatosensory tactile stimulation and nociceptive stimulation effects. A conjunction
analysis showed that all conditions activated the posterior parieto-insular cortex, in dorsal
posterior insula and parietal operculum, leading to the conclusion that this is a multimodal region
reacting to vestibular, somatosensory and pain stimulation. The authors suggest a distinct
activation of the anterior insula to aversive or salient stimuli, and posterior insula to multimodal
signals. The anterior insula responded to caloric irrigation and nociceptive stimuli, but not to the
vestibular phase of caloric stimulation. In the early phase of activation pain stimulation and
caloric irrigation activated the anterior insula, frontal operculum and inferior frontal gyrus,
before spreading to the parietal operculum. The somatosensory and vestibular conditions were
always centered in the posterior insula and parietal operculum. Studies indicate anterior sylvian
activations are more related to pain ratings, while posterior regions are more related to sensation
(Moulton et al., 2012), and the pain-related activation may be more related to salience or
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adversity rather than pain itself (Downar et al., 2001; Mouraux and Iannetti, 2009). The touch
stimulation or vestibular phase after irrigation is not associated with the same aversiveness.
The findings of these studies indicate that onset effects of caloric irrigation may reflect different
neural processes from block results. The activated regions have been linked to a multimodal
salience network responding to changes in the sensory environment (Downar et al., 2000, 2001).
Later studies using caloric irrigation have separated irrigation phases from steady temperature
phases, and used binaural, bithermal stimulation for a more natural vestibular stimulus. Frank
and Greenlee (2014) contrasted trials with perception of self-motion with trials without selfmotion perception, and found activations in the right parieto-insular cortex, bilateral FEF and
supramarginal gyrus. Despite controlling for onset of irrigation, they also found anterior insula
and frontal operculum activations, indicating that these regions may play a role in vestibular
processing beyond an initial saliency effect. However, since the subjects had to press a button to
indicate self-motion, motor and cognitive functions are likely to influence the findings of this
study.
2.3.4

Deactivations and reciprocal inhibition

Deactivations during vestibular stimulation include occipital regions/visual cortex, lateral visual
cortex, precuneus, posterior cingulate, the anterior frontal pole close to the midline/transverse
frontopolar gyrus, lateral temporal lobe in the middle temporal gyrus, inferior parietal lobule
around the angular gyrus, superior dorsal frontal gyrus, middle and inferior frontal gyrus, central
sulcus including the pre- and postcentral gyrus, fusiform gyrus and the hippocampal formation.
Wenzel and colleagues (1996) reported visual cortex deactivations during caloric stimulation,
which has been replicated in other studies, albeit less extensive than the original finding, and
somatosensory deactivations were also reported (Bense et al., 2001; Bottini et al., 2001; Stephan
et al., 2005; Klingner et al., 2013). Inversely, during visual stimulation inducing perception of
self-motion, deactivations were found in the posterior sylvian regions associated with vestibular
processing (Brandt et al., 1998; Dieterich, Bense, Stephan, Yousry, & Brandt, 2003b). This has
been observed during suppression of vestibular nystagmus (Tuohimaa, Aantaa, Toukoniitty, &
Mäkelä, 1983; Naito et al., 2003), or during visual motion stimulation not inducing self-motion
perception (Deutschländer et al., 2002; Dieterich et al., 2003b).
The findings of Wenzel et al. (1996); Brandt et al. (1998) and Dieterich et al. (2003b) inspired
the theory of reciprocal inhibition between central visual, vestibular, and somatosensory regions,
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when their inputs are in conflict. During artificial vestibular or visual self-motion stimulation,
only one sense is indicating self-motion. A mismatch between sensory inputs relating to selfmotion may be resolved by shifting the sensorial weighting to the more dominant or more
reliable modality (Dieterich et al., 2003a; Dieterich and Brandt, 2018). The findings were
reproduced in studies which included both vestibular and visual stimulation (Deutschländer et
al., 2002). As we can see in figure 2, GVS and CVS stimulation shows peak deactivations in
secondary visual occipital and temporal regions, corresponding to regions activated by visual
stimulation, and visual stimulation shows peak deactivations in the posterior opercular-insular
regions. Despite these findings, some studies have failed to find visual cortex deactivations
during vestibular stimulation (Lobel, Kleine, Bihan, Leroy-Willig, & Berthoz, 1998; DellaJustina et al., 2015). Furthermore, the location and extent of the findings vary from study to
study (Bense et al., 2001; Bottini et al., 2001; Stephan et al., 2005). In my opinion, it may be a
too liberal threshold if a deactivation anywhere in the occipital cortex is sufficient to reject the
null hypothesis and retain the hypothesis of reciprocal inhibition.
Both activations and deactivations have been found along postcentral gyrus in the same study
(Stephan et al., 2005). These have been interpreted as vestibular-somatosensory reciprocal
inhibition, as these senses are also likely to be in conflict during artificial vestibular stimulation
(Klingner et al., 2016).
In a study using GVS and employing localizer experiments to determine the location of visual
motion regions, Smith and colleagues (2012) demonstrated that several regions responding to
visual motion also respond positively to vestibular stimulation, indicating overlap between visual
and vestibular processing in multisensory regions. The regions include FEF, V6, temporooccipital V5/MT+/MST (medial temporal and medial superior temporal), and the Cingulate
Sulcus visual area (CSv). These activations may be limited to fMRI-studies, see figure 2.
Frank et al. (2014) demonstrated that areas PIC and MST respond to visual motion, caloric
stimulation inducing perception of self-motion, and to visual-caloric combinations. The authors
note the high variability in localising these regions, making it hard to assign functions to it in
previous studies not employing localization. They posit that PIC is another multisensory area
located in the core region of the cortical vestibular network, which is not vestibular per se but
rather a network of multimodal regions integrating information for orientation of control of eyes,
20

head and body in space, and affecting higher cognitive functions. PIC was localized posterior to
PIVC when defined as OP2. The authors speculate that PIC corresponds to the monkey Visual
Posterior Sylvian area VPS, posterior to the PIVC. Unlike PIC, PIVC shows negative responses
(reciprocal inhibition) during visual motion stimulation. This indicates that PIC may be a
separate functional region with properties similar to MST. Both respond to both visual and
vestibular motion cues, and may be involved in visual-vestibular integration. Reciprocal
inhibition may be limited to the PIVC region, and posterior sylvian multisensory regions may
have function specializations.
Frank et al. (2016) suggest that vestibular-visual reciprocal inhibitions are not hard-wired, but
flexible and dependent on attention. In a visual motion experiment, they found weak
deactivations in PIVC during passive viewing compared to a blank screen baseline. The
deactivations were much higher, however, with increasing attentional load compared to passive
viewing, concurrent with increases in PIC, FEF, posterior parietal cortex, and lateral prefrontal
cortex. These increases were on the same level as those found in previous studies of reciprocal
inhibition that did not control for effects of attention. This is demonstrated in the figure 2 visual
motion activations, which cluster both in occipital cortex corresponding to primary and
secondary visual regions, temporo-occipital cortex, frontal regions corresponding including FEF,
but also in and around the posterior sylvian fissure. The figure indicates that reciprocal inhibition
is not an inflexible process, as the posterior opercular-insular and other regions are implicated in
processing both stimuli. A study testing the effect of congruency of visual and vestibular selfmotion stimulation found an effect for incongruence in the posterior insula, and relate this
finding to the resolution of sensory ambiguity (Roberts et al., 2017). The resolution of sensory
conflicts may be a key function of these multisensory regions responding to self-motion stimuli.
Klingner et al. (2013) used independent component analysis (ICA) to investigate spatial
components during caloric vestibular stimulation. The ICA revealed 4 components that had a
positive BOLD-response, in the cerebellum, mid- to posterior insula, superior temporal gyrus,
posterior parietal cortex and anterior cingulate, and 3 components with a negative BOLDresponse, in visual cortex, sensorimotor regions and default mode network regions including the
precuneus and hippocampus. No single hemodynamic response model, nor the timecourse of
vestibular nystagmus, would fit the range of different responses to the stimulation, meaning that
the results could differ according to the model. Cerebellum and inferior insula were most related
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to the caloric stimulation onset and dependent on side of stimulation, suggesting they are
involved in the processing of the stimulus itself, while the multisensory parieto-insular
activations had a longer delay, possibly relating to multisensory integration and resolution of
perceptual conflicts. Visual cortex deactivations were attributed to reciprocal inhibition, while
default mode deactivations were attributed to attenuation of self-referential activity, as previous
studies have shown sensory stimulation can deactivate the DMN (Klingner, Hasler, Brodoehl, &
Witte, 2010). Both default mode and visual attenuation, as well as activation in possibly
vestibular components, faded before the end of nystagmus, indicating the cortical effects of
caloric stimulation are transient, and nystagmus and stimulation itself is not a good predictor for
the timecourse of the cortical processing induced by stimulation. Differential activations
according to timecourse modeling of stimulus onset were also demonstrated by Stephan et al.
(2009). Based on the studies reviewed here, separation of the different functional networks
activated by vestibular processing is still in its early phases.
2.3.5

Results in the Hippocampus and Precuneus

Other findings in the literature include the hippocampal formation and the precuneus, where
some studies have found activations, and others deactivations (Vitte et al., 1996; Kisely et al.,
2000; Bottini et al., 2001; Suzuki et al., 2001; Deutschländer et al., 2002; Dieterich et al., 2003a;
Stephan et al., 2005; Janzen et al., 2008; Schlindwein et al., 2008; Della-Justina et al., 2015),
whereas many studies do not report findings in the hippocampus (and deactivations are not
always reported). Precuneus was significantly active in the meta-analysis of Lopez, Blanke and
Mast (2012), while the hippocampus did not reach significance. They are frequently co-activated
or deactivated together, and their activation does not seem to be related to stimulation paradigm,
neuroimaging modality or whether eyes are open or closed. Their common activation or
deactivation may be linked to their common roles in mental imagery and construction, navigation
or Default Mode function (Ghaem et al., 1997; Andrews-Hanna, Reidler, Sepulcre, Poulin, &
Buckner, 2010; Zeidman, Mullally and Maguire, 2015), or to other functions as yet poorly
understood and related to artificial vestibular stimulation.
The precuneus is associated both with tasks requiring external attention and with the selfreferential spontaneous cognition of the Default Mode Network (Cavanna and Trimble, 2006)
and believed to be a core region of the Default Mode Network (Zhang and Li, 2012; Utevsky,
Smith and Huettel, 2014). Thus, the precuneus is likely to be both activated by the attentional
effects of the stimulus, or deactivated as part of a Default Mode attenuation to strong stimuli.
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Both activations and deactivations have also been found around the angular gyrus in the inferior
parietal lobule and posterior parietal cortex, parts of the default mode and visuospatial networks.
It may be that different designs activate the default network in different ways according to the
content of the control condition (Bijsterbosch, Smith and Beckmann, 2017). Signal changes in
the hippocampus induced by vestibular stimulation are believed to be related to its spatial,
navigational and memory functions (Stephan et al., 2005; Dieterich and Brandt, 2015). Patient
studies have linked hippocampal atrophy to vestibular loss and reduced performance on spatial
navigation (Brandt et al., 2005; Brandt et al. 2014).
Hippocampal formation activations and volume changes associated with vestibular stimulation
tend to cluster in the anterior hippocampus, whereas activations and changes due to visual
stimulation cluster in the posterior hippocampus (Hüfner, Strupp, Smith, Brandt, & Jahn, 2011b).
Blind and vestibular-impaired patients show opposite hippocampal volume decreases and
opposite patterns of activation during imagined self-motion (Jahn et al., 2009). The mechanisms
linking the vestibular stimulation to the hippocampal formation are not precisely understood
(Stephan et al., 2005; Hitier, Besnard and Smith, 2014). There are several pathways connecting
the vestibular nuclei and the hippocampus, notably via the cerebellum, the posterior parietal
cortex/inferior parietal lobule, or the head-direction pathway via the thalamus, but no direct
projections from the vestibular nuclei (Hüfner et al., 2007; Hitier et al., 2014; Winter and Taube,
2014). Hippocampal cells in non-human primates have been shown to respond to natural
vestibular stimuli (O'Mara, Rolls, Berthoz, & Kesner, 1994).
2.3.6

Predictive coding perspectives on vestibular processing

From the perspective of predictive coding, the main function of the cortex when it comes to
sensation is not the processing of stimulation, but rather the prediction of stimulation, eroding the
distinction between perception and cognition (Clark, 2013). In this perspective, the cortex
engages in error reduction. Higher-level perception models attempt to predict the input from
lower-level models, and lower-level models, for example at the level of retinal cells, act as
difference detectors rather than feature detectors, signalling the difference between expectation
and input (Jehee and Ballard, 2009). If this principle is the “rough guide” to the brain (Friston,
2009), the cortical signals changes during stimulation are related to the brain’s attempt to
minimize prediction error and construct a cause for the stimulus (Klingner et al., 2016).
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Indovina et al. (2005) showed that the main effect of natural earth gravity in a visual motion task
overlapped with regions activated by vestibular stimulation. The authors conclude that known
vestibular multisensory cortical regions are recruited when employing a natural 1g gravity
model, compared to visual motion tasks where the 1g model does not apply. Activations included
insula and retroinsular cortex, basal ganglia, inferior parietal lobule/supramarginal gyrus,
superior temporal gyrus, precentral/inferior frontal gyrus, SMA, cingulate regions, the
postcentral gyrus, and thalamus. The vestibular networks of regions discussed so far is thought to
be involved in integration of inputs relating to orientation relative to gravity, and control
mechanisms for orienting eyes, head and body according to multisensory inputs about egocentric
position and motion. The authors propose another function for this multimodal network,
representing gravity and the laws of motion to be able to properly interpret multimodal signals of
self-motion and make our world and (re-)actions predictable most of the time. The representation
of natural gravity is independent of modality, and internal models of the world, including
gravity, are assumed to be shaped by environmental constraints and perceptual learning.
Although the idea of a primary vestibular cortex is largely abandoned, the literature is
characterized by the localization approach, where consistent overlap between studies as seen in
the figures is used to identify the location of a core vestibular region (Eulenburg et al., 2012).
Klingner et al. (2016) suggest vestibular-induced cortical responses should be interpreted
differently than other modalities. They suggest that the cortical response observed in the
multisensory PIVC and in the rest of the vestibular network is primarily related to multisensory
integration mismatch and prediction errors, not to vestibular processing per se. The unified
model of body motion and position integrates different senses supplying spatial reference
information into one global percept (Dieterich and Brandt, 2018). The model predicting
vestibular inputs should also be predicting consistent visual and somatosensory inputs. Artificial
vestibular stimulation, especially when unilateral, induces prediction errors in the inputs from
both ears, and sensory conflicts between vestibular, visual and somatosensory signals. Cortical
responses are likely to reflect these conflicts, as the brain’s model of self-motion and position
assumes the same cause of self-motion inputs from all senses. That assumption is likely to be
true except in the rare cases of visually-induced vestibular illusions, vestibular loss or artificial
stimulation.
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Klingner et al. (2016) suggest there is no need for a vestibular cortex, as the only cause of
vestibular sensory information can be movement of the head, unlike for example tactile stimuli
which may have multiple causes, meaning the problem of perceptual inference is minimal for the
vestibular sense. The regions associated with vestibular processing are therefore distributed
across the cortex in contrast to for example visual (occipital) or somatosensory (parietal) regions,
preprocessing sensory inputs and reducing energy costs by close proximity to each other.
Subtraction designs involving a cutaneous, tactile or auditory control condition are not able to
account for this (Bense et al., 2001; Schlindwein et al., 2008; Eulenburg et al., 2013), since they
assume that a unilateral stimulation of the vestibular sense can be interpreted in the same way as
a unilateral somatosensory stimulation. Klingner et al. (2016) propose that the vestibular network
consists of brain regions with the common characteristic of utilizing head motion and gravity
signals in their processing, and that these brain regions are engaged in multimodal mismatch and
prediction errors, rather than vestibular perception.

3
3.1

PET/fMRI Vestibular stimulation experiment and seed-based resting connectivity
Introduction

As we have seen in the literature section, the findings of vestibular stimulation studies and
related visual studies vary both between and within modalities. Vestibular stimulation with
simultaneous acquisition of different neuroimaging modalities may provide answers as to which
effects are modality-specific, and incidentally answer a question fundamental to neuroscience: do
different modalities really measure the same thing? Furthermore, resting state relationships may
provide important information about which brain regions preferably work together, and thus a
better understanding of how the brain processes and distributes vestibular inputs, which may
generalize to our understanding of brain processing in general. In this section, I present and
analyse a hybrid PET/fMRI block-design experiment using Galvanic Vestibular Stimulation, and
use the fMRI as regions of interest in seed-based functional connectivity analyses.
Both BOLD-fMRI and H2O-PET are measures of metabolic activity assumed to be related to
neural processing. Regional Cerebral Blood Flow (rCBF) H215O-PET yields relative measures of
brain activity based on oxygen tissue activity. When not using arterial blood sampling, it can
yield relative differences in oxygen metabolism between regions (Fox and Mintun, 1989). Early
studies emphasize convergence of rCBF PET decreases and BOLD fMRI deactivations (Votaw
et al., 1999; Bense et al., 2001). BOLD-fMRI experiments are based on the assumption that
25

oxygen-concentration increases in regions of neural activity, overshooting the metabolic need
(Raichle and Mintun, 2006; Huettel, Song, and McCarthy, 2015), and oxyhemoglobin increases
the MRI signal (Kwong et al., 1992). The BOLD signal is an indirect measure of neural activity
that takes advantage of the magnetic contrast between oxygenated and deoxygenated blood to
give a relative measure of hemodynamic activity in the brain associated with different
experimental conditions. The BOLD-signal consists of regional cerebral blood flow, blood
oxygenation and blood volume, and is influenced by variability of the scanner, motion artefacts,
and non-neuronal physiological noise, which may account for a large amount of the variance of
BOLD fMRI data, as much as 20-70% (Verstynen and Deshpande, 2011). The signal of interest
is by contrast maximally around 5% for primary sensory stimulations (Poldrack, Nichols and
Mumford, 2011). The BOLD-signal has been shown to have a linear relation to postsynaptic
neural activity (Logothetis et al., 2001; Lee et al., 2010; Kahn et al., 2011).
In general, regions showing co-activation during task or stimulation often overlap with resting
state functional connectivity networks, defined as correlated timeseries during rest, absent of task
or stimulation (Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995). Inversely, regions consistently
displaying resting state functional connectivity often display similar patterns of co-activations
(Chang, Yarkoni, Khaw, & Sanfey, 2013), often called resting state networks or intrinsic
connectivity networks, to highlight that the correlations forming the networks can be identified
both during task and rest. Significant functional connectivity may be positive or negative,
indicating positive and negative correlation. Networks consistently activated during cognitive
tasks, such as the executive control network, have been shown to have negative functional
connectivity with the Default Mode Network (DMN), a network consistently deactivated during
cognitive tasks (Mulders, van Eijndhoven and Beckmann, 2016) and sensory stimulation
(Klingner et al., 2010). The brain may be organised into anticorrelated networks showing
functional connectivity during rest, and opposite increases and decreases during tasks (Fox et al.,
2005; Power et al., 2011). Negatively correlated timeseries may have a functional significance
and are identifiable also without global signal regression (Chai et al., 2012).
Previous connectivity studies of vestibular regions have also shown connectivity between the
vestibular nuclei in the brainstem and parietal operculum, insula, premotor cortex, associative
visual regions, fusiform gyrus, all temporal gyri, temporal pole, parahippocampal regions,
cingulate, and inferior prefrontal gyrus (Kirsch et al., 2016), all associated with vestibular
26

activations. Activations with different kinds of vestibular stimulation converge in the retroinsular
region and in the cytoarchitectonic area OP2, deep in the posterior sylvian fissure, which shows
resting state functional connectivity with other regions of activation in the perisylvian cortex and
in sensorimotor regions (Eulenburg et al., 2012). Patients with bilateral vestibular failure show
changes in resting state connectivity of vestibular cortical regions compared to controls (Göttlich
et al., 2014), and vestibular cortex connectivity may change with age (Cyran et al., 2016). A
previous study indicated that the vestibular cortical network consists of symmetric multisensory
areas assigned to many intrinsic connectivity networks around a more specialized, handednessdependent core in the middle, posterior and inferior insula in the non-dominant hemisphere
(Kirsch et al., 2018).
In this section, I investigate whether regions co-activated or co-deactivated relative to baseline
during galvanic vestibular stimulation (GVS) also show functional connectivity during rest in the
same subjects, using seed-based correlation measures, and relate the findings to known
connectivity networks. Furthermore, the theory of reciprocal inhibition motivates checking
connectivity maps of parieto-insular seeds especially for negative correlation with the visual
cortex. Finally, this is an opportunity to explore resting state connectivity of the hippocampus in
a group of subjects showing hippocampal deactivation during GVS. To my knowledge, this is the
first study to investigate the resting state functional connectivity of both activated and
deactivated regions from a vestibular experiment, and the first to focus on their anticorrelations
during rest.
3.2
3.2.1

Methods and materials
Participants and acquisition

21 subjects were recruited by word of mouth and newspaper advertisement. Inclusion criteria
required subjects to be older than 30 years and to be free of neurological, especially vestibular
impairments, and medical treatment affecting the brain. Subjects underwent clinical neurological
examination with attention to vestibular, ocular motor, somatosensory and visual function. 2
subjects were excluded, one due to excessive motion and failed normalisation, and one due
stimulator failure. The 19 subjects the final analysis had a mean age of 47 (+/- 10 years),
including 8 females, 17 right-handed and 2 left-handed subjects.
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Simultaneous 15O-PET and BOLD fMRI data were acquired with a Siemens Magnetom
Biograph hybrid 3T PET/MRI scanner. Subjects were placed supine inside the scanner wearing
hearing protection and had their eyes closed during data acquisition. For each run, a semi-bolus
injection of 750 MBq 15O-water was administered intravenously over 30 seconds using an
infusion pump followed by immediate flushing with isotonic NaCl-solution. PET data
acquisition, fMRI scanning, and the tracer injection pump were started simultaneously. fMRI
data were acquired using a combined 16-channel head-neck coil and an echo-planar imaging
sequence (EPI, voxel-size 3.1x3.1x3.0 mm, 39 slices, interleaved acquisition, no slice gap, 64x64
voxels, TE 30 ms, TR 2500 ms, 101 consecutive image volumes per run). Initial dummy scans
where discarded. A MPRAGE T1 weighted structural scan (voxel size 1x1x1 mm) was acquired
from all subjects. Subjects had between 4 and 8 functional sessions, with stimulation runs and
rest runs in randomized order. In the stimulation runs, there were 4 stimulation blocks of 30
seconds duration galvanic vestibular stimulation with alternating current (AC-GVS) at a
frequency of 1 Hz as described by (Stephan et al., 2005). The final PET image included the first
of these blocks in the stimulation acquisition, and a comparable resting state block from the
resting acquisition.
3.2.2

Ethics statement

The study was conducted according to regulations of the Helsinki Declaration and was approved
by the local Ethics Committee of the Ludwig-Maximilians-Universität München, Germany (9015), and the Radiation Protection Authorities (Bfs Z5-22461/2-2015-002). All subjects gave their
informed written consent.
3.2.3

Preprocessing, General Linear Model and statistical thresholds

Data were processed in SPM12 in MATLAB (SPM v6906,
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/, Matlab R2018). All fMRI image volumes
were realigned to the EPI mean image. Every subject’s structural scan was coregistered to the
mean image of the realigned EPI images, segmented and normalised to standard space in the
CAT12 toolbox (CAT12 version 1184, http://dbm.neuro.uni-jena.de/cat/). The parameters from
the segmentation process were applied to warp all functional images to MNI standard space, and
the normalised functional images were smoothed with a gaussian kernel of 8mm FWHM. The
first level General Linear Model modeled GVS blocks convolved with the hemodynamic
response function (Stephan et al. 2009). Motion parameters were assessed for excessive motion,
28

but motion regressors were not included, as motion in this case is likely to be correlated with the
stimulus. The time series were high-pass filtered with a cutoff of 120 seconds, and an AR(1)
autoregressive model accounted for serial correlations. Different contrast estimates were
evaluated, including block GVS > Rest [1] and Rest > block GVS [-1].
3.2.4

fMRI and PET results

Figure 3: GVS fMRI and PET results
The figure displays axial (-25 to 55) and sagittal (-45 to 45) results in steps of 10 slice, thresholded at p<0.05 (FDR).

Activations and deactivations are compared in figure 3. fMRI results were larger and more
extensive than PET results. The highest peaks of activation/deactivation do not overlap, but they
show increases and decreases in similar regions. Both modalities show peak activation in parietal
and frontal operculum, anterior and posterior insula, frontal eye fields, cingulate sulcus, SMA,
precentral gyrus and thalamus, and deactivation in the precuneus, frontal pole, lateral temporal
lobe, postcentral gyrus and hippocampus. The activations do not peak in OP2, the region
previously posited as the human homologue of PIVC. Rather, it is closer to OP1 when viewed
with a probabilistic atlas. This study found both dorsal precuneus and hippocampus deactivation,
similar to Klingner et al. (2013) or Stephan et al. (2005), and unlike studies finding them coactivated, like Dieterich et al. (2003a) and Della-Justina et al. (2015). fMRI activations were
slightly left-lateralized, and deactivations were right-lateralized. PET showed right-lateralized
activations and left-lateralized deactivations. The motion-sensitive temporo-occipital cortex,
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labeled V5/MT+/MST was only significant in the fMRI results. Only the PET results showed the
expected dominance in the right hemisphere and deactivation of the visual cortex.
The results indicate that both reciprocal inhibition (Brandt et al., 1998) and vestibular dominance
in the non-dominant hemisphere may be dependent upon neuroimaging modality or analysis
methods such as global scaling. It is also important to recognise that the analyses above do not
model strictly simultaneous acquisitions, as the fMRI acquisition involves four stimulation
blocks per stimulation session, whereas the half-life of 15O limits the PET-acquisition to the first
stimulation block per session.
3.2.5

Defining regions of interest for seed-based connectivity measures

A selection of clusters from the GVS-positive and -negative contrasts were extracted from the
fMRI SPM results using the Marsbar toolbox (Brett, Valabregue, and Poline, 2002). This
selection of functionally defined positive and negative ROIs are to be used as seed regions both
for Seed-to-voxel and Seed-to-ROI analyses. Both FDR-corrected results were evaluated, and
p<0.05 FWE-correction was used to obtain smaller significant clusters. For the seed-to-seed
analysis an additional set of regions was added that showed significant increases during GVS in
the at p<0.05 (FDR) and in previous studies. For seed-to-seed analyses, the anterior and middle
hippocampus were defined separately to be able to separate mid-hippocampal and
amygdala/anterior hippocampal connectivity. Seeds are displayed in tables 1-3.
Table 1: GVS-positive clusters used as seeds
ROI

Peak

Cluster

R Insula

40 -10 -4, T = 10.17,

k = 76, FWE-p <.001

Right posterior insula

Z = 5.79, FWE-p = .001

L Insula

-40 -2 -4, T = 8.93,

Left central insula

Z = 5.45, FWE-p = .003

R PO

46 -36 22, T = 12.37,

Right parietal operculum

Z = 6.29, FWE-p = <.001

k = 92, FWE-p <.001

k = 161, FWE-p <.001

Global maximum.
L PO

-44 -32 22, T = 9.32,

Left parietal operculum

Z = 5.57, FWE-p = .002

k = 113, FWE-p <.001
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R IFG

54 12 4, T = 7.75,

Right Inferior frontal gyrus pars

Z = 5.08, FWE-p = .017

k = 17, FWE-p = .001

opercularis
L IFG

-58 10 0, T = 7.41,

Left Inferior frontal gyrus pars

Z = 4.96, FWE-p = .028

k = 9, FWE-p = .003

opercularis

Table 2: GVS-negative clusters used as seeds
ROI

Peak

Cluster

Precuneus

6 -52 40, T = 10.63,

k = 148, FWE-p < .001

Right/middle precuneus

Z = 5.91, FWE-p <.001
Global maximum.

R occipital/IPL

62 -50 22, T = 5.67, Z = 4.24,

Right superior lateral occipital

FDR-p = .003, FWE-p = .33

k= 840, FWE-p < .001

cortex, IPL PGp, angular gyrus
L occipital/IPL

-40 -72 38, T = 3.74, Z = 3.17,

Left superior lateral occipital

FDR-p = .031, FWE-p = 1.

k = 119, FWE-p = 0.434

cortex, IPL PGp
R medial FP

2 62 2 , T = 4.59, Z = 3.68, FDR-p

Right anterior medial prefrontal

= .012, FWE-p = .90

k = 46, FWE-p = .931

cortex: Frontal pole
R SFG

26 30 46, T = 7.26, Z = 4.90,

Right superior frontal gyrus

FDR-p = .001, FWE-p = .034

R Temporal

54 -6 -12, T = 7.81, Z = 5.10,

Right lateral temporal lobe.

FDR-p<.001, FWE-p = .016

L Temporal

-46 -14 -20, T = 5.76, Z = 4.28,

Left lateral temporal lobe.

FDR-p = .003, FWE-p = .294

R HF

28 -6 -20, T = 6.38, Z = 4.56,

Right hippocampus, laterobasal

FDR-p = .002, FWE-p = .124

k = 651, FWE-p = .001

k = 546, FWE-p = .002

k = 233 , FWE-p = .085

k = 325, FWE-p = .024

amygdala.
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L postcentral

-44 -32 60, T = 5.60, Z = 4.21,

Primary somatosensory cortex

FDR-p = .004, FWE = .365

k = 517, cluster-FWE = .002

BA1/BA2

Table 3: Additional seeds for Seed-to-ROI
Except for the Right temporo-occipital, hippocampal and amygdala ROIs, these ROIs were based on
activated regions within a large positive cluster:
46 -36 22 (T = 12.37, Z = 6.29, FDR-p <.001, FWE-p <.001), k = 32068 (p-FWE <.001)
ROI

Source

R temporo-occipital

Extracted with marsbar

Right temporo-occipital middle temporal gyrus

50 -50 4 (T = 6.15, Z = 4.46, p-FDR <.001, p-FWE
= .173), k = 650 (p-FDR = .004, p-FWE = .155)

L temporo-occipital

10 mm sphere around -50 -55 4

R CSv Cingulate sulcus

10 mm sphere around 9 -24 44

L CSv

10 mm sphere around -10 -26 41

R FEF Frontal eye fields

10 mm sphere around 44 -6 50

L FEF

10 mm sphere around -44 -6 50

R lat FP Lateral frontal pole anterior to BA45

10 mm sphere around 44 42 5

L lat FP

10 mm sphere around -44 42 5

R HC Hippocampal body

5 mm sphere around 30 -28 -14

L HC

5 mm sphere around -30 -28 -14

R amygdala

Harvard-Oxford subcortical thresholded at 50%

L amygdala

Harvard-Oxford subcortical thresholded at 50%

Ant SMG Anterior supramarginal gyrus

Harvard-Oxford cortical thresholded at 50%

SMA Supplementary Motor Area

Harvard-Oxford cortical thresholded at 50%
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3.2.6

Preprocessing, denoising and connectivity measures

All analyses were performed in the MATLAB-based CONN toolbox release 18.b (WhitfieldGabrieli and Nieto-Castanon, 2012), and reviewed in FSLeyes. The data were preprocessed
using the default MNI pipeline in the CONN toolbox, including realignment and unwarping,
slice-time correction, functional outlier detection, direct normalisation of functional volumes to
MNI standard space, smoothing at 8 mm FWHM, and segmentation and normalisation of
structural volumes. Functional outlier detection was implemented (ART-based detection of
outlier scans for scrubbing; https://www.nitrc.org/projects/artifact_detect/) with the
“intermediate” setting (97th percentile in normative samples). The output of every step of the
pipeline was assessed visually. The data was denoised using the CompCor approach in CONN
(Chai et al., 2012), regressing out for each session and subject the first 5 principal components
from WM and CSF regions, the 12 realignment parameters (motion parameters and their firstorder derivatives), outliers, and 2 parameters for the onset and end of the task (rest for the
duration of the whole session), effectively reducing positive voxel-to-voxel connectivity for each
session to an approximately normal distribution with a mean around 0. The data was high-pass
filtered with a cut-off at 0.008 Hz after regression, and linear detrending was implemented as an
additional step.
Both seed-to-seed and seed-to-voxel functional connectivity analyses were performed using
bivariate correlations and HRF weighting of conditions. The condition “Rest” was entered for all
sessions and subjects. Additionally, the first and the last session were entered as “Pre” and
“Post” conditions for all subject who had a resting state scan as their first session (13 subjects),
to test for effects of repeated stimulation runs. Average within subject time series of seeds
regions were computed from the unsmoothed normalised data and correlated with ROIs and all
voxels. The first-level results were entered into a group level model, where seed-to-seed and
seed-to-voxel analyses were performed. For seed-to-seed connectivity, a connectivity matrix of
pairwise T-values was defined, indicating strength and direction of correlation between each pair
of seeds on the group level. The results were thresholded at p<0.05 FDR analysis level
correction, correcting over the total number of connections included in the analysis. The
thresholded values were extracted and plotted in MATLAB. In addition, the contrasts Pre-GVS >
Last rest and Pre-GVS < Last rest were tested for significance for the subjects who had rest as
their first session and thresholded at p<0.05 FDR analysis level correction.
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For seed-to-voxel analyses, the first-level correlation maps were entered into a second-level
group model, and a two-tailed T-test for the effect of the seed region was performed, to obtain
maps of whole-brain significant positive and negative connectivity with the seed region across
subjects. To reduce the number of false positives associated with low voxelwise thresholds
before cluster-thresholding (Eklund, Nichols and Knutsson, 2016), the results where thresholded
at a voxelwise significance level of p<0.05 (FDR), before a cluster-extent threshold at p<0.05
(FWE). T-maps were correlated to each other, GVS T-maps and available templates of the
default (Brown, Schmitt, Smith, & Gold, 2019) and salience (Shirer, Ryali, Rykhlevskaia,
Menon, & Greicius, 2012) networks. Spearman’s rho correlation coefficients were computed for
similarities between maps and visualized in a matrix.
3.3
3.3.1

Connectivity results
Seed-to-seed connectivity results

The Seed-to-ROI connectivity across all sessions, all subjects is displayed in figure 4,
visualising a general trend of positive connectivity between regions that were co-deactivated or
regions that were co-activated during GVS, and negative connectivity between the first five
GVS-deactivation seeds and a number of GVS-activated regions.
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Figure 4: Seed-to-ROI second level results.
The matrix displays significant resting state average time series correlation (functional connectivity) of regions
defined by activation and deactivation clusters during galvanic vestibular stimulation (GVS). Up until the
hippocampus, ROIs are ordered from regions that showed decreases during GVS (Precuneus to L MTG) to regions
that showed increases during GVS (R Insula to L lat frontal). Colorscale: T-values indicate direction and strength of
resting state functional connectivity on the group level, thresholded at p<0.05 (FDR), from minimum to maximum
value in this analysis. A value of zero indicates no significant connectivity. IPL/Occ = inferior parietal lobule
(angular gyrus) and superior lateral occipital lobe, med FP = medial frontal pole, MTG = middle temporal gyrus,
PO = parietal operculum, IFG = inferior frontal gyrus pars opercularis, CSV = cingulate sulcus visual area, FEF
= frontal eye fields, SMA = supplementary motor area, SMG = anterior supramarginal gyrus, TOcc = temporooccipital cortex, lat FP = lateral frontal pole, HC = mid-hippocampus, Amyg = amygdala.

The results show mostly consistent significant positive connectivity between the ROIs based on
GVS-deactivations (from precuneus to MTG). Additionally, some of these seeds show positive
connectivity with regions activated by GVS, notably CSv. Similarly, there is mostly positive
connectivity between GVS-activation based seeds from insula to opercular inferior frontal gyrus,
and with other ROIs based on GVS-activations, including CSv, R FEF, SMA, temporo-occipital
regions, and R lateral frontal lobe. There is a pattern of negative connectivity between the first
five GVS-deactivation based seeds (precuneus, occipital/angular, medial frontal pole and R SFG)
and GVS-activation based ROIs. The occipital/IPL, R SFG, insular, SMA and supramarginal
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gyri show patterns most consistent with the patterns of activation and deactivation during GVS.
The bilateral anterior supramarginal gyrus seed, for example, shows significant negative
connectivity with nearly all deactivation seeds, including the lateral temporal seeds and the left
hippocampus, and positively correlated with nearly all activation seeds. Contrary to expectations,
I found no significant connectivity between the precuneus and parietal opercular seeds, the
global maximum of both contrasts. Additionally, only the precuneus (bilaterally) and the Right
occipital/IPL (ipsilaterally) show significant negative connections with the lateral frontal regions,
and only the R SFG and medial frontal pole show negative connections in temporo-occipital
regions.
The connectivity matrices of pre-GVS and post-GVS showed the same pattern as the
connectivity matrix based on all rest runs and all subjects, but with far less significant
connections, presumably due to less statistical power (13 subjects with 1 session). For the test
contrasting pre-GVS rest and last rest runs in 13 subjects, no connections were significantly
different (p<0.05 (FDR) analysis-level correction). If there are differences in connectivity before
and after repeated scanning and stimulation, we do not have sufficient power to detect it.
3.3.2

Seed-to-voxel connectivity results

The CONN results explorer quantifies the overlap of each cluster with 164 atlas regions built
into CONN, from the Harvard-Oxford cortical and subcortical atlas and the AAL cerebellum
regions (Tzourio-Mazoyer et al., 2002; Frazier et al., 2005; Desikan et al., 2006; Makris et al.,
2006; Goldstein et al., 2007). This was used for an initial characterisation of each connectivity
map, before they were saved from the SPM results viewer in CONN, visually inspected in
FSLeyes, and their overlap with each other and the original GVS activation/deactivation was
assessed for common patterns. In the interest of space, only example maps are displayed in
figure 5 and the maps are not discussed in detail. The seed-to-voxel connectivity maps supplant
the seed-to-seed results by showing for each seed region all voxels that have timeseries
significantly correlated with the seed-region.
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Figure 5: Seed-to-voxel results.
Significant positive and negative connectivity, thresholded with p<0.05 voxelwise FDR, and p<0.05 clusterwise
FWE, from minimum to maximum significant T-value, displayed on a group mean normalised structural image.
Axial images display the brain from z = -25 to +55, sagittal images display the brain from x = -45 to +45 in steps of
10 slices.
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The connectivity maps of seed defined by GVS- activation and -deactivation show a
complementary pattern, where the positive connectivity of the precuneus, occipital/inferior
parietal, medial and superior frontal seeds correlate moderately with the negative connectivity of
the bilateral insula, and the occipital/inferior parietal and SFG seed connectivity show reciprocal
anticorrelation with the connectivity of the insular, OP1 and right IFG seeds. Visual inspection
and moderate correlations with a DMN template confirm that Default Mode Network
connectivity accounts for much of the overlap between positive connectivity of the first group of
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seeds and insula negative connectivity. Similar evidence indicates that the insular and opercular
positive connectivity overlap GVS-activations. The correlations between the thresholded
connectivity maps are displayed in figure 6. On visual inspection, GVS-activation based seeds
positive connectivity maps show fair overlap with the cortical regions the salience network
template, although this is only reflected in low correlations in the matrix. Similarly, there is a
low correlation between the GVS deactivations and the Default Mode Network template. This is
probably due to more extensive clusters in the template compared to the smaller, more specific
clusters in the GVS deactivations.

Figure 6: Pairwise correlations.
Positive and negative connectivity maps, GVS results, and network templates. Thresholded at rho > 0.1.

3.4

Discussion

Strong sensory stimulation has been shown to induce default mode network deactivations
(Klingner et al., 2010, 2013). Many of the regions defined by GVS-activations are attributable to
other networks that are known to be anticorrelated with the default mode network during rest and
different tasks or stimulation: anterior salience/cingulo-opercular network, sensorimotor,
visuospatial and dorsal attention networks (Fox et al., 2005; Shirer et al., 2012; Chang et al.,
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2013; Sadaghiani and D’Esposito, 2015). However, the resting state connectivity of the regions
defined by GVS-activations does not seem to be reducible to any one of these networks.
The default mode network is a network of regions showing decreases over a range of tasks
associated with external attention, and increases during tasks requiring social cognition,
autobiographical memory and imagining the future. In our case, it may be that the subjects are
engaging in internally oriented “mind-wandering” during rest (Buckner, Andrews-Hanna and
Schacter, 2008; Andrews-Hanna et al., 2010; Laird et al., 2011; Christoff, Irving, Fox, Spreng, &
Andrews-Hanna, 2016; Buckner and DiNicola, 2019), and that this internally oriented activity is
attenuated to facilitate processing of vestibular sensations, autonomic arousal and discomfort,
and conflicting sensory information. Vestibular experiments, by virtue of the artificial
stimulation, induce prediction errors and mismatch between vestibular, visual, proprioceptive
and somatosensory inputs that are likely to influence or dominate the cortical response (Friston,
2009; Klingner et al., 2016).
It is likely that the functional seeds used here in the insula, which are located more or less
centrally in the insular cortex, are tapping into separable networks. The insula and opercular
regions are often associated with pain (Uddin, Nomi, Hebert-Seropian, Ghaziri, & Boucher,
2017; Eickhoff, Amunts, Mohlberg, & Zilles, 2006b; Beckmann, DeLuca, Devlin, & Smith,
2005; Power et al., 2011; Menon, 2015). Previous studies have shown that the insula can be
parsed into anterior and posterior components with different connectivity patterns and different,
but overlapping functional associations (Ghaziri and Nguyen, 2018). The anterior insula network
is associated with the salience network and error detection (Seeley et al., 2007; Bastin et al.,
2016), while the posterior insula has a more temporo-parietal connectivity and shows higher
specificity for sensory processing (Deen, Pitskel and Pelphrey, 2011; Cauda et al., 2012; Chang
et al., 2013). My analysis reproduced both networks. However, DMN regions showing
significant anticorrelations with the insula did not consistently show anticorrelations in the
dACC, contrary to what we would expect from strong anticorrelations with a salience network
component.
The GVS-activation - Default Mode Network anticorrelations offer converging evidence of
Default Mode attenuation as a complementary explanation of vestibular stimulation results. A
surprising finding was the lack of connectivity between the peak areas of activation, the putative
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PIVC/parietal operculum that was centred on OP1, and deactivation, the dorsal precuneus. The
lacking significant connectivity between the precuneus, a core DMN region, and the OP1 region,
a region of peak GVS-related activation in this study and close to the proposed core region of
multisensory vestibular processing (Eulenburg et al., 2012; Frank and Greenlee, 2018), may
indicate that the DMN-vestibular anticorrelation may not be related to the vestibular processing
per se, but possibly to salience and attention mechanisms associated with the insula and dorsal
anterior cingulate. There was also positive connectivity between visual cortical areas and the
parietal operculum where we might have expected anticorrelated networks due to reciprocal
inhibition, highlighting the difference between PET and fMRI, where PET showed visual cortex
deactivations.
Similar to the literature, the resting state connectivity maps show that the hippocampus does not
“belong” to either activation or deactivation network. The seed-to-seed matrix shows a tendency
to positive connections between GVS-deactivation based seeds and the hippocampus, and
positive connections between numerous GVS-activation based ROIs and the amygdala. Similar
patterns were found in the connectivity maps, indicating functional differences along longitudinal
axis of the medial temporal lobe. Previous studies indicate that functional and volumetric findings
associated with visual input and navigation tend to cluster in the posterior hippocampal
formation, while findings associated with vestibular input tend to cluster in the anterior part (Jahn
et al., 2009; Hüfner et al., 2010, 2011b; Grady, 2019). It is also consistent with the intrinsic
connectivity literature, where the hippocampus is related to the medial temporal part of the
default mode network, functionally associated with memory, while the amygdala and other
regions implicated in autonomic regulation are associated with the salience network (AndrewsHanna et al., 2010; Menon, 2015).
The results show that central Default Mode and vestibular networks show opposite increases and
decreases during stimulation, and are partly negatively correlated during rest when viewed as
pairwise correlations. As the fMRI GLM analysis was also not consistent with reciprocal
inhibition but showed a known pattern of attenuation, I propose that Default Mode Network
attenuation is a complementary explanation of significant deactivations during stimulation, and
that the negative correlation during rest reflects this functional organisation. The overlap of
connectivity patterns with known multisensory and cognitive networks from the psychological
literature indicate that anticorrelated relationship may not be related to vestibular function per se,
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but rather to broader functional networks possibly related to attention, saliency, conflict and
integration. In the absence of a primary vestibular cortex, the connectivity of the vestibular
network may reflect the functional anatomy of brain regions that integrate and utilize
multisensory signals of head motion for their different processing tasks, and process
multisensory conflict, rather than a vestibular network.

4

Denoised fMRI experiment pipeline and exploratory connectivity analysis

4.1

Introduction

Independent Component Analysis, as implemented in FSL, offers an intriguing possibility to test
the reliability of the previous findings and to obtain more specific results. It has previously been
noted that large smoothing filters, and blood vessels artefacts may have contributed to variability
in the vestibular literature (Eulenburg et al., 2012). Galvanic vestibular stimulation is likely to
induce reflexive motion in some subjects (Fitzpatrick and Day, 2004), leading to stimuluscorrelated motion that precludes the inclusion of a motion regressor (Suzuki et al., 2001). The
vestibular system influences the autonomic nervous system through vestibulo-autonomic
responses, including regulating blood flow to the brain, which may affect fMRI results and
trigger nausea when vestibular and visual perceptions do not align in a predictable way (Wolfe et
al., 2018). ICA offers the possibility of removing residual motion and physiological artefacts,
and reducing false positives in task-data (Eklund, Knutsson and Nichols, 2019).
4.2
4.2.1

Methods
Preprocessing using SPM and CAT

Both resting and stimulation sessions of all 19 subjects was processed in SPM12 and in FSL
(FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). The fMRI volumes were realigned to the
mean EPI image, and corrected for slice-timing. The structural scan of every subject was
coregistered to the mean image of the realigned EPI images, and then segmented and normalised
to standard space in the CAT12 toolbox (CAT12 version 1450, http://dbm.neuro.unijena.de/cat/). The parameters from the segmentation process were applied to warp all functional
images to MNI standard space using the SPM normalise function.
4.2.2

Denoising in FSL

Further preprocessing and denoising of the normalised functional volumes was performed in FSL
MELODIC version 3.15 (Multivariate Exploratory Linear Decomposition into Independent
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Components). BET brain extraction was performed to remove residual non-brain signals. To
compensate for inaccuracies in normalisation, and to meet the gaussian assumptions of
significance tests to be performed later on the stimulation data, smoothing was performed with a
5 mm gaussian kernel. A high-pass temporal filter was applied to account for slow-frequency
drift caused by the scanner. Single-session ICA decomposition was performed for each fMRI
session separately, applying the MELODIC default variance-normalisation of timecourses and
automatic dimensionality estimation as described in Beckmann and Smith (2004). Prewhitening
was applied to obtain independent error terms as described by Woolrich, Ripley, Brady, & Smith
(2001) and Poldrack et al. (2011). After decomposition, the components of each session were
inspected visually, and labelled as Signal or Noise components using the “innocent until proven
guilty rule” and guidelines specified by Griffanti and colleagues (2017) and Bijsterbosch et al.
(2017). Generally, the goal is to remove noise components while keeping all real grey matter
signal. Components were evaluated based on a hierarchy of their spatial map, timeseries and
frequency spectrum. A large proportion of noise components, in the range of 70-90% was found,
as expected (Griffanti et al., 2017).
To aid in identification of noise frequency spectra, I performed simulations of aliasing when a 1
Hz oscillating signal is sampled at 0.4 Hz, displayed in figure 7. A common artefact in ICAbased denoising is arterial noise (Viviani, 2016), and branches of the middle cerebral artery run
through the insula (Huettel et al. 2015). Artery components are usually also recognisable based
on their characteristic high frequency (Griffanti et al., 2017), but due to the long sampling rate
(known as repetition time, TR) of 2.5 seconds, this gets aliased to lower frequencies. A sampling
rate of 2.5 seconds corresponds to 0.4 Hz (1 divided by 2.5), meaning the Nyquist frequency is
0.2 Hz (sampling rate divided by 2), and signals approaching a frequency of 0.2 Hz may still not
be properly sampled, depending on the phase of the signal (Cohen, 2017). Although a pure sine
wave does not model a heartbeat signal accurately, the simulation shows that a 1 Hz oscillating
signal may be expected to be aliased across the frequency spectrum from 0 Hz up to Nyquist
with the current TR, and will tend towards the higher frequencies. Despite aliasing, ICA is often
able to separate physiological noise components (Beckmann et al., 2005).
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Figure 7: Aliasing of the cardiac cycle to slow fMRI sampling rates

4.2.3

GLM reanalysis: Full GVS block stimulation

GLM analysis of the denoised stimulation data was performed in FSL FEAT. A first-level model
(session-level) was constructed with one Explanatory Variable modeling the GVS-blocks
convolved with a Double-Gamma hemodynamic response function and with a temporal
derivative to allow a better fit. Prewhitening was applied as default for normal TR. Temporal
filtering was applied with a high pass filter cutoff of 90 seconds (estimated by FEAT and
sufficient for a block duration of 30 seconds). Two contrasts were entered: positive [1] and
negative [-1] effect of GVS. According to the design efficiency estimated in FSL, an effect of
0.602 % is required to be detected in either contrast. The first level results were entered into a
second level fixed effects model, estimating the average contrast parameter estimates per subject.
The average contrast parameter estimates were then entered into a third, group-level mixed
effects model, suitable for statistical inference, using FLAME 1 (FSL’s Local Analysis of Mixed
Effects), and the positive and negative contrast weightings were tested. The results were
thresholded for clusters significant above p<0.05, with a cluster-defining threshold of Z > 3.1
(corresponding to p<0.001 with a two-tailed test). This defines significance non-parametrically
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by creating a nulldistribution, and considers a clustersize that occurs less than 0.05 in the
nulldistribution as significant. (Eklund et al. 2016) demonstrated that FLAME1 does not have an
inflated family-wise error when the cluster-defining threshold is set to p<0.001. Results were
also thresholded conservatively at voxel-wise p<0.05, corrected for multiple comparisons by
Gaussian Random Field Theory, corresponding to the FWE-correction in SPM (Poldrack et al.
2011). The laterality index and voxel counts were computed in the SPM LI-toolbox (Wilke and
Lidzba, 2007). 3rd level group-level clusters were inspected in FSL using the feat mode and the
Harvard-Oxford and Jülich atlases.
4.2.4

GLM reanalysis: Event related design + block design

To separate saliency effects specific for the onset of stimulation, another GLM analysis was
performed with two explanatory variables. Onset was modelled as an event with the value “1”
for the volumes at the time of GVS onset. Block was modelled as the full duration of the GVS,
except for the scan at onset. This was inspired by Eulenburg and colleagues (2013), where they
separately modelled the first phase of caloric irrigation before the onset of vestibular sensations.
While galvanic stimulation works near-instantaneously on vestibular perception, I believe the
same logic may be applied to separate the initial saliency effect of the onset of stimulation and
sensory conflict. Positive and negative effects of Block and Onset, as well as the contrasts Block
> Onset and Onset > Block were entered. Other parameters and thresholds were the same as in
the GLM analysis above. At the single subject level, a signal change of 0.896% was required to
detect effects of Onset. The Onset-Block comparisons required a 0.916% effect.
4.2.5

Resting state Group-ICA

The denoised resting state data was input into a group-PICA analysis using FSL MELODIC. The
multi-subject, multi-session temporal concatenation approach was chosen, as is appropriate when
looking for spatial patterns without assuming the same timeseries across subjects, which applies
to resting state data. The resting state sessions of all subjects are concatenated and their order
randomised. The default preprocessing was applied: masking non-brain voxels, voxel-wise
demeaning, variance normalisation and prewhitening, before applying a 20-dimensional PCA
and then ICA decomposition. The components are divided by the standard deviation of the
residual noise and thresholded by a mixture model, making the components statistically
interpretable. A dimensionality of 20 was chosen, since it has previously been shown sufficient
to extract resting state connectivity networks (Beckmann et al., 2005). The resulting 20 spatial
maps were reviewed and labelled manually as connectivity network or noise. The maps labelled
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as signal components were then compared to the results of the GVS-experiment. Maps were
thresholded at p<0.05 according to the mixture model alternative hypothesis test in MELODIC.
4.3
4.3.1

Results of GLM reanalysis
Full stimulation block

Results were evaluated in FSLEYES using the Harvard-Oxford and Jülich atlases. The positive
contrast yielded 11 clusters of significant size. One large cluster (k = 15230 voxels), included
bilaterally: parietal operculum, the entire length of the insula, frontal operculum, lateral frontal
poles, precentral gyrus (overlapping with FEF as defined for the seed-to-ROI analysis, (Jamadar,
Fielding and Egan, 2013)), supramarginal gyrus, thalamus and putamen, inferior lateral
occipital/temporo-occipital cortex. Other clusters included two cerebellar clusters (k = 1969 and
k = 92), cingulate sulcus overlapping the Cingulate Sulcus visual area (Smith et al., 2018), SMA
and ACC, (k = 1778), inferior lateral occipital/temporo-occipital cortex (left k = 432 and right k
= 92 voxels), and superior postcentral gyrus (left 365 and right 251).
The negative contrast yielded 8 clusters of significant size, including one large cluster (k = 1586)
in the precuneus, a cluster in the right superior frontal gyrus, clusters in the inferior parietal
lobule/angular gyrus (right k =285 voxels, left k = 55 voxels), the left postcentral gyrus (k =
203), the right middle temporal gyrus (k = 171), the paracingulate gyrus in the ventromedial
frontal lobe (k = 171), and the right frontal pole (k = 92). The deactivations were predominant in
the right hemisphere.
The activations had a laterality index of 0.0751 (10447 voxels in the left hemisphere and 9144
voxels in the right hemisphere). The deactivations had a laterality index of -0.577 (484 voxels in
the left hemisphere and 1717 in the right hemisphere), more right-lateralized than the results of
SPM-analysis.

Figure 8: Denoised GVS results (full stimulation block)
GVS results displayed on a group mean normalized structural brain, from z = -25 to 55.
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The denoising may have contributed to a statistical power to get robust results at a lower level of
smoothing and thus higher spatial specificity. There were 19591 active voxels in this reanalysis
versus 39126 in the original SPM-analysis, 2201 deactivated voxels in the reanalysis versus 5789
in the original. The current activations are in the same anatomical regions as in the SPM-analysis
and are mostly enclosed within the larger clusters of that analysis. The deactivations previously
found in the hippocampus, temporal poles, left lateral temporal lobe, and right postcentral gyrus
were not significant.
This may indicate high variability in the hippocampal response between subjects, leading to
hippocampal findings being pushed above and below significance threshold from study to study.
Since the PET-analysis also showed bilateral hippocampal deactivations, it may be a real effect.
The current analysis may not be sensitive enough to detect it, since the lower level of smoothing
requires more spatial consistency across subjects. Furthermore, the cluster level correction may
not favour activations within parts of small structures like the hippocampus. The connectivity
analysis has shown that the hippocampus is related to both default mode and vestibular networks
during rest.
4.3.2

Block

The positive block contrast yielded 11 clusters of significant size, and the negative yielded 7
cluster. These largely lie within the clusters of the full GVS results, which were more extensive.
A notable exception is the medial precentral/SMA activation, which did not extend to include the
anterior cingulate. The negative contrast yielded 7 clusters of significant size. The laterality
index of activations was 0.133, with 7985 voxels in the left hemisphere and 6156 voxels in the
right. The laterality index of deactivations was -0.603, with 683 voxels in the left hemisphere and
2719 voxels in the right hemisphere. These laterality patterns are consistent with the full GVS
results.
4.3.3

Onset

The positive onset contrast yielded 13 clusters of significant size: a cluster (k = 4159) peaking in
the right anterior insula and extending to the parietal operculum and posterior supramarginal
gyrus, including the posterior insula and parts of the putamen, a bilateral cluster (k = 3712)
peaking in the right anterior cingulate and including the SMA and posterior cingulate sulcus a
cluster (k = 3466) peaking in the left parietal operculum and including the posterior and anterior
insula and putamen, a cluster in the right (k = 764) and left (k = 522) precentral gyrus/FEF, a
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bilateral cluster (k = 447) peaking in the brainstem and including the medial thalamus. Clusters
in the right (k = 103) and left (k = 65) superior precentral gyrus, a cluster (k = 92) peaking in the
left intracalcarine cortex, a cluster (k = 77) peaking in the left amygdala, a cluster (k = 66) in the
left caudate. peaking in the left superior precentral gyrus, a cluster (k = 61) peaking in the right
superior parietal lobule/intraparietal sulcus, a cluster (k = 55) peaking in the left anterior middle
frontal gyrus. Insular activations were more centered on the dorsal insula.
The negative contrast revealed 9 clusters of significant size: clusters (k = 296 and k = 187)
peaking in the left frontal pole, in the left angular gyrus and superior lateral occipital cortex (k =
255 and k = 135) in the right superior lateral occipital cortex (k = 123), in the right middle
frontal gyrus (k = 71), posterior cingulate (k = 68) and left superior frontal gyrus (k = 61).
Compared to the full GVS and block results, onset activation of the anterior cingulate is notable.
It was not present in the block results, and extends further anterior in the onset results (y = 27
and z = 26) compared to the full GVS (y = 23, z = 28). The laterality index of activations was 0.112, with 6169 voxels in the left hemisphere and 7709 in the right hemisphere. The laterality
index of deactivations was 0.621 with 1049 voxels in the left hemisphere and 244 voxels in the
right hemisphere. The laterality pattern at onset indicates a tendency towards right-sided
activations and a strong left-hemisphere lateralization of deactivations.

Figure 9: Block and Onset GVS compared to full GVS
Significant block-only results (left) in red-yellow and blue-lightblue overlaid on the full GVS results in binary green
and purple, and the significant Onset results (right) in red-yellow and blue-lightblue overlaid on the full GVS results
in binary green and purple. MNI coordinates [0 0 0].

4.3.4

Onset vs. Block

Significant results include 3242 voxels in the cingulate sulcus (peaking in the right hemisphere),
SMA, dorsal anterior cingulate, and superior parietal lobule/precuneus, 2889 voxels in the right
dorsal anterior insula/frontal operculum peak, extending to parietal operculum and dorsal
posterior insula, along the dorsal insula, including the posterior supramarginal
gyrus/temporoparietal junction, and some voxels the right temporo-occipital middle temporal
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gyrus, 2173 voxels peaking in the left parietal operculum, extending along the dorsal insula,
anterior to posterior, and including the posterior supramarginal gyrus/temporoparietal junction,
588 voxels in the right FEF, 313 voxels in the left FEF, 206 voxels in the posterior thalamus,
peaking in right brainstem, 72 voxels in the left intracalcarine sulcus/BA17. Results are
presented in the following figure.

Figure 10: Onset > Block relative activations and deactivations
Cluster-corrected activations (red-yellow) and deactivations (blue-lightblue) are displayed on a group mean
normalised brain. MNI coordinates: Right cingulate sulcus: [12 -18 42]. Right anterior insula: [34 14 10]. Left
parietal operculum: [-44 -36 22]. Right FEF: [46 -4 52]. Left FEF: [-34 -18 44]. Thalamus: [4 -30 -2].
Intracalcarine cortex: [-18 -66 8]. Clusterwise p<0.05 (GRF FWE), clusterforming threshold of Z > 3.

All positive contrasts show a larger cluster and peak activation in the left parietal operculum,
unlike previous studies highlighting the right parietal operculum. In general, block activations
and deactivations were more extensive than onset results. However, we see more extensive
anterior dACC and anterior insula/frontal operculum activation and no dACC activation in the
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block-only analysis, consistent with the hypothesis of a greater salience response. Visual cortex
activation at the onset of GVS, but not during block, indicates that the onset of stimulation may
actually activate visual regions, inconsistent with reciprocal inhibition. Other differences
included cerebellar, putamen and lateral frontal pole activations only in block and full GVS.
Surprisingly, the laterality of onset results was the opposite of block and full GVS. The laterality
patterns indicate that the strong right-lateralized deactivation is characteristic of prolonged block
stimulation, whereas a left hemisphere deactivation is characteristic of stimulation onset.
The negative onset contrast results indicate onset deactivation of some core default mode regions
as seen previously, including the medial frontal pole and posterior cingulate, but not including
the precuneus. Deactivations were more extensive during block stimulation, indicating that
default mode network attenuation may get stronger with prolonged stimulation, or that different
subnetworks of the default mode network, including the precuneus and inferior parietal lobule,
get attenuated over time. It is also possible that these regions, which are also implied in
visuospatial functions, are engaged in processing the onset of the vestibular stimulus, and thus do
not attenuate relative to baseline. However, it may be that the larger extent of block results are
due to more statistical power, as these results are built on a much larger number of scans.
Onset > block results indicate a vertical axis differentiation of the insula, with stronger dorsal
insula activations at onset, especially in the dorsal anterior insula. The results also indicate
stronger activations at onset in dorsal anterior cingulate, SMA and cingulate sulcus other regions
relating to multisensory vestibular and visuospatial function, including the vestibular core
PIVC/PIC region, FEF, visual cortex and precuneus. Furthermore, the onset-only contrast
revealed activations in the intraparietal sulcus. Together this is consistent with a stronger
visuospatial attention effect at onset together with a stronger response in key vestibular regions
in the parietal operculum. Relatively stronger activation of parts of the vestibular cortex at onset
may be due to adaptation to the stimulus during the block stimulation. Onset activations also
included the amygdala, possibly due to autonomic activation and consistent with a saliency
network response.
Because the experimental design compares the stimulation to rest, there are a range of known
cognitive functions that may account for the activations. According to the experimental design,
activations may be related to sensory processing of the vestibular stimulus per se, integration of
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sensory inputs and responses to sensory conflicts between the vestibular input and other senses,
expectancy/surprise effects and saliency, motor and oculomotor functions. Converging evidence
comes from other functions attributed to the regions activated, in effect using reverse inference
informed a priori by the experiment. There were significant differences in both anterior salience
(anterior insula, frontal operculum and anterior cingulate) and posterior multisensory networks
(parietal operculum/PIVC and posterior insula), as well as visuospatial regions, and indications
of a functional differentiation of the dorsal and ventral insula. The results indicate that both
saliency, visuospatial and sensory integration responses are greater at onset, assuming the
anterior cingulate and insula activations are indeed related to saliency, while the extent of
activations and default mode attenuation are greater during block stimulation.
4.3.5

Results of group resting ICA and comparison with GVS results

The concatenated group ICA on the resting state sessions yielded 20 component maps. Of these,
10 were labelled noise components, assumed them to be structured (non-gaussian) noise sources
common across the concatenated data matrix of all the subjects. The remaining 10 signal
components were identifiable as intrinsic connectivity networks. The components include:
-

A and B: a primary visual component including V1 and V2, and a lateral visual
component including V3, V4 and V5.

-

C: a sensorimotor component including pre- and postcentral gyrus, SMA, parietal
operculum, posterior putamen and dorsal posterior insula, and posterior thalamus.

-

D: a Visuospatial Network (Shirer et al., 2012) or Dorsal Attention Network (Fox,
Corbetta, Snyder, Vincent, & Raichle, 2006) component including the precentral
gyrus including FEF, anterior insula/frontal operculum, opercular inferior frontal
gyrus, the lateral frontal poles, and the posterior parietal lobule including
supramarginal gyrus, intraparietal sulcus, the inferior lateral occipital/temporooccipital cortex, superior parietal lobule along the intraparietal sulcus, superior frontal
gyri and precuneus, anterior insula, dorsal anterior cingulate and paracingulate, and
lateral frontal poles.

-

E: a Default Mode Network (van Oort et al., 2017) component including the
ventromedial prefrontal cortex, precuneus, posterior cingulate, SFG, lateral temporal
lobes, temporal poles and hippocampus, and negative clusters in the anterior insula,
frontal operculum, IFG pars opercularis, lateral frontal poles, and supramarginal
gyrus.
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-

F and G: Hemispherically lateralized Executive Control (Shirer et al., 2012) or
Fronto-parietal network (Dosenbach, Fair, Cohen, Schlaggar, & Petersen, 2008)
components including the right dorsolateral and dorsomedial PFC, right posterior
parietal cortex including IPL, IPS and SPL, right anterior cingulate and paracingulate,
precuneus, posterior cingulate and left cerebellum.

-

H: A cingulo-opercular multisensory salience (Dosenbach et al., 2007; Beckmann et
al., 2005) component along the sylvian fissure from the frontal, central and parietal
operculum to the supramarginal gyrus, including the entire insula, SMA and dorsal
anterior cingulate, the entire cingulate sulcus, posterior cingulate, temporo-occipital
cortex, parts of the thalamus, and superior precuneus. It also shows negative
connectivity along the superior frontal sulcus and in the caudate.

-

I: a subcortical salience network (Seeley et al., 2007; Menon and Uddin, 2010; van
Oort et al., 2017; Seeley, 2019) component including the thalamus, brainstem,
cerebellum, putamen, pallidum, caudate, anterior and middle insula, frontal
operculum, amygdala, and the anterior cingulate and paracingulate.

-

J: An unidentified component including the dorsomedial frontal cortex including the
superior frontal gyrus and frontal pole, the frontal operculum, orbito-frontal cortex,
the lateral temporal lobe including the MTG, angular gyrus, caudate and the posterior
cingulate.

The most relevant resting state components are displayed in comparison with GVS results in
figure 12. Components represent independent patterns of correlations that the previous seedbased correlations are presumably tapping into. The components indicate different functional
networks that partially overlap with GVS activations and deactivations. Correlation analysis
showed correlations between full GVS activations and component H (r = 0.393), I (r = 0.325)
and C (r = 0.269). The GVS deactivations correlated with component E (r = 0.239). For regions
activated by GVS, the results indicate a separation of resting state connectivity into different
networks, including IC H in more posterior opercular regions and the entire insula, and IC I
including subcortical and anterior medial frontal regions. Correlations with Onset and Block
results are displayed in figure 11, and the largest overlaps with Full GVS, Onset and Block in
table 4.
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Figure 11: Correlations between Onset and Block effects and independent components
Pairwise spearman rho correlation coefficients between selected independent components and onset and block
contrast significant results. Independent components were thresholded at Z > 3. Correlations are thresholded at r >
0.1.

Thresholded at correlations above 0.1, the matrix shows that both onset and block activate
regions overlapping component C, H and I. Onset activations show stronger correlations than
block with these components, which also accounts for correlations between Onset > Block
activations and the three components. In particular, Onset and Onset > block show stronger
similarity than block with component C and H, and less similarity than block with component I.
The latter is probably accounted for by the subcortical, in particular cerebellar and thalamic
activations in block that were absent in onset, and which overlap with component I. Furthermore,
component I also contains a large anterior cingulate component, which is not present in block,
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thus keeping the correlation with block low. Onset also does not correlate highly with this
component, as the anterior cingulate activation was not as extensive as this component, and
extended from a larger activation in the premotor cortex, explaining the correlations with
component C. As onset activations were stronger in premotor, dorsal insula and parietal
opercular regions, this may account for stronger correlations with component C and H. The
visuospatial regions active specifically at onset account for the correlation between onset and
onset>block with component D.
The correlations and visual comparison indicate that both onset, block and full GVS activate
parts of the resting state networks C, D, H and I, and attenuate the default mode network. The
results replicate previous findings of a more posterior, somatosensory connectivity of the
posterior sylvian fissure and insula, and a more anterior, saliency connectivity of the anterior
sylvian fissure, basal ganglia and insula (Chang et al., 2013b). The anterior network is
hypothesized to be more related to general attentional processes such as saliency, adversity or
conflict, and the posterior network is more related to vestibular, somatosensory, proprioceptive
and pain sensation (zu Eulenburg et al., 2013).
Table 4: GVS block and onsets results correlations with independent components
Compo-

Onset +

Block +

Onset -

Block -

nent map
C sensori-

Onset >

Full GVS

Block

+

0.357

0.234

0.321

0.269

0.417

0.3272

0.366

0.393

0.2

0.245

0.168

0.325

Full GVS -

motor
H
cinguloopercular
salience
I subcortical,
cerebellar
salience
E default

0.122

0.257

0.239

mode
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Figure 12: Onset and block overlap with independent components
The largest correlations are displayed in the figure: Onset activation over component H at MNI [0 0 0]. Full GVS
activation over component I at MNI [0 0 10]. Onset activation over component C at MNI [0 -10 20]. Block
deactivations over component E at MNI [6 0 20]. Activations in opaque green, deactivations in opaque blue, and
independent components in red.

4.4

Discussion

After denoising of fMRI-related artefacts, the discrepancies with the results of the PET-analysis
remain. The resulting clusters after denoising were sensitive to widespread activation at 5mm of
smoothing compared to the 8 mm, and not as extensive as in the original analysis. The results
show that it is possible to dissociate onset and persistent effects by modelling onset and block
regressors, and the dACC results are consistent with the prediction of a stronger saliency at
onset. Furthermore, the core PIVC/PIC vestibular region, premotor and visuospatial network
regions are also greater at onset, possibly due to adaptation, while default mode attenuation is
less pronounced and gets stronger during the course of stimulation (see table 4.) Furthermore,
lateralization of activation and deactivation changes in the course of prolonged stimulation:
initially showing predominance of activations in the right hemisphere and deactivations in the
left hemisphere at onset, and shifting to predominance of activations in the left hemisphere and
deactivations in the right hemisphere during block stimulation. This means that the lateralization
of vestibular activations, previously detected in predominantly PET-studies, may be a dynamic
process of shifting hemispheric dominance.
The block-only results may be more representative of processing the vestibular stimulus per se or
integrating multisensory inputs, as some of the initial anterior cingulate and premotor reactions
are attenuated (less extensive recruitment of the resting state sensorimotor component C and
anterior cingulo-opercular component H). The results indicate that the GVS blocks activated
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parts of distinct large-scale cortical and subcortical resting state functional connectivity networks
as defined from the resting state sessions of the same subjects. Resting state component H,
representing a sylvian fissure, temporal lobe and anterior cingulate network, is representative of
the cortical parts of vestibular processing and shows strongest activation at onset of stimulation.
Resting state component I includes posterior and subcortical parts of vestibular processing and
shows strongest activation during the full block of stimulation.
5

Conclusion

Referring back to the questions that motivated this thesis, I come to the following conclusions:
1. There is insufficient evidence for the theory of reciprocal inhibition and a static
handedness-dependent lateralization, and the variability may be related to different
qualities of studies and systematic differences between neuroimaging modalities. Based
on the literature review, vestibular stimulation consistently activates a posterior sylvian
fissure, insulo-opercular, premotor, somatosensory and cerebellar regions, and results
cluster at the posterior end of the sylvian fissure, whereas deactivations are more
variable. Deactivations are crucial evidence for the theory of reciprocal inhibition, and I
conclude that there seems to be inconsistent evidence for this theory. Handednessdependent lateralization of activations is only present in PET results.
2. Based on the current PET/fMRI dataset I conclude that handedness-dependent lateralized
activation and visual cortex deactivation may be modality-specific effects, possibly PET
artefacts. This highlights that H2O-PET and fMRI, purportedly measuring the same, are
not equivalent, and that theories based on the results from one neuroimaging modality
need revision. Furthermore, vestibular and visual regions were active together at onset
and share positive connectivity, contrary to the predictions of a simple reciprocal
inhibition. This stance on lateralization is only tentative, as this study has also shown that
lateralization may change dynamically during the course of stimulation, and it is not clear
at this point whether this is a handedness-dependent effect.
The denoising analysis indicates that the general, smoothed results of vestibular
experiments are robust to denoising, but that a much higher spatial specificity is possible.
This also reduced sensitivity to effects that are variable in the literature, such as findings
in the hippocampus. Since the general areas of vestibular activations are known, future
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studies should aim at spatial specificity and reduce extensive, noisy activations. Finally,
the differences to the PET findings remained in the denoised fMRI results. I conclude
that the differences between the PET and fMRI were not due to systematic fMRI artefacts
that can be filtered out using ICA.
3. I found patterns of positive connectivity between co-activated regions, forming a
vestibular activation network, and negative connectivity between deactivated Default
Mode Network regions and the vestibular activation network. The anticorrelations may
be accounted for by the relationship between the Default Mode and Salience networks,
but the Salience Network only overlaps with parts of GVS activations. I attribute the
remaining GVS-active regions to a more posterior cingulo-opercular multisensory
integration network that is closely connected to sensory saliency responses in the
connectivity literature.
4. Resting state ICA revealed a cortical network of regions overlapping with vestibular
activations. A functionally connected network of cingulo-opercular regions is activated
by vestibular stimulation. The degree of overlap between GVS-results and these networks
was dependent on whether the stimulus was modelled as blocks or events. Vestibular
stimulation activates parts of general association cortex networks that are frequently
given labels relating to other functions such as pain, hearing and saliency. An insularcingulo-opercular network also including the basal ganglia seems to be most
representative of GVS-results, especially at onset when activations are stronger and
saliency greater.
Although my review cannot be exhaustive, there seems to have been few multimodal studies, and
many studies that use liberal corrections for multiple comparison, large smoothing filters, and
very few subjects. Physiological effects and sources of noise are rarely accounted for, and the
large evidence related to known general function brain networks is rarely mentioned in the
articles I have reviewed. As there is no primary vestibular cortex, the question remains when
reviewing any vestibular stimulation study: is this brainmap representative of vestibular
processing, or is it some other cognitive process that is engaged by the stimulus? This is
especially relevant in the paradigm of artificial stimulation, which necessarily involves some
conflict and integration of conflicting inputs from different sensory modalities. Vestibular
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processing is multisensory, and activations may not be involved in processing the vestibular
inputs per se. Visual input is sufficient to trigger a vestibular sensation - something that is hardly
possible with any other two pairs of senses. Conflict, saliency and multisensory integration are
candidate functions for vestibular cortical activations, and a vestibular primary cortex may not be
needed for a sense that does not need to filter its inputs.
In this context, I propose that predictive coding perspectives are more suitable for evaluating
stimulation results, and that theories of general large-scale brain networks, such as the salience,
posterior operculo-insular and default mode networks are better able to account for the results of
the literature and of my analyses of the current dataset.

6

Limitations

Important limitations include a small number of subjects and acquisition parameters that were
not originally designed for a resting state analysis or a comparison between block and event
related models. A further limitation is that the effects of smoothing and denoising are
confounded, due to limitations in space, these could not be investigated separately. The statistical
models in the GLM activation analysis in section 4 is based on another form of correction for
multiple comparisons (clusterwise FWE) than the ones used to obtain seeds in section 3
(voxelwise FDR and FWE). Finally, the definition of seeds in section 3 is arbitrary. While it was
based on the statistical results, the statistical threshold and correction is still an arbitrary matter.
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