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Abstract  

The importance of the vestibular system usually goes unnoticed in our daily lives and its 

significance is only experienced by patients suffering from vestibular diseases. The vestibular 

system is essential for orientation in space, and perception of motion, as well as keeping 

balance, and maintaining stable visual perception while moving in a three-dimensional world.  

Functional imaging has long been used to study the multisensory vestibular network in 

healthy subjects, as well as in patients with diseases of the vestibular system. The majority of 

these previous studies sought to associate brain areas with vestibular processing, by 

evaluating increases or decreases in blood-oxygen-level dependent signal (BOLD-signal) 

during application of artificial vestibular stimulations.  

However, many basic network properties of the multisensory vestibular cortical network still 

remain unknown. Since it is now possible to infer networks from functional connectivity 

analysis, that associates areas into networks based on their spatiotemporal signal behavior, a 

few of the remaining questions can be addressed. 

The dynamics of the vestibular networks and other co-activated networks in regard to the 

processing of a multisensory stimulation remain largely unknown. Do subjects of different 

ages respond differently to a vestibular challenge? Furthermore, a new form of vestibular 

stimulation, termed magnetic vestibular stimulation (MVS), has recently been discovered. It 

occurs in �V�W�U�R�Q�J�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G�V�� ���•�������� �W�H�V�O�D��, that are commonly used in functional magnetic 

resonance imaging (fMRI), and raises questions about a possible modulation of vestibular 

networks during fMRI, potentially biasing functional neuroimaging results. 

The purpose of this thesis is to develop suggestions for studying the multisensory vestibular 

network and the influence of vestibular modulations on resting-state networks with fMRI. The 

focus lies on basic scientific investigations of  

(1) the influence of aging on the ability of subjects to respond to a challenge of the 

multisensory vestibular network and  

(2) the modulatory influence of magnetic fields (the MR environment) on functional imaging 

and resting-state networks in general. To this end, we carried out two studies.   
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The first study was a cross-sectional aging study investigating the modulation of vestibular, 

somatosensory and motor networks in healthy adults (N=39 of 45 in total, age 20 to 70 years, 

17 males). We used galvanic vestibular stimulation (GVS) to stimulate all afferences of the 

peripheral vestibular end organs or vestibular nerve in order to activate the entire multisensory 

vestibular network, as age-associated changes might be specific to sensory processing. We 

also controlled for changes of the motor network, structural fiber integrity (fractional 

anisotropy �± FA), and volume changes to simultaneously compare the effects of aging across 

structure and function. 

The second study investigated the influence of the static magnetic field of the MR 

environment in a group of healthy subjects (N=27 of 30 in total, age 21 to 38 years, 19 

females), as it was recently shown that a strong magnetic field produces a vestibular 

imbalance in healthy subjects. We examined MVS at field strengths of 1.5 tesla and 3 tesla. 

The associated spontaneous nystagmus, the scaling of the nystagmus�¶�� �V�O�R�Z�� �S�K�D�V�H�� �Y�H�O�R�F�L�W�\��

(SPV) across field strengths, the between subject variance of the SPV were analysed, and the 

analogous scaling relationship was identified in the modulation of resting-state network 

amplitudes, like the default mode network (DMN), between 1.5 tesla and 3 tesla to reveal its 

effect on fMRI results.  

Aging and MVS modulated networks associated with vestibular function and resting-state 

networks known for vestibular interactions. 

The results from our aging study imply that the dynamics of vestibular networks is limited by 

the influence of aging even in healthy adults without any noticeable vestibular deficit. 

Vestibular networks show a decline of functional connectivity with age and an increase of 

temporal variability (in excess of stimulation induced changes) with age. In contrast 

somatosensory and motor networks did not show any significant linear relationship with age 

or any significant changes between the youngest and oldest participants. Age-associated 

structural changes (gray matter volume changes or structural connectivity changes) did not 

explain the decline in functional connectivity or increase in temporal variability. Furthermore, 

stimulation thresholds did not change with age (nor did they correlate with the functional 

connectivity amplitudes or temporal variability), indicating that the age-associated changes 

that were found for the vestibular network, were not dependent on peripheral decline, as GVS 

is thought to directly stimulate the vestibular nerve. 
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The results from our study of the influence of the static magnetic field of the MR environment 

showed that MVS was already present at a field strength of 1.5 tesla, as evident from the 

induced nystagmus, indicating a state of vestibular imbalance. Furthermore, MVS scaled 

linearly with field strength between 1.5 tesla and 3 tesla, and identified the effects of MVS in 

the scaling of functional resting-state network fluctuations, showing that MVS does indeed 

influence resting-state networks due to vestibular imbalance. Specifically, MVS does 

influence DMN resting-state network dynamics in accordance with the predicted scaling of 

MVS based on the Lorentz-force model for MVS. These results taken together not only imply 

that subjects were in a vestibular state of imbalance, but also that the extent and direction of 

the state of imbalance showed more variance between subjects with increasing field strength.  

In summary, the following suggestions for vestibular research can be delineated to extend the 

kind of questions that can be answered by functional MRI experiments and to improve these 

investigations for the benefit of clinically relevant research of healthy controls and patients. 

Regarding the influence of age, we suggest that researchers comparing patients with 

vestibular deficits and healthy controls should separate the age-matched group into age-strata 

(non-overlapping subgroups with different age spans, e.g. 20-40 years, 40-60 years and above 

60 years of age). Each stratum should be compared and interpreted separately given that 

different age-groups have different levels of vestibular network dynamics available for 

compensation (or responding to a challenge). This is particularly relevant when patients show 

a wide age-distribution, e.g. in the case of vestibular neuritis patients. 

With respect to the influence of magnetic fields, we suggest that MVS should be seen as a 

new way of manipulating networks that either process vestibular information or show 

�Y�H�V�W�L�E�X�O�D�U�� �L�Q�W�H�U�D�F�W�L�R�Q�V���� �E�\�� �X�V�L�Q�J�� �V�W�U�R�Q�J�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G�V�� ���•�������� �W�H�V�O�D������ �D�V�� �F�R�P�P�R�Q�O�\�� �X�V�H�G�� �L�Q��

MRI. The potential of modulating vestibular influences on networks via MVS lies in being 

able to induce or manipulate vestibular imbalances. In the healthy this can be used to create 

states that are similar to the diseased state, but without peripheral or central lesions. In 

patients this will allow to extend or reduce vestibular imbalances. In both cases this can be 

done while performing functional MRI simply by using the magnetic field of the MRI scanner 

and adjusting the head position of the subject in question. In studies that need to avoid 

vestibular perturbations MVS should be controlled by adjusting the head position of the 

subject and measuring the resulting eye movements. This should then be seen as an effort to 

remove unwanted variance, i.e., as an effort to homogenize the group, and achieve better 
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statistical results due to less (uncontrolled) MVS interference that increases bias and variance 

with increasing field strength.  

In summary, these suggestions result in three short questions that researchers could ask 

themselves when thinking about vestibular research projects in the future. 

Age-grouping:  

 �³�,�V�� �W�K�H�� �U�H�V�S�R�Q�V�H�� �W�R�� �D�� �F�K�D�O�O�H�Q�J�H�� �G�L�I�I�H�U�H�Q�W�� �I�R�U�� �\�R�X�Q�J�H�U�� �D�G�X�O�W�V�� �W�K�D�Q�� �R�O�G�H�U�� �D�G�X�O�W�V���� �L���H������ �G�R�H�V��

each age-�J�U�R�X�S�� �F�R�P�S�H�Q�V�D�W�H�� �G�L�I�I�H�U�H�Q�W�O�\�"�´ 

MVS modulation:  

�³�&�D�Q�� �D�� �P�D�Q�L�S�X�O�D�W�L�R�Q�� �R�I�� �W�K�H�� �L�P�E�D�O�D�Q�F�H�� �V�W�D�W�H�� �R�I�� �R�X�U�� �V�X�E�M�H�F�W�V�� �Z�L�W�K�� �0�9�6 help us to reveal 

�P�R�U�H�� �D�E�R�X�W�� �W�K�H�� �Y�H�V�W�L�E�X�O�D�U�� �Q�H�W�Z�R�U�N�¶�V�� �U�H�V�S�R�Q�V�H�� �W�R�� �D�� �F�K�D�O�O�H�Q�J�H���R�U�� �V�K�R�X�O�G�� �Z�H�� �D�Y�R�L�G��

�L�Q�W�H�U�I�H�U�H�Q�F�H���E�\���0�9�6�� �L�Q���W�K�H�� �L�P�E�D�O�D�Q�F�H���V�W�D�W�H���R�I���R�X�U���V�X�E�M�H�F�W�V�"�´�� 

Sensitivity:  

�³Is the measure that I want to use sensitive enough to show the differences that I am 

looking for?�  ́ Connectivity and temporal variability might be sensitive enough, but many 

clinical tests might not be sufficient. 
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List of abbreviations 
�x MRI  - magnetic resonance imaging 
�x fMRI  - functional magnetic resonance imaging 
�x BOLD  - blood-oxygen-level dependent 
�x CVS  - caloric vestibular stimulation 
�x GVS  - galvanic vestibular stimulation 
�x STB  - short tone bursts 
�x MVS  - magnetic vestibular stimulation 
�x SPV  - slow phase velocity 
�x OKS  - optokinetic stimulation 
�x OKN  - optokinetic nystagmus 
�x VOR  - vestibular ocular reflex 
�x MVN  - medial vestibular nuclei 
�x SVN  - superior vestibular nuclei 
�x LVN  - lateral vestibular nuclei 
�x DVN  - descending vestibular nuclei 
�x MST  - middle superior temporal area 
�x VIP  - ventral intraparietal area 
�x CSv  - cingulated sulcus visual 
�x DTI  - diffusion tensor imaging 
�x FA  - fractional anisotropy 
�x DMN  - default mode network 
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General Introduction  

The vestibular system 

The importance of the vestibular system usually goes unnoticed in our daily lives and its 

significance is only experienced by people suffering from damages to one or several 

components of the vestibular system (Brandt et al., 2005; Cullen and Sadeghi, 2008; Dieterich 

and Brandt, 2008). The vestibular system is essential for orientation in space, and perception 

of motion, as well as keeping balance, and maintaining stable visual perception while moving 

in a three-dimensional world (Cullen and Sadeghi, 2008; Goldberg et al., 2012). Considering 

that these functions are essential for any animal�¶�V�� �V�X�U�Y�L�Y�D�O, it is not surprising that vestibular 

structures are one of the oldest structures that have developed during evolution, and are 

�E�D�V�L�F�D�O�O�\�� �D�V�� �R�O�G�� �D�V�� �W�K�H�� �³Kingdom �$�Q�L�P�D�O�L�D�´�� ���0�H�W�D�]�R�D�� itself (Graf, 2009). Evidence for 

peripheral vestibular structures has been found in fossils that are over 400 million years old 

(Graf, 2009). For our purposes, we will distinguish the vestibular system into two parts, the 

peripheral vestibular end organs and the central nervous system with its multisensory 

vestibular network. 

The peripheral vestibular system 

The peripheral vestibular end organs are located in the temporal bone in direct vicinity of the 

cochlea, and are believed to be evolutionarily older than the cochlea (Graf, 2009). They are 

contained within a structure called the membranous labyrinth of the inner ear, (see figure 1A). 

The membranous labyrinth consists of five parts, the three semicircular canals and the two 

otolith organs, the utricle and the saccule (see figure 1B). The semicircular canals detect 

rotations while utricle and saccule detect translations of the head as well as head orientation 

with respect to gravity (Goldberg and Hudspeth, 2004; Goldberg et al., 2012).  

Rotations of the head are sensed via detection of inertial flow (i.e., opposite to the head 

rotation) of endolymph fluid leading to deflections of the hair cells in the ampullary cupula of 

each respective semicircular canal (figure 1B). The membrane of the ampullary cupula is a 

gelatinous structure containing hair cells (i.e. cells with mechanosensitive ion channels) that 

influence the bipolar cells of the eighth cranial nerve (nervus vestibulocochlearis) in response 

to a deformation induced by inertial flow of the endolymph during head rotations (see detail 

inlays in figure 1B). The ion-channels of the hair cells are opened when the cells are bent in 
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one direction and closed when bent in the opposite direction, leading to an increase or 

decrease of their firing rate, respectively.  

 

Figure 1: The anatomy of the ear (A) and the anatomy of the membranous labyrinth (B). [Images, 
used (and modified) under license from Shutterstock.com. (A) Alila Medical Media/Shutterstock.com, 
and (B) Designua/Shutterstock.com] 

The three semicircular canals (horizontal, anterior, and posterior canals) of the left and right 

ear work in reciprocal pairs. The two horizontal canals work together, while each anterior 

canal is paired with the posterior canal of the opposite ear. This means that rotations can be 

�V�H�Q�V�H�G�� �Z�L�W�K�� �³�G�R�X�E�O�H�´�� �S�U�H�F�L�V�L�R�Q�� �G�X�H�� �W�R�� �W�K�H�� �U�H�F�L�S�U�R�F�D�O�� �L�Q�W�H�U�D�F�W�L�R�Q�� �R�I�� �W�K�H�� �S�D�L�U�V���� �,�I�� �K�H�D�G�� �P�R�W�L�R�Q��

occurs in a plane specific to a pair of canals, flow in one canal will lead to excitation while 

flow in the opposite paired canal will lead to inhibition.  

In general, firing rate changes transmitted through the eighth cranial nerve are the way 

vestibular sensations are transmitted to the central nervous system. Note that the firing rate of 

the hair cells is reported to be near 100 Hz at rest, allowing for a wide range of modulation 

and the whole apparatus is sensitive to angular accelerations of >0.1°/s² (Shumway-Cook and 

Woollacott, 2007). However, during continuous rotations a steady-state of zero flow can be 

reached and the cupula returns to its resting position, i.e., the cells go back to the resting firing 

rate, analogous to keeping the head still.  

Translations and the orientation of the head relative to gravity are detected by the utricle and 

saccule. The utricle, by virtue of its orientation, senses linear accelerations and head-tilts in 

the horizontal plane. Analogously, the saccule is sensitive to vertical plane movements and 

head-tilts. Both structures together are termed the otolith organs (from the greek word 

�³�O�L�W�K�R�V�´���� �P�H�D�Q�L�Q�J�� �³�V�W�R�Q�H�´���� �F�R�Q�W�D�L�Q�L�Q�J�� �K�D�L�U�� �F�H�O�O�V�� �W�K�D�W�� �D�U�H�� �V�X�U�U�R�X�Q�G�H�G�� �E�\�� �D�� �J�H�O�D�W�L�Q�R�X�V�� �V�W�U�X�F�W�X�U�H��
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with embedded calcium carbonate stones that by virtue of inertial acceleration allow sensing 

of the direction of gravitation or translation during movements (Goldberg and Hudspeth, 

2004).   

The multisensory central vestibular network 

The multisensory vestibular cortical network interprets signals from the vestibular end organs, 

but it also does far more than just interpretation of these signals. Our sense of self motion and 

orientation in space, as well as a stable visual perception, and the control of posture and 

balance is dependent on a proper functioning of the multisensory vestibular network 

(Goldberg and Hudspeth, 2004; Shumway-Cook and Woollacott, 2007; Cullen and Sadeghi, 

2008; Goldberg et al., 2012). To achieve these feats of perception and motor control, the 

multisensory vestibular cortical network has to engage in integration of information coming 

not only from the peripheral vestibular sensory end organs, but also from the visual, the 

proprioceptive, the somatosensory and the auditory systems (Cullen and Sadeghi, 2008).  

The central multisensory vestibular network consists of the respective brain stem nuclei 

(mainly the medial (MVN), superior (SVN), lateral (LVN), and descending vestibular nuclei 

(DVN)), as well as cerebellar regions (nodulus, uvula, flocculus, and paraflocculus, as well as 

vermis, and fastigial deep cerebellar nucleus), and several cortical areas (e.g., the medial 

superior temporal (MST) area, posterior insula, parietal operculum, ventral intraparietal (VIP) 

area, anterior cingulum, and cingulate sulcus visual (CSv) area) which receive secondary 

input from the brain stem and cerebellum via the dorsolateral, and presumable the ventral 

anterior thalamus (Goldberg et al., 2012). It was recently shown that there might also be a 

direct ipsilateral connection bypassing the thalamus connecting the brain stem via the 

midbrain to the opercular-insular region (Kirsch et al., 2016). 

The brain stem regions receive direct primary afferents from the vestibular periphery, as well 

as modulatory secondary inputs from the cerebellum, visual, somatosensory, proprioceptive 

and oculomotor regions of the cortex, making its processing truly multisensory even at the 

early stage (Goldberg et al., 2012).  

The cerebellar regions receive direct afferents from the vestibular periphery and secondary 

inputs from the vestibular nuclei of the brain stem and provide an integrated signal back to the 

brain stem. One example of this feedback signal is the selective encoding of translational 

motion that remains relatively insensitive to changes in head orientation relative to gravity. It 

is generated via the processing in cerebellar regions nodulus and uvula as well as the fastigial 



 

4 
 

nucleus that provide an integration of signals from canal afferents which are activated during 

head tilt but not during pure translation. This signal is then combined with otolith signals to 

subtract out the influence of gravity from inertial motion, yielding a signal that selectively 

encodes translational motion (Cullen and Sadeghi, 2008; Goldberg et al., 2012).  

The nodulus and uvula play a critical role in controlling the three-dimensional dynamics of 

the velocity storage system. In particular the integration of both canal and otolith inputs at the 

level of individual neurons facilitates the computation of head motion relative to space. The 

flocculus and adjacent paraflocculus are involved in the generation of ocular-visual following 

responses (i.e., optokinetic nystagmus (OKN) and pursuit). In addition, these regions are a 

critical component of the neural substrate underlying the plasticity of the optokinetic reflex 

and the VOR. The oculomotor vermis and anterior lobes make use of extra-vestibular inputs 

(visual and proprioceptive information, respectively) to ensure that the motor responses 

produced by vestibular pathways remain appropriately calibrated. Lastly, the deep nuclei, 

most notably the fastigial nucleus, play an important role in the generation of postural reflexes 

and orienting behaviors. Projections from the anterior lobe of the vermis and most medial 

zones of the nodulus and ventral uvula converge in the fastigial nucleus, which in turn 

projects to the brain stem structures (including the vestibular nuclei) to control and modulate 

behaviors (Cullen and Sadeghi, 2008; Goldberg et al., 2012). 

Cortical processing of vestibular input is important for generating appropriate modulations of 

motor responses and the subjective sense of movement and orientation in three-dimensional 

space (Cullen and Sadeghi, 2008; Goldberg et al., 2012). The middle superior temporal area 

(MST) responds to optic flow and provides a signal for the direction of the visual signal or 

heading direction of the animal that allows smooth pursuit responses to follow and stay on 

target, but it does not respond to multiple patches of optical flow that are inconsistent with 

egomotion (Wall and Smith, 2008). The areas VIP (ventral intraparietal sulcus) and CSv 

(cingulate sulcus visual) are believed to be further processing stations in regard to egomotion, 

i.e., self-induced (visual) motion of the environment (Wall and Smith, 2008; Fischer et al., 

2012). The posterior insula and the parietal operculum are believed to be multisensory 

integration hubs that receive strong vestibular input. They seem to act as the central vestibular 

relay regions in the cortex, i.e., all vestibular input goes into these regions and is integrated 

�Z�L�W�K�� �D�O�O�� �R�W�K�H�U�� �V�H�Q�V�R�U�\�� �P�R�G�D�O�L�W�L�H�V�� �I�U�R�P�� �W�K�H�U�H�� �D�V�� �D�� �F�H�Q�W�U�D�O�� �U�H�J�L�R�Q�� �³�L�Q�� �W�K�H�� �P�L�G�G�O�H�´�� �R�I�� �D�O�O�� �W�K�Hse 

inputs (zu Eulenburg et al. 2012; Lopez et al. 2012). All these areas project back to the 
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vestibular nuclei and modulate the motor response depending of the behavioral context 

(Goldberg et al., 2012). 

The functioning of the vestibular system as a whole is therefore based on the meaningful 

fusion of sensors. Vertigo and dizziness may occur if these multisensory interactions are 

disturbed, either at the periphery sensory end organs or the central level (Brandt et al., 2005; 

Dieterich and Brandt, 2008).  

Thus, one main feature of the vestibular system is the integration of multisensory information 

and can best be understood in terms of interconnectivity of distant brain regions, i.e., 

networks in the brain.  
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Vestibular stimulation methods and their neural correlate s 

The functioning of the vestibular end organs and the neural correlates of the multisensory 

vestibular system have previously been studied using stimulations of the vestibular end organs 

during neuroimaging (e.g. see (Dieterich and Brandt, 2008; Lopez et al., 2012; zu Eulenburg 

et al., 2012; Wiest, 2015)). The most common forms of vestibular stimulation are caloric 

irrigation (CVS) of the horizontal semicircular canal with water or air, galvanic vestibular 

stimulation (GVS) of the irregular and to a lesser extend also regular afferents in the 

vestibular nerve, or �³�&�O�L�F�N�V�´����loud short tone burst (STB) vestibular stimulation, i.e., sound 

pressure induced otolith stimulation (for an overview see (zu Eulenburg et al. 2012; Lopez et 

al. 2012)). A more recent variant of stimulating the vestibular end organs with strong 

magnetic fields (>1 T), termed magnetic vestibular stimulation (MVS) has recently emerged 

(Roberts et al., 2011), although it was long known that strong magnetic fields cause dizziness 

(Schenck, 1992). Due to the multisensory nature of the vestibular network and the interaction 

with other sensory systems different sensory stimuli can be used to create vestibular  (e.g. 

dizziness) or self-motion sensations. Optokinetic stimulation (OKS) for example can be 

applied to elicit nystagmus and induce a vection sensation (the feeling of self-motion), by 

exploiting visual-vestibular interactions (Brandt et al., 1998; Dieterich et al., 1998; Bense et 

al., 2006; Dieterich, 2007).  

It is important to note here, that all these stimulations have confounding effects but they have 

to be used during functional neuroimaging, because more natural stimulation of the vestibular 

periphery via actual head movements will lead to severe artifacts in MRI and correction 

methods for free movement are still under development (for a review see Zaitsev et al. 2015). 

Caloric vestibular stimulation 

It is mostly believed that caloric vestibular stimulation (CVS) acts upon the semicircular 

canals by inducing a convective flow caused by temperature changes relative to the body 

temperature (Barany, 1906; Friberg et al., 1985; Aw et al., 2000; Arai, 2001; Maes et al., 

2007). However, it was also demonstrated that CVS induced nystagmus occurs in 

microgravity, suggesting that there might also be another mechanism of stimulation, possibly 

shifting discharge rates of hair cells (Scherer and Clarke, 1987). The stimulation can be done 

by using hot (>40�ƒ�&���� �R�U�� �F�R�O�G�� ���”�����ƒ�&���� �Z�D�W�H�U (air) irrigation of one (monothermal stimulation) 

or both ears (bithermal stimulation). A maximal stimulation of the horizontal canal with CVS 

can be achieved by putting subjects in a supine position with their head tilted 30° forward in 
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order to align the horizontal canal perpendicular to the direction of gravity. CVS then leads to 

a horizontal-rotatory nystagmus and a profound rotatory vertigo.  

The confounding effects of CVS are the simultaneous stimulation of the vagal nerve, the 

somatosensory (tactile, thermal, pain), and auditory system due to the injection of water into 

the external ear canal. 

Galvanic vestibular stimulation 

Galvanic vestibular stimulation uses electrical current flow (>1 mA) with an electrode placed 

over the mastoid bone. It was suggested that it stimulates the entire vestibular nerve (eighth 

cranial nerve) at the axon hillock, where the electrical potential needed for generating action 

potentials is lowest (Goldberg et al., 1982, 1984; Zink et al., 1998; Schneider et al., 2002; 

Fitzpatrick and Day, 2004; Curthoys and MacDougall, 2012). This means GVS influences the 

firing rate at the eighths nerve to cause vestibular sensations. Note that this can result in a 

stimulation of all afferents of the vestibular end organs, canals and otolith organs alike, as the 

whole nerve is stimulated. It is believed that GVS increases the firing rate at the side of the 

cathode and decreases the firing rate at the side of the anode at those time intervals of the 

stimulation when the stimulation current is changing (Goldberg et al., 1984). This implies that 

a constant or direct current stimulation will change the firing rate only during the onset (or 

offset) of the direct current galvanic vestibular stimulation (DC-GVS), but not during the 

phase of the stimulation when the current is constant. This also means that the firing rate 

changes continuously during an alternating current galvanic vestibular stimulation (AC-GVS), 

e.g., when applying a sinusoidal stimulation current (Goldberg et al., 1982, 1984; Schneider et 

al., 2002; Fitzpatrick and Day, 2004; Stephan et al., 2005, 2009; Lopez et al., 2012). GVS 

modulates and excites all aspects of the vestibular network, as it stimulates the whole nerve 

and leads to vertigo, ocular torsion and rotatory nystagmus in the case of AC stimulation 

(Schneider et al., 2002; Fitzpatrick and Day, 2004; Stephan et al., 2005). In the case of DC 

stimulation, GVS leads to a feeling of head tilt, and torsion of the eyes around the gaze 

direction (Zink et al., 1997, 1998). �7�K�H�� �S�H�U�F�H�S�W�X�D�O�� �H�I�I�H�F�W�� �L�V�� �D�N�L�Q�� �W�R�� �I�H�H�O�L�Q�J�� �³�S�X�V�K�H�G�´�� �R�U��

�³�Q�X�G�J�H�G�´���� �D�Q�G�� �R�F�F�X�U�V��in the onset and offset phase of the stimulation, and subsides over the 

course of the constant stimulation when the current does not change (Zink et al., 1998; 

Schneider et al., 2002; Stephan et al., 2009).  

The confounding effects of GVS are the stimulation of the skin around the electrodes leading 

to tactile and nociceptive sensations activating the somatosensory system and possibly a 
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stimulation of the vagus nerve, metallic taste on the tongue and increased saliva production 

due to stimulation of the chorda tympani, as well as the potential elicitation of phosphenes 

due to the electrode placement in the vicinity of the inferior occipital cortex. Using sustained 

DC-GVS it was possible to distinguish the vestibular and somatosensory response in fMRI 

(Stephan et al., 2009). This is possible due to the different time courses of the vestibular 

sensation, occurring especially at the onset and offset of stimulation, in contradistinction to 

the somatosensory sensations that are continuously present throughout the stimulation 

(Stephan et al., 2009).  

Short tone burst ( �³Clicks � )́ vestibular stimulation 

�7�R�Q�H�� �E�X�U�V�W�� �³�F�O�L�F�N�V�´��(usually 500 Hz sounds of 110 dB-SPL or louder) are believed to 

influence mainly the otolith organ saccule, (probably also to a smaller amount the utricle), due 

to the differential pressure of the sound waves leading to motion of the otoliths (Colebatch et 

al., 1994; Rosengren et al., 2005)���� �7�R�Q�H�� �E�X�U�V�W�� �³�F�O�L�F�N�V�´�� �G�R�� �Q�R�W�� �L�Q�I�O�X�H�Q�F�H�� �W�K�H�� �I�O�R�Z�� �L�Q�� �W�K�H��

semicircular canals of the labyrinth, but the stimulation of the otoliths have been shown to 

create interactions with signals from the semi-�F�L�U�F�X�O�D�U�� �F�D�Q�D�O�V���� �7�K�L�V�� �P�H�D�Q�V�� �W�R�Q�H�� �E�X�U�V�W�� �³�F�O�L�F�N�V�´��

only interfere with signals from semi-circular canals by virtue of stimulating the otoliths, but 

do not stimulate the canals themselves (Miyamoto et al., 2007; Janzen et al., 2008; 

Schlindwein et al., 2008; Lopez et al., 2012).  

�7�R�Q�H�� �E�X�U�V�W�V�� �D�Q�G�� �³�F�O�L�F�N�V�´�� �D�U�H�� �F�R�Q�I�R�X�Q�G�H�G�� �E�\�� �W�K�H�� �D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �W�K�H�� �D�X�G�L�W�R�U�\�� �V�\�V�W�H�P�� �D�Q�G�����L�I���O�R�X�G��

enough, may be experienced as a painful sensation.     

Magnetic vestibular stimulation 

Magnetic vestibular stimulation (MVS), has recently been proposed as another form of 

vestibular stimulation that occurs in the presence of strong magnetic fields (>1 tesla). MVS 

might potentially be present during all fMRI experiment (Roberts et al., 2011; Antunes et al., 

2012; Glover et al., 2014; Ward et al., 2014a, 2015; Boegle et al., 2016). It was shown that 

healthy subjects exposed to the static magnetic field of a MR scanner developed a persistent 

nystagmus (in total darkness), while patients with bilateral peripheral vestibular failure did not 

show any nystagmus (Roberts et al., 2011). This supports the hypothesis that MVS actually 

originates in the inner ear. It was proposed that the ionic currents coming from hair cells in 

the inner ear are diverted by a Lorentz-force (Roberts et al., 2011). This creates an endolymph 

flow diverting the cupula���� �³�W�K�H�� �U�R�W�D�W�R�U�\�� �P�R�W�L�R�Q�� �V�H�Q�V�R�U�´�� �R�I�� �W�K�H�� �L�Q�Qer ear, resulting in a 

nystagmus akin to an accelerating rotatory stimulation (Glover et al., 2014; Jareonsettasin et 
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al., 2016). The orientation-dependency of the Lorentz-force in the magnetic field of an MRI 

scanner also explains �Z�K�\���W�K�H���Q�\�V�W�D�J�P�X�V�¶���V�O�R�Z���S�K�D�V�H���Y�H�O�R�F�L�W�\�����6�3�9�����G�H�S�H�Q�G�V���R�Q���W�K�H���V�X�E�M�H�F�W�¶�V��

head orientation within the magnetic field (Roberts et al., 2011). This model was further 

supported by several studies (Antunes et al., 2012; Glover et al., 2014; Ward et al., 2014a; 

Jareonsettasin et al., 2016). Analogous behavioral and neural effects were reported for 

animals (e.g. see: (Saunders, 2005; Houpt et al., 2013; Ward et al., 2015)).   

Consequently, it was speculated that this magnetic vestibular stimulation (MVS) might 

influence fMRI results (Roberts et al., 2011), as nystagmus is indicative of an imbalance in 

the vestibular system, potentially influencing also other systems via multisensory vestibular 

interactions (Boegle et al., 2016). 

Summary of the neural correlates for vestibular sti mulations 

Functional imaging has long been used to study the multisensory vestibular network in 

healthy subjects, as well as diseases of the vestibular system (e.g. for review see: Dieterich & 

Brandt 2008; zu Eulenburg et al. 2012; Lopez et al. 2012; Besnard et al. 2015).  

While neural correlates due to MVS had not been investigated until our study (Boegle et al., 

2016), there are a many studies with respect to the other three stimulation methods CVS 

(Bottini et al., 1994, 2001; Suzuki et al., 2001; Becker-Bense, 2003; Dieterich et al., 2003; 

Marcelli et al., 2009), GVS (Lobel et al., 1998; Bense et al., 2001; Stephan et al., 2005; 

Eickhoff et al., 2006; Cyran and Boegle et al., 2016), and STB �³�&�O�L�F�Ns�  ́ (Miyamoto et al., 

2007; Janzen et al., 2008; Schlindwein et al., 2008).  

These show a convergence of activated areas over a larger network with activations mainly in 

the insular, and retroinsular cortex, parietal operculum, the superior temporal gyrus, the 

supramarginal gyrus, the inferior parietal lobe, the inferior frontal gyrus, the anterior cingulate 

gyrus, the thalamus, the cerebellum, the basal ganglia, and the hippocampus in both 

hemispheres, with a particular preponderance of activation on the right hemisphere for right-

handed individuals, and on the left hemisphere for left-handed individuals (Bottini et al., 

1994; Lobel et al., 1998; Brandt and Dieterich, 1999; Bense et al., 2001; Dieterich et al., 

2003; Stephan et al., 2005; Schlindwein et al., 2008; Lopez and Blanke, 2011; Lopez et al., 

2012; zu Eulenburg et al., 2012).   
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The state of knowledge with respect to the cortical 
vestibular network 

Many basic network properties of the multisensory vestibular cortical network remain 

unknown, despite multiple studies researching the neural correlates of stimulations of the 

vestibular end organs. This is mainly due to the fact that the areas that have been found in 

terms of �³analysis of co-activation�´���� �7�K�L�V��means that the areas were identified with vestibular 

processing by evaluating increases or decreases in activation level during application of CVS, 

GVS, and STBs (�³�F�O�L�F�N�V�´). The association of these areas into networks was previously 

inferred by considering other sources, e.g. animal research. However, it is now also possible 

to infer networks from fMRI functional connectivity analysis that associates areas into 

networks based on their spatiotemporal signal behavior (Beckmann and Smith, 2004; 

Beckmann et al., 2005; Smith et al., 2009; Garrett et al., 2010, 2011).  

Open questions 

The network relationship of the aforementioned co-activated areas is not established. The 

dynamics of the networks in regard to the progression of the stimulation remain largely 

unknown. Furthermore, the confounding effects of the stimulation methods (see above) make 

a distinction of vestibular and other influences difficult.  

Therefore, the following questions were addressed:  

�³Is it possible to distinguish networks associated with the confounding effects from 

networks associated with the vestibular response?�  ́ 

�³Which areas overlap between these networks, i.e., which areas are potentially 

multisensory, or integration areas?�  ́ 

�³�,�V���W�K�H�U�H���D���S�X�U�H�O�\���Y�H�V�W�L�E�X�O�D�U���D�U�H�D���L�Q���W�K�H���F�R�U�W�H�[���R�U���D�U�H���D�O�O���F�R�U�W�L�F�D�O���D�U�H�D�V���U�H�F�H�L�Y�L�Q�J���Y�H�V�W�L�E�X�O�D�U��

input multisensory, i.e., mixed with other sensory signals�"� ́

 

The dynamics of the networks over the lifespan remain unknown. Note that any effects that 

occur during healthy aging can have important implications for the various studies that have 

investigated responses for patient versus controls. Most of the patients involved in such 

studies have already reached a stage of advanced age post-maturation (>50 years of age), but 

patients suffering from an acute vestibular failure (e.g. vestibular neuritis) can be of any age 

and the status of their network dynamics may be an important factor in how they respond to 

this challenge during rehabilitation.  



 

11 
 

The associated questions here were:  

�³I�V���W�K�H�� �U�H�V�S�R�Q�V�H���I�U�R�P�� �W�K�H���Q�H�W�Z�R�U�N���X�Q�G�H�U�� �D���F�K�D�O�O�H�Q�J�H���G�L�I�I�H�U�H�Q�W���D�F�U�R�V�V���W�K�H�� �O�L�I�H�V�S�D�Q�"�´�� 

�³Does the compensation in response to disease change over the ages based on the 

�X�Q�G�H�U�O�\�L�Q�J�� �S�U�R�S�H�U�W�L�H�V���R�I���W�K�H�� �Q�H�W�Z�R�U�N���D�F�U�R�V�V���W�K�H�� �D�J�H�V�"�´�� 

 

For almost 25 years dizziness in MR-scanners has been reported and linked with the strong 

magnetic fields used in MRI (e.g. Schenck 1992), but it is still unclear how this affects the 

vestibular system and BOLD-responses in functional imaging. It has recently been shown that 

healthy subjects develop a persistent nystagmus in the magnetic field of a MR environment 

(Roberts et al., 2011). The presence of a spontaneous nystagmus is indicative of a vestibular 

imbalance and it was speculated that this magnetic vestibular stimulation (MVS) might lead to 

modulations of fMRI results, given that modulations of resting-state networks have been 

shown in response to vestibular imbalances caused by peripheral vestibular dysfunctions 

(Roberts et al., 2011; Göttlich et al., 2014; Helmchen et al., 2014; Klingner et al., 2014).  

Therefore, the question remains  

�³Does MVS influence network dynamics via an interaction due to vestibular imbalance as 

�L�Q�G�L�F�D�W�H�G���E�\���W�K�H�� �V�S�R�Q�W�D�Q�H�R�X�V�� �Q�\�V�W�D�J�P�X�V�"�´  
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Aim of the thesis 

The thesis focuses on the study of vestibular function and vestibular interaction with an array 

of brain areas, and sensory systems by means of functional neuroimaging. We have conducted 

basic scientific research to fill some of the knowledge gaps with regard to network properties, 

the influence of aging, and strong magnetic fields encountered in a MR environment upon 

these network properties.  

The purpose of this doctoral thesis is to derive suggestions for researchers interested in the 

vestibular system, to extend the kind of questions that can be answered by functional MRI 

experiments and improve these investigations for the benefit of clinically relevant research of 

patients and healthy controls.  

The effects of aging on the vestibular network 

A cross-sectional aging study of 45 mature subjects (>20 years of age to 70 years of age) was 

performed with DC-GVS (Cyran and Boegle et al., 2016). The aim was to explore the 

changes of the connectivity and temporal variability of brain networks that are available to the 

average healthy adult throughout their post-adolescence lifespan. This is based on the idea 

that connectivity can be interpreted as the foundation for responding to challenges, be it either 

to an artificial stimulation or compensating a peripheral vestibular disease. The study used 

DC-GVS to activate all afferents of the vestibular end organs and employs a square-shape 

time course for the stimulation, i.e., a sustained current. This stimulation shape allows the 

differentiation of vestibular and somatosensory responses, as it was previously shown that the 

perceived vestibular sensations occur at the onset and offset while the somatosensory 

sensations occur continuously during the stimulation (Stephan et al., 2009). We set out to 

characterize the stimulated networks across the lifespan. For this we went beyond the usual 

examination of response amplitudes, and included analysis of spatiotemporal correlatedness, 

as well as temporal dispersion of the responses (Beckmann and Smith, 2005; Garrett et al., 

2010; Cyran and Boegle et al., 2016). The study also included a motor-task control 

experiment, as well as analysis of anatomical changes in grey matter volume, and structural 

fiber integrity using diffusion tensor imaging (DTI) to account for non-specific changes with 

age (general vascular, atrophic, or structural changes).  

The effects of strong magnetic fields on resting st ate networks 

This experiment aimed to identify and delineate the modulatory effects of magnetic vestibular 

stimulation (MVS) on resting-state network fluctuations of 30 healthy adults (Boegle et al., 
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2016). This study also wanted to verify the effects of previous studies suggesting a Lorentz-

force model as the cause for the nystagmus slow phase velocity in a magnetic environment 

(Roberts et al., 2011) and established that MVS does scale linearly with field strength giving 

further support to the Lorentz-force model of MVS (Boegle et al., 2016). We recorded eye 

movements as well as resting-state fMRI of 30 healthy subjects in darkness at 1.5 tesla and 

3.0 tesla magnetic field strength. We hypothesized that the scaling of MVS, as established 

from the nystagmus�¶�� �6�3�9, should be identifiable in the scaling of the resting-state network 

fluctuations, indicating modulations due to a varying vestibular arousal. We demonstrated that 

this is indeed the case, focusing on the default mode network (DMN). This network was 

previously shown to be modulated in patients with peripheral vestibular dysfunction, i.e., the 

DMN was indicated to be modulated due to vestibular imbalances and therefore MVS was 

also expected to have a similar effect on this network (Göttlich et al., 2014; Helmchen et al., 

2014; Klingner et al., 2014; Boegle et al., 2016).   
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Cumulative Thesis 
This cumulative thesis consists of two articles published in peer-reviewed journals. The title 

and abstract of each publication are presented together with the author contributions. The full 

publications with the copyright forms can be found in the appendix of this thesis.  

  



 

15 
 

Age-related decline in functional connectivity of the 
vestibular cortical network 

*C.A.M. Cyran1,2, *R. Boegle3,4, T. Stephan1,3,4,7, M. Dieterich1,3,4,5, S. Glasauer3,4,6,7 

*C.A.M. Cyran and R. Boegle contributed equally to the study. 

1Dept. of Neurology, Klinikum der Universität,  
Ludwig-Maximilians-University Munich, Marchioninistr. 15, 81377 Munich, Germany 
2Institute of Neurology, University College London, 

Queen Square, London WCN1 3BG, UK 

3Graduate School of Systemic Neurosciences,  
Ludwig-Maximilians-University Munich,Marchioninistr. 15, 81377 Munich, Germany 

4German Center for Vertigo and Balance Disorders (IFBLMU), Klinikum der Universität,  
Ludwig-Maximilians-University Munich, Marchioninistr. 15, 81377 Munich, Germany 

5SyNergy: Cluster for Systems Neurology,  
Munich, Germany 

6Center for Sensorimotor Research,  
Ludwig-Maximilians-University Munich, Marchioninistr. 15, 81377 Munich, Germany 

7Institute for Clinical Neurosciences,  
Ludwig-Maximilians-University Munich, Marchioninistr. 15, 81377 Munich, Germany 

Abstract 

In the elderly, major complaints include dizziness and an increasing number of falls, possibly 

related to an altered processing of vestibular sensory input. In this study, we therefore 

investigate age-related changes induced by processing of vestibular sensory stimulation. 

While previous functional imaging studies of healthy aging have investigated brain function 

during task performance or at rest, we used galvanic vestibular stimulation during functional 

MRI in a task-free sensory stimulation paradigm to study the effect of healthy aging on 

central vestibular processing, which might only become apparent during stimulation 

processing. Since aging may affect signatures of brain function beyond the BOLD-signal 

amplitude -such as functional connectivity or temporal signal variability- we employed 

independent component analysis and partial least squares analysis of temporal signal 

variability. We tested for age-associated changes unrelated to vestibular processing, using a 

motor paradigm, voxel-based morphometry and diffusion tensor imaging. This allows us to 

control for general age-related modifications, possibly originating from vascular, atrophic or 

structural connectivity changes. Age-correlated decreases of functional connectivity and 

increases of BOLD-signal variability were associated with multisensory vestibular networks. 

In contrast, no age-related functional connectivity changes were detected in somatosensory 
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networks or during the motor paradigm. The functional connectivity decrease was not due to 

structural changes but to a decrease in response amplitude. In synopsis, our data suggest that 

both the age-dependent functional connectivity decrease and the variability increase may be 

due to deteriorating reciprocal cortico-cortical inhibition with age and related to multimodal 

vestibular integration of sensory inputs. (Cyran and Boegle et al., 2016) 

Author contribution 

The Author of this thesis participated in measuring the subjects, analyzed the functional 

imaging data for functional connectivity and performed the data denoising for the analysis of 

temporal variability, as well as writing substantial parts of the manuscript, and created figures 

2, 3, and 4 of the attached publication. 
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Abstract 

Strong magnetic fields (>1 Tesla) can cause dizziness and it was recently shown that healthy 

subjects (resting in total darkness) developed a persistent nystagmus even when remaining 

completely motionless within a MR tomograph. Consequently, it was speculated that this 

magnetic vestibular stimulation (MVS) might influence fMRI results, as nystagmus is 

indicative of an imbalance in the vestibular system, potentially influencing other systems via 

multisensory vestibular interactions. The objective of our study was to investigate whether 

MVS does indeed modulate BOLD signal fluctuations. We recorded eye movements, as well 

as, resting-state fMRI of 30 volunteers in darkness at 1.5 T and 3.0 T to answer the question 

whether MVS modulated parts of the default mode resting-state network (DMN) in 

accordance with the Lorentz-force model for MVS, while distinguishing this from the known 

signal increase due to field strength related imaging effects. Our results showed that 

modulation of the default mode network occurred mainly in areas associated with vestibular 

and ocular motor function, and was in accordance with the Lorentz-force model, i.e., double 

than the expected signal scaling due to field strength alone. We discuss the implications of our 

findings for the interpretation of studies using resting-state fMRI, especially those concerning 

vestibular research. We conclude that MVS needs to be considered in vestibular research to 

avoid biased results, but it might also offer the possibility of manipulating network dynamics 

and may thus help in studying the brain as a dynamical system. (Boegle et al., 2016) 
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General Discussion  

Purpose of this thesis 

The purpose of this thesis is to develop suggestions for studying the multisensory vestibular 

network and the influence of vestibular modulations on resting-state networks with functional 

magnetic resonance imaging (fMRI). The focus lies on basic scientific investigations of (1) 

the influence of aging on the ability of subjects to respond to a challenge of the multisensory 

vestibular network, and (2) the modulatory influence of magnetic fields (the MR 

environment) on functional imaging and resting-state networks in general. To this end, two 

studies were carried out, one focusing on the effects of galvanic vestibular stimulation (GVS) 

on the multisensory vestibular network across the lifespan, and another study focusing on the 

effects of magnetic vestibular stimulation (MVS) on resting-state networks, in particular the 

default mode network (DMN).   

Summary of the studies performed 

The first study was a cross-sectional aging study investigating the modulation of vestibular, 

somatosensory and motor networks in healthy adults (N=39 of 45 in total, age 20 to 70 years, 

17 males; of the total N=14 with age 20 to 40 years, mean age=27.3±4.4 years, 6 males; N=12 

with age 40 to 60 years, mean age=52.3±5.0 years, 5 males, and N=13 with age >60 years, 

mean age= 67.1±2.4 years, 6 males). We used GVS to stimulate all afferences of the 

peripheral vestibular end organs in order to activate the entire multisensory vestibular network 

as age-associated changes might be specific to sensory processing (Goldberg et al., 1982, 

1984; Zink et al., 1998; Schneider et al., 2002; Stephan et al., 2005, 2009; Cyran and Boegle 

et al., 2016). The time course of stimulation was designed to allow for a separation of 

vestibular and somatosensory processing based on the temporal properties of sustained DC-

GVS (Stephan et al., 2009). In addition to vestibular and somatosensory stimulation, we also 

controlled for changes of the motor network, structural fiber integrity (fractional anisotropy �± 

FA), and volume changes to simultaneously compare the effects of aging across structure and 

function. 

The second study investigated the influence of the static magnetic field of the MR 

environment in a group of healthy subjects (N=27 of 30 in total, age 21 to 38 years, mean 

age= 26.5±4.6 years, 19 females), as it was recently shown that a strong magnetic field 

produces a vestibular imbalance in healthy subjects (Roberts et al., 2011). It was speculated 
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that this magnetic vestibular stimulation (MVS) might influence fMRI results (Roberts et al., 

2011; Boegle et al., 2016). We examined MVS at field strengths of 1.5 tesla, and 3 tesla and 

analyzed the associated spontaneous nystagmus, the scaling of the nystagmus�¶�� �V�O�R�Z�� �S�K�D�V�H��

velocity (SPV) across field strengths, and identified the analogous scaling relationship in the 

modulation of DMN amplitudes between 1.5 tesla, and 3 tesla to reveal its effect on fMRI 

results (Boegle et al., 2016). Furthermore, the between subject variance associated with MVS 

across field strengths was investigated �E�\�� �D�Q�D�O�\�]�L�Q�J�� �W�K�H�� �Q�\�V�W�D�J�P�X�V�¶�� �6�3�9�� �L�Q�� �I�R�X�U��different 

head positions across field strengths of 1.5 tesla, and 3 tesla. 

Summary of the main results and conclusions of our two studies 

We were able to demonstrate that aging and MVS modulate networks associated with 

vestibular function and resting-state networks known for vestibular interactions (Göttlich et 

al., 2014; Helmchen et al., 2014; Klingner et al., 2014; Boegle et al., 2016; Cyran and Boegle 

et al., 2016). 

The results from our aging study imply that the dynamics of vestibular networks are limited 

by the influence of aging even in healthy adults without any noticeable vestibular deficit 

(Cyran and Boegle et al., 2016). Vestibular networks show a decline of functional 

connectivity with age and an increase of temporal variability (in excess of stimulation induced 

changes) with age (Cyran and Boegle et al., 2016). Most notably, aging modulates vestibular 

networks differently than somatosensory or motor networks. Somatosensory and motor 

networks did not show any significant linear relationship with age, or any significant changes 

between the youngest and oldest participants, in contradistinction to the vestibular networks 

(Cyran and Boegle et al., 2016). We were also able to show that the somatosensory and 

vestibular networks overlap in a region covering the posterior insula, which we infer as an 

indication of multisensory integration in this area (Cyran and Boegle et al., 2016). We were 

able to demonstrate that age-associated structural changes (gray matter volume changes or 

structural connectivity changes) did not explain the decline in functional connectivity or 

increase in temporal variability (Cyran and Boegle et al., 2016). Furthermore, stimulation 

thresholds did not change with age (nor did they correlate with the functional connectivity 

amplitudes or temporal variability), indicating that the age-associated changes that were found 

for the vestibular network, were not dependent on peripheral decline, as GVS is thought to 

directly stimulate the vestibular nerve (Goldberg et al., 1982, 1984, 2012). 
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The results from our study of the influence of the static magnetic field of the MR environment 

showed that MVS was already present at a field strength of 1.5 tesla, as evident from the 

induced nystagmus (Boegle et al., 2016). Furthermore, we were able to show that MVS scaled 

linearly with field strength between 1.5 tesla, and 3 tesla (Boegle et al., 2016). We identified 

the effects of MVS in the scaling of functional resting-state network fluctuations, showing 

that MVS does indeed influence resting-state networks due to vestibular imbalance (Boegle et 

al., 2016). Specifically, MVS does influence DMN resting-state network dynamics in 

accordance with the predicted scaling of MVS based on the Lorentz-force model for MVS 

(Roberts et al., 2011). The between subject variance in SPV was increased with magnetic field 

strength, which further supports the Lorentz-force model that posits a multiplicative influence 

of the magnetic field (Roberts et al., 2011). Taken together, these results not only imply that 

subjects were in a vestibular state of imbalance, but also that the extent and direction of the 

state of imbalance showed more variance between subjects with increasing field strength. This 

is in line with a multiplicative relationship with the magnetic field strength, as expected for an 

effect governed by a Lorentz-force relationship (Roberts et al., 2011; Boegle et al., 2016).  
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Does aging impact vestibular research results?  

Aging of peripheral and central vestibular structur es 

It is well known that peripheral vestibular end organs, like any other sensory organ, 

deteriorate with age (for an overview see (Ishiyama, 2009; Fernández et al., 2015; Maheu et 

al., 2015)). Peripheral vestibular structures such as hair cell counts, the number of nerve 

fibers, and the size of the otoconia have been demonstrated to decrease with age (Bergström, 

1973; Rosenhall, 1973; Ross et al., 1976; Igarashi et al., 1993; Lopez et al., 2005; Walther and 

Westhofen, 2007). Behavioral testing of physiology such as head thrust dynamic visual acuity 

testing, ocular and cervical vestibular evoked myogenic potentials, as well as timed balance 

tests show declining trends (in the case of timed balance tests it is an increase in time needed 

for stable execution) (Bohannon et al., 1984; Furman and Redfern, 2001; Welgampola and 

Colebatch, 2001; Agrawal et al., 2012; Wiesmeier et al., 2015). However, it is interesting to 

note that some clinical tests such as caloric testing or video head impulse test (HIT) remain 

relatively unaffected during aging, e.g., gain reduction was estimated to be 0.012 per decade 

and significant gain difference has only been found from 90 years of age (Matiño-Soler et al., 

2015). In other words, the behavioral function of the overall system is maintained until high 

age. This means that central mechanisms have adapted to preserve performance despite the 

change in nerve cells at the periphery. 

It is important to note here that most of what is known about compensation in the vestibular 

system is known from studies regarding the response of the system to vestibular disease, i.e., 

sudden and dramatic changes of vestibular input to the system, e.g., following unilateral 

peripheral vestibular failure. The compensatory mechanisms mainly involve shifts towards 

other sensory inputs as the system as a whole is multisensory in nature (Bles et al., 1983, 

1984; Möller and Ödkvist, 1989; Cass and Goshgarian, 1991; Curthoys and Halmagyi, 1995; 

Curthoys, 2000; Bense et al., 2004a, 2004b; Dieterich et al., 2007; zu Eulenburg et al., 2010; 

McCall and Yates, 2011; Devèze et al., 2015; Micarelli et al., 2016; Lacour et al., 2016). It is 

therefore possible that such a shift, i.e., a reweighting of the inputs in the multisensory 

processing may also occur during age-associated deterioration of the vestibular end organs. In 

the case of disease, if the vestibular nerve is severely and permanently damaged, this shift 

towards other sensory inputs is especially strong as the input from the vestibular system is 

either permanently lacking or very noisy (Curthoys and Halmagyi, 1995; Dieterich et al., 

2007; zu Eulenburg et al., 2010; Lacour et al., 2016). It has been shown that this shift first 

occurs towards visual inputs (Bense et al., 2004a, 2004b; Dieterich, 2007; zu Eulenburg et al., 
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2010; Becker-Bense et al., 2013) which are especially dominant in humans and other apes, 

and that this can also a followed by a shift towards the somatosensory system (Bles et al., 

1983, 1984), and even the auditory system if special prosthetics are used (Hegeman et al., 

2005), that deliver meaningful input for the auditory system (head motion transformed to 

sound). In squirrel monkeys it has been shown that exercise is beneficial for compensation 

(Igarashi et al., 1979, 1989). For humans reweighting towards visual signals are the first and 

fastest changes, as patients perform significantly better in eyes-open condition one month 

after disease onset while eyes-closed performance has not improved much at that point and 

can be shown to need a longer time and depends strongly on somatosensory input (Lacour et 

al., 1997, 2016; Gauchard et al., 2001; Devèze et al., 2015).  

There are two interpretations for these results in relation to our aging study. Either, these 

results imply that the sensitivity of the system (as a whole) is only slightly reduced, indicating 

that an adaptation of vestibular gains or compensation via sensory substitution has occurred 

that has stabilized the overall sensitivity despite cell loss (Maheu et al., 2015). The alternative 

interpretation is that the aforementioned measures may not have been sensitive enough to 

detect early or subtle age-related changes that occur before disease onset (Dowiasch et al., 

2015; Scheltinga et al., 2016). In other words, the function is preserved because central 

adaptations, possibly by compensation via sensory substitution has occurred that cannot be 

detected in behavior. 

What approach is necessary for detecting aging effe cts?  

The results from our neuroimaging aging study imply that the dynamics of vestibular 

networks were already limited by the influence of aging in healthy subjects (Cyran and 

Boegle et al., 2016). The change in connectivity and temporal variability might on one hand 

be related to the preservation of the behavioral response only leading to a slow decline prior 

to age 90 (Matiño-Soler et al., 2015). In other words our results might indicate that a form of 

central vestibular compensation has taken place. This might have slowed the decline, but it 

also cannot fully preserve the function of the balance system, hence the slow decline in 

functional connectivity. On the other hand, the decline in connectivity (and temporal 

variability increase) might be an early sign of a reduced ability to respond to a challenge when 

clinical behavioral tests still show little to no deficits (Dowiasch et al., 2015; Cyran and 

Boegle et al., 2016; Scheltinga et al., 2016).  
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Note that aging may be defined as ongoing damage and compensation that will eventually 

lead to a state where further damage cannot be compensated adequately, and nonlinear 

descent into chaos occurs, i.e. disease.  

Two recent studies have shown that clinical laboratory tests (e.g., head impulse test and 

caloric stimulation test of canal paresis) are not as sensitive as real world tests such as free 

gaze while walking or stance balance tests (Dowiasch et al., 2015; Scheltinga et al., 2016). 

Subtle changes, specifically that older patients with unilateral peripheral deficits recover 

balance control slower than younger patients, have been missed in previous studies 

(Scheltinga et al., 2016). This corroborates our hypothesis of early asymptomatic vestibular 

decline as indicated by the functional connectivity changes (Cyran and Boegle et al., 2016; 

Scheltinga et al., 2016). It is particularly noteworthy that Scheltinga and coauthors showed 

that their patients did not recover peripheral function, as canal paresis could be shown to 

persist while patients improved in stance balance test performance, indicating central 

compensation (Scheltinga et al., 2016). In fact, younger patients showed almost no difference 

from normal controls for stance balance tasks in the course of a unilateral peripheral failure. 

This indicates that their balance control was very robust early on while the balance control of 

the middle-aged and elderly was strongly affected and needed a substantial amount of time to 

recover, and the time to recovery increased with the age of participants (Scheltinga et al., 

2016).  

As noted above, studies examining the same parameters as accessed in vestibular disease did 

not find any significant changes during most of the lifespan, although it is known that cell loss 

occurs, suggesting that compensation must have happened, and that the changes found in 

neuroimaging may be related to the reported longer recovery time for balance tests (Cyran 

and Boegle et al., 2016; Scheltinga et al., 2016). 

Does functional connectivity represent �D���³�U�H�V�H�U�Y�R�L�U���R�I���U�H�V�L�O�L�H�Q�F�H�´? 

Thus, we interpret the vestibular network dynamics as the central �³�U�H�V�H�U�Y�R�L�U���R�I��resilience�´���W�K�D�W��

is available for adjusting responses when facing a vestibular challenge. The idea is that the 

�U�H�P�D�L�Q�L�Q�J�� �I�X�Q�F�W�L�R�Q�D�O�� �F�R�Q�Q�H�F�W�L�Y�L�W�\�� �R�I�� �W�K�H�� �Y�H�V�W�L�E�X�O�D�U�� �V�\�V�W�H�P�� �F�D�Q�� �E�H�� �X�V�H�G�� �D�V�� �D�� �³�U�H�V�H�U�Y�H�´�� �I�R�U��

�F�R�P�S�H�Q�V�D�W�L�R�Q�� �D�Q�G�� �W�K�H�U�H�I�R�U�H�� �D�� �J�U�H�D�W�H�U�� �³�U�H�V�H�U�Y�H�´�� �L�V���S�U�H�V�H�Q�W�����R�Q���D�Y�H�U�D�J�H�����D�W���D���\�R�X�Q�J�H�U���D�J�H����This 

does also imply that monitoring of the functional connectivity of a subject could be used as a 

predictor for how well that subject can respond to a vestibular challenge.  
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Patients with unilateral hypofunction or complete loss of one side (i.e., loss of 50% vestibular 

sensory input) have the capability to adjust their central processing to respond to this 

enormous change in peripheral sensory input (e.g. see (Bense et al., 2004a; Becker-Bense et 

al., 2014; Göttlich et al., 2014; Helmchen et al., 2014; Klingner et al., 2014)). That is by far a 

more extensive and sudden change that has to be adjusted for via central adaptation and 

sensory substitution than the age-related decline of the vestibular end organs. This also 

reinforces the view that the pattern of decline seen in our study is an early sign of central 

compensation even when no behavioral effects are noticeable (Cyran and Boegle et al., 2016; 

Scheltinga et al., 2016).  

Based on this idea of functional connectivity strength �D�V���D���³�U�H�V�H�U�Y�R�L�U���R�I��resilience� ,́ we predict 

that younger patients that suffer from a peripheral vestibular failure should also (on average) 

recover better due to the (on average) higher functional connectivity of the vestibular system 

and (on average) lower temporal variability, than older patients who should have (on average) 

lower functional connectivity and (on average) higher temporal variability.   

Therefore, in consideration of our results and the literature it is clear that the initial question, 

whether vestibular research is influenced by age, should be answered in the affirmative. 
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Does magnetic vestibular stimulation impact vestibular 
research results? 

The study of the influence of magnetic fields on biological systems has a long history and 

many significant advances have only been made in the last 25 years since the advent of MRI 

(Schenck, 1992). Even before MRI was available, effects of magnetic stimulation and 

associated vertigo were described ever since the advent of MR-spectroscopy using high 

magnetic field strengths (Schenck, 1992). However, MRI made the application of strong 

magnetic fields on a large area that humans can enter possible and necessitates the study of its 

effects for safety regulations (Schenck, 1992).  

Overview of human and animal studies regarding magn etic vestibular 
stimulation 

Studies with mammals (e.g., rats, mice, and humans) have revealed signs of vestibular 

imbalance and dizziness in magnetic fields above 1.5 tesla (Weiss et al., 1992). For rats and 

mice in particular it has been shown that the behavioral effects in response to magnetic field 

exposure depend on the intact labyrinth of the animals (Houpt et al., 2007). Furthermore, 

neuronal activity in the brain stem due to the presence of a magnetic field was indicated via 

immunohistochemistry labeling of c-fos, (a protein associated with the generation of action 

potentials), and it was shown that this signal was abolished by labyrinthectomy (Cason et al., 

2009). Motion seemed to intensify the effects, but the effects were also present when the 

animals were restrained (Lockwood et al., 2003; Houpt et al., 2011). 

Since the proposal of the Lorentz-force model (Roberts et al., 2011) all the behavioral  and 

neuronal correlates in animals can be explained more thoroughly (Houpt et al., 2013). 

Specifically, the distribution of c-fos in the vestibular nuclei of the rats was shown to depend 

on �W�K�H�� �D�Q�J�O�H�� �R�I�� �W�K�H�� �U�D�W�¶�V��inner ear relative to the field, and this was also reflected in the 

behavior of the rats, i.e., they swam in circles ���³�F�L�U�F�O�L�Q�J�� �E�H�K�D�Y�L�R�U�´����after 15 min exposure to 

the magnetic field (Houpt et al., 2013). If the mice were oriented 90° relative to the field, no 

significant c-fos induction (relative to sham treatment group) could be shown and these mice 

did not show circling behaviors. In contrast, an orientation at 0° and 180° relative to the field 

produced significant c-fos induction in the vestibular nuclei with a left-right asymmetry. This 

asymmetry was reverse for 180° vs 0° orientation and reflected in the circling behavior which 

was either clockwise or counter-clockwise, respectively (Houpt et al., 2013).  
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In humans it was shown �W�K�D�W�� �W�K�H�� �W�H�P�S�R�U�D�O�� �G�\�Q�D�P�L�F�V�� �R�I�� �W�K�H�� �Q�\�V�W�D�J�P�X�V�¶�� �6�3�9�� �D�U�H�� �V�L�P�L�O�D�U�� �W�R��

those known from rotational stimulation or caloric irrigation studies (Glover et al. 2014; 

Jareonsettasin et al. 2016). A simulation study regarding the magneto-hydrodynamic forces 

acting on the cupula showed that the expected Lorentz-force should be strong enough to cause 

nystagmus (Antunes et al., 2012). A study of patients with unilateral labyrinthine disorders 

showed that the nystagmus direction is dependent on the interaction of signals from the 

semicircular canals from both ears, further supporting the idea that the labyrinth is the part of 

the inner ear that is mainly affected by the magnetic field (Ward et al. 2014). More 

specifically, MVS stimulates all three canals of both ears, but due to the reciprocal interaction 

of the anterior and posterior canals of opposite ears, only healthy subjects show a horizontal 

nystagmus, while patients with unilateral loss show an additional vertical component in the 

nystagmus because the inhibitory opposite side is lost (Ward, Roberts, et al. 2014). This 

supports the idea that the labyrinth is the part of the inner ear that is mainly affected by the 

magnetic field (Roberts et al., 2011; Glover et al., 2014; Ward et al., 2014a).  

In short, various animal and human studies using behavioral and neural correlates showed that 

magnetic fields influence the peripheral vestibular end organs, and that the central nervous 

system is affected via the multisensory vestibular system (e.g. (Weiss et al., 1992; Schenck, 

1992; Snyder et al., 2000; Lockwood et al., 2003; Saunders, 2005; Glover et al., 2007, 2014; 

Cason et al., 2009; Roberts et al., 2011; Houpt et al., 2013; Ward et al., 2014a, 2014b; Boegle 

et al., 2016; Jareonsettasin et al., 2016)). 

How neuroimaging studies of  vestibular function might be affected by MVS 

These results support that our approach for identifying the modulations due to MVS in 

resting-state fMRI data, based on transferring the scaling relationship of the Lorentz-force 

model to fMRI modulations, was well justified (Triantafyllou et al., 2005; Duyn, 2012; 

Boegle et al., 2016).  

Our results raise questions about the influence of MVS on fMRI above 1.5T field strength, 

and in particular about fMRI studies on the function of the vestibular system and the influence 

of vestibular deficits. It is important to keep in mind that the effect of MVS is not like the 

constant acoustic noise stimulation during fMRI. MVS induces an imbalance state with a 

directional preponderance, i.e., has a signed difference effect, unlike acoustic noise that can 

be supposed to be equal and balanced for the auditory network and its connections. Thus, 

healthy subjects measured under MVS influence (i.e., in a MR scanner) might be more like a 
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�³�V�S�H�F�L�D�O�� �S�D�W�L�H�Q�W�� �J�U�R�X�S�� �Z�L�W�K�� �D�� �Y�H�V�W�L�E�X�O�D�U�� �L�P�E�D�O�D�Q�F�H�´�� �E�X�W�� �Z�L�W�K�R�X�W�� �O�H�V�L�R�Q�V�� �L�Q�� �W�K�H�� �L�Q�Q�H�U�� �H�D�U�� �R�U��

central nervous system (Boegle et al., 2016). 

Recent studies examining patients with vestibular deficits using resting-state fMRI showed 

widespread changes in various networks that also included the DMN similar to our findings 

for MVS (Göttlich et al., 2014; Helmchen et al., 2014; Klingner et al., 2014; Boegle et al., 

2016). Our results suggest caution when interpreting such studies.  

In the case of bilateral vestibular loss (Göttlich et al., 2014), it should be noted that the 

patients will not show a MVS influence (Roberts et al., 2011), but the healthy control group 

will be under the influence of MVS (Boegle et al., 2016). This might then lead to changes in 

the comparison of differences between the two groups as examined with fMRI that are not 

expected to appear in imaging methods without the use of strong magnetic fields. In this case, 

the healthy controls might be more akin to patients with acute unilateral vestibular neuritis, 

given that such patients also show a directional imbalance with a horizontal nystagmus, not 

unlike that evoked by MVS (Roberts et al., 2011; Ward et al., 2014a; Boegle et al., 2016).  

For studies of vestibular neuritis patients versus healthy controls (e.g. (Helmchen et al., 2014; 

Klingner et al., 2014)), MVS effects should be expected for both, the patients and the healthy 

controls (Ward et al., 2014a; Boegle et al., 2016). However, MVS will affect patients with 

unilateral vestibular deficits differently than healthy controls (Ward et al. 2014), which will 

then further obscure the real differences between the two groups. This means that the reported 

differences at every time interval during the compensation period relative to the healthy 

control group will be obscured or biased by MVS (Boegle et al., 2016). However, the 

trajectory of recovery of the patients and therefore the trajectory of associated relative 

differences to the healthy controls might not be affected by MVS influence. Thus, the trend of 

the change of the differences over the time intervals of compensation should be unaffected by 

MVS (Boegle et al., 2016). This requires, however, that the subjects are imaged in, at least, 

very similar head positions and field strength at every time interval of compensation to stay 

comparable over the time intervals (Boegle et al., 2016). In the resting-state study on 

vestibular neuritis patients (Klingner et al., 2014) it is interesting to note that no significant 

correlations were found for the caloric testing covariate, although this is usually a good 

indicator of impairment or restoration of vestibular function. One might speculate that MVS 

had obscured this correlation, because MVS seems to share important characteristics in terms 

of temporal dynamics with caloric stimulation (Glover et al., 2014; Jareonsettasin et al., 

2016). 
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In summary, �L�Q�� �D�� �V�X�I�I�L�F�L�H�Q�W�O�\�� �V�W�U�R�Q�J�� ���H���J���� �•������ tesla) magnetic field, MVS will induce a state 

of vestibular imbalance in each healthy subject. The variability between subjects will increase 

with field strength due to the multiplicative nature of the Lorentz-force.  These effects may 

lead to biased results and reduced statistical significance when testing for the statistical 

significance of mean responses related to vestibular stimulation (Boegle et al., 2016). 
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Potential implications for vestibular research with fMRI 

We derive suggestions for studies of the vestibular system with fMRI in healthy controls and 

patients from the results of our studies and the associated literature.  

Effects of age on vestibular research  

In regard to the influence of age, we suggest that researchers comparing patients with 

vestibular deficits and healthy controls should separate the age-matched group into age-strata 

(non-overlapping subgroups with different age spans, e.g. 20-40 years, 40-60 years and above 

60 years of age). Each stratum should be compared and interpreted separately given that 

different age-groups have different levels of vestibular network dynamics available for 

compensation (or responding to a challenge). This is particularly relevant when patients show 

a wide age-distribution, e.g., in the case of patients with unilateral vestibulopathy. 

Further research should be directed towards uncovering factors related to the decline, and if 

possible for improving network dynamics and its relationship to subject performance. This 

may also include an exploration of questions we could not answer with our cross-sectional 

aging study. For example, by performing prospective aging studies including training or 

interventions together with follow up examination. Possible questions which could be 

addressed are:  

�³What prevents a connectivity or behavioral �G�H�F�O�L�Q�H���D�W���K�L�J�K�H�U�� �D�J�H�"�´�� 

�³Can network dynamics be elevated again by training and is this related to balance 

improvements at any �D�J�H�"�´  

The idea for an experiment would be to determine the connectivity and temporal variability 

via fMRI during rest and vestibular stimulation (e.g. GVS) and then have the subjects train 

and evaluate them again in several time intervals. 

Furthermore, it is important to note that the sensitivity of brain and behavioral measures 

should be considered when planning a study. As discussed before, certain behavioral 

measures or clinical tests are not sensitive enough to reveal age-related changes, while 

functional neuroimaging is only sensitive enough when measures of network dynamics are 

considered (Garrett et al., 2010; Dowiasch et al., 2015; Cyran and Boegle et al., 2016; 

Scheltinga et al., 2016). 
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Effects of strong magnetic fields on vestibular res earch 

In regard to the influence of magnetic fields, we suggest that MVS should be seen as a new 

way of manipulating networks that either process vestibular information or show vestibular 

interactions, by using strong magnetic fields (�•1.5 tesla), as commonly used in MRI. The 

potential of modulating vestibular influences on networks via MVS lies in being able to 

induce or manipulate vestibular imbalances. In the healthy this can be used to create states 

that are similar to the diseased state, but without peripheral or central lesions. In patients this 

will allow to extend or reduce vestibular imbalances. In both cases this can be done while 

performing functional MRI simply by using the magnetic field of the MRI and adjusting the 

head position of the subject.  

In studies that need to avoid vestibular perturbations, MVS might be considered a side effect 

or nuisance during functional imaging and should be controlled by adjusting the head position 

and measuring the resulting eye movements. This should then be seen as an effort to remove 

unwanted variance, i.e., as an effort to homogenize the group and achieve better statistical 

results due to less (uncontrolled) MVS interference that increases bias and variance with 

increasing field strength.  

In general, MVS as a method allows the investigation of brain states from the viewpoint of 

�³�W�K�H�� �E�U�D�L�Q�� �D�V�� �D�� �G�\�Q�D�P�L�F�� �V�\�V�W�H�P�´�� The assumption here is similar to the ideas regarding aging 

�D�Q�G�� �W�K�H�� �³�F�R�Q�Q�H�F�W�L�Y�L�W�\��reservoir�´�� �D�Y�D�L�O�D�E�O�H�� �I�R�U�� �U�H�V�S�R�Q�G�L�Q�J�� �W�R�� �F�K�D�O�O�H�Q�J�H�V���� �L�Q�� �W�K�H�� �V�H�Q�V�H�� �W�K�D�W�� �W�K�H��

�E�U�D�L�Q�� �K�D�V�� �D�� �Y�D�V�W�� �F�R�P�S�O�H�[�� �G�\�Q�D�P�L�F�� �W�K�D�W�� �L�V�� �I�R�U�� �W�K�H�� �P�R�V�W�� �S�D�U�W���³�L�Q�Y�L�V�L�E�O�H�´�� �X�Q�O�H�V�V�� �D�� �U�H�V�S�R�Q�V�H�� �W�R�� �D��

challenge is examined. Given methods like MVS it is possible to exert influences on this 

�³�L�Q�Y�L�V�L�E�O�H�´�� �G�\�Q�D�P�L�F�� �D�Q�G�� �W�K�H�Q�� �H�[�D�P�L�Q�H�� �K�R�Z�� �W�K�H�� �U�H�V�S�R�Q�V�H�� �W�R�� �D���F�K�D�O�O�H�Q�J�H�� �L�V�� �G�L�I�I�H�U�L�Q�J���� �D�V�� �D�� �Z�D�\��

�R�I�� �H�[�D�P�L�Q�L�Q�J�� �W�K�H�� �³�L�Q�Y�L�V�L�E�O�H�´�� �G�\�Q�D�P�L�Fs of the system. This will also present an opportunity to 

study the influences of vestibular imbalance on higher cognitive functions and multisensory 

interaction that has been raised previously as an important research topic by various authors 

(Hanes and McCollum, 2006; Smith and Zheng, 2013; Mast et al., 2014). 

One exemplary idea regarding the study of patients with an imbalance state would be the 

study of patients that show an upbeat nystagmus when lying down. MVS can be used to 

compensate their nystagmus via an adjustment of the head position (moving ear to shoulder 

induces vertical, i.e., upbeat nystagmus in healthy subjects) while acquiring resting fMRI. 

These subjects can then be compared with healthy controls without the respective nystagmus. 

Another interesting condition would be the comparison of healthy controls that lie in a 

position that produces a nystagmus akin to the patients and have the patients place in such a 
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way that MVS have no influence on their nystagmus and compare these states as well. With 

these comparisons one could account for the effect of the pure nystagmus of patients and 

controls to examine the residual differences that are not related to the pure eye movement but 

the imbalance state itself. 

Summary of suggestions for study design 

In summary, we can rephrase all our suggestions into three short questions that researchers 

could ask themselves when thinking about vestibular research projects in the future. 

Age-grouping:  

 �³�,�V�� �W�K�H�� �U�H�V�S�R�Q�V�H�� �W�R�� �D�� �F�K�D�O�O�H�Q�J�H�� �G�L�I�I�H�U�H�Q�W�� �I�R�U�� �\�R�X�Q�J�H�U�� �D�G�X�O�W�V�� �W�K�D�Q�� �R�O�G�H�U�� �D�G�X�O�W�V���� �L���H������ �G�R�H�V��

each age-�J�U�R�X�S�� �F�R�P�S�H�Q�V�D�W�H�� �G�L�I�I�H�U�H�Q�W�O�\�"�´ 

MVS modulation:  

�³�&�D�Q�� �D�� �P�D�Q�L�S�X�O�D�W�L�R�Q�� �R�I�� �W�K�H�� �L�P�E�D�O�D�Q�F�H�� �V�W�D�W�H�� �R�I�� �R�X�U�� �V�X�E�M�H�F�W�V�� �Z�L�W�K�� �0�9�6�� �K�H�O�S�� �X�V��to reveal 

more about the vestib�X�O�D�U�� �Q�H�W�Z�R�U�N�¶�V�� �U�H�V�S�R�Q�V�H�� �W�R�� �D�� �F�K�D�O�O�H�Q�J�H�� �R�U�� �V�K�R�X�O�G�� �Z�H�� �D�Y�R�L�G��

�L�Q�W�H�U�I�H�U�H�Q�F�H���E�\���0�9�6�� �L�Q���W�K�H�� �L�P�E�D�O�D�Q�F�H���V�W�D�W�H���R�I���R�X�U���V�X�E�M�H�F�W�V�"�  ́ 

Sensitivity:  

�³Is the measure that I want to use sensitive enough to show the differences that I am 

looking for?�  ́ Connectivity and temporal variability might be sensitive enough, but many 

clinical tests might not be sufficient. 
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Abstract In the elderly, major complaints include dizzi-
ness and an increasing number of falls, possibly related to
an altered processing of vestibular sensory input. In this
study, we therefore investigate age-related changes induced
by processing of vestibular sensory stimulation. While
previous functional imaging studies of healthy aging have
investigated brain function during task performance or at
rest, we used galvanic vestibular stimulation during func-
tional MRI in a task-free sensory stimulation paradigm to
study the effect of healthy aging on central vestibular
processing, which might only become apparent during
stimulation processing. Since aging may affect signatures
of brain function beyond the BOLD-signal amplitude—
such as functional connectivity or temporal signal vari-
ability—we employed independent component analysis
and partial least squares analysis of temporal signal

variability. We tested for age-associated changes unrelated
to vestibular processing, using a motor paradigm, voxel-
based morphometry and diffusion tensor imaging. This
allows us to control for general age-related modi�cations,
possibly originating from vascular, atrophic or structural
connectivity changes. Age-correlated decreases of func-
tional connectivity and increases of BOLD-signal vari-
ability were associated with multisensory vestibular
networks. In contrast, no age-related functional connec-
tivity changes were detected in somatosensory networks or
during the motor paradigm. The functional connectivity
decrease was not due to structural changes but to a decrease
in response amplitude. In synopsis, our data suggest that
both the age-dependent functional connectivity decrease
and the variability increase may be due to deteriorating
reciprocal cortico-cortical inhibition with age and related to
multimodal vestibular integration of sensory inputs.
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Introduction

Most fMRI studies examining the effects of healthy aging
on brain activity have so far focused on the traditional
analysis of the BOLD amplitude of task-related responses
(Aizenstein et al.2004). More recently, however, imaging
research has emphasized the importance of other aspects of
brain activity like spontaneous �uctuations of the BOLD
signal, expressed as functional connectivity (Fox and Rai-
chle 2007) or temporal variability (e.g. see Garrett et al.
2010). Studies of age-related brain activity in particular
have demonstrated the importance of underlying dynamic
functional networks and of temporal BOLD-signal vari-
ability to the performance of the aging brain (Grady and
Garrett2014; Madhyastha and Grabowski2014). Measures
of functional connectivity such as the independent compo-
nent analysis (ICA) reveal the strength of relations between
spatially distinct regions of the brain. Imaging of the rest-
ing-state brain demonstrated spatially distinct, but tempo-
rally correlated neural systems also called functional
connectivity maps, which have been shown to depend on
age (Biswal et al.2010). Balance and spatial orientation
have long been known to involve various sensory systems,
integrating information from the visual, vestibular and
proprioceptive systems (Angelaki and Cullen2008). Con-
sequently, cerebral vestibular processing seems predestined
to be examined in terms of functional network behavior.
Furthermore, increases and decreases of temporal variabil-
ity of the BOLD signal have been demonstrated to be a
signature of the aging brain (Garrett et al.2010). Notably,
although temporal variability is increasing and decreasing
with age in different parts of the brain and can generally be
used as a predictor of age (Garrett et al.2010), an interac-
tion seems to exist between task performance and aging
(Garrett et al.2011, 2013; Samanez-Larkin et al.2010;
Wutte et al. 2011). However, since task performance is
often confounded with age, it can be dif�cult to disentangle
task-related and age-related effects. Several studies, there-
fore, strove to avoid this confound altogether by investi-
gating resting-state activity (Allen et al.2011; Meier et al.
2012) involving no task and only minimal sensory input.
Nevertheless, many age-related problems in the elderly are
explicitly linked to the processing of sensory information
and may thus only become evident with stimulation.

In the elderly, major problems are complaints about
dizziness and the increasing number of falls with age
(Sturnieks et al.2008; Barin and Dodson2011), which,
among other reasons, may be related to changes in central

processing of vestibular sensory input (Jahn et al.2003).
Besides many seniors suffering from peripheral vestibular
de�cits, their balance may be in�uenced by various age-
dependent modi�cations such as changes in the supraspinal
locomotor network (Zwergal et al.2012). Given that
changes of sensory processing may be a key aspect in the
aforementioned de�cits, possibly starting to occur prior to
the de�cits, this study aimed to assess age-related modi�-
cations of central vestibular sensory processing in healthy
aging from a young age. Since several studies report that
age-related brain changes vary in the context of more or
less preserved function (Cabeza et al.2002; Garrett et al.
2010, 2011, 2013; Samanez-Larkin et al.2010; Wutte et al.
2011), we recruited volunteers who had maintained a
healthy vestibular function in their daily lives and had no
history of vestibular dysfunction or falls. Furthermore, we
chose a task-free paradigm to activate brain networks
speci�cally devoted to the processing of vestibular sensory
input while avoiding confounds with task-related activa-
tions. Consequently, we used galvanic vestibular stimula-
tion (GVS) (Schneider et al.2002; Stephan et al.2005;
Dieterich and Brandt2008) inside the MRI scanner to
engage the vestibular system in sensory processing,
focusing our volunteers on the feeling of being ‘‘nudged’’
or tilted. Vestibular stimulation in healthy volunteers has
been shown to consistently activate a widespread cortical
network including areas such as the insular cortex, the
superior temporal gyrus, the supramarginal gyrus, the
inferior parietal lobe, the inferior frontal gyrus, the anterior
cingulate gyrus, and the hippocampus (Lobel et al.1998;
Brandt and Dieterich1999; Stephan et al.2005; Sch-
lindwein et al.2008; Lopez et al.2012).

Vestibular cerebral processing is fundamentally multi-
modal and dependent on the integration of several sets of
sensory information. Hence, we hypothesized that the
effect of healthy aging on cortical processing of sensory
information in the brain may not simply result in a change
in relative amplitude of BOLD signal, but may affect
functional connectivity as well as temporal variability of
the BOLD signal (Biswal et al.2010; Garrett et al.2013;
Wutte et al.2011). Functional connectivity is a measure for
the relationship of distinct areas interacting during multi-
modal integration. Temporal variability is a measure for
variations in either input-related noise or in noise associ-
ated with deteriorating neuronal processing of speci�c
areas in the vestibular network. We therefore used, in
addition to the standard GLM analysis of BOLD-signal
amplitudes, ICA and partial least squares (PLS) analysis of
temporal BOLD-signal variability to investigate these sig-
natures of brain function for age-related changes. To be
misled by age-related changes unrelated to vestibular pro-
cessing, we performed a simple motor paradigm, voxel-
based morphometry and diffusion tensor imaging as a
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control to detect age-related changes that might be unre-
lated to vestibular processing, due to vascular modi�ca-
tions, atrophy of brain structures or structural connectivity
changes. Jointly, these methods permitted us to character-
ize our networks more precisely, both locally and tempo-
rally. In combination with our experiment setup aimed at
creating a subjectively equal level of stimulation, our
methods of temporal analysis in particular lead us to con-
sider the possibility of a peripheral vestibular or general
cerebral effect as the reason for our �ndings unlikely.

Methods

Volunteers

Forty-�ve healthy right-handed Caucasian healthy volun-
teers aged 20–70 years were recruited by newspaper ads
and word-of-mouth. All were screened by telephone to
exclude health problems and/or medications that might
affect cognitive function and brain activity, such as strokes,
previous balance problems, antihypertensive drugs and
antidepressants. Only volunteers with no previous history
of falls or dizziness were accepted to partake in the study.
Due to the reasons stated below, 39 of these 45 volunteers
aged 20–70 were included in the �nal analysis. These were
divided into three age groups [Group 1 (20–40 years of
age,n = 14, average age 27.3± 4.4 years, 6 were male),
Group 2 (40–60 years of age,n = 12, average age
52.3± 5.0 years, 5 were male) and Group 3 (over 60 years
of age, n = 13, average age 67.1± 2.4 years, 6 were
male)]. The average age of these participants was
48.3 years, 17 were male. The ethics committee of the
medical faculty of the Ludwig-Maximilians University
approved the investigation. All volunteers gave their
written informed consent.

In addition to the fMRI examination of GVS-related
activity, volunteers were asked to complete a short-hand-
edness test (Salmaso and Longoni1985) and a Montreal
Cognitive Assessment (MoCA) test (Nasreddine et al.
2005) to investigate age-correlated cognitive impairment.
None of the volunteers had a known history of vestibular
de�cits; nonetheless, we additionally performed a head-
impulse test (Halmagyi and Curthoys1988; Halmagyi
2005) to assure normal horizontal vestibular-ocular re�ex
functioning. No further vestibular testing was performed,
since feeling ‘‘nudged’’ or tilted by switching on the
stimulus was a prerequisite of taking part in the study,
thereby testing the peripheral function and assuring a suf-
�cient level of stimulation. Volunteers were informed
beforehand that the vestibular sensation was the subject of
examination and one volunteer did not partake because of
an insuf�cient vestibular feeling even at higher amplitudes.

Six volunteers had to be excluded due to technical prob-
lems or strong motion artefacts in the scanner, among them
one from the young age group, three middle-aged volun-
teers and two over the age of 60. Thus, 39 volunteers (age
20–70) were included in the subsequent analysis. For the
motor paradigm, one additional female volunteer from the
young age group had to be excluded due to motion arte-
facts, for this analysis a total of 38 datasets were taken into
account.

fMRI experimental design

Tasks and stimuli

Volunteers were stimulated by unilateral GVS with direct
current, i.e. rectangular sustained stimulation with constant
current over whole duration of a stimulation block. Two
pairs of MRI-compatible cup electrodes (MRI-compatible
electromyography-cup electrodes, Brain Products) with an
integrated 5 kX resistance for added safety were applied to
the volunteer’s mastoid bone and neck after careful skin
preparation and connected to custom-made stimulators
placed inside the Faraday cage to allow independent
stimulation of the right or left vestibular nerve. Simulta-
neous timing of stimulation and MRI data acquisition was
controlled from the control room via optical data trans-
mission. The cathode was placed over the mastoid bone
and the anode on the neck paravertebrally of C7.

It is known that GVS induces both vestibular sensation
and cutaneous pain at the electrode site, both intensifying
with increasing current amplitude (Lobel et al.1998; Bense
et al.2001). To maximize the vestibular stimulus intensity
in different individuals and minimize somatosensory sen-
sation, thereby optimizing the vestibular/somatosensory
sensation ratio, volunteers were asked after demonstration
to choose the lowest amplitude that would still produce a
distinct vestibular sensation of being tilted or ‘‘nudged’’.
This individual current amplitude varied between 1.25 and
2.75 mA and was established while volunteers lay supine
on the scanner bed before being transported into the MRI
bore. Current intensity was gradually increased in steps of
0.25 mA and volunteers were asked after every three steps
if they had already experienced a feeling of being tilted. If
the vestibular sensation felt comparable at two different
amplitudes, the lower one was chosen for stimulation.
Before testing, all volunteers were informed that the ves-
tibular sensation was the one of interest and should be
maximized, while cutaneous pain should be minimized.
Volunteers were therefore asked during demonstration to
choose the amplitude that elicited a maximally intense
feeling of being tilted while only causing a non-distracting
amount of pain. They were instructed to opt for the weaker
current amplitude if two intensities were perceived as
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almost equal in terms of vestibular and cutaneous sensa-
tions. While the actual current intensity differed between
individuals, this procedure ensured that a comparable
intensity of perception could be assumed.

A motor paradigm was employed to account for possible
general effects of aging in our group of volunteers. Vol-
unteers were �rst shown a cross �ashing at 1 Hz and then
asked during scanning to reproduce the speed tapping their
right index �nger when instructed to do so by visual verbal
cues (‘‘Go’’ and ‘‘Stop’’). Data from the motor paradigm
were then analyzed for age-dependent changes in BOLD-
signal amplitude, in functional connectivity and in tem-
poral variability. As explained below, general cerebral
volume changes as well as changes in fractional anisotropy
were controlled by the analysis of the anatomical images of
all volunteers. All of these may possibly be affected by
vascular aging. In this case, this should have become evi-
dent in both, the control motor paradigm and the vestibular
stimulation paradigm.

Hearing protection was provided and volunteers’ heads
were �xated by means of adhesive tape and cushions to
keep head movements to a minimum.

fMRI data acquisition

MRI scans were acquired on a 3-Tesla scanner using an
eight-channel standard head coil (Signa Hdx platform; GE
Medical Systems, Milwaukee, WI, USA). Functional MRI
images were obtained by a T29 weighted echo-planar
imaging (EPI) sequence (TE= 40 ms, TR= 2,800 ms,
�ip angle 90� , FOV = 200 mm, matrix 649 64 9 44,
voxel size 3.1259 3.1259 3.5 mm). Additionally, we
used a FSPGR sequence (TE out of phase, preparation time
500 ms, �ip angle 15 ms, FOV 22 cm, Locs per Slap 128,
matrix 2569 256, voxel size 0.869 0.869 0.7 mm) to
obtain a high resolution T1 weighted whole brain ana-
tomical scan of all volunteers. Diffusion tensor imaging
(DTI) data were acquired using a diffusion-weighted single
shot spin echo sequence (15 diffusion directions, matrix
256 9 256 9 39, b value= 1,000 s/mm2, FOV 240 mm,
slice thickness 3 mm).

Two GVS runs of 120 functional images each were
acquired for each volunteer. An alternating block design
of stimulation and rest was used. Block lengths for both
stimulation and rest were randomized in the range from
two to �ve scans of 2.8 s lengths starting with a block
of GVS after six scans. Two runs were acquired each
with 18 stimulation blocks (9 left and 9 right-sided
stimulations).

For the motor paradigm, 84 functional images were
acquired in a single run, while volunteers tapped in blocks
of six scans of 2.8 s each, interjected with six scans of rest.
Seven blocks of �nger tapping were performed.

Data analysis

fMRI data pre-processing

Data processing was performed in MATLAB (The Math-
Works Inc., Natick, MA) using the SPM5 toolbox (revision
3381, http://www.�l.ion.ucl.ac.uk/spm/). For each volun-
teer, all functional images from all runs were realigned to
the �rst image of the �rst run. The anatomical image was
coregistered to the mean image of the functional images.
The coregistered anatomical and functional MRI data were
normalized to MNI space using the uni�ed segmentation
and normalization method (Ashburner and Friston2005)
implemented in SPM5. The voxel size after normalization
was 29 2 9 2 mm3 for the functional, and 19 1 9
1 mm3 for the anatomical image. The functional images
were spatially smoothed by convolving the voxel values of
the images with an isotropic Gaussian kernel of 8 mm
FWHM. Statistical analysis included high-pass �ltering of
each voxel’s time course with a cutoff frequency of
0.009 Hz (i.e. a cutoff period of 108.8 s). We determined
the cutoff period in consideration of the Nyquist-Shannon
sampling theorem as the double of the longest time interval
(i.e. the lowest frequency) between the onsets of two
identical stimulation or task conditions. The principle at the
base of this approach is that any variation that is based on
longer cycles than this can be assumed not to be stimula-
tion or task related and hence can be removed by the high-
pass �lter.

General linear model-based analysis

Functional MRI data The data were analyzed using the
general linear model (GLM) as implemented in SPM5 with
all updates installed (revision 3381). In the �rst-level
analysis, effects of DC-GVS were modeled separately with
a combination of event- and block-regressors as described
in (Stephan et al.2009). Periods of stimulation were
modeled as block regressors convolved with the canonical
HRF, separately for blocks of left and right stimulation
(Left block, Right block). In addition to that, the phases of
switching the DC-GVS on and off were modeled as events
convolved with the canonical HRF, separately for left and
right-sided stimulation and switching on and off (Left on,
Right on, Left off, and Right off). Therefore, the �rst-level
design matrix contained 6 regressors for the stimulation
and one constant regressor per imaging run. Linear con-
trasts were de�ned to compute representative maps (con-
trast images) for the effects of: Left on, Right on, Left off,
Right off, Left block, Right block, Left on and Right on for
each subject.

The contrast images from the �rst-level analysis were
entered into the second-level analysis to test for group
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effects on a between subject basis (Frison and Pocock
1992; Woods 1996). We used an ANOVA (analysis of
variance) and included the factors ‘‘stimulation side’’ (Left
or Right) and ‘‘stimulation phase’’ (on, block, and off), as
well as the factor ‘‘subject’’ and the covariates ‘‘age’’ and
‘‘current amplitude’’. Data were evaluated with regard to
localization of BOLD effect increases and decreases, as
well as their linear correlations with age or amplitude.

In addition, we tested for differences between age
groups in the conditions Left on and Right on using two-
sample t tests. Separate second-level models were con-
structed for each comparison (Group 1 vs Group 2, Group 1
vs Group 3, Group 2 vs Group 3) and for the stimulus
conditions Left on and Right on.

For all analyses, results exceeding a threshold of
p B 0.05, corrected for multiple comparisons (FWE) were
considered signi�cant.

Voxel-based morphometryThe VBM8 toolbox (http://
dbm.neuro.uni-jena.de/vbm/) was used to test for changes
in the local amount of gray matter with age. The high
resolution T1-weighted images (FSPGR) of all subjects
were analyzed using the default parameters of the VBM8
toolbox. To ensure a good starting point for the spatial
normalization and segmentation procedures, we manually
set the origin (i.e. the coordinatex, y, z = 0, 0, 0 mm) to
the anterior commissure. Then, images were segmented,
registered to the MNI space, followed by a non-linear
normalization to the MNI template space using the high-
dimensional DARTEL algorithm (Ashburner2007) and the
DARTEL templates included in the toolbox. The normal-
ized and bias-corrected gray matter images were modulated
using the non-linear components of the applied spatial
transformations. This modulation step changes the voxel
values in the images based on the amount of expansion or
contraction applied during normalization. Modulation
using the non-linear components only (without the af�ne
components) allows to analyse the absolute amount of
tissue corrected for individual brain sizes. Prior to statis-
tical analysis, the images were smoothed with a 12-mm
FWHM Gaussian kernel (Ashburner and Friston2000,
2005; Good et al.2001). Age-associated local changes in
gray matter volume were tested for by multiple regression
using the SPM implementation of the GLM. Using a design
matrix that contained age, sex, and MoCA test results
(compare Behavioral data in Results) as covariates, we
tested for increases and decreases in the local amount of
tissue associated with age. Results exceeding a threshold of
p\ 0.05 corrected for multiple comparisons (FWE) were
considered signi�cant.

Diffusion tensor imaging data analysisDTI data pre-
processing and analyses were performed using the FMRIB

Software Library FSL, version 4.1.8 (http://www.fmrib.ox.
ac.uk/fsl/) following the protocol described in (Smith et al.
2007). Diffusion data from every subject were corrected for
head motion and eddy current effects using af�ne regis-
tration to a brain extracted b0 volume (without diffusion
weighting). Voxelwise statistical analysis of the fractional
anisotropy (FA) data was carried out using TBSS [Tract-
Based Spatial Statistics, (Smith et al.2006)], part of FSL
(Smith et al.2004). First, FA images were created by �tting
a tensor model to the raw diffusion data using FDT
(FMRIB’s diffusion toolbox, part of FSL), and then brain
extracted using BET (Smith2002). All subjects’ FA data
were then aligned into a common space (de�ned by the
FMRIB58_FA template included in FSL) using the non-
linear registration tool FNIRT (Andersson et al.2007a, b)
that uses a b-spline representation of the registration warp
�eld (Rueckert et al.1999). Next, the mean FA image was
created and thresholded at 0.3 to create a mean FA skele-
ton, which represents the centers of all tracts common to
the group. Each subject’s aligned FA data were then pro-
jected onto this skeleton and the resulting data fed into
voxelwise cross-subject statistics.

Hypothesis testing for the DTI data was performed using
permutation testing in Randomize (part of FSL) with 5,000
permutations. A model containing age as a covariate of
interest was used to test for changes of skeletonized FA with
age. Maps of the statistical results were generated asp value
statistical images using threshold-free cluster enhancement
(p\ 0.05, FWE corrected) (Smith and Nichols2009).

Model-free analysis

Functional connectivity analysis (Tensor independent
component analysis)We analyzed our multi-volunteer
fMRI data using TICA, the tensorial extension of proba-
bilistic independent component analysis as described by
Beckmann and Smith (2004, 2005) and implemented in the
FSL toolbox MELODIC (http://www.fmrib.ox.ac.uk/fsl/
melodic/). Before TICA was conducted, a voxelwise
demeaning and normalization of the voxelwise variance
were performed. Pre-processed data were whitened and
projected into a subspace using probabilistic principal
component analysis. The number of dimensions for the
subspace was estimated using the Laplace approximation
to the Bayesian evidence of the model order (Minka2000;
Beckmann and Smith2004). Component maps were then
estimated and afterwards normalized using the residual
noise standard deviation. These normalized component
maps were then thresholded by �tting a mixture model to
the histogram of intensity values (Beckmann et al.2003;
Beckmann and Smith2004).

Tensor-independent component analysis allows us to
extract functional networks from the data, as well as
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associated relative weighting factors for the volunteers in
the group which enable us to evaluate general trends of
increase or decrease of this functional network weighting
(and therefore a change in functional connectivity) with
age (or other covariates) via correlation testing.

A functional network is de�ned here as ‘‘multi-voxel
structured responses with one shared time course’’, i.e. the
spatial-independent component maps (ICs) in combination
with their associated time courses called temporal modes.
It is important to note here that based on this analysis
alone, it cannot be distinguished if every voxel in the
network is driven in the same way by the periphery sensory
inputs or if they all communicate with each other and only
one receives input from the periphery sensory inputs. The
collection of the relative weighting factors for all volun-
teers per IC is called volunteer modes. It should be noted
that the functional networks (ICs and temporal modes) are
representative for the group and that the variation over the
group is captured in the volunteer modes (the relative
weighting factors), due to the formulation of the tensor ICA
model for trilinear expansion of the multi-volunteer fMRI
data.

Determination of covariate-related variations in functional
network responses

We can, therefore, test for (linear) changes in the functional
network responses with respect to volunteer covariates by
correlating the volunteer modes with covariate values (e.g.
correlation of the volunteer modes with the age of the
volunteers). All volunteer-wise covariates were tested for
signi�cant correlation between each other using SPSS 16.

Analysis of temporal modes via event-related averaging
(ERA)

We will show in the results section that the volunteer modes
(the relative weighting factors for functional connectivity)
obtained from the tensor ICA correlate with age for certain
networks and will visualize the cause of this correlation in
terms of temporal stimulus responses. Furthermore, we will
demonstrate that the statistical signi�cance of this correla-
tion with age (or absence thereof, depending on the IC), is
caused by a statistically signi�cant decline in average
temporal stimulus response amplitudes (or absence thereof,
depending on the IC) from the youngest (Group 1) to the
oldest volunteers (Group 3) in our sample.

The temporal responses of a functional network (IC)
associated with stimulation (e.g. GVS) or task execution
(e.g. �nger tapping) were evaluated, via averaging the time
courses of the respective temporal mode taken from a
window of 1 TR before and 10 TRs after the onset of each
event, respectively (also known as event-related averaging,

ERA). Furthermore, we applied ERA on the time courses
of each single volunteer taken from the mixing matrix of
the ICA. We used these ERA to calculate the representative
responses of each age group by assigning subjects to the
age groups Group 1 (20–40 years of age), Group 2
(40–60 years of age) and Group 3 (over 60 years of age)
and calculating the mean and standard deviation of the
ERAs for all subjects of each group, respectively. This
resulted in one average ERA per age group for displaying.
We also used the single volunteer ERA amplitudes in two-
samplet tests between the age groups Group 1 and Group 3
to test for signi�cant differences between age group
response amplitudes, as a demonstration that a signi�cant
negative correlation of age with volunteer modes does
correspond to a decline in response amplitudes. All time
courses were shifted prior to averaging to set the onset
values to zero.

Criteria for selection of independent components
of interest

Selection of ICs proceeded in three steps. First, all ICs
were selected which individually describe more than 1 %
of the total variance. In the second step, all ICs corre-
sponding to head motion, head motion and magnetic �eld
inhomogeneity interaction, physiological artefacts (e.g.
pulsation), registration error or CSF �uctuations were
removed from the list generated in the �rst step. In the third
step, those ICs were selected which show spatial overlap
with vestibular, somatosensory or motor areas corre-
sponding with the respective experiment (GVS or motor
paradigm). In the case of the GVS experiment, this resulted
in eight ICs. In the case of the motor paradigm this resulted
in one IC.

IC residual analysis

So as to test if ICA suf�ciently modeled all age depen-
dency in the fMRI data, we adopted the partial least
squares (PLS) method introduced by Garrett et al. (2010)
and McIntosh et al. (1996) to investigate IC residuals for
eventual age dependence, beyond the aging effects found in
ICA. We calculated the single volunteer time course for
each voxel from the group-average tensor ICA results via
dual regression (Beckmann2009; Filippini et al. 2009) and
subtracted each IC of interest from the volunteer’s raw data
to get the residual time series per volunteer. We then
determined regions of interest using the thresholded spatial
maps of each IC of interest (see above). For each of these
eight ROIs, we calculated the voxelwise residual temporal
variability as standard deviation of the residual time series.
The correlation of this residual variability to age was
determined using the PLS analysis. For none of the ROIs
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we found any signi�cant age dependence (permutation test,
1,000 permutations).

Temporal variability analysis We also used the partial
least squares (PLS) method (McIntosh et al.1996; Garrett
et al. 2010) with a slight modi�cation to investigate pos-
sible age-related changes of BOLD signal variability. As a
�rst step, we removed extra variability, that we considered
noise, from the fMRI data of each individual run of each
individual volunteer. This was done using the results of the
group ICA and performing a dual regression analysis
(Beckmann CF2009; Filippini et al. 2009) to obtain the
individual time courses and residuals of the ICA associated
with each functional imaging run of each volunteer corre-
sponding to all group ICs and subtracting the residuals
artefacts, judged as noise. Additionally, instead of using the
block normalization procedure introduced by Garrett et al.
(2010) to remove stimulus-related variability, we adopted a
different method. In contrast to block normalization, which
relies on block design with BOLD responses mirroring the
block design, our group-mean normalization method is
hypothesis free and only requires identical stimulation time
courses for all subjects, as in the present study. For the
group-mean normalization, we �rst masked the spatially
aligned functional images using a gray matter mask [gray
matter de�nition from the Talairach daemon database
(www.talairach.org) as a binary mask, dilated by smooth-
ing with a Gaussian kernel (FWHM 2 mm) and thres-
holding at 0.2], then normalized the voxel time series by
subtracting the individual voxel means, and determined the
average time course of each voxel over the whole group.
We then regressed these group-mean time courses into the
individual time series to get a residual time series for each
voxel and participant. The variability of these residual time
series was then analyzed using the PLS method for age
dependence as described in Garrett et al. (2010). The sig-
ni�cance of the correlation between the resulting brain
scores and age was determined by permutation analysis
(1,000 permutations). To further investigate which voxels
contributed most to the age dependence, we thresholded the
brain saliences resulting from the PLS analysis by a
bootstrap ratio of 3 corresponding approximately to a 99 %
con�dence interval (Garrett et al.2010).

Results

Unilateral galvanic vestibular stimulation

Behavioral data

After the experiment, the volunteers reported a feeling of
their head being nudged every time the current was

switched on; this feeling subsided gradually over the
stimulation period. Statements concerning the turning
direction differed and were generally inconsistent. Cuta-
neous pain was reported to be sharp, pinpoint like at the
beginning of stimulation, but then continued as a slightly
burning sensation. Current amplitude did not generally
increase with age and no correlation between age and
amplitude could be observed (R = 0.04; p = 0.79). Vol-
unteers had an average current amplitude of 1.6 mA
(1.64 mA with standard deviation of 0.4 mA), in Group 1
the average current amplitude was 1.7 mA (1.67 mA with
standard deviation of 0.47 mA), in Group 2 it was 1.5 mA
(1.5 mA with standard deviation of 0.31 mA) and in Group
3 it was 1.7 mA (1.73 mA with standard deviation of
0.37 mA).

Volunteers averaged 27 (26.97 with standard deviation
of 2.5) points in the MoCA test. In Group 1 the average
number of points scored in the MoCA was 28 (28.29 with
standard deviation of 1.8), in Group 2 27 (26.7 with stan-
dard deviation of 3) and in Group 3 26 (25.85 with standard
deviation of 2.1). MoCA showed a signi�cant negative
linear correlation with age, as expected, but the relationship
was only weakly present (R = - 0.36; p = 0.02).

General linear model analysis

The following BOLD signal increases could be found
during GVS. Only the subjectively more intense effects of
switching the current on or off induced signi�cant BOLD
signal changes, bilaterally in the posterior insula, the cer-
ebellum, the hippocampus, the thalamus, the cingulus and
the inferior and superior parietal lobe (see Table1; Fig. 1
for more detail). Both switching the current on and off
induced a similar activation pattern involving the typical
multisensory areas.

More speci�cally, for the contrast ‘‘Left On’’, activations
included the right middle frontal gyrus, the right middle
temporal gyrus, the right and left premotor cortex, the right
secondary somatosensory cortex in the parietal operculum,
the right insula, the right inferior parietal lobule, the right
anterior intra-parietal sulcus, as well as the left Broca’s
area, the left middle frontal gyrus, left cerebellar culmen,
tonsil and pyramis as well as the right cerebellar uvula.
Cluster dimensions also encompassed the insula and the
thalamus bilaterally, as well as the posterior cingulum.

The contrast ‘‘Right On’’ showed activations in the left
superior frontal gyrus, the left premotor cortex, the left sec-
ondary somatosensory cortex in the parietal operculum OP1,
OP2, OP3 and OP4, the left superior (7M, 7L) and inferior
(PFop) parietal lobule, the left inferior occipito-frontal fas-
cicle, the left Insula (Ig2, Id1), left Cuneus, the callosal body,
the right middle temporal gyrus, the right temporal lobe, as
well as the right cerebellar uvula, tonsil and pyramis.
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Among the other contrasts, only ‘‘right off’’ showed a
signi�cant activation in the right primary somatosensory
cortex, and the right primary motor cortex in the precentral
gyrus.

The BOLD signal increases induced by switching the
current on either on the left (A) or on the right (B) hand
side are shown in Fig.1. During the block stimulation, no

signi�cant effects could be found. Furthermore, no nega-
tive BOLD signal changes could be detected at any time
during GVS. BOLD signal changes were not correlated
signi�cantly to age or amplitude.

In the following text, BOLD signal increases will be
denominated as ‘‘activations’’, while BOLD signal
decreases will be denominated as ‘‘deactivations’’.

Table 1 Signi�cant increases in BOLD signal induced by GVS and detected by GLM analysis

MNI coordinates
x, y, z (mm)

Voxel p (FWE
corrected)

Anatomical location BA

Activations induced by powering on the current on the left hand side

64, - 18, 24 25,815 0.000 Right inferior parietal lobule PFop and PFt, secondary
somatosensory cortex/parietal operculum OP1 and OP4

3ab

38, - 14, 20 0.000 Right secondary somatosensory cortex/parietal operculum OP3, OP2, OP4; right Insula 13

52, - 28, 28 0.000 Right inferior parietal lobule PFop and Pfcm right secondary
somatosensory cortex/parietal operculum OP1; right anterior intra-parietal sulcus hIP2

- 28, - 66, - 28 2,744 0.000 Left cerebellar culmen

- 2, - 62, - 34 0.000 Left cerebellar tonsil

- 8, - 80, - 30 0.000 Left cerebellar pyramis

50, - 50, 0 657 0.000 Right middle temporal gyrus

- 46, 8, 38 331 0.000 Left Broca’s area, left premotor cortex, left middle frontal gyrus 44, 6

- 32, 0, 46 0.011 Left premotor cortex, left middle frontal gyrus 6

32, - 74, - 24 203 0.001 Right cerebellar uvula

- 4, 6, 62 48 0.005 Left premotor cortex, left medial frontal gyrus 6

4, 8, 62, 0.006 Right premotor cortex, right medial frontal gyrus 6

Activations induced by powering on the current on the right

- 60, - 24, 16 23,207 0.000 Left secondary somatosensory cortex/parietal operculum
OP1, left inferior parietal lobule PFop

40

- 38, - 2, - 14 0.000 Insula Id1

- 38,- 18, 16 0.000 Left Insula Ig1 and Ig2, left secondary somatosensory cortex/parietal
operculum OP3, OP2, OP41

13

28, - 70, - 24 1,768 0.000 Right cerebellar uvula

- 2, - 62, - 40 0.000 Left cerebellar tonsil

14, - 78, - 26 0.000 Right cerebellar pyramis

0, - 24, 26 579 0.000 Callosal body

0, - 36, 16 0.001 Callosal body

- 10, 18, 54 160 0.001 Left premotor cortex, left superior frontal gyrus 6

62, - 52, 0 168 0.001 Right middle temporal gyrus

54, - 48, - 4 0.001 Right temporal gyrus

56, - 56, - 10 0.013 Right middle temporal gyrus

- 6, - 76, 36 17 0.024 Left superior parietal lobule 7M, 7L, left Cuneus

Activations induced by powering off the current on the left

No signi�cant activations at FWEp\ 0.05

Activations induced by powering off the current on the right

62, - 2, 24 29 0.019 Right premotor somatosensory cortex, right primary motor cortex, right precentral gyrus 4a, 6

Activations induced by sustained GVS on the left

No signi�cant activations at FWEp\ 0.05

Activations induced by sustained GVS on the right

No signi�cant activations at FWEp\ 0.05

All results are FWE corrected for false positives. Clusters containing more than 15 voxels are displayed. Anatomical locations determined using
the Juelich Histological Atlas and the Tailarach Demon Atlas as in the FSL Atlas toolbox
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Functional connectivity analysis (Tensor ICA)

The �nal estimated dimensionality for the tensor ICA
expansion was 44 retaining 83.99 % of total variance. Of
these 44 ICs, 13 ICs described less than 1 % of total var-
iance and 14 were identi�ed as artefacts, i.e. noise sources.
The artefacts included ten ICs, which were identi�ed as
head motion or head motion and magnetic �eld inhomo-
geneity interaction artefacts, two ICs were identi�ed as
pulsation artefacts and two ICs were identi�ed as CSF
�uctuations. From the remaining 17 ICs, we chose eight
ICs for further study, which collectively explained 32.83 %
of the total variance of the group data (the other nine ICs
were labeled as ‘‘not interpretable’’ in the above sense).
The �rst six of these eight ICs of interest (all eight in order
of their respective percentage of variance explained)
overlapped with vestibular areas (also identi�ed by means
of the GLM analysis) and furthermore showed an event-
like transient response associated with switching of the
current, collectively explaining 26.88 % of the total vari-
ance. The remaining last two ICs of interest, collectively
explaining 5.95 % of the total variance, overlapped mainly
with somatosensory areas. Each of these two ICs showed
block-like, (i.e. sustained) reciprocal responses in the

respective left or right somatosensory areas, whereas the
‘‘�rst six’’ ICs of interest were bilateral and largely sym-
metric, i.e. the right somatosensory cortex (responding with
a positive block-like response associated with direct cur-
rent stimulation of the left side and negative block-like
response associated with direct current stimulation of the
right side) was represented solely in IC-9 whereas the left
somatosensory cortex (responding with a positive block-
like response associated with direct current stimulation of
the right side and negative block-like response associated
with direct current stimulation of the left side) was solely
represented in IC-12. Details on the retained ICs are shown
in Table3. All volunteer modes of the ‘‘�rst six’’ ICs
showed signi�cant negative correlations with age, while
neither of the other two exhibited a signi�cant correlation
with age. Consistent with this �nding, the ERAs for the age
groups Group 1 and Group 3 differed signi�cantly in their
amplitudes for all of the ‘‘�rst six’’ ICs, while neither of the
last two ICs showed a signi�cant difference of ERA
amplitudes between age groups Group 1 and Group 3.
Figure2 shows two ICs from the ‘‘�rst six’’ ICs with a
signi�cant correlation with age [R(IC-2) = - 0.64,
p\ 0.001 andR(IC-3) = - 0.57, p\ 0.001] in their vol-
unteer modes, displayed in Fig.2 parts d1 and d2 as well as

Fig. 1 Signi�cant activations in the GLM analysis induced by
switching on the direct current mediating the galvanic vestibular
stimulation on theleft (a) and right (b) hand side, as well as

signi�cant activations induced by tapping of the right index �nger at
approx. 1 Hz (c). Signi�cant negative correlation of brain volume
with increasing age (d). All results FWE corrected,p\ 0.05
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a signi�cant difference between ERA amplitudes of age
groups Group 1 and Group 3 [p(IC-2) \ 0.001 andp(IC-
3) \ 0.001], displayed in Fig.2 partsc1 and c2. Figure3
shows the last two ICs which show no signi�cant correla-
tion with age [R(IC-9) = - 0.072, p = 0.66 and R(IC-
12) = - 0.19, p\ 0.22] in their volunteer modes, dis-
played in Fig.3 parts D1 and D2 as well as no signi�cant
differences between age groups Group 1 and Group 3
[p(IC-9) = 0.85 andp(IC-12) = 0.31] displayed in Fig.3
parts C1 and C2. The other four of the ‘‘�rst six’’ ICs (not
shown) all had signi�cant negative correlations with age
for their volunteer modes,R (IC-1) = - 0.50 (p = 0.0011),
R(IC-4) = - 0.54 (p\ 0.001), R(IC-5) = - 0.58
(p\ 0.001), andR (IC-6) = - 0.53 (p\ 0.001), the dif-
ferences in ERA amplitudes between age groups Group 1
and Group 3 were all signi�cant [p(IC-1) \ 0.001, p(IC-
4) \ 0.001, p(IC-5) \ 0.001 andp(IC-6) = 0.0016]. All
statistical tests were multiple comparison corrected
according to the number of ICs tested using the Bonferroni
correction method.

In the two ICs representing the ‘‘�rst six’’ networks (IC-
2 and IC-3), increased BOLD-signal activity could be
detected in IC-2 bilaterally in the superior temporal gyrus,
the middle temporal gyrus, the thalamus (right medial
dorsal nucleus, left ventral posterior lateral nucleus, ventral
lateral nucleus bilaterally, left ventral posterior lateral
nucleus) and the posterior insula, as well as in the left
inferior parietal lobe, the midbrain bilaterally, the left
cuneus, the right superior frontal gyrus and the right cau-
date body. In IC-3, activated areas comprised the right
inferior frontal gyrus, the complete insula bilaterally, the
thalamus (including the right and left ventral lateral, medial
dorsal nuclei) bilaterally and parts of the midbrain down to
the substantia nigra and subthalamic nucleus, the parahip-
pocampal gyrus bilaterally (left more than right), the lin-
gual gyrus bilaterally, the right middle temporal gyrus, the
left superior temporal gyrus, the inferior parietal lobe
bilaterally and the posterior cingulate gyrus.

In the ICs exemplifying the remaining two networks
(IC-9 and IC-12), increased BOLD-signal activity could be
detected in IC-9 in the left postcentral gyrus and in the left
paracentral lobule, as well as in IC-12 in the right pre-
central gyrus, the right postcentral gyrus, the right superior
parietal lobe, the right inferior parietal lobe and the right
posterior insula.

Analysis of the residual time series (see ‘‘Methods’’)
showed that the residual BOLD variability unexplained by
the tensor ICA was not signi�cantly related to age, thus
corroborating that the ICs modeled BOLD variability for
young and old subjects equally well. Consequently, it
appears implausible that analysis-related factors such as an
insuf�cient number of ICs could be the reason for the
described age dependence.

Temporal variability analysis

As demonstrated by the PLS analysis, the temporal vari-
ability of the BOLD signal expressed as PLS brain scores
derived from the voxelwise standard deviation of the
group-mean normalized BOLD signal time series exhibited
a signi�cant correlation with age (R = 0.68, p = 0.034).
Further analysis of the PLS brain saliences revealed that
local BOLD variability increased with age bilaterally in the
thalamus and the posterior insula (see Fig.4). Decreases in
variability were observed in regions of the frontal cortex.
The regions with increasing variability partly overlap with
the ROIs of the ‘‘�rst six’’ ICs described above, which
showed signi�cant age dependence of the associated ICs.
Regions of interest are detailed in Table2. To further
investigate whether age-dependent variability was associ-
ated with the stimulus, we separated the time series into
stimulation periods and rest periods. Temporal variability
analysis of these separated time series showed a signi�cant
effect for stimulation (R = 0.71, p = 0.016) but not for
rest (R = 0.58, p = 0.082), although it should be noted
that this result for the rest periods was near signi�cance. To
further illustrate the temporal variability of the BOLD
signal, we extracted the BOLD time course of a voxel in
the insula (which also coincides with the networks of the
‘‘�rst six’’ ICs described above) that contributed strongly to
the correlation between age and temporal variability (see
Fig. 5). While the group-mean time series of this exem-
plary voxel resembles the event-like response of the ‘‘�rst
six’’ ICs (Fig. 5a, cf. Fig.2), the group-mean normalized
BOLD signal (Fig.5b, c) suggests that temporal BOLD-
variability is neither time locked to stimulus onset nor does
it shows a direct relation to the IC time series, suggesting
that the effect of increasing temporal variability occurs
over the whole time course equally and is not very different
during rest periods than it is during stimulation periods.

Motor paradigm

General linear model analysisThe GLM analysis of the
�nger tapping motor paradigm showed BOLD signal increa-
ses in the corresponding motor cortex (left precentral gyrus),
the anterior lobe of the right cerebellum, in the left medial
frontal gyrus, left medial insula, the right inferior frontal gyrus
and the left ventral posterior medial thalamic nucleus.

Functional connectivity analysis (Tensor ICA)A tensor
ICA of the ‘‘�nger tapping data’’ conducted in the same
manner as for the GVS experiment showed similar activa-
tions in the spatial components as in the GLM results and a
blocked response associated with blocks of �nger tapping,
but no signi�cant linear age correlations (R = - 0.01;
p = 0.96) could be found in the respective volunteer modes.

1452 Brain Struct Funct (2016) 221:1443–1463

123



Fig. 2 Two exemplary ICs (IC-2 and IC-3, shown ina1 and a2,
respectively) showing a signi�cant age-related decrease in their
respective volunteer mode (shown ind1 andd2, respectively) as well
as a signi�cant difference of the amplitudes of the event-related
average (ERA) (shown inc1 and c2, respectively) between the age
groups Group 1 and Group 3, [p(IC-2) \ 0.001 andp(IC-3) \ 0.001].
In c1 andc2, the ERA for the age groups Group 1, Group 2 and Group
3 are marked inred, blue and gray, respectively. Inc1 and c2, the
ERA is shown for left- and right-GVS averaged. The correlation
coef�cient between the volunteer mode and age was determined to be
(d1) R(IC-2) = - 0.64 (p\ 0.001) and (d2) R(IC-3) = - 0.57
(p\ 0.001). Ind1 andd2 the volunteer mode amplitudes are plotted
asblack crossesand the least squares regression line is plotted inred.

ERA of the temporal mode revealing the temporal response charac-
teristics of these ICs with respect to left- and right-GVS (shown in
purple and orange, respectively) are displayed in (b1 andb2) together
with simulated BOLD-response curves (shown inblack). The BOLD-
response curves are simulated under the assumption of an event-like
response to switching the direct current GVS ON convolved with the
canonical hemodynamic response function. The amplitudes of the
peaks of the ERA of the BOLD simulation have been manually
adjusted to match the peak amplitude of the ERA of the ICs.Shaded
areasin ERA plots indicate the standard error of the mean interval
around the mean. All amplitudes are given in arbitrary units, time is
given in seconds relative to the onset of stimulation and age is given
in years since birth
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Fig. 3 Two exemplary ICs (IC-9 and IC-12, shown ina1 and a2,
respectively) without a signi�cant age-related change in their
respective volunteer mode (shown ind1 andd2, respectively) as well
as no signi�cant difference of the amplitudes of the event-related
average (ERA) (shown inc1 and c2, respectively) between the age
groups Group 1 and Group 3, [p(IC-9) \ 0.85 andp(IC-12)\ 0.31].
In c1 andc2, the ERA for the age groups Group 1, Group 2 and Group
3 are marked inred, blue andgray, respectively. Inc1 only the ERA
for left-GVSis shown and inc2 only the ERA forright-GVSis shown
(the positive response for the respective IC). The correlation
coef�cient between the volunteer mode and age was determined to
be (d1) R(IC-9) = - 0.072 (p = 0.66) and (d2) R(IC-12) = - 0.19
(p = 0.22). Ind1 andd2 the volunteer mode amplitudes are plotted as
black crossesand the least squares regression line is plotted inred.

ERA of the temporal mode revealing the temporal response charac-
teristics of these ICs with respect to left- and right-GVS (shown in
purpleandorange, respectively) are displayed in (b1 andb2) together
with simulated BOLD-response curves (shown inblack). The BOLD-
response curves are simulated under the assumption of a block-like
response to sustained continuous direct current stimulation of the
skin, with a reciprocal relationship between left- and right-GVS. The
amplitudes of the peaks of the ERA of the BOLD simulation have
been manually adjusted to match the peak amplitude of the ERA of
the ICs.Shaded areasin ERA plots indicate the standard error of the
mean interval around the mean. All amplitudes are given in arbitrary
units, time is given in seconds relative to the onset of stimulation and
age is given in years since birth
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Temporal variability analysis The variability of the
BOLD signal, calculated as PLS brain scores in the same
manner as for the GVS experiment, presented no signi�-
cant correlation with age (p[ 0.5). This demonstrates that
the age-related changes in temporal BOLD-signal vari-
ability revealed in the GVS experiment are not due to
generalized age-related changes affecting, i.e. the motor
system.

Structural MRI data

Diffusion tensor imaging analysis

We detected a generalized decrease of fractional anisotropy
with age across our sample of volunteers, but no correla-
tions with the covariates from our behavioral data.

Voxel-based Morphometry: Age-related cerebral changes
in volume

Cerebral volume decreased linearly with age, particularly
in the primary somatosensory cortex, inferior parietal
lobule and postcentral gyrus bilaterally. Furthermore,
decreases in volume could be detected in the left anterior

intra-parietal sulcus, in the right operculum, in the left
rectal and fusiform gyrus, in the left amygdala, the right
middle and bilaterally in the inferior frontal gyrus, in the
left entorhinal cortex, in the cingulate gyrus bilaterally, as
well as bilaterally in the superior and in the right middle
temporal gyri. For more detail, see Table2.

Discussion

In the present study, galvanic vestibular stimulation (GVS)
induced BOLD signal increases bilaterally in the posterior
insula, the cerebellum, the hippocampus, the thalamus, the
cingulus and the inferior and superior parietal lobe. This is
consistent with previous studies, which found activity in
this bihemispheric network induced by vestibular stimula-
tion (Schneider et al.2002; Stephan et al.2005; Dieterich
and Brandt2008; Lopez et al.2012). Balance and orien-
tation being primarily multimodal, they seem destined for a
network analysis. Furthermore, previous studies have
shown the importance of investigating temporal variability
in healthy aging (Garrett et al.2010, 2011, 2013; Samanez-
Larkin et al. 2010). We focused on whether the aging of
vestibular processing would affect the BOLD-signal

Fig. 4 Overlay of functional brain mapping results on a template
brain for the resulting brain scores of the PLS temporal variability
analysis method applied to the group-mean normalized data for the
galvanic vestibular stimulation periods only (R = 0.71, p = 0.016).
Additionally IC-1, IC-2 and IC-3 (the ICs describing the most amount

of total variance of the ICs of interest) are shown for comparison.
Color bars indicate activity in terms of PLS brain scores for the
temporal variability analysis orz statistic values of the alternative
hypothesis test of the probabilistic ICA
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amplitude, functional connectivity or temporal variability.
In the general linear model (GLM) analysis, we found no
age-correlated changes in BOLD-signal amplitude. Tensor-
independent component analysis (ICA) (Beckmann and
Smith 2005), however, identi�ed an age-related pattern of
functional connectivity associated with vestibular net-
works. Furthermore, age-related changes in BOLD-signal
variability were also associated with these vestibular
networks.

The eight selected independent components (ICs) of
interest could be separated into two groups, which were
related to the two GVS-induced sensations. The

‘‘vestibular’’ feeling of being tilted was represented by the
‘‘�rst six’’ ICs of interest, ICs 1-6, while the cutaneous pain
was represented by the ‘‘last two’’ ICs of interest, IC 9 and
IC 12, as could be inferred from the ICs time courses and
the areas covered by their spatial maps. The ‘‘�rst six’’
were labeled the ‘‘multisensory vestibular networks’’ since
they showed an event-like, transient temporal response
characteristic associated with switching of the currents and
thus corresponded best with the time course of the feeling
of being tilted. These components included multisensory
vestibular cerebral areas. The ‘‘last two’’ were labeled the
‘‘multisensory somatosensory networks’’, because they

Table 2 Signi�cant decreases in cerebral volume with age as detected by Voxel-based morphometry analysis

MNI coordinates
(x, y, z (mm))

Voxel p (FWE
corrected)

Anatomical location BA

6, 42, 22 8,936 0.000 Right medial frontal gyrus

15, 48, 7 0.000 Right medial frontal gyrus

10, 44, 33 0.000 Right medial frontal gyrus

- 56, - 12, 40 1,523 0.000 Left primary somatosensory cortex, inferior parietal lobule PFt and PFop 1, 2, 3b

- 57, - 27, 45 0.005 Left inferior parietal lobule PF, PFt and PFop, primary somatosensory cortex,
anterior intra-parietal sulcus hIP2

1, 2

- 46, - 37, 46 0.012 Left anterior intra-parietal sulcus hIP2 and hIP3, primary somatosensory cortex,
inferior parietal lobule PFt, PF and PFm

2

- 63, - 60, 19 1,441 0.001 Left inferior parietal lobule Pga, left superior temporal gyrus 22

- 63, - 42, 24 0.007 Left inferior parietal lobule PF and PFm 40

54, - 15, 40 1,831 0.001 Right primary somatosensory cortex, inferior parietal lobule Pfop and PFt 1, 2, 3a, 3b

66, - 13, 39 0.002 Right primary somatosensory cortex, right postcentral gyrus 3

66, - 24, 21 0.005 Right secondary somatosensory cortex/parietal operculum OP1, inferior parietal
lobule PFt, PF and PFop right postcentral gyrus

40

34, 63, 13 152 0.003 Right middle frontal gyrus

9, 33, - 15 767 0.005 Right anterior cingulate gyrus

- 2, 38, - 27 0.011 Left rectal gyrus 11

- 60, 12, 1 143 0.005 Left inferior frontal gyrus 44, 45

2, - 13, 43 237 0.009 Right and left cingulate gyrus 6

- 36, - 28, 67 191 0.014 Left primary somatosensory cortex, postcentral gyrus 1, 2, 3b 4a, 4p 6

- 44, - 25, 64 0.023 Left primary somatosensory cortex, left postcentral gyrus 1, 2, 3b, 4a, 6

68, - 3, 3 116 0.015 Right superior temporal gyrus 22

28, - 27, 63 183 0.015 Right primary somatosensory cortex, postcentral gyrus 1, 3b, 4a, 4p, 6

- 15, - 1, - 20 48 0.021 Left super�cial, amygdala 34

3, 12, 37 125 0.022 Right cingulate gyrus 24

46, 20,- 2 38 0.024 Right inferior frontal gyrus 44, 45

- 46, 26, 16 56 0.025 Left inferior frontal gyrus 44, 45

- 40, 27, 9 0.036 Left inferior frontal gyrus 45

51, - 16, - 20 19 0.025 Right middle temporal gyrus

- 46, - 57, - 24 30 0.026 Left fusiform gyrus

64, - 22, - 6 226 0.027 Right middle temporal gyrus

54, - 18, - 2 0.040 Right superior temporal gyrus

46, - 2, - 30 18 0.033 Right middle temporal gyrus 20

50, 26, 22 25 0.034 Right middle frontal gyrus 45

All results are FWE corrected for false positives. Clusters containing more than 15 voxels are displayed. Anatomical locations determined using
the Juelich Histological Atlas and the Tailarach Demon Atlas as in the FSL Atlas toolbox
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showed a block-like, sustained temporal response charac-
teristic associated with the constant stimulation of the skin
during each block. These components were comprised
predominantly of somatosensory areas. Thus, both net-
works overlapped but differed in their association with
distinct phases of the time course governing network
activation. The ICs constituting the multisensory vestibular
network were bilateral, age correlated and associated with
the rapid BOLD signal changes induced by switching of
the stimulation currents to the states ‘‘on’’ and ‘‘off’’. The
age correlation was negative for the �rst six ICs, i.e. their
relative weight decreased with age, indicating that the
modulation of the ‘‘vestibular networks’’ by GVS declined
with age. The ICs constituting the somatosensory network

showed a tonic time course and were divided into two
components by lateralisation to the contralateral hemi-
sphere; they were not age correlated. Since the ‘‘vestibu-
lar’’ and ‘‘somatosensory’’ networks partially overlapped in
space, we de�ned them as multisensory, although they can
be clearly separated by their distinct temporal character-
istics; i.e. their event-like and block-like time courses,
respectively.

Hence, age-related changes were found only in the
‘‘vestibular’’ network containing the superior, middle and
inferior frontal and temporal gyri, the lingual gyrus, the
insula, the superior and inferior parietal lobe, the parietal
operculum, the posterior cingulate gyrus, the cuneus, the
thalamus and the cerebellar tonsil. The ‘‘somatosensory

Fig. 5 In a, an overlay of functional brain mapping results on a
template brain is displayed. It presents the resulting brain scores of
the PLS temporal variability analysis method applied to the group-
mean normalized data for the galvanic vestibular stimulation periods
only, without threshold. In addition, an exemplary BOLD signal time
series (b) and the variability (c) for a voxel in the posterior insula at
MNI coordinate [42,- 6, - 12] are shown. This voxel contributes
signi�cantly and positively to the relation between variability and
age. Inb, the event-related average (ERA) group-mean time series
(dark gray, shaded areaSEM) is depicted, which displays a clear
similarity to the ‘‘vestibular’’ ICs‘ transient, event-like time course
(for comparison see Fig.2). The group-mean time series for young

participants (\ 50 years of age,red) and for old volunteers (C50 years
of age,light gray) present a similar event-related averaging increase
or decrease relative to the overall mean, as suggested by the
‘‘vestibular’’ ICs. In c, the event-related average residual time series
(after group-mean normalization) is shown separately for young and
elderly (shaded areaSD). The complete residual time series in D
demonstrates that variability (shaded areas show SD over subjects) is
larger for young than for elderly volunteers. As presented, this
increase in variability occurs over the whole experiment, leading to an
increased variability value over time for this voxel in older as
compared to young volunteers. This effect, however, does not seem to
be speci�c to GVS periods
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network’’ encompassed the middle and inferior frontal and
temporal gyrus, the post- and precentral gyri, the lingual
and fusiform gyrus, the paracentral lobule, the superior and
inferior parietal lobe, the posterior insula, the cingulate
gyrus and the thalamus.

The age dependency of the ‘‘vestibular’’ ICs was inde-
pendent from anatomical changes: the decrease in frac-
tional anisotropy demonstrated by DTI was global and not
associated with any vestibular network in particular. No
signi�cant changes of fractional anisotropy associated with
GVS current amplitude could be detected. This might be
due to current amplitudes insuf�ciently re�ecting vestibu-
lar perception in the group analysis. In this case, a measure
of the intensity of perception might have revealed a pos-
sible correlation with anatomical measures. This has been
shown previously in healthy individuals for an extensive
white matter network that strongly correlated with a mea-
sure of vertigo perception (Nigmatullina et al.2013) and an
analogous approach might reveal similar correlations in
future studies.

Changes in functional connectivity could also be due to
changes in local gray matter volume or general vascular
deterioration. In our study, voxel-based morphometry
revealed an age-related decrease in volume in multiple
anatomical areas bilaterally as has been previously
described (Gonoi et al.2010). Overlaps could be observed
with all ICs of interest, whether age correlated or not. It is,
therefore, unlikely that the age dependency of the vestib-
ular networks could be solely attributed to the anatomical
change in volume. Likewise, the decrease in fractional
anisotropy with age was general and suggested that these
changes were not due to age-related anatomical modi�ca-
tions. A simple motor paradigm (�nger tapping) induced no
age-related changes in functional connectivity, BOLD-
signal amplitude or temporal variability. Thus, the age-
dependent changes in functional connectivity appear to be
particular to vestibular processing.

In the GVS experiment, we observed additional age-
dependent modi�cations in temporal BOLD-signal vari-
ability, which have recently also been described in healthy
volunteers (Garrett et al.2010, 2011, 2013; Samanez-
Larkin et al. 2010; Wutte et al.2011). In our study, we
speci�cally chose a task-free paradigm focusing on ves-
tibular sensory perception and stimulated volunteers at
low-level amplitudes. At this level, the level of perception
could be assumed to be roughly matched among volun-
teers. Variability increased signi�cantly with age in regions
associated with the ‘‘vestibular’’ network (thalamus and
posterior insula bilaterally), mostly during stimulation.
Therefore, the spatial pattern of the variability associated
with the vestibular network did coincide with the ‘‘mean
signal’’, i.e. the amplitudes of BOLD-signal responses. We
added a motor experiment to control generalized changes

in temporal variability, connectivity or BOLD amplitude,
allowing us to demonstrate age-related effects in our study
that are speci�c to the vestibular system, and to distinguish
them from generalized effects. Further studies should
investigate the impact of task performance on the vestib-
ular system, e.g. with a perceptual vestibular task. The
rationale for this is that our �ndings here are for a vestib-
ular sensory stimulation paradigm, which can be seen as
roughly analogous in design to the �rst study of Garrett and
co-authors (Garrett et al.2010) which did not include task
performance, and it would, therefore, be interesting to see
if the inclusion of task performance in the study of aging
effects might reveal a similar trend for the vestibular sys-
tem as was found in the further studies of Garrett et al.
(2011, 2013) that included task performance.

While the actual current intensity employed for GVS
differed between individuals, the procedure to determine it
strove to achieve a comparable intensity of perception.
Notwithstanding, individually variable sensitivity to ves-
tibular stimuli and different levels of pain tolerance may
have affected standardization. However, behavioral data
reported a brief vestibular sensation as opposed to an
enduring somatosensory pain sensation, which corre-
sponded to the analysis of time courses associated with the
vestibular and somatosensory multimodal networks,
respectively, and permitted us to distinguish between the
two types of sensory input.

The observed age-dependent‘‘vestibular’’ network
cannot be attributed to the vestibular stimulation induced
by the magnetic �eld of the MRI as recently described
(Roberts et al.2011). The magnetic �eld of the MRI is
active also during rest periods. The main effect of mag-
netic vestibular stimulation (MVS) should thus be a
constant activation level that is subtracted by �ltering the
removal of the mean signal over time and voxelwise
variability normalization. Despite these common pre-
processing steps, it is possible that the additivity princi-
ple of stimulus responses could be violated should the
MVS effect be strong enough to cause non-linear effects
like saturation to occur. However, inspecting the IC time
courses and the event-related averages (ERA) plot
amplitudes (see Figs.2, 3), we conclude that this has not
been the case. Furthermore, during the motor paradigm
no vestibular activations could be observed with any of
the analysis methods, therefore MVS should be consid-
ered negligible in our case.

Do the age-related changes re�ect the aging
of peripheral vestibular structures?

Peripheral vestibular structures such as hair cells, nerve
�bers and otoconia have been demonstrated to decrease
(Bergstrom1973; Rosenhall1973; Ross et al.1976) and
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Table 3 Signi�cant increases in BOLD signal induced by GVS and detected by independent component and partial least squares (PLS) analysis

Voxels Z MAX MNI coordinates
x, y, z (mm)

Anatomical location BA

Independent component 2: positive clusters

904 7.56 - 58, - 26, 8 Left primary auditory cortex TE1.0, secondary somatosensory cortex/parietal operculum
OP1; superior temporal gyrus

824 5.63 62,- 26, 8 Right superior temporal gyrus

341 4.3 6,- 18, 0 Right thalamus

277 4.04 - 18, 54, 40 Left superior frontal gyrus 8

87 3.14 6,- 82, 40 Right superior parietal lobule 7P, 7M, cuneus 19

35 2.65 2,- 34, 20 Corpus callosum (posterior cingulum)

19 2.54 46,- 62, - 56 Right cerebellar tonsil

17 2.85 50, 10, 20 Right Broca’s area, right inferior frontal gyrus 44

Independent component 2: negative clusters

153 - 4.29 10, 46,- 20 Right medial frontal gyrus

Independent component 3: positive clusters

593 6.76 58,- 22, 20 Right secondary somatosensory cortex/parietal operculum OP1, OP4, OP3; inferior
parietal lobule PFop R, PFcm, PFt

591 6.66 - 54, - 26, 16 Left secondary somatosensory cortex/parietal operculum OP1, OP4; inferior parietal
lobule PFop, PFcm; primary auditory cortex TE1.0 L

40

228 3.48 2,- 94, 0 Right visual cortex V1, V2, lingual gyrus 17, 18

119 3.28 - 18, 46, 48 Left superior frontal gyrus 8

67 3.23 - 50, - 62, 8 Left visual cortex V5, inferior parietal lobule PGp, middle temporal gyrus

54 3.03 18, 38, 56 Right superior frontal gyrus

32 2.75 - 26, - 42, 80 Left primary somatosensory cortex, superior parietal lobule 5L, 7PC, 7A, primary motor
cortex

1, 2, 3b,
4p, 4a

27 3.19 10,- 14, - 4 Right thalamic medial dorsal nucleus

23 2.99 - 10, - 14, 0 Left thalamus

Independent component 3: negative clusters

897 - 4.43 30, 34, 32 Right middle frontal gyrus

598 - 3.45 46,- 78, - 12 Right visual cortex V4, V3 V, fusiform gyrus 19

350 - 2.99 - 46, - 86, - 4 Left visual cortex V4, inferior occipital gyrus

287 - 4.79 66,- 14, - 12 Right middle temporal gyrus 21

261 - 2.81 - 38, 38,- 28 Left middle frontal gyrus

188 - 3.53 - 66, - 18, - 8 Left middle temporal gyrus 21

174 - 3 - 62, - 6, 20 Left primary somatosensory cortex, secondary somatosensory cortex/parietal operculum
OP4, Premotor cortex, inferior parietal lobule Pfop

3b, 1, 6,
44, 43

84 - 2.94 58, 34,- 8 Right Broca’s area, inferior frontal gyrus 45

48 - 2.57 - 30, 34, 32 Left middle frontal gyrus

24 - 2.39 10,- 42, 40 Right superior parietal lobule 5 Ci, 5 M, cingulate gyrus 31

20 - 2.38 - 18, 6, 52 Left premotor cortex, medial frontal gyrus 6

Independent component 9: positive clusters

726 5.93 38,- 18, 64 Right premotor cortex, primary motor cortex, primary somatosensory cortex 6, 4a, 3b

10 3.13 6,- 22, 48 Right premotor cortex, primary motor cortex, superior parietal lobule 5 M, 5 Ci,
paracentral lobule

6, 4a, 31

Independent component 9: negative clusters

42 - 4.42 - 58, - 22, 20 Left inferior parietal lobule PFop, PF; secondary somatosensory cortex/parietal
operculum OP1, OP4

Independent component 12: positive clusters

1,353 6.63 - 46, - 34, 56 Left primary somatosensory cortex, inferior parietal lobule PF, PFt; superior parietal
lobule 5L, 7PC;

2, 1, 3b,
40
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deteriorate with age as demonstrated by physiological
testing (head thrust dynamic visual acuity testing, ocular
and cervical vestibular evoked myogenic potentials) (Fur-
man and Redfern2001; Welgampola and Colebatch2001;
Agrawal et al.2012). However, GVS is presumed to act
directly on the vestibular nerve within the spike trigger
zone (Goldberg et al.1984; Fitzpatrick and Day2004),
bypassing the hair cells. The age-related changes in ves-
tibular processing observed in our study are thus unlikely
to be related to a loss of hair cells or otoconia, but could be
associated with nerve �ber deterioration. Letting every
volunteer choose their own amplitude assured a suf�ciently
perceptible stimulation in all subjects. If the number of
nerve �bers decreases, the variability of the peripheral
signal increases and could in�uence the BOLD-signal
variability, possibly explaining why we found a stimula-
tion-related increase in BOLD-signal variability in the
thalamus and the posterior insula bilaterally, but not in the
somatosensory areas. An increase in variability of the

vestibular sensory signal due to �ber loss should also affect
the perceptual threshold (Cousins et al.2013) and require
an increase of GVS amplitude with age. Interestingly, this
is in contrast to our behavioral data: volunteers’ age did not
correlate with self-chosen GVS amplitude. This might be
due to amplitudes being individually very variable (range
1.25–2.75 mA), possibly masking age correlation. Alter-
natively, the elderly may rely more on multimodal mech-
anisms than the young (Mozolic et al.2012), possibly
causing a preservation of the threshold level with age
despite a decline of unimodal pathways.

Differences between ‘‘vestibular’’
and ‘‘somatosensory’’ components

Previous studies suggest a common processing of
somatosensory and vestibular sensations in the posterior
insula (Pen�eld and Faulk1955; Bottini et al. 1995, 2001;
McGeoch et al.2009; Baier et al.2013; Ferre et al.2012),

Table 3 continued

Voxels Z MAX MNI coordinates
x, y, z (mm)

Anatomical location BA

Partial least-squared positive clusters

(stimulus-phases only)

42 0.0238 10,- 14, 16 Right thalamic anterior nucleus

26 0.0238 - 10, - 26, 12 Left hippocampal dentate gyrus, hippocampal cornu ammonis/posterior thalamus

14 0.0246 - 6, 10, 12 Left caput corpus caudatus

8 0.0227 22,- 38, 68 Right primary somatosensory cortex 3b, 1, 2,
4a

8 0.0237 42,- 46, 36 Right anterior intra-parietal sulcus hIP1, hIP2; inferior parietal lobule Pga, supramarginal
gyrus

8 0.0201 - 42, - 6, - 12 Left insula Id1, left temporal lobe 21

8 0.0237 42,- 6, - 12 Right insula Id, right temporal lobe

7 0.0196 - 38, 14,- 24 Left inferior frontal gyrus

5 0.0221 46, 6,- 32 Right temporal pole; Middle temporal gyrus, anterior division 38

4 0.0199 34,- 54, 48 Right anterior intra-parietal sulcus hIP3; hIP1; Superior parietal lobule 7A; anterior intra-
parietal sulcus hIP2

4 0.0178 54,- 30, 28 Right inferior parietal lobule PFcm; PFop; PF; secondary somatosensory cortex/Parietal
operculum OP1; Anterior intra-parietal sulcus hIP2

4 0.0193 42,- 18, 8 Right primary auditory cortex TE1.0; Insula Ig2; primary auditory cortex TE1.1; insula
Ig1; Insula Id1

13

3 0.0193 18, -- 66, 60 Right superior parietal lobule 7P; 7A 7

Partial least-squared negative clusters

(stimulus-phases only)

44 - 0.0258 2, 42, 52 Right superior frontal gyrus

37 - 0.0268 26, 54, 32 Right superior frontal gyrus 9

4 - 0.0272 6,- 94, 32 Right cuneus

3 - 0.0217 6, 58, 36 Right frontal pole; superior frontal gyrus

All results are FWE corrected for false positives. Clusters containing more than 10 voxels are displayed, except for the PLS analysis where
clusters of more than 3 voxels are displayed. Anatomical locations determined using the Juelich Histological Atlas, the Harvard-Oxford Cortical
Structural Atlas and the Tailarach Demon Atlas as in the FSL Atlas toolbox
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while others describe a functional vestibular network cen-
tered on the posterior insula and posterior parietal oper-
culum (Eickhoff et al.2006; zu Eulenburg et al.2012). To
our knowledge, age-related changes of functional connec-
tivity have neither been described in the vestibular nor the
somatosensory system. In the present study, the GVS-
induced brain activity displayed no age-dependent changes
in the somatosensory network, but revealed an age-
dependent decrease in functional connectivity for the
cerebral processing of vestibular information. The vestib-
ular and the somatosensory systems give rise to partly
overlapping cerebral networks. Compared to the processing
of the vestibular network, however, somatosensory pro-
cessing is mostly unimodal, while the vestibular network
constantly integrates information from multiple sensory
systems, i.e. visual, vestibular, and somatosensory input,
besides enabling transfer from sensory input to motor
reactions. Inhibitory reciprocal interaction between sensory
systems deteriorates in old age (Zwergal et al.2012) and
with age, sensorimotor integration may affect the BOLD
signal (Stefanova et al.2013). The impaired inter-system
inhibition may explain why functional connectivity in the
vestibular system decreases with age: due to decreasing
functional speci�city, visual and other competing inputs
are less inhibited and interfere with the vestibular infor-
mation processing (Mozolic et al.2012; Roski et al.2014).
Thus, vestibular activations and equivalent information
from other sensory systems spread and may cause inter-
ference among the different sensory systems. The lack of
inhibition may thereby increase the complexity of inte-
gration and cause a decrease in functional connectivity
with age.

Likewise, the increased variability of the BOLD signal
in the thalamus and posterior insula might be due to
impaired inhibition. Changes in variability have previously
been observed during visual �xation tasks (Garrett et al.
2010). BOLD variability could be attributed to various
reasons ranging from sensory or internal neural noise
(Faisal et al.2008), over intrinsic brain activity such as the
correlated �uctuations in resting state experiments (Birn
2012) to unaccounted for sensory input. We removed
stimulus-related responses common to all subjects by
group-mean regression, which accounts better for transient
BOLD signal changes than the block normalization used by
others (Garrett et al.2010). In our study, modi�cations
appear to be stimulation-speci�c considering that age-
dependent variability increased signi�cantly only during
the GVS paradigm, but not during �nger tapping.

In conclusion, we demonstrated a decrease in functional
connectivity related to processing of GVS and restricted to
the vestibular cortical network. The decrease in functional
connectivity was not due to structural changes of the
associated brain areas but to a decrease in response

amplitude undetected by GLM analysis. In parallel, we
discovered an increase in the temporal variability of the
BOLD signal in central areas of this vestibular network,
which was predominantly linked to periods of stimulation,
but without strongly re�ecting stimulus-related aspects of
the BOLD response. An increase in temporal BOLD-signal
variability due to propagation of stimulus-induced sensory
noise is possible, but does not �t in with the observed
preservation of GVS current amplitudes over age and
cannot explain changes in functional connectivity. Con-
sidering all these lines of evidence, another more likely
reason for our results would be the deterioration of reci-
procal cortico-cortical inhibition with age already observed
in other studies (Zwergal et al.2012; Stefanova et al.
2013), which might cause both the decrease in functional
connectivity and the increase in variability observed in the
current study.
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Strong magnetic � elds (N1 Tesla) can cause dizziness and it was recently shown that healthy subjects (resting in
total darkness) developed a persistent nystagmus even when remaining completely motionless within a MR
tomograph. Consequently, it was speculated that this magnetic vestibular stimulation (MVS) might in � uence
fMRI results, as nystagmus is indicative of an imbalance in the vestibular system, potentially in � uencing other
systems via multisensory vestibular interactions. The objective of our study was to investigate whether MVS
does indeed modulate BOLD signal � uctuations. We recorded eye movements, as well as, resting-state fMRI of
30 volunteers in darkness at 1.5 T and 3.0 T to answer the question whether MVS modulated parts of the default
mode resting-state network (DMN) in accordance with the Lorentz-force model for MVS, while distinguishing
this from the known signal increase due to � eld strength related imaging effects. Our results showed that mod-
ulation of the default mode network occurred mainly in areas associated with vestibular and ocular motor func-
tion, and was in accordance with the Lorentz-force model, i.e., double than the expected signal sc aling due to � eld
strength alone. We discuss the implications of our � ndings for the interpretation of studies using resting-state
fMRI, especially those concerning vestibular research. We conclude that MVS needs to be consider ed in vestibular
research to avoid biased results, but it might also offer the possibility of manipulating network dy namics and may
thus help in studying the brain as a dynamical system.

© 2015 Elsevier Inc. All rights reserved.
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Introduction

Our sense of motion and orientation in space as well as stable visual
perception is achieved by the vestibular system engaged in integration
of information coming not only from the peripheral vestibular end-
organs, but also from visual, proprioceptive and other sensory systems
(Cullen and Sadeghi, 2008). Vertigo and dizziness may occur if these
multisensory interactions are disturbed ( Brandt et al., 2004; Dieterich
and Brandt, 2008 ).

Dizziness in the presence of strong magnetic � elds has been noticed
ever since the � rst magnetic resonance experiments at high � eld

strengths ( N1 Tesla) have been conducted ( Schenck, 1992). Recently,
Roberts et al. (2011) showed that healthy subjects exposed to the static
magnetic � eld of a MR machine in total darkness developed a persistent
nystagmus, while patients with bilateral peripheral vestibular failure
did not show any nystagmus. The authors argued that ionic currents
coming from hair cells in the inner ear are diverted by a Lorentz-force.
This creates pressure onto the cupula, •the rotatory motion sensor Žof
the inner ear, leading to nystagmus akin to a constant (accelerating) ro-
tatory stimulation. This also explained why the nystagmus' slow phase
velocity (SPV) depends on the subject's head orientation in the magnet-
ic � eld. This model was further supported by various studies. A simula-
tion study regarding the magneto-hydrodynamic forces acting on the
cupula showed that the expected Lorentz-force is strong enough to
cause nystagmus (Antunes et al., 2012 ). A study of patients with unilat-
eral labyrinthine disorders showed that the nystagmus direction is de-
pendent on the interaction of signals from the semicircular canals
from both ears, further supporting the idea that the labyrinth is the
part of the inner ear that is mainly affected by the magnetic � eld
(Ward et al., 2014 ). Another study using healthy subjects showed that
the temporal dynamics of the nystagmus' SPV are similar to those
known from rotational stimulation or caloric irrigation studies ( Glover
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et al., 2014). Analogous behavioral effects were reported for animals
(for review see: Saunders, 2005; Ward et al., 2015 ).

Consequently, it was speculated that this magnetic vestibular stimu-
lation (MVS) might in � uence fMRI results ( Roberts et al., 2011), as
nystagmus is indicative of an imbalance in the vestibular system,
potentially in � uencing also other systems via multisensory vestibular
interactions.

The focus of the current study was to investigate whether MVS does
indeed modulate BOLD signal � uctuations. We recorded spontaneous
eye movements, as well as, resting-state fMRI of 30 healthy volunteers
in darkness at 1.5 T and 3.0 T, focusing here on the question whether
MVS disproportionately in � uences parts of the default mode resting-
state network (DMN) ( Raichle et al., 2001; Raichle and Snyder, 2007;
Buckner et al., 2008). The DMN has been shown as a major network
that is in � uenced in patients suffering from unilateral vestibular neuritis
(Klingner et al., 2014 ), a disease which is marked by vestibular imbal-
ance and a horizontal nystagmus that is similar to the horizontal nystag-
mus produced by MVS. Other recent studies comparing resting-state
activity in patients with vestibular de � cits to that of healthy controls
showed widespread changes in various networks, also including the
DMN ( Göttlich et al., 2014; Klingner et al., 2014; Helmchen et al.,
2014). Focusing on the DMN also serves as a demonstration of MVS
in� uencing a network associated with higher cognitive functions. The
role of the DMN for higher cognitive function and the interaction of
the vestibular system with higher cognitive function, especially the im-
pact of vestibular imbalance on cognitive disorders were discussed re-
cently ( Hanes and McCollum, 2006; Schilbach et al., 2008; Smith and
Zheng, 2013; Mast et al., 2014 ).

Our hypothesis was that (i) the •unmodulated Žparts of the DMN
should scale in accordance with the well-known sublinear increase of
fMRI signal between � eld strength ( Triantafyllou et al., 2005; Duyn,
2012), when no additional neural effect related to � eld strength was
present, i.e., MVS was not present. In contrast, (ii) the MVS •modulated Ž
parts should scale more strongly (twice as much as the •unmodulated Ž
parts), i.e., directly with the � eld strength in accordance with the pro-
posed Lorentz-force model which is linear ( Roberts et al., 2011). A com-
parison of the scaling of the resting-state � uctuations between � eld
strength consequently uncovers if � uctuations were indeed modi � ed
as expected from MVS. To verify that MVS was present and scales linear
as predicted from the Lorentz-force model, analyses of eye movements
were done. This linear increase with � eld strength is essential as it
should translate into the scaling of the resting-state � uctuations.

Methods

Overview: assumptions and reasons for the choice of methods

Spontaneous eye movements as well as resting-state fMRI in dark-
ness were recorded in a group of healthy subjects (N = 30, 19 females)
at � eld strengths of 1.5 T and 3.0 T.

The different � eld strengths were used to create conditions in which
a possible MVS modulation of a network could be determined between
the two � eld strengths. We veri � ed that MVS was present by analyzing
eye movements, and by analyzing resting-state � uctuations we re-
vealed the modulatory in � uence of MVS on the DMN. The MVS effect
is always present as long as a subject is in the magnetic � eld of a MR
tomograph and cannot be switch •onŽ and •offŽ within an imaging
run. We used a form of group independent component analysis
(Beckmann and Smith, 2004 ) and dual regression ( Beckmann et al.,
2009; Filippini et al., 2009 ) to separate the DMN from other networks
and other structured responses (artifacts) like cerebrospinal � uid
(CSF) or white matter � uctuations.

It should be noted that many possible differences might exist
between resting-state � uctuations recorded at two different � eld
strengths (between two MR tomograph sites). A simple analysis for
(any) statistically signi � cant differences might therefore be misleading

or biased. The situation is further complicated because fMRI does not
provide an absolute measure of activity.

However, the scaling of MVS is predicted to be linear with � eld
strength, according to the Lorentz-model ( Roberts et al., 2011) and
should carry over to the scaling of the resting-state � uctuations that
are related to MVS which is essential for our analysis. We therefore
sought for a comparison of the scaling of the resting-state amplitude
� uctuations between � eld strength for revealing modulations due to
MVS. More speci� cally, we make a point-value prediction for the scaling
value (of resting-state � uctuations) for areas that are in � uenced by
MVS, based on the Lorentz-model for MVS ( Roberts et al., 2011) and
the known scaling of BOLD-signals as described in the literature
(Triantafyllou et al., 2005; Duyn, 2012 ). We considered only those
areas in� uenced by MVS that do not violate this prediction.

Our hypothesis for MVS modulation can be seen as predicting the
overall scaling � of measured DMN amplitudes that occurs in the pres-
ence of MVS due to the change in � eld strength. This is the combined ef-
fect of the MVS scaling of the neuronal activity � neural (translated into
blood � ow effects, but independent of the imaging procedure) and the
scaling of the BOLD-signal � BOLDfrom one MR tomograph to the other.
We assume that the neuronal activity scaling can be determined from
the scaling of eye movements and should be linear in B0, given that
the Lorentz-force is linear in B0 (Roberts et al., 2011), where B0 denotes
the magnetic � eld strength of the MRI. Therefore, � neural = 3 T/
1.5 T = 2 which we veri � ed by analyzing the eye movements. The scal-
ing of the BOLD-signal is taken from the literature ( Triantafyllou et al.,
2005; Duyn, 2012 ) and is sublinear in B0. More precisely, fMRI signal
� uctuations should increase with

�����
B0

p
, if only imaging constants and

noise effects are affected by the magnetic � eld ( Triantafyllou et al.,

2005; Duyn, 2012 ). Therefore, � BOLD ¼
���
2

p
¼

�����������������������
3 T=1:5 T

p
. It is impor-

tant to note that the BOLD-signal is an epiphenomenon of the neuronal
effect and therefore the overall scaling � results from the composite of the

neural scaling and the BOLD-scaling, i.e., the product � ¼ � neural � BOLD¼ 2
���
2

p
¼ 3 T=1:5 T

�����������������������
3 T=1:5 T

p
.

Thus, we need to distinguish between two possible values for
the scaling factor � relating resting-state � uctuations between � eld
strengths. If no additional MVS modulation was present (approximately
constant neuronal effect, � neural � 1) then � should be equal to � ¼

� BOLD¼
����
2

p
. In the case of an additional MVS modulation � should be

equal to � ¼ � neural � BOLD¼ 2
����
2

p
, if the Lorentz-force model is indeed

correct. We will only consider those areas as modulated by MVS that fol-

low � � 2
����
2

p
and consider that other values might be due to variability

(session by session in� uences, CSF� uctuations or bias due to imaging
system) or due to deviations from the assumptions in the prediction
of the scaling values which should be investigated further in future
studies.

Subjects

Thirty healthy volunteers (19 females) were recruited by ads on in-
ternet forums and email alert of the Ludwig-Maximilians-University, as
well as word-of-mouth. The ethics committee of the medical faculty of
the Ludwig-Maximilians-University approved the investigation. All sub-
jects gave their written informed consent. Due to the reasons stated
below 27 of these 30 subjects (19 females) were included in the � nal
analysis.

None of the subjects had a known history of vestibular, psychiatric or
neurological de � cits. Furthermore, we recorded eye movements in total
darkness also outside the MRI (see the section •Examination protocol •
below) as a control. For the 3.0 Tesla MRI, where the bed could be
uncoupled from the MRI and moved outside the Faraday cage, no abnor-
mal eye movements were observed for any of the included volunteers,
suggesting that they had no vestibular imbalance or de � cit. One volun-
teer did not partake (on own accord) in the second session, i.e., in the
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other MRI after feeling unwell during the � rst session (MRI) and the
complete data set was excluded from analysis. Two volunteers had to
be excluded due to strong motion artifacts in one of the two MRI ses-
sions, leaving 27 complete data sets from both MRI sessions for analysis
of resting-state � uctuations and scaling relationships.

Behavioral experiments

Eye movement recording setup
The spontaneous eye movements of all subjects were recorded by

3D video-oculography (VOG), using an analog MR-compatible infrared
camera (MRC Systems GmbH, Heidelberg, Germany) that was mounted
on goggles to make the camera setup head- � xed. We applied arti � cial
pigment markers on the sclera to be able to detect torsional eye move-
ments ( Schneider et al., 2002; Dera et al., 2006). The markers consist of
an infrared-absorbing cosmetic pigment applied to the sclera by means
of a sterile surgical pen ( Schneider et al., 2002). EyeSeeCam software
(www.eyeseecam.com ) was used for real-time image processing and
recording of VOG data at a sampling frequency of 60 Hz. For transforma-
tion of the eye movement data into degrees of horizontal and vertical
axes, a 5-point calibration was performed at the beginning of the re-
cording. The 5-point calibration pattern, a central point and 4 lateral
points in the horizontal and vertical axes with a distance between the
points of 8.5°, was put on the ceiling directly above the MRI table,
such that calibration could be done before entering the bore while
lying supine with the head � at on the MRI bed. During calibration,
subjects repeatedly � xated a sequence of given gaze directions. The
pigment markers on the sclera were selected after calibration in the
EyeSeeCam software manually once and are then tracked automatically
while the software determines the 3D orientation of the eye ( Dera et al.,
2006). If the camera was moved, calibration and selection of the pig-
ment markers on the sclera were repeated.

Examination protocol
We measured spontaneous eye movements in four different head

positions. These ranged from (P1) subjects' having their head lifted up-
ward resting on a cushion, bringing their jaw close to their chest, i.e.,
•chin down Žposition, (P2) the head placed in the head coil (this posi-
tion was used for resting-state imaging), i.e., slightly lifted, (P3) the
head lying � at on the bed of the MRI (also used for calibration of the
EyeSeeCam software) and (P4) the head overstretched backwards sim-
ilar to •looking above oneself Žor •chin up Žwith a supportive cushion-
roll under the neck. We recorded the head position by marking a line
with a makeup-marker pen from the canthus (corner of the eye) to
the tragus of the ear ( � eshy prominent bulge at the front of the external
opening of the ear canal) and measuring the angle of this line relative to
a pendulum indicating gravity, i.e., the vertical line. Eye tracking mea-
surements were done inside the MRI and outside of the MRI to control
for spontaneous eye movements that might occur without the presence
of a magnetic � eld.

The outside measurements were done outside of the Faraday cage at
the 3.0 T MRI (here the bed was uncoupled from MRI) and at the 1.5 T
MRI the outside measurements were done outside of the MRI bore
with the MRI bed in the most outward and downward position, because
the bed could not be uncoupled from the 1.5 T MRI. In the case of the
3.0 T MRI where the table could be undocked from the MRI and
moved outside of the Faraday-cage, the � eld can be expected to be
near the strength of the earth's magnetic � eld ( � 10Š 4 T) and the safety
regulations for the 1.5 T MRI state that the fringe � eld (with the bed
fully outside the MRI bore) should be � 0.1 T.

Analysis of eye movement data
Analysis of eye movement data was done in MATLAB (MathWorks,

Inc., Natick, MA, USA) with EyeSeeCam® scripts and self-written func-
tions, in analogy to Roberts et al. (2011) . Saccades (quick phases of nys-
tagmus) were detected in the eye-tracking data and a linear � t of the

tracking data in-between the two saccades was done to determine the
slow phase velocity as the trend between each two saccades. We calcu-
lated the median slow phase velocity for each subject in each head po-
sition from all linear � t slopes between each consecutive pair of
detected saccades.

We assessed the scaling of the spontaneous eye movements be-
tween � eld strength by � tting the median slow phase velocities over
all four head positions per subject with a linear model for the head an-
gles, resulting in a beta-value per subject and � eld strength, i.e., a trend
of the SPVs. This trend is therefore •independent Žof a speci� c head po-
sition or the maximum angle that is covered between the most extreme
head positions and dependent on the � eld strength only. The fraction of
these beta-values per subject between � eld strengths of 3.0 T and 1.5 T
is de� ned as the scaling parameter � = beta3T/beta1.5T, i.e., signifying,
per subject, how the effect scales between � eld strength. Determining
the median of the scaling value � over the whole group of subjects is
an estimate of the scaling of MVS between � eld strengths of 1.5 T and
3 T and is ideally expected to have a value of 2 (see Methods section
•Overview: assumptions and reasons for the choice of methods •and Re-
sults section •Behavioral results •).

MRI setup and imaging protocols

Imaging was done on two MR tomographs with different � eld
strengths, one with 1.5 T (MAGNETOM Aera Siemens, Erlangen,
Germany) and the other with 3.0 T (Signa Excite Hdx; GE Medical Sys-
tems, Milwaukee, WI, USA) � eld strength. We veri � ed that the nominal
� eld strengths were reasonably close to 1.5 T and 3.0 T, respectively by
inspecting the main resonance as indicated at the control console and
dividing the respective values by the gyromagnetic ratio for hydrogen.
We also veri � ed the direction of the B0 � eld using a pocket-compass.
For both of the MRIs, used in this study, the south pole was at the
foot-end (i.e., the compass needle will line up with the north pointing
into the MRI) and by international convention the direction of the mag-
netic � eld is therefore from the feet to the head of the subjects, when
entering head- � rst into the MRI. Note that this is the opposite direction
relative to the Philips Achieva MRI that was used in the study of Roberts
et al. (2011) and therefore the drifts are expected to be reversed.

For functional imaging we chose equal repetition times, equal voxel
sizes and coverage of the whole brain including brain stem and cerebel-
lum at both MR tomographs, but increased the effective echo time of the
EPI sequence at 1.5 T to get a better BOLD contrast. Therefore we choose
TEeff = 44 ms for the 1.5 T MRI and TEeff = 30 ms for the 3 T MRI.
Although the fMRI signal scaling is also dependent on TEeff of the EPI
sequence (Triantafyllou et al., 2005; Duyn, 2012 ), we assume here

that the approximation � �
�������������
B2

0=B1
0

q
¼

�����������������������
3 T=1:5 T

p
¼

���
2

p
for the fMRI

signal scaling holds, i.e., in our case we assume that the expected scaling
solely depends on the � eld strengths of the MRIs. The resolution of both
EPI sequences was 3.5 mm × 3.5 mm × 4.5 mm with a matrix of 64 × 64
and 36 slices without any gap, i.e., a volume of 224 mm ×
224 mm × 162 mm. The repetition time was 3000 ms and the � ip
angle was 90° for both MRIs. Two runs of resting-state fMRI were ac-
quired each with 130 volumes, i.e., 6 min and 30 s of resting-state
fMRI data for each run and additionally including four •dummy scansŽ,
i.e., volumes acquired but not reconstructed at the start of each run to
account for T1 saturation.

The anatomical imaging sequences differed but had similar resolu-
tion. On the 1.5 T MRI we used a MPRAGE (magnetization prepared
rapid gradient echo) sequence with TR = 1900 ms, TE = 2.67 ms,
TI = 1100 ms, 160 slices per slab, 1 × 1 × 1 mm voxel, � ip angle =
15°, FOV = 256 × 256 mm covering the whole brain including brain
stem and cerebellum. On the 3 T MRI we used a FSPGR (fast spoiled gra-
dient echo) sequence with TE out of phase, preparation time 500 ms, � ip
angle 15°, FOV 220 mm, Locs per Slap 128, matrix 256 × 256, with a res-
olution of 0.8 mm × 0.8 mm × 0.7 mm.
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Preprocessing of MRI data

All preprocessing was done with SPM8 ( www. � l.ion.ac.uk/spm/ ).
Datasets from each MRI per subject were preprocessed separately, but
in the same way, as follows. The functional data were corrected for mo-
tion via realignment of the whole time series to a reference volume that
was chosen manually by looking for a relatively •motion free Žpart of the
image time series. The mean of all realigned images of both runs after
motion correction was used for coregistration of the functional data
with the anatomical image. The functional and anatomical images
were normalized to MNI space using the uni � ed segmentation and
normalization scheme implemented in SPM8 ( Ashburner and Friston,
2005). The anatomical image (T1-weighted) was used in the segmenta-
tion step as the basis for estimating gray matter, white matter and CSF/
other distributions using tissue probability maps provided with SPM8.
The parameters obtained from the segmentation were then used to nor-
malize the images (functional and anatomical) to the MNI space. The
voxel size after normalization was 4 × 4 × 4 mm 3 for the functional,
and 1 × 1 × 1 mm 3 for the anatomical image. All fMRI volumes were
smoothed with an isotropic 3D gaussian kernel with a FWHM of 6 mm.

Analysis of resting-state data

Estimation and selection of resting-state networks with group ICA
We used FSL MELODIC (http://www.fmrib.ox.ac.uk/fsl/melodic/ )

(Beckmann and Smith, 2004 ) to perform group independent compo-
nent analysis (ICA). This means applying spatial ICA to the temporal
concatenation of all data of all runs of all subjects from both MRIs.

Before ICA was conducted, a voxel-wise de-meaning and
normalization of the voxel-wise variance were performed and all
drifts longer then 100 s were � ltered out. Pre-processed data were
whitened and projected into a subspace using probabilistic princi-
pal component analysis. The number of dimensions for the subspace
was estimated using the Laplace approximation to the Bayesian
evidence of the model order ( Minka, 2000; Beckmann and Smith,
2004). Component maps were then estimated and afterwards
normalized using the residual noise standard deviation. These
normalized component maps were then thresholded by � tting a
mixture model to the histogram of intensity values ( Beckmann
et al., 2003; Beckmann and Smith, 2004 ).

This results in a decomposition that is representative on the •global-
levelŽ, i.e., the whole-sample across both MRIs and all subjects. This was
done to ensure that the network was present in both � eld strengths for
the whole group. This has recently been shown to lead to a very accurate
and reproducible detection of the DMN over various imaging sites and
under varying imaging conditions ( Jovicich et al., 2015). We then ap-
plied dual regression ( Beckmann et al., 2009; Filippini et al., 2009 ) on
the fMRI data based on all the group ICA spatial independent compo-
nent maps. This allows us to obtain time courses and spatial amplitudes
per individual subject, run and MRI for each independent component
(IC) that can then be used for revealing MVS modulations. This also
means that the detection of the DMN is not done for each run acquired
in a MRI, but on all data and then related back to all runs of all subjects in
both MR tomographs.

It should be noted that all independent components are used in the
dual regression approach and therefore components of no interest, e.g.,
describing artifacts like white matter or cerebrospinal � uid (CSF) � uctu-
ations are also accounted for in the data and should •absorbŽat least
some of these in � uences on the amplitudes of the component of interest
(the DMN amplitudes), although any •nuisance removal Žwill probably
never be perfect.

Independent component of interest describing the default mode
network (DMN) was selected by visual inspection based on the pro-
posed distributions taken from Beckmann et al. (2005) and Buckner
et al. (2008) .

Analysis of � eld strength in� uence on resting-state networks

De� nition of scaling factor. We used the spatial amplitudes from the dual
regression to calculate the scaling � as the magnitude of the fraction of
the amplitudes at 3.0 T divided by the amplitudes at 1.5 T, both averaged

over the runs, i.e., � ¼ j DMN� dAmplitude 3T

DMNŠ dAmplitude 1:5T

j , with � denoting the scaling

value per subject at every individual voxel, | � | denoting the absolute
value and b� ·denoting the average over all runs per subject at every
voxel individually.

It should be noted that � is from a ratio distribution (given that it is
the ratio of amplitudes), and statistics are expected to suffer from long
tails. Therefore, we chose to use robust statistics using the median of
the scaling values as the measure of the average and the interquartile
range (and derived con � dence intervals) as the measure of dispersion,
as this was proposed as a good approach when evaluating statistics on
fractions ( Brody et al., 2002), given that no closed form for the distribu-
tion function is known in our case.

For the case at hand we are only interested in � nding those areas
that do not violate the hypothesized � (i.e., areas with suf � ciently

small dispersion to not reject the null hypothesis H0( � ¼ 2
���
2

p
)).

Hence, the median, the interquartile range and the Wilcoxon signed-
rank test will suf � ce as statistical measures in this case and knowledge
of the exact distribution function is not needed. Knowledge of the
exact distribution function would make inference simpler and possibly
reveal more about the nature of MVS or scaling values in general and
would therefore be an interesting topic for a further mathematical …sta-
tistical treatment of the assumptions underlying the calculation of
scaling-values.

ROI analysis step I: determination of candidate areas of“modulation ”. For
de� ning regions of interest (ROIs) we � rst split the data spatially into
parts that had their DMN amplitudes modulated signi � cantly (statisti-
cally signi � cant) between � eld strength and parts that did not modulate
signi� cantly (statistically not signi � cant). For this we selected the esti-
mated amplitudes from dual regression (stage 2) for all subjects includ-
ing both MRIs for the DMN component and entered them into a paired
t-test model using SPM8 to examine the subject-wise differences be-
tween •� eld strength Ž(MRIs) over the group and added behavioral co-
variates in the form of head angle of the subjects in the coil during
imaging and their median horizontal slow phase velocity of the nystag-
mus for the corresponding head position.

This revealed modulations between � eld strengths using a threshold
of p � 0.05 (FWE-corrected), which we call the candidate •modulated Ž
areas of the DMN. All other parts of the DMN component (i.e., the signif-
icant voxels of the •globalŽgroup IC that was identi � ed as the DMN)
that were not covered by these voxels (of the modulated parts) are
the candidate •unmodulated Žareas of the DMN. Here, •unmodulated Ž
means not statistically signi � cant at p � 0.05 FWE-corrected in the anal-
ysis of differences in amplitudes, but signi � cant in the •globalŽgroup IC
that was identi � ed as the DMN. This means that the •unmodulated Ž
voxels are not simply the rest of the brain, but the rest of the signi � cant
voxels of the DMN group IC. We ensured that all voxels of the •unmod-
ulatedŽand the •modulated Žareas were present in the data of both MRI
sessions.

Note that a •modulation Žat this stage in the analysis does not neces-
sarily imply that MVS is the underlying reason for the modulation. More
precisely, at this point we are using a kind of •standard analysis for � nd-
ing amplitude differences Ž, i.e., any kind of differences between the two
settings (the two MR tomographs/the two � eld strengths). These differ-
ences can include biases from the two MRIs or insuf � cient modeling
(and removal) of other � uctuations, e.g., from CSF or deviations from
the assumptions for the prediction of the scaling of modulations.
Therefore, we need a further step to identify modulations that stem
from MVS, i.e., we have to analyze the scaling � for the hypothesized
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point-value prediction of � ¼ 2
���
2

p
, as noted earlier (in the section

•Overview: assumptions and reasons for the choice of methods •).
We used the automated anatomical labeling (AAL) atlas ( Tzourio-

Mazoyer et al., 2002 ) to split these regions of the candidate •modulated Ž
and •unmodulated Žvoxels into smaller parts as labeled in the atlas (left
and right sides were combined). This means that the signi � cant voxels
from the •modulated Žareas are assigned AAL atlas labels and the voxels
of the •unmodulated Žareas (the signi � cant voxels of the DMN compo-
nent from the •globalŽgroup ICA without the voxel that are part of the
•modulated Žareas) are assigned AAL atlas labels to form separate ROIs.
Any voxels that did not get a label initially were assigned to the nearest
region of the AAL atlas. We then plotted the distribution of scaling
values � in all these regions as boxplots.

ROI analysis step II: analysis and display of scaling values in ROIs.We chose
to plot the distribution of the scaling data per region in three ways that
allow us to visualize variability, distribution shape (via quartiles) and
central tendency (via median) of the 4D scaling data (i.e., 3D spatial dis-
tribution of � over subjects).

We displayed (i) the spatial distribution of � within a given region
for the •average subjectŽ, i.e., the voxel-wise distribution of � for the
•median subject Ž, as well as, (ii) all scaling data i.e., � of all voxels and
all subjects, in a given region ( •aggregate dataŽ), and (iii) the distribu-
tion of subjects for the region, i.e., distribution of � of the subjects for
the average voxel in the region, using the median over the voxels of
the region, i.e., region average per subject (median over ROI).

The boxplot of the •aggregateŽdata, revealed the full variability and
central tendency across all subjects and voxels in a given region (4D
data) taken together. The distribution of voxels from the •median sub-
jectŽaids in the understanding of the scaling behavior by revealing the
contribution of the spatial-dispersion of � values to the variability and
the central tendency to the •aggregateŽdata, for the •averageŽsubject
in each region. Finally, the distribution of subjects for the •median
voxelŽ(or •region averageŽ), aids in the understanding of the overall
scaling behavior in the •aggregate dataŽby revealing the contribution
of the •between subject variability Žin � and its central tendency, i.e.,
it is the distribution of scaling values � between subject in a given region
for an •average voxelŽin that region of interest (ROI).

Mapping of � -statistics: searchlight based“ROI analysis at every voxel”
We also seeked an approach for the analysis of the scaling behavior

of the DMN that is independent from the previous de � nition of ROIs
which used the candidate •modulated Žand •unmodulated Žregions (de-
rived with the commonly used analysis for •statistically signi � cant dif-
ferencesŽ), as well as the AAL atlas. Therefore we chose to employ a
searchlight analysis. This means that a ROI was created for each of the
N voxels in the brain. These N ROIs, called searchlights, contain (usually)
27 voxels each, i.e., the nearest neighbors (3 × 3 × 3 voxels) around the
•center voxel Ž. If a •center voxel Žfalls on the edge of the brain mask
then the searchlight was cropped and these searchlights have less
than 27 voxels.

The preparation of the input data for each searchlight was analogous
to the previous ROI analysis, i.e., in every searchlight we analyze
the scaling behavior using the •aggregateŽ scaling data, the voxel-
distribution of the •median subject Žand the subject-distribution of the
•median voxel Žas input data for calculating the statistical parameters
that are then assigned to the •center voxel Ž, such that they can be
•mapped out Žover the whole brain. Mapping of the •aggregateŽ, •medi-
an subjectŽas well as the •median voxel Žscaling data enables the dis-
tinction of contributions to the variability in the scaling data analog to
the boxplots described above.

We analyze the data in each searchlight using non-parametric robust
statistics, like the median and interquartile range as well as the Wilcoxon
signed-rank test. Robust statistics were used, because the scaling values
� can be expected to be very noisy and will contain outliers because
they are a fraction of resting-state � uctuation amplitudes derived from

fMRI, which is generally very noisy and taking the fraction will amplify
the dispersion further (see the section •De� nition of scaling factor •).

Given that we have a speci � c point-value prediction (i.e., � ¼ 2
���
2

p
)

for our hypothesis that MVS has modulated parts of the DMN (on top
of the modulation due to fMRI signal increase; Triantafyllou et al., 2005;
Duyn, 2012), we can set the null hypothesis H0 for the Wilcoxon
signed-rank test to H0( � ¼ 2

���
2

p
) and use the collected scaling data to re-

ject this hypothesis ( Meehl, 1967) and conversely look for areas where
the null hypothesis was not rejected (i.e., where H0 was retained). Note
that although this formulation of the statistical null hypothesis test to fal-
sify our theory is opposite to the familiar, but paradoxical way statistics is
done in psychology and neuro-imaging, it is a common statistical practice
in physics where point-value predictions are common and hypotheses
are falsi� ed instead of con � rmed ( Meehl, 1967; Cohen, 1994 ).

We visualized regions where our H0( � ¼ 2
���
2

p
) was not rejected and

those where it was rejected by plotting a •deviation measure ŽD as over-
lays on brain areas. D is de� ned as D = log 2(CutOff/| z|) = log 2(D*)
where | z| denotes the absolute value of the equivalent z-score obtained
from the Wilcoxon signed-rank test and the •CutOffŽde� nes the mini-
mal (or larger) z-score value that amounts to a rejection, i.e., a falsi � ca-
tion of our •MVS modulation Žhypothesis. Note that a small value for the
CutOff, rather than a large value will result in a more conservative
estimate, given that larger z-scores indicate greater deviations from
our null hypothesis H0( � ¼ 2

���
2

p
) and rejecting our •MVS modulation Ž

hypothesis will thus be •easierŽwhen choosing a small CutOff value.
We therefore chose a CutOff of z = 1.96 indicating a 95% con � dence in-
terval. Using the logarithm to base 2 on the deviations D* = CutOff/| z|
allows us to transform D* from the domain (0 ƒ 1 ƒ � )to the domain
(Š� ƒ 0 ƒ + � ) for D that is symmetric and centered (on the value
•D = 0 Ž) around the •CutOffŽ, i.e.,D* = 1 for | z| = CutOff. In case that
the deviation is suf � ciently large to reject our hypothesis, i.e., | z| NCut-
Off, we get D* b 1 and therefore a negative D, which will be indicated
by cyan-blue coloring in the overlays. Conversely in case of a small de-
viation which does not reject our hypothesis, i.e., | z| b CutOff, we get
D* N1 and therefore a positive D, which will be indicated by yellow …
red coloring in the overlays.

We also display the overlap of all regions where H0( � ¼ 2
���
2

p
) was

retained (positive D) for all preparations of the scaling data, i.e., the •ag-
gregateŽdata, the voxel-distribution of the •median subject Žand the
subject-distribution of the •median voxel Ž, to indicate the most conser-
vative inference on the regions for which we retain the null hypothesis
H0(� ¼ 2

���
2

p
), i.e., •MVS modulation is present Ž. The overlap is indicated

by additive red …green…blue color mixing. We plot the distribution of
scaling values for select regions that show full overlap of all statistics
as boxplots.

In addition to the overlay plots of the statistical tests using the
Wilcoxon signed-rank test, we also •map out Ž the median- � values
and their deviation in form of the width of their con � dence interval.
The calculation of the con � dence interval width was based on the 95%
con� dence interval determined from the interquartile range IQR by
CIwidth = 1 :57 � IQR=

����
N

p
, with N being the number of samples in

the distribution. We plot overlays for the •aggregateŽscaling data, the
voxel-distribution of the scaling data of the •median subject Žand the
subject-distribution of the scaling data for the •median voxel Žin each
searchlight for indicating contributions to the variability in the scaling
data analog to the boxplots described above.

Results

Behavioral results

All of our subjects showed a predominantly horizontal nystagmus in
the MRI's magnetic � eld analog to the results shown by Roberts et al.
(2011) . The nystagmus persisted as long as subjects remained in the
MRI and little or no horizontal nystagmus was observed when outside
the MRI bore where the magnetic � eld was weak ( � 0.1 T at 1.5 T MR
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tomograph site or near the earth's magnetic � eld, i.e., � 10Š 4 T, at 3.0 T
MR tomograph site, see Methods in the section •Examination protocol •).
Outside the Faraday-cage subjects did not show any horizontal nystag-
mus (or abnormal eye movements) after a brief period of reversed nys-
tagmus, in contrast to the situation inside the MRI analog to previously
published � ndings ( Roberts et al., 2011). Some of the subjects reported
the feeling of being moved, rotated as in •driving around a curve Žor diz-
ziness when entering or leaving the bore which subsided after a short
time, while the nystagmus did not subside when inside the MRI for all
subjects (except for some subjects when in the chin down position, P1
in Fig. 1A). Fig. 1A shows the distribution of the median horizontal
slow phase velocities (SPVs) of all subjects in both MRIs and all four
head positions. The nystagmus' SPV depended on the head orientation
of the subjects and was positive, i.e., right-ward drift, for most subjects
(more than 75%) for the head positioned in the coil e.g., during imaging,
and increased further as the head was stretched more and more to the
•chin up Žposition (i.e., P2, P3 & P4; Fig. 1A). The SPVs were reduced
or zero for the •chin down Žposition and in some cases reversed, i.e.,
the nystagmus then had a left-ward drift (P1; Fig. 1A). The general
trend of nystagmus SPV was the same for all subjects, i.e., increasing
from •chin down Žposition (P1) to •chin up Žposition (P4) and these
trends increased with � eld strength for almost all subjects ( Fig. 1A).

The scaling of the trend between � eld strengths, i.e., the fraction � of
the nystagmus SPV trend over head-angle between � eld strengths, was
found to be near the expected value of � = 2 for group median, given
the con � dence interval for the median ( Fig. 1B), indicating that MVS
scales linearly with B0, as suggested by the Lorentz-model ( Roberts
et al., 2011).

Resting-state functional MRI results

The dimension estimation for the group ICA resulted in 21 compo-
nents. We picked the default mode network via visual inspection as
one component which described 7.48% of the total variance.

ROI analysis results
The spatial distribution of voxels of the DMN component are given in

blue and green ( Fig. 2A). Blue and green voxels are both signi � cant parts
of the DMN component and present in both MRI data. The green parts in-
dicate voxels that were not (statistically) signi � cantly modulated in their
DMN amplitudes (taken from dual regression stage 2), while the blue
parts indicate voxels with (statistically) signi � cantly modulated

amplitudes of the DMN between � eld strength (p � 0.05 FWE-
corrected; Fig. 2A).

Note that this does not necessarily re � ect MVS modulations, but any
kind of signi � cant differences. Therefore we analyzed the scaling of am-
plitudes as noted in Methods section •ROI analysis step I: Determination
of candidate areas of •modulation Ž•. We hypothesized a speci � c scaling
value ( � ¼ 2

���
2

p
) for which we will accept that MVS modulation has oc-

curred. Other values will not be considered as they might be due to de-
viations from our assumptions or other effects like bias between MRI
settings or other � uctuations (e.g., CSF) that might be insuf � ciently
modeled (see Methods sections •ROI analysis step I: Determination of
candidate areas of •modulation Ž• and •Estimation and selection of
resting-state networks with group ICA •). The ROI analysis results of the
scaling � of the DMN amplitudes for the •unmodulated Ž parts are
given in green and the •modulated Žparts in blue ( Fig. 2B). The three dif-
ferent boxplots for each part show different aspects of the scaling be hav-
ior � of the fMRI data (voxel distribution of •average subjectŽ, •aggregate
dataŽand subject distribution of •average voxelŽin every given region)
as explained in the Methods section (the section 'ROI analysis step II:
analysis and display of scaling values in ROIs'). The scaling factor of � ¼���

2
p

, expected for the case of no MVS in � uence on the modulation of am-
plitudes and increase only due to fMRI signal scaling with � eld strength
(Triantafyllou et al., 2005; Duyn, 2012 ) is indicated by a black dotted line
overlaying all boxplots. The scaling factor of � ¼ 2

���
2

p
, expected for the

case of MVS in� uence due to � eld strength, in accordance with the
Lorentz-force model describing the eye movements ( Roberts et al.,
2011), together with fMRI signal increase due to � eld strength
(Triantafyllou et al., 2005; Duyn, 2012 ) is indicated by a red dotted
line overlaying all boxplots.

The boxplots for the •unmodulated Žparts of the DMN ( Fig. 2B indi-
cated in green) show a scaling behavior around the value

���
2

p
(consider-

ing the con � dence interval for the median). This indicates that no MVS
effect was present, according to the prediction that for this value only
fMRI � eld strength effects are increasing the signal � uctuations.

For the •modulated Žparts ( Fig. 2B indicated in blue) we can show
that the ROIs •anterior cingulum Žand •cerebellar vermis Žshow a scal-
ing behavior around the value 2

���
2

p
. This suggests that a MVS effect

was present, according to the prediction that MVS would contribute lin-
early to the scaling, given that the Lorentz-force is linear in B0, i.e.,
resulting in a factor of 2 for 3.0 T relative to 1.5 T, while the fMRI signal
scaling due to � eld strength contributes sub-linearly with an expected
factor of

���
2

p
. Furthermore, the areas •posterior cingulum Ž and the

•precuneusŽ show a scaling behavior near the value
���
2

p
suggesting

Fig. 1. A: Distribution of the median horizontal slow phase velocities (SPVs) of all subjects in both MR tomographs (1.5 T and 3.0 T) and all four head positions (P1 to P4). Head positions are
indicated by P1 to P4 as a schematic drawing of the head and inner ear vestibular end-organ, including t he marking of Reid's plane (red line) that was used for recording the head angle and
the orientation of the magnetic � eld B0 (blue arrow). The positions ranged from (P1) subjects' bringing their jaw close their chest, i.e., •chin down Žposition, (P2) the head placed in the
head coil, i.e., only slightly lifted, (P3) the head lying � at on the bed of the MRI and (P4) the head overstretched backwards, i.e., •chin up Ž. B: The scaling � of the trends of the median
horizontal SPVs between the two � eld strengths for all subjects (3.0 T relative to 1.5 T). The SPV trend was determined as the slope for the median SPVs over the head angle in all four
head positions per subject and MRI.
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Fig. 2. A: Spatial distribution of voxels belonging to the DMN component shown in blue and green. Blue and gr een voxels are both signi � cant parts of the DMN component and present in
both MRI data. The green parts of Fig. 2A indicate voxels that were not statistically signi � cantly modulated in their DMN amplitudes (taken from dual regression stage 2), while the blue
parts indicate voxels with (statistically) signi � cantly modulated amplitudes of the DMN between � eld strength (p b 0.05 FWE-corrected). Note that the modulated parts indicate any sta-

tistically signi � cant difference, i.e., not necessarily that MVS modulation was present. MVS modulation (in accord ance with our hypothesis) has to have a scaling valu e near � ¼ 2
���
2

p
(see

text and scaling analysis in B). B: ROI analysis results for the scaling � of the DMN amplitudes for the •unmodulated Žparts (green) and the •modulated Žparts (blue). The three different
boxplots (top to bottom for each part) show different aspects of the scaling behavior � of the fMRI data: (top) voxel distribution of •average subjectŽ, (middle) •aggregate dataŽand (bot-

tom) subject distribution of •average voxelŽin every given region. The black dotted line overlaying all boxplots indicates the predicted scaling fa ctor of � ¼
���
2

p
, expected for the case of no

MVS in� uence on the modulation of amplitudes and increase only due to fMRI signal scaling with � eld strength. The red dotted line overlaying all boxplots indicates the predicted scaling

factor of � ¼ 2
���
2

p
, expected for the case of signal modulation due to MVS in � uence, in accordance with the Lorentz-force model, together with fMRI signal increase due to � eld strength.

The names of the ROI splits of the respective •modulated Žor •unmodulated Žparts of the DMN denote their spatial location as taken from the labels of the AAL atlas. The � rst column in each
row of boxplots, separated from the ROI splits by a solid black line and also underlined with green or blue color, indicates the behavior of � for the complete region (all signi � cant voxels) of
the •unmodulated Žor •modulated Žparts of the DMN, respectively.
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Fig. 3. Spatial distribution of the deviation measure D indicating regions where the null hypothesis H0( � ¼ 2
���
2

p
) for the scaling values was retained ( D N0) and those where H0 was

rejected ( D b 0) as colored overlays on a standard brain. The statistics for the voxel distribution of the •median subject Žat each searchlight is shown at the top, the aggregate scaling
data at each searchlight is shown in the middle and the subject distribution for the median voxel in ea ch searchlight ( •median searchlight Ž) is shown at the bottom.
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that no MVS was present and signal increase was only due to fMRI � eld
strength effects, i.e., the areas got (statistically) signi � cant in the paired
t-test between amplitudes, because the variability was relatively low.
This demonstrates that the analysis for statistically signi � cant differ-
ences between � eld strengths (indicated in blue; Fig. 2A) can be mis-
leading when trying to analyze for MVS in � uences.

All other ROIs of the •modulated Žareas (•inferior temporal gyrus Ž,
•lingual gyrus Ž, •cuneusŽ, •cerebelum Ž, •calcarineŽ, •hippocampus Ž,
•middle temporal gyrus Ž, •thalamus Ž, •caudateŽ, •middle occipital
gyrusŽand •middle cingulum Ž) showed a scaling that was signi � cantly
higher than

���
2

p
, i.e., higher than expected for fMRI signal increase due to

� eld strength without a MVS in � uence being present, but still lower
than2

���
2

p
which would ideally be expected when a MVS effect was pres-

ent (when considering the con � dence interval of the median). There-
fore, these areas were not considered as MVS modulated.

Searchlight analysis results
The spatial distribution of the deviation measures D that indicates

where the null hypothesis H0( � ¼ 2
���
2

p
), •MVS modulation is present Ž,

was retained ( D N0) and where H0 was rejected ( D b 0) is depicted in
Fig. 3. The results for the distribution of voxels for the average subject
(median subject), the aggregate data (all voxels in searchlight, all sub-
jects) and the distribution of subjects for the average voxel in the
searchlight (median searchlight; indicated as •median SLightŽ) are
depicted at the top, middle and bottom, respectively.

The overlap of all statistics where the null hypothesis H0( � ¼ 2
���
2

p
),

•MVS modulation is present Ž, was retained ( D N0) is shown in Fig. 4.
The overlap is depicted as an additive red …green…blue color-mixing
overlay on a standard anatomical brain, together with inlays showing
the distribution of scaling values � as boxplots for the regions with the
most consistent overlap, i.e., the most conservative estimate of H0( � ¼

Fig. 4. The conservative estimate of the presence of the MVS modulation, including inlays showing the distributio n of scaling values � for speci� c locations. The overlap of all statistics

retaining ( D N0) the null hypothesis H0( � ¼ 2
���
2

p
) •MVS modulation is present Žis shown as an additive color-mixing overlay, showing the results from the •median subject Žin green,

the aggregate data in blue and the •median searchlight Žin red and their overlaps in the respective additive color-mixing as indicated at the bottom. The overlap of all statistics is
shown in white indicating the most conservative estimate, i.e., where all three possible statistic s do not reject H0 (i.e., D N0). Inlays show boxplots of the scaling values � for four speci � c
ROIs (upper and lower part of •cerebellar vermis Ž, •anterior cingulum Žand •calcarine sulcusŽ) that were the main regions of the conservative estimate for the presence of the MVS effect.
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2
���
2

p
). These regions are the •cerebellar vermis Ž, the •anterior cingulum Ž

and the •calcarine sulcusŽ.
The spatial distribution of median- � values and the associated con� -

dence interval width, i.e., the range of uncertainty above and below the

median-value, is depicted in Fig. 5 on the left and right, respectively, as
colored overlays on a standard brain. The color bar was designed to
make the distinction of median- � values straightforward. The predicted
value of � ¼

���
2

p
, i.e., no MVS effect and only � eld strength related fMRI

Fig. 5. Spatial distribution of scaling values � as colored overlays on a standard brain. Median- � is displayed on the left and the con � dence interval width (95% CI), i.e., the range from the
uncertainty limit above to the uncertainty limit below the median-value is displayed on the right. The color bar was designed to indicate values for th e median- � around the predicted
value of � ¼

���
2

p
in green, i.e., no MVS effect and only � eld strength related fMRI signal increases, and values of median- � around the predicted value of � ¼ 2

���
2

p
in red, i.e., a MVS effect

was present. The range of color display around the values � ¼ 2
���
2

p
(red) and � ¼

���
2

p
(green) is in both cases � ¼ � 1

�
4

���
2

p
. Deviations from these predictions are colored in blue, yellow,

orange or white respectively. The con � dence interval width uses the same color bar, but the colors indicate the size of the width. The num bers at the top of the color bar for each color
indicate the lower limit that a median- � or CI-width value at a certain voxel can have and still be plotted as the respective color. This means th at a voxel with a median- � value � �

���
2

p

will be plotted as light green as long as it is not equal or larger than � � 5
�

4

���
2

p
which would result in being plotted in yellow, i.e., the upper end for each color is the lower end of the

next color. Values of � � 3
���
2

p
are shown in white and considered outliers.
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signal increases, is shown in green. A median- � around the predicted
value of � ¼ 2

���
2

p
, i.e., •MVS effect was present Ž, is shown in red.

Median- � scaling values that were signi � cantly higher than
���
2

p
,

i.e., higher than expected for fMRI signal increase due to � eld strength
alone without a MVS in � uence being present, but still lower than 2

���
2

p
,

which would ideally be expected when a MVS effect was present,
are shown in yellow and orange. This means the range of the color dis-
play around the values � ¼ 2

���
2

p
(red) and � ¼

���
2

p
(green) is in both

cases� ¼ � 1
�

4

���
2

p
.

It is interesting to note that the average scaling value over the whole
brain was near � ¼

���
2

p
(labeled in green tones in Fig. 5) which is in ac-

cordance with the result published by Triantafyllou et al. (2005) who
considered the average scaling of fMRI signals between � eld strengths.
Local deviations from the value � ¼

���
2

p
were mostly in accordance

with the prediction � ¼ 2
���
2

p
, derived from the Lorentz-force model

(Roberts et al., 2011) and imaging physics ( Triantafyllou et al., 2005;
Duyn, 2012 ), e.g., •red regions Ž in slices at z = Š 36 mm to
z = Š 18 mm or z = +24 mm in Fig. 5. All other regions that do not
con� rm to either of these two values for � were in parts of the brain
that experienced imaging artifacts like � eld inhomogeneity effects
which grow with � eld strength. These are therefore expected to have
scaling values lower than � ¼

���
2

p
, because signal reduction intensi � ed

at 3.0 T relative to the case at 1.5 T (e.g., •blue regions Ž in slices at
z = Š 26 mm and z = Š 18 mm in Fig. 5). Statistical results of scaling
analysis for selected clusters are listed in Table 1.

Discussion

Our goal in this study was to investigate if magnetic vestibular stim-
ulation (MVS) does in � uence resting-state network � uctuations as
measured with fMRI. We focused on the modulation of the default
mode network (DMN) as an exemplary case and aimed on identifying

the modulatory in � uence of MVS on the DMN due to changes in mag-
netic � eld strength.

We validated that the MVS associated nystagmus was present and
that its slow phase velocity (SPV) scales with � eld strength and head
position as reported previously ( Roberts et al., 2011). In the fMRI data,
we chose to identify MVS modulations in the presence of other possible
differences between � eld strengths (different MR tomographs, session
effects, other � uctuations e.g., from CSF or white matter) by focusing
on the analysis of scaling � of DMN amplitudes in accordance with the
scaling of MVS under the assumption of the Lorentz-model ( Roberts
et al., 2011) and the scaling of the BOLD-signal ( Triantafyllou et al.,
2005; Duyn, 2012 ), which resulted in a speci � c point-value prediction,
i.e., � ¼ 2

���
2

p
. This choice of methods is mainly due to the fact that

fMRI only allows relative but no absolute measures of activity. Modula-
tions of fMRI signals due to MVS can thus only be estimated by the eval-
uation of the scaling relationship between amplitudes of a chosen
network, e.g., like the DMN, for different � eld strengths.

We found that those parts of the DMN which showed a scaling of
amplitudes in accordance with the prediction made on the basis of the
Lorentz model ( Roberts et al., 2011) ( � ¼ 2

���
2

p
) were associated with

vestibular and ocular motor function ( Dieterich and Brandt, 2008 ).
These areas included the anterior cingulum, the cerebellar vermis and
the calcarine sulcus. It should be noted that we did not expect to � nd
all possible areas that have been described as vestibular in the literature
before, or all areas that get vestibular input and that should therefore be
in� uenced or •driven Žby MVS, but only those •related to Žthe DMN. In
other words, only those (MVS modulated) areas that have a •functional
connection Ž(i.e., not effective connection) with the DMN can be detect-
ed, i.e., the relationship is correlative in nature (ICA identi � es structured
components in the data). Conversely, the direct effect of MVS on all
areas that it •drivesŽcannot be estimated with fMRI, as possible for
other stimulations, e.g., visual stimulation, which can be switched

Table 1
Coordinates in MNI-space of cluster peaks [x,y,z] as well as center of gravity (CoG) for cluster (x,y,z), both in mm, as well as cluster sizes, statistic values for amplitude scaling � and de-
scription of regions that are covered according to SUIT-, Harvard …Oxford and Juelich Atlas. Statistic values are the estimated median � and the con � dence interval for the median at the
peak coordinate. Clusters 1 to 5 are part of the areas that are interpreted as MVS modulated, as all statistics (m edian subject, aggregate data and median searchlight) overlap with the

prediction for � ¼ 2
���
2

p
(see Fig. 4). Clusters 6 to 15 are areas where the prediction is matched in at least one statistic and are not in terpreted as MVS modulated.

MNI-xyz in mm Cluster � = Med ± CI

[Peak] & (CoG) No size •median subject Ž •aggregate dataŽ •median SearchLight Ž Regions (SUIT; Harvard…Oxford; Juelich Atlas)

[Š 2, Š 62, Š 36]
(Š 2, Š 62, Š 32)

1. 64 2.64 + Š 0.27 2.58 + Š 0.26 2.42 + Š 0.86 Vermis VIIIb, VIIIa

[Š 2, Š 58, Š 12]
(Š 2, Š 58, Š 12)

2. 190 2.63 + Š 0.39 2.75 + Š 0.34 3.02 + Š 0.69 Cerebellum Left V, Left I…IV

[2, 46, 24]
(Š 2, 42, 24)

3. 23 2.57 + Š 0.25 2.68 + Š 0.23 2.96 + Š 0.73 Paracingulate gyrus, cingulate gyrus,
anterior division

[Š 2, 18, 24]
(Š 2, 18, 20)

4. 80 2.80 + Š 0.34 2.66 + Š 0.32 2.99 + Š 1.56 Cingulate gyrus, anterior division
(partly into corpus callosum)

[Š 10, Š 74, 12]
(Š 10, Š 74, 16)

5. 74 2.81 + Š 0.20 2.69 + Š 0.21 2.76 + Š 0.47 Intracalcarine cortex L, visual cortex V1 BA17 L

[2, Š 10, 36]
(Š 2, Š 6, 36)

6. 27 2.29 + Š 0.17 2.54 + Š 0.25 2.72 + Š 0.98 Cingulate gyrus, anterior division, posterior division

[Š 2, Š 58, Š 48]
(Š 2, Š 58, Š 48)

7. 31 2.54 + Š 0.26 2.41 + Š 0.24 2.69 + Š 0.65 Cerebellum left IX, vermis IX, VIIIb

[Š 26, Š 46, Š 24]
(Š 22, Š 50, Š 32)

8. 24 2.16 + Š 0.17 2.19 + Š 0.28 2.67 + Š 0.97 Cerebellum left VI, V

[10, Š 54, Š 52]
(10, Š 54, Š 52)

9. 10 2.36 + Š 0.17 2.53 + Š 0.23 2.64 + Š 0.66 Cerebellum right IX, VIIIb

[18, Š 70, Š 36]
(18, Š 62, Š 36)

10. 11 2.09 + Š 0.25 1.95 + Š 0.25 2.72 + Š 0.84 Cerebellum right crus II, crus I

[10, Š 54, Š 24]
(10, Š 54, Š 28)

11. 28 2.42 + Š 0.22 2.31 + Š 0.26 2.89 + Š 0.70 Cerebellum right V, I …IV

[Š 18, Š 30,-36]
(Š 22, Š 34, Š 36)

12. 4 2.10 + Š 0.37 1.99 + Š 0.33 2.69 + Š 1.03 Cerebellum/brainstem

[Š 38, 6, Š 32]
(Š 42,10, Š 32)

13. 7 2.26 + Š 0.27 1.94 + Š 0.27 2.59 + Š 0.95 Temporal pole, inferior temporal gyrus,
anterior division

[58, Š 6, Š 36]
(54, Š 6, Š 32)

14. 32 2.75 + Š 0.24 2.64 + Š 0.32 2.88 + Š 0.53 Inferior temporal gyrus, anterior division

[54, Š 66, 8]
(50, Š 66, 8)

15. 26 2.28 + Š 0.23 2.14 + Š 0.22 2.80 + Š 0.77 Lateral occipital cortex, visual cortex V5 R
Middle temporal gyrus, temporooccipital part
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between •onŽand •offŽstates during an imaging run, because MVS is al-
ways present throughout an imaging run. This suggests that the modu-
lated DMN areas either have direct connections with the vestibular
nuclei in the brain stem that process information coming from the ves-
tibular end-organ, or if they don't have direct connections, they might
get inputs from other vestibular areas that have connections to the
brain stem nuclei.

Other parts of the DMN were not modulated by MVS as hypothe-
sized (i.e., � ¼ 2

���
2

p
) with most of them modulated as expected for a

constant neuronal effect under BOLD-signal scaling as described in the
literature ( Triantafyllou et al., 2005; Duyn, 2012 ), i.e., � ¼

���
2

p
.

For the areas that modulated signi � cantly above the prediction of
fMRI signal increase, but less than expected from the Lorentz-force
model it is possible that they were affected indirectly via vestibular
areas, i.e., showed modulations because of vestibular interactions. On
the other hand, our hypothesis that modulations should scale between
� eld strengths as determined from the eye movements ( � ¼ 2

���
2

p
)

might only be appropriate for areas that are associated with vestibular
subfunctions that are more closely related to ocular motor function. A
third explanation could be that those deviations rather signify other
kinds of modulations like CSF � uctuations or � eld inhomogeneity ef-
fects, leading to scaling values that are other than predicted for the con-
stant case (i.e., � ¼

���
2

p
; „ no MVS modulation) or the MVS case (i.e.,

� ¼ 2
���
2

p
).

Our results raise questions about the in � uence of MVS on fMRI in
general and in particular about fMRI studies on the function of the ves-
tibular system and the in � uence of vestibular de � cits. It is important to
keep in mind that the effect of MVS is not like the constant acoustic
noise stimulation during fMRI. MVS induces an imbalance state with a
directional preponderance, i.e., has a signed difference effect, unlike
acoustic noise that can be supposed to be equal and balanced for the au-
ditory network and its connections. Thus, healthy subjects measured
under MVS in � uence (i.e., in a MR tomograph) might be more like a
•special patient group with a vestibular imbalance Žbut without lesions
in the inner ear or central nervous system.

Recent studies comparing resting-state activity in patients with ves-
tibular de � cits to that of healthy controls showed widespread changes
in various networks that also included the DMN ( Göttlich et al., 2014;
Klingner et al., 2014; Helmchen et al., 2014 ). Our results suggest caution
when interpreting such studies, given that MVS can modulate brain
areas differentially. In the case of bilateral vestibular loss ( Göttlich
et al., 2014), it should be noted that the patients will not show a MVS in-
� uence (Roberts et al., 2011), but the healthy control group will be
under the in � uence of MVS. This might then lead to changes in the com-
parison of differences between the two groups as examined with fMRI
that are not expected to appear in imaging methods without the use
of strong magnetic � elds. In this case, the healthy controls might be
more akin to patients with acute unilateral vestibular neuritis, given
that such patients also show a directional imbalance with a horizontal
nystagmus, not unlike that evoked by MVS. For studies of vestibular
neuritis patients versus healthy controls (e.g., Klingner et al., 2014;
Helmchen et al., 2014 ), MVS effects should be expected for both, the pa-
tients and the healthy controls. However, MVS will affect patients with
unilateral vestibular de � cits differently than healthy controls ( Ward
et al., 2014), which will then further obscure the real differences be-
tween the two groups. This means that the reported differences at
every time interval during the compensation period relative to the
healthy control group will be obscured or biased by MVS. However,
the trajectory of recovery of the patients and therefore the trajectory
of associated relative differences to the healthy controls might not be af-
fected by MVS in � uence. Thus, the trend of the change of the differences
over the time intervals of compensation should be unaffected by MVS.
This requires, however, that the subjects are imaged in, at least, very
similar head positions and � eld strength at every time interval of com-
pensation to stay comparable over the time intervals. In the resting-
state study on vestibular neuritis patients ( Klingner et al., 2014 ) it is

interesting to note that no signi � cant correlations were found for the ca-
loric testing covariate, although this is usually a good indicator of im-
pairment or restoration of vestibular function. One might speculate
that MVS had obscured this correlation, because MVS seems to share
important characteristics in terms of temporal dynamics with caloric
stimulation ( Glover et al., 2014). Furthermore, MVS generally seems
to increase the variability between subjects (e.g., in median SPV per
head position) when � eld strength is increased from 1.5 T to 3 T, as
the Lorentz-force model suggests a multiplicative relationship with
� eld strength. Thus, studies at 3 T (and higher) will suffer from more
•vestibular variability Žbetween the measured subjects, as studies at
1.5 T. We suggest therefore that fMRI studies should monitor MVS via
measurement of eye movements in darkness and adjust the head posi-
tions of all subjects and patients to keep the effects of MVS minimal or at
least on the same level.

As a � nal note we want to stress that we do not see MVS as a nui-
sance for conducting research using fMRI, but as a tool for shifting bal-
ances in network dynamics. We urge the research community to see
MVS as an opportunity to study the in � uence of vestibular imbalance
in healthy subjects and in patients with the possibility to adjust the im-
balance speci� cally, using the resulting nystagmus as an indicator for
the imbalance level. Furthermore, MVS offers a way of studying network
behavior and the behavior of the brain as a dynamic system in general
by using its in � uence to shift the operation point of networks and exam-
ining the changes of these •shifted Žnetworks either under rest or task
conditions. This will also present an opportunity to study the in � uences
of vestibular imbalance on higher cognitive functions and multisensory
interaction that has been raised previously as an important research
topic by various authors ( Hanes and McCollum, 2006; Smith and
Zheng, 2013; Mast et al., 2014 ).

Conclusion

The static magnetic � eld of the MRI in � uences default mode network
resting-state � uctuations through the stimulation of vestibular areas and
scales between � eld strengths of 1.5 T and 3.0 T in accordance with the
Lorentz-force model for the stimulation of inner ear vestibular end-
organs. We recommend that studies of the vestibular system using fMRI
need to consider the in � uence of MVS and account for it if possible. A lim-
itation of the current study is that differences in MVS had to be created by
employing different � eld strengths using different MR tomographs which
might have led to biases and raised variability in the results.
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